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Abstract

We present investigations of the kinetics of the colloidaiteegel transition by combining small

angle static light scattering (SASLS), dynamic light scattering (DLS) techniques, and transmitivity
measurement. Our choice of dilute moemer volume fraction allows for a full investigation of

the gelation to obtain all possible kinetic regimes. Our data verify the predictions of a kinetic
theory, the ideal gel point (IGP) theory, where three regimes of kinetics are expected. We observe
the first regime, the welknown clusterdilute regime, with a kinetic exponent of z = 1, a cluster
dense regime with an enhanced kinetics and 2, and finally, a gelation regime is observed

where the aggregate growth slows and ceases to grow at the |Gicped size, Re

Thetime from the onset of aggregation to the gelation point, thel time e, has also been
investigated. The scaling behavior gfi with the initial monomer volume fraction,#, and the
stability ratio, W, was verified with thergdiction provided by the kinetic description of gelation.
It was important throughout this work to realize that the fractal dimensionpbthe aggregates
that grow to brm the gel is a function of W. For that we designed a edace that proved viable

in our analysis.

These results quantitatively verify the IGP theory and when combined with previous studies lead
us to access the roles of thermodynamics, percolation and kinetics. We conclude that kinetics

provides a complete theory of the gelation pr@sefrom sol to percolated gel.
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Abstract

We present investigations of the kinetics of the colloidaiteegel transition by combining small

angle static light scattering (SASLS), dynamic light scattering (DLS) techniques, and transmitivity
measuremat. Our choice of dilute monomer volume fraction allows for a full investigation of
the gelation to obtain all possible kinetic regimes. Our data verify the predictions of a kinetic
theory, the ideal gel point (IGP) theory, where three regimes of kinateesxpected. We observe

the first regime, the welknown clusterdilute regime, with a kinetic exponent of z = 1, a cluster
dense regime with an enhanced kinetics and 2, and finally, a gelation regime is observed

where the aggregate growth slows anelases to grow at the IGP predicted sizge R

Thetime from the onset of aggregation to the gelation point, thel time e, has also been
investigated. The scaling behavior gfi with the initial monomer volume fraction,#, and the
stability ratia W, was verified with the prediction provided by the kinetic description of gelation.
It was important throughout this work to realize that the fractal dimensionpbthe aggregates
that grow to brm the gel is a function of W. For that we designedacedure that proved viable

in our analysis.

These results quantitatively verify the IGP theory and when combined with previous studies lead
us to access the roles of thermodynamics, percolation and kinetics. We conclude that kinetics

provides a completéheory of the gelation process from sol to percolated gel.
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Chapter1-l ntroduction to Dissert

Colloidsand aerosolare dispersion of small particles (~ submicrons) in a fluid medium. Common
examples include milk, ink, paint, and smokéot only dothey exist in nature, they aedso
relatively easy to maufacture. Colloids have many properties that make them important to a wide
range of technological applications. One of their properties is that they are small enough to be
controlled by thermal energy. Another important feature is that the particlectriesare easily

tuned in a laboratory. This allows for the particles to assemble together. These primary particles,

or monomers, act as building blocks to create new material

For example, nowoalescing colloidal particles, if allowed to aggregatay fiorm a gel. Gelation,
which is equivalently named the golgel transition, has opened many avenues toward synthesis
of new materials with special properti@rinker and Scherer 2013; Dhaubhadel et al. 2007; H.
Liu et al. 2004) Many descriptions have been around to explain such a complex but important
process. The vasinderstanding of gelation evolved around three main descriptions, the kinetic
thermodynamic phase separation, and the percolation descidiespite all of these efforts, no

consensus has emerged and gelation is yet far from being well understood.

My work focuses on polystyrene spheres of radius a = 20nm dispersed in liquid. These particles
are stable due to their repulsive interaction. | use salt to destabilize the particles and tune the
interaction. This allows the monomers to aggregate and forctafraggregates. If the initial
monomer concentration is high enough, and the aggregation is uninterrupted, a gel will form. This
gel is called fractal colloidal gel. To probe the gelation process, | merged three types of non
invasive techniques: dynamamd small angle static light scattering techniques in addition to the
transmitivity measurement. This work combined with other work in our group shows that-the sol
to-gel transition can be describég a kinetic theory, named thddal Gel Poin{IGP) theay

(IGP).

| will start my dissertation in Chapter 2 by introducing the light scattgrigiples behind the
different technique$ used to probe the fractal colloidal gel. In Chapter 3, | will introduce the
colloidal interactions and what we mean byimignthe interaction to start the aggregation process.
In addition, | will provide an explanation of the three different descriptions of gelation. | slightly
emphasize on the IGP theory within the kinetic description. In Chapter 4, | will discuss the

expermental set up and calibration, along with some interesting observations during my work.



