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Abstract

We have studied the microstructure of carbopol, a polymer, and laponite, a col-
loidal clay suspension, using multiple particle tracking and fluorescence video mi-
croscopy. From micasurements of the positions of fluorescent spheres suspended in
these fluids over a period of time, we obtain information about the microscopic prop-
erties of the fluids.

For carbopol at low concentrations. the spheres diffuse freely in the fluid without
any hindrance and the fluid environment is homogeneous. At interinediate concen-
trations, as the fluid gels. the environment becomes heterogeneous and the motion of
the spheres becomes subdiffusive as the fluid structure starts to restrict their motion.
At higher concentrations, stiffer gels arve fornied. the mean square displacement is low
and the spheres are almost completely trapped by the fluid structure. From our data
we estimate the length scales of the structures in the fluid to be on the order of 1 to
2 pm.

The properties of laponite depend on both age and concentration. At small age
and low concentrations. the motion of the spheres is diffusive and the fluid is ho-
mogeneous. At intermediate ages and concentrations. the motion is subdiffusive at
short lag times but close to diffusive at longer lag times. which may be a signal of
the sol-gel transition. At higher ages and concentrations the spheres are completely
confined by the stiff gels formed and the fluid environment is heterogeneous. We werce

unable to deterinine a characteristic length scale for laponite, probably due to its



fractal structure.
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Chapter 1

Introduction

1.1 Complex Fluids and their Flow Properties

Fluids are a subset of the phases of matter that includes liquids. gases. plasmias
and to some extent plastic solids. Fluids have the general property that thev can be
deformed and made to flow on the application of sufficient force. The classification
of fluids is mostly based on their respouse to an applied force [2]. In Newtonian
fluids, response to an applied force or stress is linear and the viscosity of the fluid is
independent of the shear rate (see Fig. 1.1). Examples of Newtonian fluids include
sitple fluids such as water, ethanol and glveerine. On the other hand. non-Newtonian
or complex fluids have a non-linear response to an applied stress. By definition,
complex fluids are characterized by structural features and relaxations that vary over
a wide range of length and time scales. The microstructures constituting the fluid
are often very sensitive to subtle physical and chemical perturbations. The presence

of multiple structure relaxation times contributes to a corresponding variation of the
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Figure 1.1: Types of flow behaviour in fluids [2].



rheological properties depending on the time scales over which they are measured
[3. 4]. Couplex fluids typically consist of large dissolved or solvated molecules or
suspended particles in a solvent. There can be a wide range of interactions between
tlie molecules or particles themselves and between the molecules or particles and
the solvent [2. 5]. Some of the most common interactions include van der Waals,
electrostatic, hvdrogen bonding and hydrophobic interactions [5].

Complex fluids exhibit different types of flow behaviour depending on the struc-
tural features and the tyvpe of interactions inherent in the fluid. Figure 1.1 shows
some of the flow behaviour observed in complex fluids. Dilatant behaviour occurs in
suspensions that contain high concentrations of closely packed solids. In such materi-
als, the viscosity increases as the shear rate is increased. Dilatant fluids are therefore
referred to as shear-thickening fluids. Corn starch is an example of a dilatant fluid. In
contrast, for pseudoplastic and Ellis plastic fluids. viscosity decreases with increasing
shear rate. Examples of pseudoplastic fluids includes solutions of guar gum and cel-
lulosic thickeners. Carbopol, which is one of the materials studied in this thesis, is an
example of Ellis plastic. This tyvpe of ow behaviour is referred to as shear thinning.
Certain tvpes of fluids will only flow when the shear stress exceeds a critical value,
known as the yield stress. Such fluids are referred to as vield-stress fluids. Bingham
plastic and Ellis plastic materials are examples of vield-stress fluids [2]. Cominon

examples of yield-stress fluids include mavonnaise. ketchup and toothpaste.



1.2 Gelation, Polymers and Colloids

1.2.1 Gelation in Complex Fluids

Two tvpes of complex fluids that are investigated in this research are polymers and
colloids. Theyv both have the ability to form gels, and during the process of gelation
there is a rapid change in the flow behaviour of these fluids. The conversion of a liquid
to a disordered solid by the formation of a network of chemical or physical bonds
between the molecules or particles comprising the liquid is referred to as gelation [3].

The liquid-like precursor of a gel is referred to as a sol.

1.2.2 Polymers

A polymer may be defined as a long repeating chain of atoms, formed through
the linkage of many molecules called monomers. The monomers can be identical or
different. Polymers formed out of identical monomers are called homopolymers. while
those formed from different monomers are referred to as copolvmers [5].

Gelation in polymers occurs as a result of intermolecular association leading to
the formation of a network. Polymeric gels often show strong viscoelastic effects such
as shear thinning or time-dependent rheology. Their rheology is also very depen-
dent on the concentration of the polyvmers. At high concentrations, polymeric gels
become extremely viscous. Polvmers have a critical molecular weight bevond which

there is a steep increase in the viscosity. Such an increase is normally due to chain
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entanglements in the fluid leading to increased interactions [5].

1.2.3 Colloids

Colloids are microscopic particles, tyvpically in the size range of 10 nm to 5 pum
in diameter [6]. Colloidal suspensions consist of colloidal particles suspended in
another medium. These can take many fors, as each of the colloidal particles or the
suspending mediuimn may be gas, liquid or solid.

Interparticle interactions play a kev role in influencing the flow behaviour of col-
loidal suspensions. Some of the most cominon interactions are steric repulsion, van
der Waals attraction and electrostatic repulsion or attraction. In the presence of
attractive interactions. the particles aggregate to form a gel. Gelation in colloidal
suspensions may be reversible or irreversible. Colloidal suspensions with reversible

gel transitions are also known to be yield-stress fluids [6, 7] .

1.3 Multiple Particle Tracking

Multiple particle tracking (MPT). is a recently developed technique for studving
the microscopic structure and dynamics of fluids [8. 9. 10. 11, 12. 13, 14]. MPT
involves the passive observation of probe particles suspended in the fluid of interest.
In this technique. the probe particles are not manipulated with any external forces.
Their motion is simply due to the thermal fluctuations of suspending fluid [8].

The most important quantity that can be extracted from MPT measurements is



the mean square displacement (MSD) of the probe particles. The nature of the NSD
will depend on the microenvironments probed by the particles. For fluids that are
inhomogeneous on the length seale of tlie probe particle. it is possible to directly
infer from the MSD the nature of the microstructures in tlie fluid and how theyv
evolve with time. The size of these microstructures can be estimated from the MSD.
Local viscoelastic parameters for the fluid can also be calculated from the MSD.
For homogeneous fluids, bulk rheological parameters such as the elastic modulus
can be extracted from the MSD, depending on the nature of the fluid. Thanks to
the recently developed two-point microrhieology technique, it is possible to obtain
the bulk parameters of an inhomogeneous fluid [13]. Several methods have been
developed to calculate the local and bulk viscoelastic parameters of complex fluids
from the MSD [4. 9, 13]. It is also possible to obtain further information from the
trajectories of individual probe particles.

The main advantage of the MPT technique is that it is possible to study the
microstructure of commplex fluids while conventional macrorheological techniques give
only bulk properties [8, 13]. Another strength of the technique is the fact that, unlike
in conventional rheometry, measurements are made without actually deforming the
fluid [13. 16]. Wall slip effects, which can be a major problem in macrorheology, are
not an issue in MPT. This techuique also offers the convenience of using only small
volumes of test solutions and is therefore verv appropriate in cases where the fluid is

scarce or (‘XI)€IlSiVC .
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There are a number of restrictions on the MPT technique. A miajor drawback is
the fact that the fluid to be studied must be soft enough to allow the probe particles
to move detectably as a result of thermal fluctuations. It is therefore very difficult,
if not impossible, to study verv thick gels with this method [8, 13. 16]. The tem-
poral resolution of the experiments is determined by the frequency at which particle
positions can be recorded. This is dependent on the camera and frame grabber used
as well as on available computer memory. Another operational limit is the fact that
when the viscosity of the suspending fluid is low, particles can diffuse so fast that the
average residence time in the depth of focus of the optical system is too short [16].

The time that a particle will stay in focus is estimated by [16]

B 37rad?r7)

tmax — ————=+ 1.1
’ 2kpT (11)

where « is the radius of the particle. dy is the depth of focus, n is the viscosity of
the fluid, kg is the Boltzmann constant and 7' is the temperature. The restriction
posed by the limited residence time becomes pronounced when small particles are

suspended 1n low viscosity fluids.

1.4 Summary of Previous Work

The MPT technique has been used to study a number of complex systems. For
example. Wong et al. have used this technique to study anomialous diffusion and

microstructure in entangled F-actin networks [14]. Weeks et al. have investigated



cage effects near the glass transition in hard sphere colloids using NPT [17. 18]. The
mechanical properties of living cells have been studied with NPT by Tseng et al. [19]

Extensive theoretical work has been done on diffusion in complex fluids. Several
models have been developed to describe various tyvpes of motion in complex fluids.
Using Monte Carlo simulations. Saxton has studied anomalous diffusion due to bind-
ing [20] and obstacles [21]. Other theoretical work on diffusion in complex fluids
includes Refs. [10. 11. 22. 23, 24].

The rheological properties of carbopol have been extensively studied [25, 26,
27, 28, 29, 30]. However, as far as we know. microstructural studies of carbopol
have been very limited. The rheological properties of three tvpes of carbopol hy-
drogels (ETD2001. ETD2020 and ETD2050) have been studied by Herndndez et al.
[31] They found that ETD 2050 possesses the most shear-thinning character of the
three. Kim et al. studied the rheology and microstructure of carbopol 941 [32].
They concluded fromn their crvoscanning electron niicroscopy measurcinents that the
microstructure of carbopol was dependent on the concentration of the polvmer in
solution. At low concentrations. very thin physically entangled fibers were observed.
Highlv-cross linked honevcomb-like structures were observed at higher concentrations.
The properties of carbopol. which makes it a model for the study of vield-stress fluids.
have been investigated by Curran et al. [33].

The details of the microstructure of laponite gels remain a matter of debate.

Pignon et al. performed static light scattering experiments and found a correlation



between the fractal dimension of the gel and the vield-stress [34]. This has been
disputed by Bonn et al.  [35] and Abou et al.  [36]. Kroon et al. have used both
static and dyvnamic light scattering to study the transition in time from fluid-like sol
to solid-like gel in laponite [1. 37]. They observed that gelation in laponite occurs as
a result of reorientation of the charged colloidal particles. Similar results for the aging
process in laponite have been reported by Willenbacher et al.  [38] and Bonu et al.
[36. 39]. From rheological measurements Ramsay concluded that the development of
elastic behaviour in laponite during the gelation process arises from osmotic swelling
and the formation of an equilibrium structure due to electrostatic repulsion between

individual clay particles [40].

1.5 Motivation and Scope

Many complex materials that are encountered in everyday life derive their macro-
scopic flow behaviour from their structure on a microscopic length scale [9]. However,
little is known about the microscopic structures of these materials in general [8].
Though the phenomenon of yvield-stress is well known. a gquantitative understanding
of the physical processes behind it is still lacking.

The goal of this resecarch was to study the micron-scale structure of some vield-
stress fluids using multiple particle tracking and fluorescence video microscopy. Our
results will contribute to a better understanding of vield-stress fluids in general.

Two types of complex fluids are considered in this work: carbopol, which is a



10

polymer, and laponite. a colloidal clay suspension. These fluids gel at sufficiently high
concentrations. The properties of carbopol are studied as a function of concentration
and probe particle size. Laponite. on the other hand, is studied as a function of both
concentration and age as the gelation process proceeds.

In Chapter 2. a theoretical overview of Brownian motion and diffusion in complex
fluids is presented. Chapter 3 is dedicated to a detailed description of the experimental
materials and methods. The results obtained for carbopol and laponite are presented
and discussed in Chapters 4 and 5 respectively. Finallv. a summary of our findings

and our conclusions are presented in Chapter 6.
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Chapter 2

Theory

2.1 Brownian Motion

2.1.1 Historical Background

When powdered charcoal is sprinkled on the surface of alcohol and viewed under
a microscope, the charcoal particles niove about randomly. This motion is due to
the alcohol molecules colliding with the larger charcoal grains. Jan Ingenhauz, who is
best known as the discoverer of photosynthesis. was the first to report this observation
in 1785. This tvpe of random motion was named after Robert Brown who published
on this subject in 1828 after an extensive investigation. In 1905, Albert Einstein gave
a mathematical interpretation of this motion and argued that it was direct evidence
for the atomic nature of matter. Einstein was able to determine the mean square
displacement (MSD) of a Brownian particle in terms of Avogadro’s number. Jean

Perrin won the Nobel Prize in 1926 for determining Avogadro’s number using this



method [41, 42, 43].

2.1.2 Random Walks and Brownian Motion

A Random walk is a simple model stochastic process that involves successive steps
in random directions. Tyvpically, each step in the walk is of constant length but the
direction of the walk from one point to the next is completely random and there is
no preferred direction. Brownian motion is an example of a random walk [43. 44].

We let [ be the step-length of a particle undergoing a random motion. We let the
origin be at ryp = 0. After .V steps, the particle will be at the point ry. After N +1

steps, the position of the particle will be
rvy, =ra + (n. (2.1)

where n is the direction of the (N + 1)th step, that is. the direction of the step taken
by the particle located at the point rx.

Since the direction of each step is random,

where the averaging is over all steps. As a result, if we take the average of both sides

in Eq. (2.1), we have

Eq. (2.3) implies that
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hence

for all .V.
On the other hand, the average of the squared displacement of a particle under-

going a random walk is not zero but grows linearly with time, that is.
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where £ is a proportionality constant. Based on assumptions involving the atomic na-
ture of matter, Einstein was able to express the proportionality constant in Eq. (2.5)
in terms of other quantities derived from kinetic theory [41, 44]. This is described in

Sec. 2.1.4 and 2.1.6 below.

2.1.3 The Gaussian Distribution and the Central Limit The-
orem

The Gaussian or normal distribution function is a probability density function of
a random variable. It represents the likelihood of occurrence of cach value of the
random variable r and is given by by

1

—(x—p)? /207 D)
e , 2.6)
oV 2T (

flz) =

where p is the mean and o is the standard deviation of the distribution [43. 44].
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The central limit theorem (CLT) expresses the fact that any sum of many statisti-
cally independent random variables is normally distributed. This important theorem
has made it possible to apply the Gaussian distribution function to describe many
random processes  [44].

As discussed in Sec. 2.1.2. the displacement of a particle performing Brownian mo-
tion is purely random and so by virtue of the CLT. can be described by the Gaussian
distribution function. When a Gaussian is fitted to the histogram of displacements
of a Brownian particle, the mean of the distribution ;¢ measures the net drift in the
wotion of the particles [45]. The standard deviation is related to the self-diffusion

coefficient D of the particle by [13. 4. 15]

in one dimension. 7 is the lag time between measurements of the displacement.

2.1.4 The Mean Square Displacement in Terms of the Diffu-
sion Constant

Let ny (a. 1) be the mean number of molecules or particles per unit volume located
at time ¢ near the position x. The one dimensional diffusion equation for n; (a.t) is
given by

ony  _d*ny
ot D or?

D is the self-diffusion constant [44].
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We now seek to calculate the mean square displacement of a particle in terms of

D based on Eq. (2.8). Conservation of the total number of particles requires that

/xm@ﬁwf:M (2.9)

—2C
where Ny is the total number of labeled particles per unit area. By definition.
1 > .
<,1'2> = —/ 22y (x.t) dr. (2.10)
A\ 1 —nC

Multiplving Eq. (2.8) by 22 and integrating over ., we have

/XLQEM—D/ am': (2.11)

Using Eq. (2.10) the left side of Eq. (2.11) becomes

/_); .z'z%dlt = %/i ropdr = \laaf < 2>.

The right side of Eq. (2.11) can be simplified by successive integration by parts

(2.12)

as follows:

> 0%n, , 0Ny - [ Oy
2 N . _9 . T
/~'x ! 01'2 di |:‘I 01 e - /_3(: ! OI i

o
= 0-=2[m]> +7/ nydr
= 0+2N), (2.13)

where we have assumed that as || approaches infiuity. both 1y and (9n, /0x) approach

zero. Using Eqs. (2.12) and (2.13), Eq. (2.11) becomes
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Integrating both sides of Eq. (2.14) with respect to ¢ and setting <l‘ (0)2> = 0. we
have
<12> — 2Dt, (2.15)
which gives the MSD in terms of the self-diffusion constant.
Similarly, starting with the three dimensional diffusion equation
on &n &°n 9%n
g o (2.16)
ot ox? dy* 0z
will lead to (r?) = 6Dt, and in general.
5 . R
<7"> = 2dDt, (2.17)

where d is the dimensionality of the motion.

2.1.5 The Langevin Equation

For simplicity. we consider here the motion of a particle in one dimension. We
consider a particle of mass m whose center-of-mass coordinate at time ¢t is x (¢) and
with velocity v = da/dt. This particle is immersed in a fluid of temperature 7. We
define F'(t) as the net force acting on the particle due to interaction with the fluid
in which it is suspended. The particle may also be subject to external forces, for
example due to gravity or an electric field. and we denote such forces by ¢ (7).

From Newton’s second law of motion, we have

dv . .
m— = F(t)+ (). (2.18)
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F (t) is a fluctuating force which depends on the positions of very large number of
atoms of the suspending medium. which are in constant motion [44]. From equation
Eq. (2.18), it follows that if F' (t) Huctuates with time, then o must also fluctuate in
time. We let 7 be the ensemble average of the velocity. ¢ is a more slowly varving

function of time than v itself. aud we can write

v=r+ (2.19)

where v’ denotes the part of © which fluctuates rapidly with time. ¢ must as often
be positive as negative and its mean vanishes.

¢ 1s important because it can describe the behaviour of the particle over a long
period of time. To investigate its dependence on time. we integrate Eq. (2.18) over
some time interval 7 which is small on macroscopic scale but long compared to the

timme scale of the fluctuations of F (¢). Then we have

o
(3]
(]
~—

b7
mle(t+7)—c(®)]=C)7 + /, F(t') dt, (:

where we have assumed that ¢ (¢) is varving slowly enough that it changes by a
negligible amount during the time 7. The last integral term in Eq. (2.20) must be
small since F (t) changes in sign many times in the time 7. This implies that the
slowly varving part of ¢ must be due to only the slowly varving external force. () .
ard one may write

dv
=), 2.
m(ﬁ C (1) (

(S
N
—_
~—
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but this approximation is an over-simplification which fails to describe the whole
physical situation. If we suppose that the external force ¢ (1) is zero. the only force
acting on the particle will then be £ (¢). F (¢#) must be such that if & # 0 at some
initial time, it causes v to gradually approach the equilibrium value of @ = 0. Clearly.
Eq. (2.21) fails to predict this behaviour and the definition of £ (#) must be modified
to reflect this. F (#) must itself be affected by the motion of the particle such that
it contains a slowly varving part F tending to restore the particle to equilibrium. It
follows that F must be some function of & which is such that £ () = 0 at equilibrinn

when & =0 [44]. Consequently. F () becomes

F(t)=F + F (2.2:

o
o
o
—

wliere as before, F7 is the rapidly fluctnating part of 7 and has a vanishing average.
Provided that ¢ is not too large. F' () can be expanded in a power series in 7.
whose first non-vanishing term must be linear in . To first order in #, F' therefore

has the gencral form

F = —3r. (2.23)

where 3 is some positive constant called the friction constant. The negative sign
indicates that F' acts in such a direction that it reduces © to zero.

The slowly varving part of Eq. (2.18) then hecomes

[T -
mizg+F:g—.ﬁ. (2.24)
dt
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Including o" and F’. the rapidly fluctuating parts of ¢ (t) and F (¢), in Eq. (2.24). we
got

I
mi:(—dt'JrF'(f). (2.
t

(N
[1%]
Tt

g

Here 37 ~ 3¢ with negligible error, since J¢’ can be neglected compared to the more
dominant fluctuating term F” (). Eq. (2.25) is the Lagenvin equation which describes

the behaviour of the Brownian particle if all the initial conditions are given [44].

2.1.6 The Stokes-Einstein Relation

In the absence of external forces, Eq. (2.25) becomes

]‘
mE = _3u 4+ F (t). (2.26)
dt

We consider the particle as a macroscopic sphere of radius ¢ moving with velocity ¢
through a fluid of viscosity 5. Then from macroscopic hydrodynamic considerations.
we have a frictional force —38v where

3 = 6mna. (2.27)

Eq. (2.27) is referred to as Stokes's Law.

To calculate the MSD ((x?)), we make use of Eq. (2.26) under conditions of
thermal equilibrium and note that the mean displacement (&) of the particle vanishes
as discussed in Sec. 2.1.2. Setting v = & and dv/dt = di/dt and multiplving both

sides of Eq. (2.26) by & we get

o
(S
(0/0]

mr— =m lE (rd) — 1 } = —Jar -+ F (t). (2.



where

Taking the ensemble average of both sides of the second equation in Eq. (2.28). we

have

d . .9 . ,
A A o . — 5 . DID)
m <<dt (1 1)> <.7. >> J{ed) + (e F (1)) . (2.29)
But from Sec. 2.1.5. the mean value of the fluctuating force. F' alwayvs vanishes ir-
respective of the values of v and x. Hence @ and F' are uncorrelated and (vF') =

(x) (F') = 0. Also from the equipartition theoremn, 1/2(m (i?)) = 1/2(kgT). There-

fore Eq. (2.29) becomes

m <dit (J‘.i.')> — kT = =3 (xt). (2.30)

But
d . d , .
<E (.11,)> == (rr),
so Eq. (2.30) becomnes

1
e (i) = kpT — 3 (2d). (2.31)
dt

Eq. (2.31) is a simple differential equation which can be solved for the quantity

(ar) = 1/2(d (r?) /dt). vielding
(xi) = Ce " + S (2.32)

where (' is a constant of integration and ~ = .3/m. ! denotes a characteristic tine

constant of the svstem.
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To calculate the constant C', we assunie that each particle in the ensemble starts
out at + = 0 at position & = 0. so that 2 measures the displacement from the initial

position. " must then be such that 0 = C' + kgT/.3, hence Eq. (2.32) becomes

(i) = 5 () = 2 (1= ). (2.33)
integrating further we have
() = 2 1= (1= )] 2

In the limit t > 77! L ¢77" — 0 aud Eq. (2.34) reduces to

(2 = 20t (2.3

[ON)
(%]
<t
~—

As before. the MSD is proportional to time. hence the particle is a diffusing particle
executing a random walk. The above result only holds under this condition.

Comparing Eqs. (2.35) and (2.15), the self-diffusion coefficient bhecomes

kT
D= ’33 (2.36)
and from Stokes law. Eq. (2.27), we finally have
kT
D=2 (2.37)
67 na

Eq. (2.37) is referred to as the Stokes-Einstein equation and gives the self-diffusion
coefficient of a spherical particle of radius ¢ undergoing Brownian motion in a fluid

of viscosity n and temperature 7' [14, 16].
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Figure 2.1: A log-log plot of log MSD vs. lag time for the various modes of diffusion
in complex fluids.

2.2 Modes of Diffusion in Complex Fluids

In this section, we discuss the various modes of diffusion of a particle moving in a

complex fluid. The different modes of diffusion are characterized by the slope of the

log-log plot of the MSD. shown schematically in Figure 2.1.

2.2.1

Normal Diffusion

Normal or simple diffusion occurs when a particle moves randomly and freely in

a material without any hindrance. This corresponds to normal Brownian motion as
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described previously. For this type of motion. the NMSD is directly proportional to the
lag time. ¢, and the slope of the log-log plot is one. The plot for a particle undergoing

normal diffusion is shown in Figure 2.1.

2.2.2 Subdiffusion

Subdiffusion occurs when the MSD increases more slowly than linearly in time.
The slope of a log-log graph of NISD vs lag time in this case is less than one [21. 22.
17, 48. 49]. Subdiffusion is normally encountered in fluids that are inhomogencous
on the length scale of the probe particle. It results from interactions between the
particles and other mobile and iinmobile structures in the fluid [11, 21, 48. 49, 50].
In this case diffusion is no longer a simple homogeneous process but depends on the
structures as well as the size of the probe particle. Consequently, the particle motion
is not described by a random walk.

The NMSD mayv take several forms depending on the size of the probe particle. as
well as the nature, concentration, and length-scale of the fluid structures. Structure
within the fluid constrains the niotion of a diffusing particle and leads to an NSD that
increases more slowly than linearly in time. i.e., (?) x t* with the diffusive exponent
a <1 [10. 11]. In some complex systems. a particle can undergo diffusion in a finite
region. At short times, the particles diffuses freelv but at long times. its motion is
restricted by the structures in the fluid [8, 11]. In that case. <;l: (:x:)2> which is the

NSD value at long times. is proportional to the size of the region accessible to the
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particles [8, 11]. If the length scale of the fluid structures is comparable to the size
of the particle, the structures act as barriers. confining the motion of the sphere and
leading to much lower diffusive exponents. A tvpical MSD plot for confined motion
shows a plateau at long times, as shown in Fig. 2.1. Depending on the size of the
probe particle and the barriers, it is possible that the particle may escape from the
confining domain over long enough times [11]. In this case, the NSD will begin to
increase again.