While in Chapter 5, | will discuss the procedure | developed in this work to achieve the right
conclusions. This is an important contribution of this work. In the stiidyels there are many
parameters that are related to each other. We developed a procedure to be able to change one
parameter at a time. This procedure is not practiced in literature. In Chapter 6, | will discuss the
IGP theory and validate its kineticgalictions. In Chapter 7, | will discuss the proportionality of

gel time as predicted by the IGP theory. In Chapter 8, | will discuss the anomalous diffusion
observed with the DLS data for the gelling and-getling samples, and provide a physical picture

of these observations. In Chapter 9, | will combine and integrate our results and understanding out
of this work and other work in our group to come up with a single comprehensive understanding

of the solto-gel transition based on the kinetic description.



Chapter2-Li ght scattering by fract

Small particles, or monomers, may stick together to form aggregates. One type of aggregate is
known as fractal aggregates. This type is common in nature as well as in practical situations. These
aggregates when allowed may form a gel. The transition freystam of small particles, sols, to
aggregates, to eventually a gel, hence thacsgel transition, is the main interest of this work.

Light scattering is a vital technique in studying this transition. It is a noninvasive technique, can
be used to moror the aggregation kinetics, and, with the proper light scattering technique, can

determine the morphology of the aggregates as well.

In this chapter we will briefly introduce the main characteristics of fractal aggregates, followed by
a brief descriptiorof the three different light scattering techniques used in this work; small angle

static light scattering (SASLS), dynamic light scattering (DLS), and transmitivity measurements.

2.1 Fractals and fractal aggregates

Fractal object¢§Mandelbrot 1977are objects that can be described as scale invariant. This means
that the object appears thense regardless of the different scale at which it is viewed. That is if
you zoom in or zoom out, you still see the same geometry. Fractals are alimaaifobjects.

This means any portion of the object is structurally similar to the whole. In gemsedtsimilar

fractal can be covered by N replicates of itself keeping an isotropic dilation of the linear size. This

give fractal objects their unique mass to linear size scaling relation as follow

aoixi a Q¢ QRH Q (2.9
whereDs is the scaling dimension. This scaling dimension is smaller than the spatial dimension,
d, and it is referred to as the fractal dimension. It is thith& distinguishes the morphology of

one fractal object from another. Figure 2.1 shows iffe examples of fractal geometries and
their fractal dimensionalities. Even though these shapes, theoretically, may continue to infinite

iterations, we show only up to the third iteration. Regardless of the number of iterations, the

morphology will stillhave B = 1.585 & 1.465 for the top and bottom geometries, respectively.



2d monomer A

size = a=1 Size=2
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D = log3/log2 Size = 22
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Ds = log3/log2 = 1.585 < d=2
E=d o
Size=3 2d monomer
Size = 32 Mass =5 size=a=1
Mass = 52 D; = log5/log3 Mass = m=1
D; = log5/log3
Size = 33
Mass = 53

D; = log5/log3 = 1.465 < d=2

Figure 2.1 Examples of particles in two dimensional space with monomers of linear size, a, and
mass, m, may join together ta@reate different fractal geometries of = 1.588 and 1.465 (top and
bottom respectively) < d = 2. This figure shows three iterations of each example.

If non-coalescing particles are allowed to stick together, they may form ramified fractal aggregates.
Fractal colloidal aggregates can be classified into two asymptotic mdekst al. 1989c; Weitz

et al. 1985) diffusion limited clustescluster aggregation (DLCA) and reaction limited cluster
cluster aggregation (RLCA). In both models the clusters are allowed to diffuse, collide, and stick
together to form larger cluste(&olb, Botet, and Jullien 1983; Meakin 1987The fundamental
difference between these two limiting models is how many times the clusters need to collide before



they stick. This results in difference in théiactal dimensions, thus morphologies. Figure 2.2

shows the different morphologies for (a) DLCA & (b) RLCA aggregates.