In subdiffusive motion, the particle displacements are correlated rather than being
random. As a result the CLT breaks down, and a non-Gaussian distribution of the
displacements is observed [8]. Consequently, the MSD can no longer be described by

Eq. (2.35) but by a power law relationship defined by

(1?) = %f“ (2.38)

where D, is the generalized diffusion coefficient of dimensions [D,] = pm?s™® and I’
is the gamma function. The exponent satisfies 0 < o < 1 [23, 47]. In addition. «
=4

and hence D, can be functions of lag time. When o = 1, Eq. (2.35) is recovered. A

generalization of the Stokes-Einstein equation leads to

 keT

MNe

D, (2.39)

which is referred to as the Stokes-Einstein-Smolochowski relation [23]. 7, is the

a—2

generalized friction coefficient and has dimensions [n,] =s® *. The mass of the particle

18 m.
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Subdiffusive motion has been reported in a number of materials including amon-
phous semiconductors [51]. proteins and cells in biological svstemns [12. 50]. disordered
materials such as glass beads. quartz sand, and naturally occurring sponge [52], and

in polvmer networks [53].

2.2.3 Diffusion with Flow

Diffusion with flow. also known as superdiffusion. occurs when the diffusive ex-
ponent has a value greater than one [11. 12]. This results when the fluid in which
the particle is suspended moves with a constant mean velocity . so diffusion is su-
perposed on a steady drift or flow. Nlobile cells and proteins in biological svstems
can exhibit this kind of behaviour. Several theoretical models describing anomalous
diffusion in biological systems has been developed by Saxton [20, 21, 48, 50]. The

MSD in this case is given by
<:z:2> = 2Dt + %% (2.40)

A typical log-log graph of this type of motion is shown in Fig. 2.1.



Chapter 3

Materials and Experimental Methods

3.1 DMaterials

3.1.1 Carbopol ETD 2050

Carbopol ETD 2050 belongs to the family of carbopol resins which are insoluble
polvacrvlic acid polymers [25, 32, 33, 54]. They are supplied as dry tightly coiled
acidic molecules. The coiled structure of carbopol is shown schematically in Fig-
ure 3.1. Once dispersed in water, the molecules begin to hyvdrate and partially uncoil
and in the presence of a neutralizing agent such as NaOH, the dispersion thickens
to form a very thick gel [55]. The addition of the base facilitates the formation of
hydrogen bonds between the swelling microgels and water both inside and outside the
microgels [33]. The thickness of the gel depends on the concentration of the polymer
as well as the pH.

The microstructure of the carbopol gel consists of individually gelled concentrated



Figure 3.1: The coiled structure of carbopol.

dispersions of highly-cross-linked polvmer particles. The exterior of an individual
microgel consists of dangling free ends of polymer molecules which interact strongly
with similar strands from nearby microgel particles. This leads to the formmation of a
highly networked microgel structure [54]. The microgel structure of carbopol is shown
in a simplified form in Figure 3.2.

The chemical structure and properties of carbopol have a direct influence on its
rheology and applications. For example, it has been reported that the shear modulus
G° represents interactions between swollen microgel particles and is proportional to
the cross-linking density  [26, 32]. The rheology also depends on such parameters as
temperature and pH. An increase in temmperature leads to a decrease in the viscosity
while the maximum viscosity is reached in the pH range of 5 to 10 [54. 56]. Carbopol
dispersions have becn used for many vears to improve the rheological properties of
some materials [25.32]. In the pharmaccutical industry, they are regarded as excellent

vehicles for drug delivery [28]. Thev are also used in everyvday products such as tile
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Figure 3.3: The chemical structure of laponite (from Ref. [1]).

powder [57].

Lapouite particles are on average 30 nm in diameter and 1-4 nm in height [38].
The chemical formula for this grade of laponite is Nag-[(SigMgs.5Lig.3)Ogo(OH) 4797
[57]. The corresponding chemical structure is shown in Figure 3.3. The unit cell
consists of two lavers of four tetrahedral silicon atoms sandwiching six octahedral
magnesium ions. Some of the magnesium ions are substituted by lithium ions. There
is a charge deficiency of 0.7 per unit cell. These groups are balanced by twenty oxygen
atoms and four hydroxyl groups. The height of the unit cell represents the thickness
of the laponite particle. This unit cell is repeated many times in two directions. giving
rise to the disk shape of the laponite particles. It has been estimated that a lapounite

particle contains some 30,000-40,000 unit cells [57].
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Figure 3.5: The “house of cards” structure of laponite showing edge-to-surface and
surface-to-edge arrangements of the laponite disks.

Dry laponite consists of aggregates of particle stacks. Introduction of laponite
powder into water leads to the dispersion of these aggregates into individual particle
stacks. With time, the sodium ions become hydrated. This leads to a swelling of the
structure. resulting in the stacks separating into individual disc-shaped particles. The
hyvdration process is shown schematically in Figure 3.4. The primary laponite particle
has a negative charge on the faces while the edges have small localized positive charge
due to the absorption of hyvdroxyl groups from the particle. In deionized water, the
sodium ions are held in equilibrium in diffuse regions on both sides of the dispersed
particle by the opposing forces of electrostatic attraction and osmotic pressure from
the bulk of the water. In dilute dispersions, laponite will remain a low-viscosity
Newtonian fluid of non-interacting particles for a long time as electrostatic repulsion
generated by surface-to-surface or edge to edge contacts coupled with osmotic pressure
keeps particles apart from each other. The addition of polar compounds such as

simple salts leads to a reduction in the osmotic pressure holding the sodium ions
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away from the particle surface. This allows the weaker positive charge on the edge of
the particles to interact with the negative surfaces of adjacent particles. With time
this interaction may give rise to the so-called “house of cards” structure shown in
Figure 3.5. This structure. once forned, can easily be broken down by the application
of shear stress, but once the shear is remioved, the structure will re-form with time.
Thus in rheological terms, laponite forms a thixotropic gel in which the particles are
held together by weak electrostatic forces [57].

Although laponite is a synthetic clay, it has properties similar to those of naturally
occurring clays. In water, it forms a colourless, transparent thixotropic gel free of
contaminants such as quartz that arc found in natural clays. It can be prepared
reproducibly and is easy to handle under experimental conditions. Because of these
attributes, laponite has been used as a model for rheological studies of clay colloid
behaviour [1. 37, 38, 40, 58]. Outside rheology, laponite is used as a thickening
agent in the manufacture of household, agricultural, paper. polymer. personal care

and building products, just to mention a few [57].

3.2 Fluorescence Microscopy

3.2.1 Fluorescence

The ability of a material to emit light when excited by another light source is called

luminescence [59]. Fluorescence is a type of luminescence in which light is emitted
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from molecules for a short period of time following the absorption of light. The
delay time for fluorescence is typically of the order of 107 seconds. Similar processes
with delay times of the order 107% and 107! s are called delaved fluorescence and
phosphorescence respectively [60. 61].

The mechanism of the absorption-cinission process was described by Sir George
Stokes in 1852. He was also respounsible for naming fluorescence after the mineral
fluorite, which exhibits a bluish-white fluorescence under ultraviolet irradiation [61].
The absorption of light by matter occurs in discrete amounts called quanta. The

energy in a quantum is given by
E =hv = he/A (3.1)

where /i 1s Planck’s constant over 27. ¢ is the velocity of light in a vacuum. A is the
wavelength of the light and v is its frequency. A valence clectron is boosted up to
a higher encrgv level when it absorbs a quantum of light. A quantum of light mayv
then be emitted when the excited clectron returns to the lower encrgy state. Stokes
showed that the wavelength of the emitted fluorescence is longer than the wavelength
of the absorbed light.

Figure 3.6 shows the various paths to deexcitation available to an electron excited
by a photon A. The absorption process is shown by B while fluorescence, delayved
fluorescence and phosphorescence are shown by C. D and E respectively. Permanent
destruction of fluorescence can occur when, by light-induced conversion. a fluorescent

material is chemically transformed into a non-fluorescent material. This process is
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Figure 3.6: The deexcitation pathwavs available to an excited electron. The photon
A interacts with the material ,and the absorption process is shown by B. The other
processes are fluorescence(C). delaved fluorescence(D). phosphorescence(E), photo
bleaching(F).

referred to as photobleaching and is depicted by F. The real cause of photobleach-
ing remains evasive, but factors such as the nature of the fluorescent dye, chemical
environment and the intensity of the quantuimn energyv are known to be contributing

factors [61].

3.2.2 The Working Principle of a Fluorescence Microscope

The German microscopist Kohler is credited as the inventer of fluorescence mi-
croscopy. In 1904, Kohler discovered that tissue is fluorescent when irradiated with
ultraviolet light. With time, it was observed that stained sections of tissue could
be examined in a fluorescence microscope if the dves used in staining were fluores-
cent [61]. Over the vears, this technique has been extensively exploited for research
in the life sciences and has recently been emploved in the physical science as well.

Modern fluorescence microscopes work on the principle of mcident or epiilhunii-
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nation [60]. A schematic diagram illustrating the working principle of an incident
fluorescence microscope is shown in Figure 3.7. Epiillumination refers to the situa-
tion where the light that illuminates a specimen is directed through the objective lens
of the microscope [61]. The specimen is excited by using the objective as a condenser.
The chromatic beam splitter shown reflects light with a wavelength below a cutoff
through the objective to excite the sample. The excitation radiation is shown by the
heavy black line. The emitted fluorescence (heavy dashed line) that has a wavelength
above the cutoff is not reflected but instead passes through the beam splitter to the
detector. Emitted or reflected light below the cutoff wavelength is reflected away
from the detector [60]. This ensures that only the fluorescence is detected, not any

reflected excitation light.

3.3 Preparation of Samples

3.3.1 Fluorescent Microspheres

The fluorescent microspheres used for the experiments were purchased from Duke
Scientific Corporation [62]. These spheres were made from polystyrene with fluores-
cent dye incorporated into the polyvier matrix. Two microsphere diameters (0.49 and
1.0 pm ) were used for the experiments. They have an excitation maximum of 542
nim (green) and an emission maximum of 612 nm (red) implving a Stokes shift of 70

nm [62]. The spheres have a density of 1.05 g/cm?® and a refractive index of 1.59 at
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589 nm.

In video microscopy only small amounts (of the order of a few microlitres) of the
fluid are needed to make measurements, hence approximately 20 ml of each sample
was prepared at a given time. The spheres are first sonicated for approximately 10
minutes to break down any clumping or coagulation resulting from long periods of
refrigeration. To ensure that the spheres are well incorporated into the fluid struc-
ture, they are added to deionized water immediately after sonication at a volume
fraction of typically 5.0 x 1073% for all samples. This volume fraction is dictated
by the fact that for multiple particle tracking, the field of view should contain many
particles at any time, yet few enough to keep collisions between spheres minimal.
At this concentration the solutions appear slightly pink due to the presence of the
microspheres. Typically about 50 to a few hundred spheres were in the field of view
at any given time, depending on the concentration and the magnification used. The
spheres are chemically neutral and are therefore not expected to react chemically with

their environment.

3.3.2 Preparation of Carbopol ETD 2050 samples

Pre-determined amounts of carbopol powder were measured using an analytical
balance and introduced carefully into the slowly agitated deionized water-sphere mix-
ture. Care was taken not to add the powder too rapidly to prevent the formation

of clumps. Once all the powder was introduced into the solution, stirring with a
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glass rod was continued until all the resins were fully wet, which is evidenced by the
transformation of all the white particles into transparent flakes in the solution. Any
flakes that settled on the walls of the beaker were transferred into the solution with
the glass rod.

As mixed, unneutralized carbopol solutions normally have a pH in the range 2.0
to 3.5, depending on the concentration, and have a relatively low viscosity, especially
at low concentrations. To maximize gelation of the solution, 1.0N NaOH solution
(Fischer Scientific, Catalogue No. SS266B-1 [63]) was added dropwise while the
solution was being stirred until the pH was in the range of 5.8 to 6.3. Stirring is
continued until all the transparent flakes disappear. The presence of remaining flakes
is a signal of incomplete neutralization. Carbopol is known to reach its maximum
thickness in this pH range [55]. At higher polymer concentrations. air bubbles will
form as the gel traps air during stirring. To get rid of these, concentrated samples are
centrifuged using a table-top centrifuge. Though the effect of this on the gel structure
is not veryv clear, it is critical to remove the bubbles to allow accurate experimental
measurements. The solution is then covered and allowed to stand overnight to ensure
complete gelation before measurements are made. Four concentrations of carbopol.
namely 0.01, 0.1, 0.5 and 1.0% carbopol by weight, were prepared for each of the two

sphere sizes.
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3.3.3 Preparation of Laponite RD samples

Laponite. which comes in the form of an casv-to-disperse white powder. was ac-
quired free of charge from Southern Clay Products Inc.. Texas [64]. Depending on the
concentration desired, laponite powder is weighed and gently added to the deionized
water mixture while it is being stirred with a magnetic stirrer. In this case 1M NaCl
was added to the deionized water at a concentration of 1ml/1 before the microspheres
and clay were introduced. The Na™ ions in the solution are supposed to prevent slow
chemical reactions of the clay particles with atmospheric oxyvgen [34]. After the de-
sired amount of laponite has been added, the solution is covered tightly and stirring is
continued overnight to ensure complete dispersion and hyvdration of the laponite par-
ticles and to prevent imnmediate gelation. At the very ecarly stages in the mixing the
solution is cloudy, but with time it forms a very transparent gel (in this case slightly
colored by the presence of the microspheres). The pH of the solution is then adjusted
to the range 9.8 to 10 by the dropwise addition of 0.1M NaOH (Aldrich Chemicals.
Catalogue No. 31,948-1 [65]) to ensure chemically stable samples [36, 39]. The solu-
tion is then sonicated for approximately 10 minutes to break down any gel structures.
It is then again covered and allowed to stand undisturbed for a minimum period of 48
hours to allow the gel structure to reform slowly. In all. six different concentrations
were prepared: 0.3, 0.5. 1.0, 1.5, 2.0 and 2.5% by weight. For investigation of the
time dependence of gelation of lapomnite dispersions. nicasurements were made using

a 1.5% conecentration over a 24 hour period starting approximately 30 minutes after
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Bars made out of microscope slides fluid sample

Cover slip Microscope slide

Vacuum grcase

Figure 3.8: A schematic representation of the construction of a chamber for holding
a sample on a microscope slide for imaging. (A): A three-sided wall is made out of
small bars cut out of a microscope slide. This is glued firmly to the surface of another
slide using optical glue. A coverslip is attached to the top of the walls to form a
chamber with one side open, where the fluid is introduced. (B): A side view of the
slide. showing the chamber sealed with vacuuin grease.

sonlication.

3.4 Experimental Procedure

The samiple to be imaged is loaded into a chamber constructed on the surface of
a microscope slide. The chamber was made to hold the fluid in place and to prevent
any leakage which might induce flow in the sammple. Three small glass bars cut out
of a second microscope slide are glued together firmly on the first slide to form a
three sided wall. A cover slip is then glued on top of these bars to form a chamber

with one end open to allow introduction of the fluid. A mounting medium called
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Micromount [66] is used for the construction of the chamber. This glue is a very
strong adhesive, with the same refractive index as glass. hence it is ideal for imaging
studies. The chamber is made to stand for at least 24 hours to allow the glue to
set. A schematic representation of the chamber is shown in Figure 3.8. The fluid is
loaded into the chamber by means of a glass dropper. The chamber is then firmly
scaled with silicon-based high vacuum grease (Dow Corning [67]) which is known to
be chemically inert. Once loaded, the fluid is allowed to equilibrate for 30 minutes to
1 hour before measurements are made.

An upright epiillumination fluorescence microscope (Olympus model BN50W1) is
used to image the samples. The spheres suspended in the fluid are excited by green
light from a mercury lamp and give off red fluorescence. Images of the spheres are
captured with a TA200 monochrome CCD camera (Pulnix Inc.) at a rate of 30 frames
per second (fps) and recorded onto a VVHS video cassette. Recording times ranged
from 10 to 20 minutes depending on the concentration of the sample. Before images
are recorded. it is ensured that there is no drift in the sample. Drift would make the
spheres tend to move in one direction and thus obscure the diffusive component of
their motion. Samples for which drift was observed were discarded. To minimize wall
cffects. the objective was focused roughly halfway into the sample.

The recorded images are digitized off line using a IN[AQ PCI 1407 frame grabber
(National Instruments [68]). Images are digitized at different frame rates. chosen so

that the motion of the tracer spheres between frames can be detected by the particle



42

tracking software. The frame grabber could only digitize 1800 frames at a time. so
for longer runs the frame rate had to be reduced to compensate for this. Iimnages from

the video were digitized at tyvpical frame rates of 15, 10, 6 and 2 fps.

3.5 Image Processing

Image processing and data analysis were done using particle tracking software
written in IDL [69] by Crocker et al. [45, 70] The time evolution of the distribution

of particles can be described by

p(r.t) =3 6(r—r (1) (3.2)

i=1
where r; is the location of the ith particle in a field of .V particles at time ¢. The
image analyvsis package enables the extraction of the trajectories r;(t) of individual
microspheres from a set of images.

A typical raw digitized image is shown in Figure 3.9. The bright spots are the
fluorescent microspheres. The brightness varies depending on whether the sphere is in
focus, below or above the plane of focus or even photobleached. Digitized images may
contain imperfections such as geometric distortions, non-uniform contrast and noise.
The imperfections introduce error in the determination of p(r,t). The first step in
tlie image processing is the restoration of the images with a view to reducing these
imperfections as much as possible. The software filters the image and subtracts the

background off. The bright spots are transformed into sharply peaked circular blobs,
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Figure 3.10: The restored image corresponding to Fig. 3.9. The background has been
subtracted off.

making it easier for the software to discriminate between noise and real particles. The
restored version of Figure 3.9 is shown in Figure 3.10.

Local brightness maxima within the restored image are considered as candidate
particles. The software adopts a particular pixel as a candidate particle position if
no other pixel within a specified distance w is brighter. w is an integer which is
larger than the apparent radius (in pixels) of a single sphere or blob but smaller
than the average inter-sphere separation. To discriminate true particles from noise,
only the brightest pixels are considered as particle positions. A cutoff is set and all

pixels with brightness below this value are rejected. Optional parameters, such as the
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p(r.t). This is achieved by identifving which particle in a given image most likely
corresponds to one in the preceding nmage. For indistinguishable particles. this is
only possible by proximity.

Given that dr is the distance that a particle moves between frames, the most likely
assignment of particle labels from one frame to the other is the one which minimises

S dr?. where N is the number of particles. The process of label assignment may be
i=1

considered as drawing bonds between pairs of particles in consecutive frames. Only
bonds shorter than a length L are allowed as possible candidates for the assignment
of particle labels between two frames. L is chosen to be slightly higher than the
maximum absolute displaceiment of the particles between frames. This value can be
estimated from a plot of the distribution of displacements. Linking of particles is
possible ouly if the typical particle displacement dr in one timestep is sufficiently

small compared to the typical interparticle spacing a. The optimal value of L is in

the range dr < L < a/?2.

3.6 Calibration and Error Analysis

Samples containing the 0.49 and 1.0 gm spheres were imaged using x60 and x20
objectives. respectively. A C-mount attached to thie niicroscope with a magnification
of x2.5 leads to final magnifications of x150 and x50 respectively. A calibration
shide etched with a 1 mm mark further divided into 100 divisions was used to get the

conversion factor from pixels to microns for the various maguifications. The slide was
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imaged at x150 and x50 and the corresponding conversion factors were found to be
0.217 pam and 0.625 pgm per pixel respectively. Uncertainties in the particle positions
were calculated by imaging immobile particles at magnifications of x150 and x350.
The mean squared displacement (NSD) of a Brownian particle motion can be written

<:l' (T)2> =2D7 + 0? (3.3)

where o is the mean random error in determining the particle position. For immobile
particles. D = 0 and hence <LL' (7')2> = 02 [7T1]. The uncertainties were found to be
0.02 ym and 0.08 pm respectively.

The accuracy of the tracking software as well as the experimental setup was ver-
ified by analvzing the motion of the two sizes of spheres in water using the same
experimental conditions as used for the main experiments. Since water 1s a New-
tonian fluid. it is expected that the mean squared displacements for the two spheres
will both have logarithmic slopes of 1.0 and that the distribution of their displace-
nients at a specific lag time will be Gaussian. The NSD as a function of lag time for
the two sphere sizes in water is shown in Figure 3.12. The logarithmic slopes of the
NSD for the 0.49 and 1.0 gm spheres were 0.95 & 0.14 and 0.96 £ 0.07 respectively.
The corresponding diffusion coefficients for the spheres as calculated from the inter-
cept of the NMSD were 0.7740.02 and 0.41 £0.08 zm? /s respectively. The solid line in
Figure 3.12 shows the NSD for the 0.49 g sphere scaled by the particle size. It falls

directly on the NISD for the 1.0 jan sphere. This is expected, since the scaled MSD
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Figure 3.12: NSD for the 0.49 and 1.0zm spheres in water. The solid line is the NSD
data for the 0.49um normalized by the sphere size. It compares very well with the

1.0ym data.
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Figure 3.13: The distribution of the displacements of the 0.49 and 1.0 zm spheres in
water at a lag time of 0.33 s. The curves are the Gaussian fits to the data.
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should be independent of particle size for purely diffusive motion. The distributions
of particle displacements are shown for a lag time of 0.33 s in Figure 3.13. Thev
are well described by Gaussian distributions. which give the diffusion coefficient for
the 0.49 g sphere as 0.8240.06 y1n?/s and that of the 1.0 zan sphere as 0.4140.06
pm?/s. These values are in agreement with those calculated from the fits to the NSD
data. It has been reported in literature that 1.02 gm spheres in water have a diffu-
sion coefficient of 0.402+0.06 pm?/s [43] and 0.98 pm spheres has a value of 0.43
pm?  [72]. Our results obtained for the 1.0 jn sphere are in good agreement with
these results. Although no values were found in literature for 0.49 pgm spheres, the
diffusion coefficient is inversely proportional to the particle size [45]. so we expect a
diffusion coefficient of approximately 0.84 pm?/s. Our results for the 0.49 zun sphere

are consistent with this.



Chapter 4

Results and Discussion: Carbopol

4.1 Introduction

In this chapter, the experimental results for carbopol are presented and discussed.
This material was studied both as a function of probe particle size (0.49 and 1.0
pm) and polvmer concentration (0.01. 0.1. 0.5 and 1.0% carbopol by weight). We
first present the trajectories of the two sizes of spheres as they move in the different
concentration saniples and interpret them in terms of the local properties of the
fluid. The ensemble-averaged mean square displacement (MSD) is then presented
and discussed. To get an idea of how the motion of the spheres depends on lag time.
we calculate the instantancous logarithmic slope of the NSD for our data. Spatial
heterogeneity in the fluid can be investigated through the distribution of the particle
displacements as a function of lag time. We present results for two lag times for
each particle size. We also studied the dynamical heterogeneities in the fluid as a

function of time by calculating the non-Gaussian parameter (NGP) which is related
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to the fourth moment of the distribution. In fact the lag times for the distributions
were partly chosen to correspond to time-scales at which the spheres begin to respond
to structures in the fluid, as indicated by high NGP values. We also analvzed the
correlations between successive displacements at a given lag time, and used the results

to estimate the strength and length scales of the pores in the fluid.

4.2 Particle Trajectories

A wealth of information relating to the local environments of fluids can be ex-
tracted from the nature of the trajectories of small tracer particles probing them.
When a particle moves in a purely Newtonian fluid. the trajectories are purely ran-
dom with no preferred direction of movement. The trajectories of particles in complex
fluids may not alwayvs be random. In the course of their motion, the particles can
bump into, or be coufined to, certain regions of the fluid by the structure of the fluid.
Under such circumstances. the particles tend to stay in the confining regions longer
than theyv would if they were moving freelv. The trajectories under such circuni-
stances will be non-uniform with some areas of the sample visited more often than
other areas. The particles can also become trapped and prevented from moving away
from the confining region. Trapped particles are characterized by highly compact and
localized trajectories.