Figure 2.2 Transmission electron microscopy images of fractal aggregates. (a) DLCA model, (b)
RLCA model. Image taken from (Weitz et al. 1985)

When dealing with aggregates, with indefinite boundaries, the radius of gyratiats&known
as root mean square radius, is a useful measure of the linear size of an agggecmiebdr

expressed as
Y =— (2. 2)

wherenp)i s t he mass dehsahyobhjepbsition

For a fractal aggregate, its massyijch is described by the number of monomers constitutes the

aggregate, scales with its linear sizg, &
6 Q — (2.3)
Where k is the scaling prefactor and a is the monomer radius.

Fractal aggregates are ssihilar over a particular range, because they are made of finite sized
monomers and can grow up to a certain size. A successful method to understand the fractal
aggregate morphology is by defining the monomer pair correlation function, G(r), which can be

expressed a@N. R. Heinson, Sorensen, and Chakrabarti 2012)

01 — i Aabir, (2.4)



It is important to note, the monomer pair correlation function given in Eq. (2.4) depends on: the
monomer size, a, the monomer packing fraction
l evel, and the aggr e thaddéansthe formatcot thel morbimenparsi o n
correlation function has a spatial powaw decay part, which will yield the fractal part in the

structure of the aggregate between the monomer size and the aggregate size, and a stretched
exponential part with thstretching exponent. This stretched exponential represents a cutoff for

the spatial power law decay because, as mentioned above, fractal aggregates are fractals over a
specific length scale. The exponéntdescribes the boundary of the aggregate whth size
specified by the correlation | ength,/=®is It wa
best to describe the light scattering data in experiments and simul&idvis Sorensen, Cai, and

Lu 1992; W. R. Heinson, Sorensen, and Chakrabarti 2012; C. M. Sorensen 2001)

2.2 Principles of light scattemg

Light scatters due to the heterogeneity of the scattering medium. If light passes through
homogenous medium it will not scatter. Therefore, scattering is a result of local density
fluctuations in the scattering medium. Fundamentally, the informaticariged within the phase
change between the incident and the scattered light due to the interaction betweeil¢hés

light with the scattering medium. In this discussion we are interested in elastic, single, and
independent scattering. Elastic scaittg means no shift of frequencies between the incident and
scattered light. Single scattering means the total scattered light is due to the light scattered only
once, in other words, there is no multiple scattering. Independent scattering means the pegtic
randomly located such that they scatter independently; hence there is no systematic relation among

the phases of the waves scattered.

Consider a light wave incident with an anglen a small particle positionediatis shown in Fig.

2.3. The diection of propagation for the incident wave is described by the incident wave ®ector

The incident field can be written as
Ox 0 Q°® (2.5)

The light scattered off the particle toward a detector at poStioom the orgin. The propagation

of the scattered light is described by the scattered wave V@c®ecause the scattered photon by



the small particles is almost elastic then, for a good approxim&ionQ = 2/ a. The

scattered electric field at the detier will take the form

O Wox 0Q°8°° 0OQ® (2.6)
where i is the wave vector defined as

Hh @ O (2.7)

with a magnitude of

n ¢ OOEdHC (2.8)

The wave vector g has unit, thenry can be thought as a length parameter of the scattering

experiment. One may think of'qs the resolution of the light scattering apparatus.

:Ei'Es
VA

4TSin(B/Z)

Figure 2.3 Incident beam is scattered fromasm!| | particl e toward a detect
The difference of the wave vectorg] - !, is the scattering wave vectora

Generally, the scattered |l i ght depends on tt
polarizability state, thesize of the particle, a, the relative refractive index, m, of the material
compared to the medium. The scattered intensig/related to the incident intensity detected at

distance r from the scattering position via the differential scattering crdss secn , d G/ d q



0 —— (2.9)

Note that the unit of intensityis Watfm Thi s means dG/ dq?thhavethe t o ha
correct units. If the incident light is scattered off small particles compared to the wavelength of
light such that it satisfies the following two conditions: ka, and 1B then this scattering is

called Rayleigh scattering with Rayleigh differential scattering cross sectitn 1€