Two-dimensional projections of the trajectories of the tracer spheres were mea-

sured by fluorescence microscopy, as discussed in Sec. 3.3.1. Typical results are shown
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in Figs. 4.1-4.4. The figures on the left show all the trajectories for all particles tracked
in the field of view while those on the right show representative individual particle
trajectories. The spikes in the trajectories seen particularly in Fig. 4.4 mayv be due
to error i particle nieasurement or to jiggling of the optical svstemn. The trajectories
for the 0.49 g spheres are shown in Figures 4.1 and 4.2. The duration of the single
trajectory shown for the 0.01% concentration in Fig. 4.1B is 120 s. All the other
single trajectories shown in Figs. 1.1 and 4.2 have a duration of 300 s. Trajectories
for the 1.0 jum spheres are shown in Figures 4.3 and 1.4, The trajectories for the 1.0
jan spheres all have a duration of 900 s.

Comparing the trajectories, we observe that thev beconie more compact and lo-
calized with increasing concentration. This implies that the motion of the particles
becomes more constrained with increasing concentration. As discussed in Chapter
3. carbopol consists of swollen microgels with water-containing pores between these
microgels. We therefore suspect that the restricted motion at higher concentrations
is due to the particles being confined to pores in between these microgels. As the
concentration of the polvimer is increased. the concentration of the microgels also
increases and the pores become smaller, so the particles are constrained much more
strongly at higher concentrations. Except for the 0.01% concentration. shown in Figs.
1.1(A) and 4.3(A). we observe that the trajectories are non-uniform in the sense that
some are more compact than others. This suggests that different particles experience

different microenvironments and hence we conclude the fluid is inhomogeneous on



these length scales and at these concentrations.

The trajectories for the 0.01% concentrations (Figs. 4.1B and 4.3B) are uniform
and completely random. This suggests that the particles at this concentration move
freely and the motion is diffusive. At intermediate concentrations. close examina-
tion of the individual trajectories suggests that theyv are non-uniform. There are
areas where the trajectories are more condensed. This implies that the motion of the
particles are constrained by structures in the fluid. There are also areas where the
particle moves more freelyv. which is evidenced by a less condensed trajectory. This
implies that there is a possibilitv that particles can move from pore to pore. This
behaviour is verv clear for the single trajectories shown for the 0.1 and 0.5 % concen-
trations (Figs. 4.1D, 4.2B. 4.3D, 4.4B). The trajectories for the 1.0% concentrations
(Figs. 4.2D and 4.4D) are more compact suggesting that the particles are confined
to a certain region of the fluid. presumably within a pore. The trajectories of the
1.0 pm particles are much more localized than those for the 0.49 pan spheres. This
nieans that the 1.0 g spheres move less than the 0.49 pm spheres. The 0.49 jn
sphere trajectory spans roughly 1.5 yan in both the » and y directions. Our data
suggest that at this concentration, the pores are small enough to prevent the particle
from escaping. vet large enough compared to the size of the particle to periit soue
degree of motion within the pore. In Figure 4.4(D). the trajectory spans a distance
of roughly 0.4 pm in the y direction and 0.7 gm in the 2 direction, which is less

than the particle size. This suggests that the particle size is comparable to the pore
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Figure 4.5: A log-log plot of the mean square displacement for the 0.49 g spheres.
The different symbols indicate different concentrations of carbopol.

size and that the sphere is completely trapped, at best jiggling around slightly within

the pore but without any appreciable large scale motion.

4.3 Mean Square Displacement

Log-log plots of the one-dimensional mean square displacement (22 (7)) for the

0.49 pgm and 1.0 ym spheres are shown in Figures 4.5 and 4.6 respectively. a~
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Figure 4.6: A log-log plot of the mean square displacement for the 1.0 gm spheres.
The different syinbols indicate different concentrations of carbopol.
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was averaged over all pairs of points a time 7 apart as well as over all the tracked
particles [8, 49]. As discussed in Chapter 2. the motion of the spheres can in general
be described by (2 (7)) = 7¢. For simple diffusion. o = 1. but in general a can be a
function of lag time 7. Here the values of o were calculated from the slopes of straight
lines fit to the log-log plots of the MSD for the 0.01% samples. The 7 dependence of
a is discussed below.

We consider first the MSD for the 0.49 m spheres as function of concentration
shown in Fig. 4.5. The 0.01% data follow a good straight line on the log-log plot and
the diffusive exponent was found to be 1.03 £ 0.01. This implies that the motion of
the spheres at this concentration is diffusive. For the 0.1% concentration, although
the plot is slightly concave downwards. the NSD shows no true plateau. This means
that while the motion of the spheres is affected by the local microenvironments. there
is no evidence of permanent entrapment by the pores at this concentration. This
result is consistent with observations we made based on the particle trajectories in
the previous section.

The MSDs for 0.5 and 1.0% concentrations can be best described by three time
regimes. For verv short times (7 < 0.5 s) the spheres move only short distances.
leading to a low slope at the earlier times. At intermediate times (0.5 < 7 < 20 s).
the slope increases implyving the spheres move more freely although still subdiffusing
on these time scales. At long times (7 > 20 s) the NSD approaches a plateau.

indicating that the spheres are being constrained from moving any further. This
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suggests that at these concentrations the spheres are confined to pores within the
fluid. again consistent with our carlicr observations.

The log-log plot of the NSD for the 1.0 gmni sphere at a concentration of 0.01% is
a straight line, i.e.. a power law relationship holds over the time range studied. The
diffusive exponent was found to be 1.00 £0.01. again indicating diffusive motion. For
the 0.5 and 1.0% concentrations, the MSDs arc small and almost independent of time.
This indicates that at these concentrations the pores in the fluid have trapped the
spheres, preventing them from escaping or moving. At long time we observe a slight
increase in slope of the NSD indicating that the spheres are able to move slightly at
long lag times.

As discussed in Chapter 1. the mean square displacement is a very importaiit
quantity that can be used to interpret the average mechanics of the microenvironmeuts
in complex systemns. Plateaus in the MNSD at long times indicate that the particles
are constrained by the fluid in which they are suspended. The nature and cause
of the constraint is, however, not alwavs obvious. To understand the constraint.
further analvsis is necessary, depending on the nature of the fluid under study. If
the fluid is homogencous, then the plateau can be interpreted in terms of the clastic
modulus of the fluid. In the case of heterogeneous environments, however, the plateau
may be either a measure of the local elasticity or a measure of the size of the local
constraining volume or pore. depending on how (22 (o0)) scales with particle radius

a. If the plateau measures the local elasticity, then (r? (<)) scales with 1/a. If it
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Figure 4.7: Comparison of the NMSD for the two sphere sizes scaled with the sphere

radius a. The closed symbols are for the 1.0 jan spheres while the open svimbols are
for the 0.49 pni spheres.

is measure of the pore size d. then d = 2a + h. where h is the size of the fluid filled
gap between the particle surface and the pore wall. In this case h is approximated
by (a? (:)C))l/Q 8].

We investigated the scaling of the NSD with particle radius « . and the result is
shown in Fig. 4.7. In normal diffusion. the diffusion coefficient, D o 1/a. so if the

scaled data overlap at short times then D behaves as expected for normal diffusion.
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If the data do not scale. then other factors such as the structure of the fluid affect
the motion of the tracer particles. From our results. the scaled NSDs overlap at all
lag times for the 0.01% concentration. This means that at this concentration, the
motion of the spheres are diffusive at all lag times studied. At 0.1% concentration.
the scaled NSD overlap at short lag times but deviate from each other at longer lag
times. This indicates that the motion of the spheres is diffusive at short lag times.
but at long lag times. as the spheres feel the effect of the structures in the fluid, their
motion become subdiffusive. For the 0.1% concentration, the scaled NSD for the 0.49
pm spheres is higher than that of the 1.0 i spheres at longer lag times indicating
a higher mobility for the 0.49 g spheres. The difference between the two increases
with lag time. This shows that at longer lag times, the motion of the 1.0 zm spheres
is constrained to a greater extent than that of the 0.49 pm spheres. For the 0.5%
concentration, the scaled NMSD for the 1.0 g spheres remains constant at all times
while that of the 0.19um spheres increases gradually until it collapses onto the 1.0
pm data at long times. After this time both spheres maintain the same NSD for all
subsequent times. For the 1.0% concentration. the behaviour for short lag times is
similar to that at 0.5% concentration, except that the data do not overlap at long lag
times. Thus while the scaling behaviour of the MSDs at 0.5% seems to suggest that
the spheres are measuring the local clasticity, that at 1.0% suggests a measurcnent
of the pore size. While further work will be needed to clearly establish the nature of

coustraint at these long times, the trapping effects seen in the trajectories at these



Sphere Diameter(gm) | Pore Size (0.5%) pn | Pore Size (1.0%) pm
0.49 0.79 £ 0.01 0.73 £ 0.01
1.0 1.20 £ 0.01 1.22 +0.01

Table 4.1: Estimates of the pore size calculated from the plateaus in the NSD for the
0.5% and 1.0% carbopol samples.

concentrations suggest that the plateau is more of a measurciment of the pore size
than local elasticity. Using the analvsis above, the pore sizes were estimated. The
results are shown in Table 4.1. To the nearest micron we find that pores in the fluid
are on the order of 1 yan in size.

The diffusion cocfficients are calculated from the intercepts obtained from the fits
to the log-log NSD plots for the 0.01% data for both spheres. We lhad 0.70£0.01
pm? /s for the 0.49 pm spheres and 0.37+0.01 yan?/s for the 1.0 g spheres. These
values are lower than those calculated for the spheres in water. This is because the
presence of the polvmer leads to an increase in viscosity of the fluid.

The diffusive exponent a describes the logarithmic slope of (22 (7)) at the time

and may be defined as

dln {2? (T))

1.1
dint (1)

a(r) =

To investigate the dependence of the diffusive exponent on 7, we calculated this
quantity at each lag time using simple differences, smoothing over two neighboring
values to reduce scatter. The results are shown in Figures 4.8 and 4.9, This quantity
is identical to the slope of the log-log plots of the NSD data. but in this case, a has

been evaluated at cach 7.
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Figure 4.8: The diffusive exponent of the 0.49 jum spheres as a function of lag time
for different concentrations of carbopol.
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Figure 4.9: The diffusive exponent of the 1.0 um spheres as a function of lag time for
different concentrations of carbopol.
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«(7) for both spheres in the 0.01% samples is close to one at all lag times studied.
indicating diffusive motion in both cases. For the 0.1% concentrations, a < 1 at all
tines for botl spheres. This indicates subdiffusive niotion. The values of a are high
enough to suggest a significant degree of motion for the spheres at all times. This
means that, as found above, the motion of the spheres is affected by the microen-
vironment, but the effect at this concentration is not strong enough to completely
prevent the sphere from moving. At this concentration the motion of the spheres
is just slightly restricted. Even if caging does occur, it is not permanent, but the
spheres are able to escape with time. This behaviour is consistent with the trajecto-
ries observed at this concentration (see Fig. 4.1D and 4.3D). The particles are able
to wander away with time, probably because the pores are not well formed or small
enough to confine the spheres. At this concentration, a tends to decrease slightly
with increasing 7. This means that at longer lag times, as the particle moves louger
distances. the tendency for the structures in the fluid to constrain its motion becomes
stronger.

For the 0.5 and 1.0% concentrations we observe that « is relatively low compared
to the lower concentrations and also shows a higher degree of variability. There
i1s a systematic variation in the values for the 0.49 pm spheres. They are low at
small lag times, rise to a maximum around 7 = 3 s . then approach zero at lounger
times. This behaviour confirims our earlier conclusions that the spheres are confined

within pores in the fluid. At small times they are less diffusive, they become more
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Figure 4.10: The diffusive exponent averaged over lag time and shown as a function
of concentration. The top plot (open circles) represents the 0.49 pm spheres while

the bottom plot (closed squares) represents the 1.0 jan spheres.

diffusive at intermediate times and at very long times, theyv are more constrained by

the structures in the fluid and become less diffusive again. The 1.0 pan spheres have a

close to zero at all lag times suggesting very little or no motion at all. This supports

our earlier claim that the spheres are trapped within the pores and therefore cannot

move appreciably.

The time-averaged diffusive exponents are shown in Fig. 4.10 as a function of
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concentration. The error bars are the standard deviations. The cerrorbars are larger
for the higher concentrations due to the systematic variation in a as discussed above.
We observe for both spheres that decreases with increasing concentration. At high
concentrations as the fluid becomes more structured. the motion of the spheres be-
comes more constrained. At all concentrations above 0.01%, the 0.49 pun spheres have
higher values of a than the 1.0 g spheres. This nmiplies that the smaller spheres
have a higher mobility as suggested carlier. In structured fluids. the smaller sphere
stands a better chance of moving around the obstacles in the fluid that prevent free

motion, compared to the larger spheres.

4.4 The van Hove Correlation Function

We investigate the distribution of the displacements as a function of lag times
using the van Hove correlation function. The van Hove correlation function P (Ax, 7)
is the probability that in a lag time 7. a particle has moved a displacement Az, Auw

is measured from the particle’s initial position at 7 = 0. P (Ar.7) is given by

P(Ar,7) = % <Z O [Ar +2;(0) — 0y (T)]>

=1

where NV (Ar.7) is the number of particles with displacenients Au in lag time 7.
aud .V is the total number of particle displacements. The angle brackets denote

canonical averaging [73]. Experimentally, P (Ax, 7) is measured as the histograin of



71

0.1%

< 10 < 107 e >
a a O ©
O
& %
& ge
© ©
@
10_3 - 10"3 § N
-5 0 5 -4 4
Displacement (um) Displacement (um)
» 0'50/0 » 1 .0°/o
10 107"+
< <
A a2
a . a |
102 102' (S) %O
o ©
2 S
107 —& ' L 107 ééép ‘ Q%Eb\?
-1 -0.5 0 0.5 1 -0.5 0 0.5
Displacement (um) Displacement (um)

Figure 4.11: The van Hove correlation function for the 0.49 xm spheres as a function
of carbopol concentration at a lag time of 3 s. The solid lines are Gaussian fits to the

data.

the distribution of displacements.

The van Hove correlation functions for the 0.49 pm spheres at lag times of 3 and 10
s arc shown in Figures 4.11 and 4.12 respectively. At the 0.01 % concentration, the
distributions are Gaussian for both lag times. This signifies that the displacements are
uniformly distributed and all particles experience the same microenvironments and

undergo normal diffusion. The material is therefore homnogeneous at this length scale
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Carbopol Sample | Diffusion Constant (um?/s)
0.01% 0.7494 £ 0.0037
0.1% 0.0600 £ 0.0136
0.5% 0.0017 £ 0.0004
1.0% 0.0007 £ 0.0002

Table 4.2: Diffusion coefficients for the 0.49 pm spheres in different concentrations of
carbopol calculated from the width of the Gaussian fits to the van Hove Correlation
Function at a lag time of 3 s.

and concentration. At higher concentrations, the distributious begin to deviate from
Gaussian behaviour. For very small displacements the distribution function can be
fairly well described by a Gaussian but the deviation sets in at higher displacements.
Thus while the majority of the particles move only short distances, the number of large
steps is much larger than would be expected if the distribution were purely Gaussian.
The degree of deviation grows with concentration and lag time. This shows that the
fluid becomes more structured at higher concentrations as it becomes heterogeneous.
As the lag time increases. the distances travelled by the spheres increase and the
probability of the spheres bumping into these structures or being restricted from
further motion also increases. This explains the increased deviation from Gaussian
behaviour with lag time. As discussed in Chapter 2, the width of the distributions is
directly proportional to the diffusion coefficient. The diffusion coefficients calculated
from the width of the distributions are shown in Table 4.2. We observe that the
diffusion coefficient decreases with concentration showing that the spheres become
less mobile due to increasing viscosity of the fluid.

The distributions of the displacements for the 1.0 pm spheres at lag times of 10
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Carbopol Sample | Diffusion Constant (gm?/s)
0.01% 0.3900 = 0.0131
0.1% 0.0070 £ 0.0073
0.5% 0.0007 £ 0.0004
1.0% 0.0008 £ 0.0006

Table 4.3: Diffusion cocfficients for the 1.0 jan spheres in different concentrations of
carbopol calculated from the width of the Gaussian fits to the van Hove Correlation
Function. The lag time for the 0.01% and 0.1% samples is 3 s while that for the 0.5%
and 1.0% samples is 10 s.

and 30 s are shown in Figures 4.13 and .14 respectively. At a concentration of
0.01% the distributions are Gaussian at both lag times, again indicating that the
fluid is homogenous on this length scale as well. Deviations from Gaussian behav-
iour are again observed at higher concentrations for the same reasons as given above.
The distribution for the 0.1% concentration exhibits peculiar behaviour at both lag
times. At this concentration the distribution is non-Gaussian cven at the smallest
displacements and is approximately described by an exponential distribution. Similar
behaviour has been observed experimentally in agarose gels by Valentine et al. [8] A
theoretical prediction of this behaviour has been made by Metzler and Klafter [23].
who reported that such a distribution is a signal of subdiffusive motion with a dif-
fusive exponent of 0.5. We find that at this concentration the diffusive exponents
at lag times of 10 and 30 s are 0.67 and 0.60 respectively which is higher than the
theoretical prediction. As in the case of the smaller spheres, the width of the distrib-
utions decreases with concentration showing that the spheres become more restricted

by the structure of the fluid with increasing concentration. The estimates for the



diffusion coefficients are given in Table 4.3. The diffusion coefficient decreases with
concentration as the viscosity of the fluid increases.

By compariug the distributions for tle two spheres at lag time of 10 s (Figs. 4.12
and 4.13). we observe that the 0.49 pm data are characterized by relatively higher
displacements. This is due to the higher mobility of the smaller spheres as discussed
above. Deviations in the 0.49 pm spheres are also higher than those in the 1.0 pn
distributions. This will be quantified in the next section. As before this is due to the
fact that the more mobile spheres have a higher possibility of interacting more with

the structures in the material and hence will probe the heterogeneities more.

4.5 The Non-Gaussian Parameter

In this section we seek to quantify the degree of deviation from Gaussian behaviour
by calculating the non-Gaussian parameter (NGP) as a function of time and concen-
tration. The NGP, which compares the fourth moment of the particle displacement

to the second moment, is defined by [73]

(2% (7))

NGP = " (1.3)

3 (2 (7))
The NGP is related to the kurtosis, which measures how peaked (positive kurtosis)
or broad (negative kurtosis) a distribution is. If we multiply the NGP by a factor of
3. we get the exact expression for the kurtosis. NGP > 0 indicates a sharper. more

peaked distribution while NGP< 0 indicates a broader and flatter distribution. For a
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Figure 1.15: The non-Gaussian parameter for the 0.49 yan spheres as a function of
lag time. The different symbols represent the different concentrations as indicated.

purely Gaussian distribution. (x* (7)) = 3 («* (T))2 and NGP is zero [74]. A non-zero
value signifies a deviation from Gaussian behaviour. and the greater the value of the
NGP, the greater the deviation.

Figure 1.15 shows the non-Gaussian parameter at different concentratious as a
function of lag time for the 0.49 yan spheres. At 0.01%. the NGP is zero at all

accessible times, confirming the fact that the motion is diffusive at this concentration.
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At 0.1%. the NGP is slightly greater than zero but fairly constant at all times. This
suggests that the effect of the fluid environment on the motion is mild and almost
independent of the distance the particle travels. For the 0.5 and 1.0% concentrations.
the NGP is highly dependent on lag time. At smaller lag times. the NGP increases
steadily until after ~10 s where the increase is more rapid. At long times, the rise
is far less rapid and for the 1.0% data. it actually begins to decrease. This can be
interpreted to mean that at short lag times. the motion of the spheres is closer to
being diffusive and they do not feel the effect of the pore walls much. At longer times.
the pores constrain the motion, leading to higher values of the NGP. At very long
times. the spheres may escape from the pores or the structure of the fluid may itself
evolve. This leads to a decrease in the NGP at large lag times.

The NGP for the 1.0 g spheres is shown in Fig. 4.16. At 0.01% the NGP is zero
at all times, indicating diffusive motion and a homogenecous microenvironment. As
before. the NGP is lag time dependent at higher concentrations. At higher concen-
tration, the NGP is fairly constant for short lag times. then begins to grow at higher
lag times for the reasous discussed above.

Figure 4.17 compares the NGP for the two sphere sizes at the two higher con-
centrations. where the structure effects are felt the niost. The lag times at which
the NGP for the 0.49 yan spheres starts to increase is about 1 — 3 5. This is smaller
compared to that of the 1.0 g spheres, which is in the range 10 — 40 s. This is

consistent with the suggestions made above that the smaller spheres, by virtue of
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their higher mobility. experience the effects of the pore walls earlier.

4.6 Temporal Correlations In Particle Motion

From the results discussed above. we have established that at higher concentra-
tions, platcaus in the MSD signify caging of the spheres in fluid-filled pores in the
material. In this section. we study in detail this caging effect, following the method
developed by Doliwa and Heuer [73].

We consider two successive displacements 7y and 7, with equal lag times ¢, and

determine to what extent 7o depends on 75,. The displacement is defined by

Fon = T (nAt) — F(mAt). (4.4)

We compute the quantity xy2 = 112 - o1, which 1s the component of 7, parallel to
ro1. Here 7 is a unit vector. We then find the average value (1),) as a function
of ro;. where 19y = [ry]|. The averaging is done over all particles and initial times
[17. 75]. For dilute samples where caging does not occur, we expect (r12) = 0. On
the other hand (r}») should be negative if caging occurs. This is because in the
presence of cages. particles which move in one direction during the first time interval
will on average move in the opposite direction during the subsequent time interval.
As the particle comes close to the walls of the pores. it is prevented from moving any
further toward the walls. and will therefore tend to move in the opposite direction.

away from the walls. For particles with small displacements, (ro) will be linearly
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proportional to rg;. For larger rg1. (12) is no longer proportional to rg;. There is a
gradual deviation from the linear dependence. The size of the cage or pore can be
estimated from r*. the crossover point from linear to non-linear dependence [17, 75].
Particles with rg; < r* remains caged. and the effect of the cage is to push the particle
back toward i1ts original position. Particles with rg; > r* still tend to be pushed back.
but not as far as predicted by the lincar extrapolation from the small rg; behaviour.
Such particles may niove far enough to escape from the cage. and therefore their
subsequent motion is not necessarily due only to the cage. The size of the cage. d can
be estimated as d &= 2a + r* where « is the radius of the sphere. The strength of the
cage ¢*. which measures the degree to which the fluid structure opposes the motion

of the spheres. 1s defined by

(.1'12> = —(7*7'01. (—15)

Figures 4.18 and 4.19 give the distribution of x5, as a function of rg; at different
concentrations of carbopol for the two particle sizes. The lag time for the 0.01% data
are 1 s. All the other concentrations have a lag time of 10 s. We observe that the
distributions are symmetric about (a5) = 0 at low concentrations. but a significant
negative correlation is observed for the higher concentrations. As suggested by Doliwa
and Heuer [75]. the pore effect can be separated into two parts: a deterministic part
which tends to drive the particle back to its previous position and a stochastic part.
allowing for stochastic motion around the new cquilibrium position.

Figure 4.20 shows the relationship between (x13) and rq; for both spheres in
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Figure 4.18: Distribution of x5 as a function of ry; for the 0.49 pm spheres at different
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Figure 4.19: Distribution of xy, as a function of rg; for the 1.0 pym spheres at different
carbopol concentrations. The lag time for the 0.01% data is 1 s. All the other
concentrations have a lag time 10 s.
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Pore Size (pm) Pore Size (ym)
Carbopol 0.49 pm spheres 1.0 pan spheres
(%) Correlation Analysis | MSD Plateau | Correlation Analysis | MSD Plateau
0.1 1.80 £ 0.08 - 1.82 £ 0.37 -
0.5 0.73 £0.06 0.79 +0.01 1.51 £0.02 1.20 = 0.01
1.0 0.73 £0.04 0.73 £0.01 1.32 £0.02 1.22 +0.01

Table 4.4: Estimates of the pore size calculated from the point at which the data
in Figs. 4.21 to 4.23 start to deviate from the linear behaviour shown at low dis-
placements. These values are compared with those calculated earlier fromn the NSD
plateaus.

0.01% carbopol at a lag time of 1 s. (x}5) for both spheres is zero without the scatter
which may be due to decreasing data points. This shows that the probability of the
sphere moving in the negative or positive direction relative to the initial displacement
ro; 18 the same, and there is no dependence on rg;. Hence we conclude that at this
concentration. the motion of the spheres is random and the influence of the structure
on the motion of the spheres is negligible.