For Rayleigh particles, the phase of the incident field i®otm across the entire volume of the

particle because &< < In addition, the phase irradiated from any portion within the particle

volume will reach the detector in phase. Therefore, the total scattered field at the detector E

~ Vp, Where \§isthe particle volume. Since intensi@ OO, thenli~V2 Thi s i mplies (
~ , which gives an incorrect unit of, which is not correct. To fix this we realize in this system

there are two length scales the size of the particle, a, ancaitheavl engt h of | i ght ,
force the use of & to owbtaher eéehevcejorifegcét dani

Q.1Q can be written in terms of the wanamber, k, as
— Qo "od (2.10)

F(m) is called the Lorentz term and it involves the relative refractive index of the péttidie
Sorensen 2001)

We discussed the Rayleigh scattering, which assumes the phase of the incident field does not
change a cross the particle because ka << 1. But what if the phase changes of an incident light a
cross the particle is very small compared to the phaseyehafrthe surrounding medium? Then

the Rayleigh scattering can be substituted by the Rayl€ghyeGans (RDG) scattering. The
conditions for RDG scattering ahe-1" < 1, and} 2ka ni-1° < 1 (C. M. Sorensen 2001The
parameter |} is the phase shift parameter and
that travels through the particle across its di@mend the wave that travels the same distance as

the particle diameter but through the surrounding medium. At the time Rayleigh scattering works
for any shape particle as long as it is small, the RDG can extend to any shape and any size particle

(even bigparticles) as long as the relative refractive index of the particle, m, is close to unity.

In this work we used three different light scattering techniques, small angle static light scattering

(SASLS), dynamic light scattering (DLS), and transmitivityasierement. We will discuss each



one separately. The fundamental difference between SASLS and DLS techniques originate from
the part of the phase difference each technique is viewing. For SASLS, it is the spatial change in
the phase that constitutes thatist structure factor. On the other hand, for DLS technique it is the

temporal change in the phase that produces the dynamic structure factor.

2.2.1 Static light scattering

In the example abowee took a small particle and treated it as a pliketobject which represents

a single fAscatterero. This scatterer wil/l ScCeé

changes due to propagation through space, which is the signature of static light scattering, then the

scattered light field due to aipt-like scatterer can take the form
0 Yx Q* (2.11)

Now if we generalize our particle into an extended object with a volyyend divide this volume

into N small subvolumes, then each of the N sublumes can be treated as a pdike scatterer.

With the assumption the scattered light reaching the detector is scattered only once from one sub
volume (no multiple scattering)and that these sumblumes scatter independently from each

other, then the total scattered field for a system of N scatterers gaiitba as

Ox B Q= (2.12)

Using the definition of intensity, | = E E* one can write the scatigntensity as

‘> B B Q®°°® (2.13)

Now we can define the structure factor S(q) as

Y O O O B B Q%0 °® (2.14)

Notice the N? normalization makes S(0) = 1. This normalization may difiditérature.

If we wish to change the sum into integral over the scattering volume, then Eq. (2.12) changes to
OBmx &b QW (2.15)

¢ b is the number density of the scattering volume. This will yield an expressiomoinShe
form (C. M. Sorensen 2001)

Y ¢ Ob Q*®0p (2.16)



The static structure factor isalourier transform of the monomer pair correlation functays).
This is a very general result that works for any shaped particle or aggregate. The Hagtsigh

Gans theory can be applied to obtain the structure factor for a fractal aggregate to give

YR p QEMO 1 Rayleigh regime (2.17a)
Yo p - 1Y QEM Y Guinier regime (2.17b)
YR 0 nY "Q¢Y n o Powerlaw regime (2.17¢)

C is the coefficient that depends on the fractal dimensigrard the stretched exponéntjn the
monomer pair correlation function, see Eq. (2.4). The value of (C~NI. Sorensen 2001)\otice

for Eg. (2.17c), the limits on g range is set by the monsmemtius, abecause foq > a* the
structure factoof spherical particles of size, starts to appear. If the monomers size below the
resolution of the light scattering apparatus then the structure factor for the monomers will not
appear. Figure 2.4 shows a schematic diadoauthe structure factor. The figure shows: for small

g (g <<Y ), Rayleigh regime igpparentfor q ~Y , the Guinier regime starts to show and at
high q values ( g 3 ) the power law regime appears, which hasegative slope. If the iral

concentration of the monomers are small, then the fractal dimension of the aggregate can be
obtained directly from the slope of the power law regime in the I(q) vs g.