Figures 4.21 to 4.23 show the same relationship for the higher concentrations.
We observe that in all cases and for all rq,. (r,) is negative. This implies that on
average, the spliere moves in opposite direction to the direction of the preceding step.
This is a clear signature of the pore effect. The spheres in the fluid are confined
within pores. and as they hit the walls of the pores. they bounce back in the opposite
direction. We can estimate the pore size using the method described above. We fit a
straight line to the data for small rp; and determined the point 7 at which the lincar
correlation breaks down. A comparison of the results obtained using this method

and those calculated earlier using the MSD plateaus discussed in Sec. 4.3 are shown
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(r12) as a function of rg; for both sphere sizes in 1.0% carbopol. The
top graph is for the 0.49 pm spheres. The bottom plot is for the 1.0 pm spheres.
Different lag times are indicated by different svinbols as shown.
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in Table 4.4. The estimates from the two methods are in good agreement. To the
nearest micron, we infer from our results that the pore size is about 2 pgm for the 0.1%
concentration and about 1 yan for the 0.5% and 1.0% concentrations. \We observe that
the pore size decreases with increasing concentration. As the concentration increases.
the swollen microgels fill more volume of the fluid. leading to smaller pores. For
the 0.5% and 1.0% concentrations. the pore size is very comparable to the size of
the sphere. This confirms our earlier assertion that the spheres are likely completely
trapped at these concentrations. Again we see that at these concentrations. there
1s a large difference between the pore size estimates calculated from the two sphere
sizes. This may be due to the fact that the spheres can only probe pores larger or
comparable to their own size. and will not feel any pores smaller than themselves.
Hence the pore size estimates at these concentrations are biased by the particle size.

The pore strength ¢* is determined from the slope of the linear portion of the
data. The results are shown in Figure 1.24. The pore strength tends to increase with
concentration as the pores beconies smaller and their constraining effect increases. In
all cases. the pore strength as measured by the 1.0 jan spherves is slightly higher than
that for the 0.49 g spheres. indicating that the larger spheres feel the constraining

cffect of the pores more strongly.
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Chapter 5

Results and Discussion: Laponite

5.1 Introduction

Laponite was studied using two sets of samples. First, laponite samples of a fixed
concentration were studied as a function of time after preparation. Measurements
of the tracer particle positions were made at 3 to 6 hour intervals for a 24 hour
period using laponite at a coucentration of 1.5%. Measurements were started 30
minutes after sonication. Second, samples of different concentrations were prepared.
sonicated. and allowed to stand for approximately 48 hours before measurcients
were made. These measurements allowed us to investigate how the colloidal particle
concentration affects the fluid properties. while the first set of measurements cnabled
us to study the changes that occur as the laponite gels. In both cases. only the
0.49 pm spheres were suspended in the Huid. The same techniques used in analvsing
the carbopol data and described in detail in Chapter 4 were also used in the work

presented in this chapter. We discuss results for laponite as a function of sample age
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at a fixed concentration in Sec. 5.2 and as a function of concentration at fixed age in

Sec. 5.3.

5.2 Laponite as a Function of Age at Fixed Concentration

5.2.1 Particle Trajectories

Figures 5.1 and 5.2 show the trajectories of the spheres in a 1.5% suspension at
different times. With time. the trajectories become more compact, signaling reduced
motion as the fluid evolves from the sol to the gel state. The individual trajectories
for times ¢ = 0 and 6 hours (Figs. 5.1B and 5.1D) indicate random motion. However,
as cau be seen from the scales of the axes in the figures. (20 um for + = Oh and 8
for + = 6h). the motion of the spheres decreases with time as the colloidal particles
aggregate. At ¢t = 9h (Fig. 5.2 A and B), the trajectories have become quite localized.
The mndividual trajectories show that the particles remain in one region for longer
times than other regions. This is a signal of trapping effects due to the formation of
the structures in the fluid. After 24 hours (Fig. 5.2 C and D). the gel structure has
developed to the point that the spheres are completely trapped aud alniost immmobile.

When the samples are prepared. they are sonicated after mixing overnight. The
sonication breaks down all structures in the fluid and it becomes just a suspension
of individual particles. At this initial time the fluid will have a low viscosity and

approxiniately Newtonian behaviour. With time, the colloidal particles begin to
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aggregate as a result of interaction between then. initiating a gradual transition from
the sol to the gel state. The aggregation increases with time leading to a stiffening
of the gel. These aggregates or structures trap the probe particles. As a result of
the formation of the gel the motion of the spheres becomes more restricted at longer

t1nes.

5.2.2 The Mean Square Displacement (MSD)

Data for the ensemble averaged mean square displacement of the spheres in the
1.5% concentration as a function of time arce shown in Figure 5.3. For samples up to
the age of 6 I the NMSD increases linearly with lag time. indicating diffusive motion
oun all time scales. However the magnitude of the NSD decreases with the age of
the sample. This indicates that with time. the interactions between the suspended
particles increase the viscosity of the suspension which in turn reduces the mobility
of the spheres. At 9 hours. we observe that the logarithmic slope of the MSD for
lag times less than about 6 s is lower than for long lag timmes. This indicates that at
this age. structure in the fluid obstructs the motion of the spheres at short lag times.
while at long lag times, the spheres are able to escape from the structures. The onset
of trapping may be a signal of the sol-gel trausition. After 15 hours. the MSD is
independent of lag time, indicating that the gel structure is very stift to the extent
that the probe particles are almost immobile.

The MSD plateau at long times mayv be either a measure of the local elasticity
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or length scales of the fluid microstructure. Since only one size of probe particle was
used in this set of experiments, we are unable to determine which of the two quantities

the MSD plateau measures.
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5.2.3 The Diffusive Exponent

Plots of the diffusive expounent vs. lag time for various ages of laponite at a fixed
concentration of 1.5% is shown in Fig. 5.4. We observe that at 0 hours, a(7) has a
value close to 1 at all lag times, indicating diffusive motion at this age. The variations
in o(7) for lag times greater than about 10 s arve likelv due to poor statistics. since at
this sample age. the high mobility of the spheres means that only a few spheres can
stay in focus for that long.

At 6 hours, we observe that a(7) = 1 for 7 > 2 s. although is slightly lower than
1 for 7 < 2 5. At a sample age of 9 hours, «(7) increases from about 0.3 at short lag
times to 0.8 at long lag times. indicating the spheres are more mobile over longer lag
times. This means that with increasing lag time, the motion of the spheres becomes
closer to diffusive behaviour. This trend implies that at short lag times, structures
in the fluid inhibit the movement of the spheres. but at longer lag times. the effect of
the structures on their motion decreases and their mobility increases. As indicated
earlier this mayv be an indication of the sol-gel transition point. At 24 hours. a(7) &
0 at all lag times. This indicates that the spheres are trapped in the gel and do not

move appreciably.

5.2.4 The van Hove Correlation Function

The van Hove correlation function for laponite as a function of sample age at lag

times of 1 s and 10 s are shown in Figures 5.5 and 5.6 respectively. The distribution of
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Laponite Sample | Diffusion Constant (;im?/s)
Oh 0.5459+0.0050
6h 0.1193+0.0014
9h 0.0095£0.0003
24h 0.003240.0002

Table 5.1: Diffusion Constants for the various ages of 1.5% laponite suspensions
calculated from the width of the Gaussian fits to the van Hove Correlation Function.

step sizes for 0 and 6 hours are well described by Gaussian fits at both lag times. This
implies that at these ages. the fluid environment is homogeneous ou the length scale
of the particle size. As the colloidal particles interact. they form aggregates which
result in structures in the fluid. The fact that the spheres are probing a honiogeneous
environment at these ages niay indicate that the aggregates formed to this point have
length scales much smaller than the probe particles. The fact that the distribution
is narrower at 6 h than at 0 Ii indicates that the viscosity of the fluid has increased
so the motion of the spheres is reduced. At 9 and 24 hours we observe deviations
from1 Gaussian behaviour. This means that at these ages. the spheres begin to feel
the cffects of the structures in the fluid. This inhibits their motion. resulting in the
non-Gaussian behaviour, and the fluid becomes heterogeneous on the length scale of
the particles. As discussed in Chapter 2. the width of the Gaussian distribution can
be used to calculate the diffusion coefficient, D. Values of D for the different ages
of laponite are shown in Table 5.1. For cases where the distribution deviates from
Gaussian behaviour. D is only approximate and it describes the smaller displacements

(slower subset of the particles) rather than the whole distribution. The results in
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Figure 5.7: The non-Gaussian parameter as a function of age of 1.5% laponite
suspensions.

Table 5.1 show that D decreases with increasing sample age. This is in agreement
with our observations that with increasing age. the motion of the spheres beconies

more and more hindered and confined.
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5.2.5 The Non-Gaussian Parameter

The NGP for laponite as a function of samiple age is shown in Figure 5.7. At
0 and 6 hours, the NGP is approximately 0 at all lag times suggesting a purely
diffusive motion of the probe particles. consistent with the results presented above.
As explained above, the upturns in the NGP at lag timnes bevond 10 s may be due to
poor statistics. The 9h NGP decreases with increasing lag time up to about 1 s, then
is constant up to 7 ~ 50 s. At very long lag times (7 > 50 s), the NGP approaches
zero. This means that on long time scales, the particles escape from the structures
in the fluid or the structures themselves rearrange, the obstructions to the motion
of the particles decrease and the NGP correspondingly decreases. This beliaviour
is consistent with our carlier suggestion that at this age, the spheres are temporary
trapped in structures in the fluid. but escape from them at longer lag times. The
fact that the NGP approaches zero at longer lag times indicates the motion becomes
almost purely diffusive. At 24 hours. the NGP is non-zero at all lag times. In line
with our earlier observations, the particles are alinost completely trapped at this age

and so the NGP is relatively high on all tume scales.

5.2.6 Correlation Analysis

The distribution of x, as a function of ry for different ages of 1.5% laponite
suspension is shown in Fig. 5.8 for a lag time of 1 s. The distributions show that

there is a large number of data points and hence averaging can be done with good
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statistics. The distribution is svmmnietrical at smaller ages due to the random motion
of the spheres, but as the sample ages it develops a clear negative slope as the motion
of the spheres becomes affected by the structure in the fluid.
Plots of (ryy) vs rg; are shown in Figures 5.9 and 5.10. At small ages. (0 and
6 hours). {ry,) ~ 0. This shows that there is no correlation between the initial and

subsequent particle displacements, and that the particles move randomly and freely.
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At higher ages, as more aggregates are formed due to the interactions between the
colloidal particles. structures form which obstruct the frec movement of the spheres.
and consequently we see a negative correlation between (1) and rg;. In contrast to
the results for carbopol presented in Chapter 4. there is no clear deviation from the
linear relationship between (ry,) and rg; and so we are unable to estimate a length
scale of the structures. It has been reported that unfiltered samples of laponite have
a fractal structure [34]. If this is the case. then the structures will not have a specific
characteristic length scale. This mayv be the reason for our inability to determine any

length scale with this technique.

5.3 Laponite as a Function of Concentration at Fixed Age

5.3.1 Particle Trajectories

Figures 5.11 and 5.12 show the particle trajectories measured in laponite solutions
of different concentrations 48 hours after the samples were prepared. The trajectories
for all the particles in the field of view are shown in Figs. 5.11A. 5.11C. 5.12A and
5.12C. These figures show that the trajectories become more localized and the motion
of the spheres become more restricted as the concentration of laponite is increased.
At 0.3% and 1.0% laponite concentrations, the individual particle trajectories (Figs.
5.11B and 5.11D respectively) show that the particles move randomly. Although

particularly at 1% there are certain regions where the particles tend to spend ore
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time, the trajectories do not show any long term trapping. At these concentrations
the increased concentration of laponite particles reduces the motion of the spheres.
but they are still able to move about randomly. For the 1.5% and 2.5% concentrations.
in contrast, the individual trajectories (Figs. 5.12B and 5.12D) span only 0.5 and
0.2 pm on the x axis respectively. indicating that the spheres are trapped and unable
to diffuse freely. At 1.5%, the length scale of the trajectory is comparable to the
sphere size, imdicating that though the spheres may be trapped, theyv are able to
jiggle about slightly. At 2.5%. the spheres are constrained to the point that theyv
are almost immobile. At these concentrations. the interactions between the colloidal

particles are strong enough that the suspension gels, leading to a highly reduced

sphere mobility compared to the lower concentrations.

5.3.2 The Mean Square Displacement (MSD)

Figure 5.13 shows the ensemble average MSD as a function of laponite concentra-
tion at a fixed age of 48 hours. The MSD decreases with increasing concentration.
showing that the motion of the spheres is reduced as the concentration of the colloidal
particles is increased. Increasing the concentration of the colloidal particles leads to
a higher degree of interaction between the particles which eventually leads to the
formation of a gel. At a concentration of 1.0%, the slope of the MSD is lower for lag
times less than about 1 s. but steeper for longer lag times. This behaviour is similar

to what was observed in the 9h data in Figure 5.3. and may again signal the start of
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sol-gel transition. At higher concentrations (1.5% and 2.5%) the MSD is very much
reduced, indicating the formation of a stronger gel which restricts the motion of the
tracer spheres. The MSD for the 1.5% concentration increases slightly at longer lag
times (about 100 s) indicating the spheres are able to move slightly on this time scale.
The MSD at 2.5% concentration is flat at all lag times indicating complete trapping
of the spheres.