The average radius of gyrationgR can be determined using Guinier analy§iginier, Fournet,
and Yudowitch 1955)T heu ithi er equati on i s

™ on p — (2.18)
At the limit of gRy~ 1, 1(q)/I(0) ~ 2/3. When gfx< 1 Eq. (2.18) can be written as

ot Oy p — (2.19)
Thus the slope of 1(0)/I(q) vs2és 'Y To.

This abovedescription is for a single aggregate. If we assume an ensemble of aggregates with
polydispersity in its size distribution, then the structure factor can take th€é@ovh Sorensen
2001)

YR op QEMO T Rayleigh regime (2.20a)

10



Y p - 1Y QEnm Y Guinier regime (2.20b)

"Yn 6 6 nY Qe Y n Powerlaw regime (2.20c)

Cyp is the polydispersity factor for a given size distributjén M. Sorensn 2001; C. M. Sorensen
and Wang 1999)

Rayleigh Log - Log
regime

Guinier
regime

Power law
regime

Slope =-2D,, + D,

1(q)

-1
R q
Figure 2.4 A schematic diagram of the scattered intensity I(q) vs. q.

An equivalent approach to obtain a general form of the structure factor is the scaling affproach

M. Sorensen 2001; Oh and Sorensen 1988hsider a system of N scatterers indirdensional,
spherical region of radius R and the scatterers are uniformly separated by 2a from each other. The
scattered intensit then, will vary depending on the length scafein which the system is

observed, which can be summarized as foll@@dV. Sorensen 2001; Oh and Sorensen 1999)

11
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This most general approach works for arbitrary mass and surface dimensiorsdDD,
respectively. | will discuss two specific cases out of this most general format. One is the case of a
solid sphere of radius R; the other is the case of fractal gafgie made of small spherical

monomers.

| want to remind the readers that N which appears in the equations represents the number of point
like scatterers in the total scattering system. In the case of a compact solid sphere, N represents the
number of subrolumes that make up the total sphere. Eachvslilime is treated as a point
scatterer. Then the scattered intensity in Eq. (2.21) for the solid sphere with spatial dimension, d =
3, can be modified with 4 0, Dn=d, and @=d7 1 to yield
L 0 X n vy YO WA®YWQa Q
N L, N . 2 e v e e o (222)

0 [°Y x wn'yY n vy D€L RILAQQQAQ
For fractal aggregates, the situation is differdt consists of N solid monomers, each monomer

of radius a. Then the total scattered light of a fractal aggregate may be expressed as
O N1 On 0n (2.23)

Where kcis the scattered intensity of a single cluster madé wionomers. In this case, these N
monomers are treated as N pdike scatterers. Thenclwill follow the form of Eq. (2.21) with

the exception that &= Ds = Dr and that is because all monomers in a fractal are on the surface of
the aggregatdn is the scattered intensity of one spherical monomer of sizgewillifollow the
format of Eq. (2.22) with replacing R by a and N = 1. Then the ligtatl scatter of a fractal
aggregate will yield

0 n 'Y )
‘O nx 0 N°Y Y N & ™
0 'YI® n o x 0 RO n o & ™

In Eq. (2.24c)we used the fractal masg&e scaling relation, Eq. (2.3). Figure 2.5 shows a
schematic representation of Eqgs. (2.24).
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Figure 2.5 Prediction of Eq. (2.25) of a system consisting of one fractal aggregate of sizg R
consisting of N monomers of size a. The top curve shows the scattered intensity of a single cluster,
Is{g), made of N monomers taking its monomers as point scattereibhe second
curve is the scattered intensity of a single spherical monomer,(lg) with radius, a. The third curve
is the product of the upper curves to yield the total scattered intensityydai(q), as Egs. (2.24)
predicts. This plot is taken from Oh andSorensen, 19990h and Sorensen 1999)