The plateaus in the NSD at higher sample ages may be a measure of either local
elasticity or pore size, but because we used onlyv one size of the probe particle in
this set of experiments, we arc unable to determine which of the two quantities it

nmeasures.

5.3.3 The Diffusive Exponent

Plots of the diffusive exponent vs. lag time for various concentrations of laponite
are shown in Fig. 5.14. All the samples were allowed to age for 48 hours before
nieasurements were made. At 0.3% concentration, «(7) has a value close to 1 at all
lag times. indicating diffusive motion at this concentration. As observed previously,
the variation in «(7) around 7 = 10 s is likely due to poor statistics, since only a few
particles stay in view for this long due to their high mobility at this concentration.

For the 1.0% concentration, a(7) increases from about 0.6 to about 1.0. indicating
that with increasing lag time, the motion of the spheres changes from subdiffusive

to diffusive. At short lag times, structures in the fluid inhibit the movement of the
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spheres, but at longer lag times. the spheres are able to move more freely as they
escape from the constraining structures. This increase in a may also be due to
rearrangements of the structure itself on this time scale [17]. A similar transition
from subdiffusive to diffusive behaviour has been observed by Weeks et al. in other
colloidal systems [17]. As indicated earlier this may be an indication of the sol-gel
transition. At 1.5 and 2.5% concentrations, a(7) ~ 0 at all lag times. This indicates
the spheres are trapped.

As the concentration of the colloidal particles is increased. interactions between
them also increase. This results in the formation of a gel beyond some threshold
concentration. From our results. developing fluid structure begins to affect the motion

of the spheres at a concentration of 1.0%, and a stiff gel forms at 1.5%.

5.3.4 The van Hove Correlation Function

Figures 5.15 and 5.16 show the distributions of the particle displacements as
a function of laponite concentration for lag times of 1 s and 10 s respectively. We
observe that at 0.3% and 1.0%, for both lag times. the distribution is well described
by a Gaussian, indicating a homogeneous environment on the length scale of the
particles. Any structures in the fluid are not large enough to restrict the motion of
the spheres to any greater extent. At 1.5% and 2.5%, the increased concentration of
the colloidal particles results in a greater degree of interaction between them, leading

to the formation of stiff gels. The width of the distributions decreases with increas-
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Laponite Sample | Diffusion Constant (;m?/s)
0.3% 0.4894 £+ 0.0050
1.0% 0.0368 £+ 0.0007
1.5% 0.0020 £+ 0.0001
2.5% 0.0016 £ 0.0001

Table 5.2: Diffusion coefficients for the 0.49 yun spheres in different concentrations of
laponite calculated from the width of the Gaussian fits to the van Hove Correlation
Function.

ing concentration implving that the viscosity of the fluid increases with increasing
concentration.

The diffusion constants for the spheres in the different concentrations of laponite
are shown in Table 5.2. These results show that D decreases with increasing coucen-

tration, as expected.

5.3.5 The Non-Gaussian Parameter

Figure 5.17 shows the plot of the non-Gaussian parameter (NGP) vs. lag time
for the various concentrations of laponite at a fixed age of 48 hours. At 0.3%. we
see that the NGP is zero for all lag times up to 7 ~ 20 s and therefore we infer
that at this concentration, the particles diffuse freely without any hindrance from the
suspended colloidal particles. The downturn in the NGP at longer tinies is due to
poor statistics. as the particles move fast enough that only a few stay in view for
7 > 20 s. The NGP for the 1.0% concentration decreases rapidly for small lag times
(7 < 1 s) and is close to 0 thereafter. The initial decrease in the NGP suggests that

there is sonie small scale structure that affects the motion at shore time scales, but
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Figure 5.18: The distribution of u}, as a function of ry;, for different concentrations
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that these are not significant over time scales greater than 1 s. However the fact that
the NGP is not exactly zero means that though they mayv be moving freelyv, the probe
particles still feel the effect of the fluid. The NGP values are highest for the lhigher
concentrations (1.5% and 2.5%) as the spheres are confined by the fluid structures.
Bevond 7 = 300 s, the NGP increases rapidly as the probe particles feel the effect of

the fluid structures more strongly.



5.3.6 Correlation Analysis

The distribution of r;, as a function of ry; for the different concentrations of
laponite at fixed sample age is shown in Figure 5.18. The lag time is 1 s. The
distributions show that there is a large number of data points and hence averaging
can be done with good statistics. The distribution is svmmetrical at low concentra-
tious. due to the random motion of the spheres. but becomes distorted with negative
slope at higher concentration as the motion of the spheres become less random.
Figures 5.19 and 5.20 show (z,) vs 1y for various concentrations of laponite at the
specified lag times. At 0.3%. (r12) ~ 0 for all rg;. showing that the motion of the
spheres is random and the second displacement is not correlated with the first. At
higher concentrations, however. we see a negative correlation between (u,) and ro;.
indicating that the spheres will on average move in the opposite direction relative
to the initial displacement. This is consistent with the above obscrvations that the
structures begin to inhibit the free movement of the spheres. There is however no
obvious deviation from the linear relationship between (215) and r¢, and consequently
the length-scales of the structures cannot be estimated from this analvsis. If indeed
the structures are fractals. then there is no characteristic length scale, swhich may

explain this behaviour.
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5.4 The Pore Strength (¢*) as a Function of Lag Time

To investigate the degree to which structures in the fluid affect the motion of the
spheres, we show in Figure 5.21 how ¢* evolves with lag time. ¢* quantifies the degree
to \\Thich the structures in the fluid oppose or inhibit the motion of the spheres and
is the absolute value of the slope of the plots of (ryy) against rg; discussed in the

previous section. We chose the various ages (9h and 24h at a concentration of 1.5%)
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and concentrations (1.0%, 1.5%. 2.5% at a time of 18h) because these are the data
for which the motion of the spheres is most restricted. For the 9h and the 1.0% data
. ¢* decreases with increasing lag thne. This means the spheres move more freely at
longer lag times as the degree to which the structures oppose its motion decreases.
It is for these samples that we observe an increase in the diffusive exponent with lag
time as shown in Figs. 5.4 and 5.14. At 24h. 1.5% and 2.5%. where laponite forms
a gel, ¢* has values in the range 0.48-0.51 and remnains fairly constant with lag time.
This shows that the laponite gels formed under these conditions are thick enough
such that their effect on the spheres is independent of lag time as the particles are

completelyv trapped by the gel.
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Chapter 6

Summary and Conclusion

6.1 Introduction

In this work. we have used multiple particle tracking to investigate the microstruc-
ture of two tyvpes of vield-stress fluids. laponite and carbopol. Both materials form a
gel in water at sufficient concentration.

The positions of fluorescent microsplieres suspended in the fluids were measured
with fluorescence video microscopy. The particles were tracked over a period of time
and the trajectories analvzed to extract inforniation about the microscopic properties
of the fluid. The ensemble-averaged mean square displacement (MSD) was calculated
as a function of lag time. From the nature of the MSD, the motion of the spheres
can be classified as diffusive. subdiffusive or confined. and a long lag-time plateau in
the MSD gives an estimate of the length scale of the structure in the fluids. The dis-
tribution of particle displacements was useful in determining whether the fluids were

homogeneous or heterogeneous on the length scale of the particles. Deviations from a
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Gaussian distribution signaled a heterogeneous environment. which we quantified by
calculating the non-Gaussian parameter (NGP). From an analvsis of the correlation
between successive particle displacements. we were able to further quantify the effect
of the fluid structure on motion of the spheres and the length scale of the structures.

We present below a summary of our results and conclusions for the two fluids

studied. This is followed by a suggestion for future work in this area.

6.2 Carbopol

We studied carbopol as a function of concentration using 0.49 and 1.0 g probe
particles.

The particle trajectories in low concentrations of carbopol suggest that the spheres
move freely. At intermediate concentrations. we observed that the trajectorics were
localized in certain regions more than others, indicating a trapping effect due to
structure in the fluid. At high concentrations and especially for the higger spheres,
the trajectories were highly compact, signifving complete trapping of the spheres by
the stiff gel structure. We observed a linear increase of the MSD with lag time at
the lowest concentration (0.01% carbopol by weight) for both sphere sizes. showing
that at this concentration, the spheres undergo normal diffusion with no obstruc-
tion. At intermediate concentratious, the NSD becomes non-linear in lag time. with
a logarithmic slope less than one, indicating that the motion of the spheres becomes

subdiffusive as the carbopol structures restricts their motion more strongly. At high
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concentrations. the NMSD is further reduced. indicating a more restricted motion of
the spheres. The NSD for the 0.49 pgm spheres reaches a plateau at long lag times
whereas that of the 1.0 jan spheres is essentially constant at all times. This means
the bigger spheres are more strongly confined by the fluid structure than the smaller
spheres. At 0.01% concentration. the distribution of particle displacements is well
described by Gaussian. but we see deviatious from the Gaussian distribution at high
concentrations. The NGP is close to 0 for low concentrations. but increases with lag
time at higher concentrations. as the spheres feel the effect of the structures more.
The correlation analysis we perforimmed showed that there is no correlation between
successive particle displacements at low concentrations, but there is a negative corre-
lation between the displacements at high concentrations due to the influence of the
fluid structures.

From our results. we conclude that at low concentrations (0.01% by weight) the
fluid is homogeneous and Newtonian on the length scale of the probe particles. At high
concentrations. the fluid is heterogeneous on the length scale of our measurements
due to the formation of pores as the fluid gels. From our estimates, the pore size
is of the order of 1-2 microns and decreases with increasing concentration. Since we
canuot measure pore sizes smaller than our probe particles, our estimates at high

concentrations are biased by the particle size.
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6.3 Laponite

Laponite was studied as a function of age at tixed concentration and as a function
of concentration at fixed age using one probe particle size (0.49zan). We observed
that the change in behaviour of laponite with increasing age and concentration were
very similar.

At small samiple age and low concentrations. the particle trajectories are random,
but the diffusion constant decreases with both increasing saniple age and increasing
concentration. Trapping by developing structures in the fluid sets in at intermediate
ages and concentrations as indicated by the localization of the trajectories in certain
regions. At high ages and concentrations. we observe highly compact trajectories
showing that the spheres becomne trapped as stiffer gels are formed. The NSD at small
sample ages and low concentrations is linear in lag time indicating diffusive motion.
For the intermediate samples, the logarithmic slope of the NSD is less than one for
short lag times but approaches a value of one at longer lag times, showing a transition
from subdiffusive to near diffusive behaviour with increasing lag time. The NSD is low
and almost independent of time for higher sample ages and concentrations because of
the constraining effects of the stiff gels. The distribution of the particle displacements
is Gaussian at small ages and low concentrations but become less Gaussian as age and
concentration increase. The correlation analvsis of the particle displacements shows
that at small ages and low concentrations the motion of the particles is randoni, while

at higher ages and concentrations there is a negative correlation between successive
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displacements due to the constraining effects of the fluid structure. However we
observed no deviation from the negative correlation for large step size and so the
length scale of the fluid structure could not be determined.

Our results show that laponite at small ages and low concentrations is a homoge-
neous Newtonian fluid on the length scale of the probe particles. The change from
subdiffusive to diffusive behaviour at intermediate sample ages and concentrations
may be an indication of the sol-gel transition. At higher sample ages and concentra-
tions, the suspensions gel and the fluid becomes more heterogeneous on the length
scale of the probe particles. The absence of a characteristic length scale in the corre-

lation analysis may be an indication of the fractal structure of laponite gels.

6.4 Future Work

This work has becu centered on investigating the microstructure of the fluids. but
in order to relate the bulk properties to the microstructure. we need to extract the bulk
parameters from our data. This can be done by using the two-point microrheology
technique which involves analyvzing correlations between the trajectories of different
particles [15]. We will also measure the bulk properties using a conventional shear
rheometer. The microscopic properties of the fluid depend on the length scale on
which they are measured. and hence the size of probe particle used. so it would be

of interest to use different particle sizes to see how the properties of the fluid vary.

Individual particle trajectories will be examined to sec how thev compare with the



average behaviour of the fluid.
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