In a real experiment there is an ensemble of aggregates in a scattering volume. We just found the
scattering of a single cluster of radius, R, and composed of N monomers, each monomer of radius,
a, producs two length scales, R and a, in thgalvs. g graph. Now if we consider the following:

an ensemble of Nclusters, each with radius R, and composed of N monomers, each monomer of
radius a, the clusters are residing in a total scattering volume ofilenghd are separated by a
mean nearest neighbor separatiof, Rhis new scenario will bring additional length scales to the
total scattered intensityda(q) vs. q depending on q value. The two obvious ones are the system

length L, and the clustergarest neighbor separatiom,R

An important assumption with the scaling approach discussed so far is that the scatterers are at a
fixed distance apart from each other. It is like each scatterer is a point in a lattice. This means no

13



fluctuation in densit within the volume of the system of scatterers. To bring the scaling approach
closer to the real system, Oh and Sorer{f@mnand Sorensen 199&nsidered randomizing the

position of the scatterers relative to the fixed lattice position. Trables not only introducing
fluctuations in the density, but also adding an additional length scale of the system. For an
ensemble of fractal aggregates, the randomization of the aggregates was done by considering the
average distance nbetwweere aggdgrsegateesmusdtR i pl i ci i
randomization. The total structure factor of an ensemble of fractal aggregates is a product of

individual structure factors as
iO) n R0/ 0N (2. 25)

where thenew term d(q) is the scattered intensity of a system of clusters in the scattering volume
of size, L, taking each cluster as a point. Figure 2.6 represent a schematic diagram of the total
scattered intensity of an ensemble of aggregates as introduc®dh lapnd Sorense(Oh and
Sorensen 1999)
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Figure 2.6 Prediction of Eq. (2.25) for a system consisting of Nractal aggregate of size R, of fractal
dimension D and radius R composed of N spheridanonomers of radius a. These aggregates reside
in a scattering volume of size L, and have an average nearest neighbor separation. Rhe upper
curve is lec, which represents the scattered intensity of a system of. Mlusters in the scattering
volume, whae each cluster is represented as a point. The second curve is the scattered intensity of a
single cluster, k{q), made of N monomers taking its monomers as point. The third curve is the
scattered intensity of a single spherical monomery(q) with radius, a. The fourth curve is the
product of the upper curves to yield the total scattered intensity,thai(q). This plot is taken from Oh
and Sorensen,19990h and Sorensen 1999)

2.2.2 Dynamic light scattering

If we consider Eq. 2.5 once agabyt now we ask: how would the phase in the scattered field
differ with time? One can imagine, initially, the phase shift due to the particle movement is very
small, but with longer times, the phase difference gets bigger due to the relative motion the
paricles are making compared to the initial time. Hence, the electric field scattered from different
particles that are moving is subject to variation in phases. So the interference pattern is fluctuating
corresponding to parti cldmrotoh depamdsiom its.sizeBardctlaeu s e
medium properties, then the electric field phase fluctuation can give information about the particle
(i.e. size) as well as the medium (i.e. viscosity). To understand the time scale of the fluctuations
and characteriza random signal with itself after a delay time, t, one needs to define an electric

field autocorrelation functionft) as

* h h

Qo @ —FKFF (2.26a)
X Qase (2.26b)
To evaluate the average Q*@° one needs the information regarding the physical

phenomena that generates fluctuations in the particle positions. This will provide the probability
density P(r(t)). ThefQ 6 gets the form

Qo 0106 Q¥ Qbo (2.27)

S0™Q 0 is simply the 3D Fourier transform (FT) of the probability density and is referred to as
the dynamic structure factor. For example a Brownian particle with radius a has a probability

density

0106 TQ (2.28)
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where i @O dor a Brownian particle. D denotes the translational diffusion coefficient for
a particle of radius a suspended in a medium of viscdand takes the form

o — (2.29)

This is known as the Stoké&snstein equationThen, the FT of P(r) takes the form of

MQox Q I =Q =Q 7 (2.30)
This yields a characteristic decay time, U,
T noO (2.31)

In a DLS experiment we measure the intensity weighted timagedrautocorrelation function of
the scattered intensity

Qo6 ———— (2.32)

In the case of an ergodic sample, where the measured time averaged autocorrelation function is
equal to the ensemble averaged autocorrelation fun®igsey and Van Megen 1988)e Siegert
relation(Berne and Bcora 2000yonnects the experimental measured quariyjho , with the

electric field autocorrelation functiofQ R as

QA p QA (2.33)

2.2.3 Turbidity measurement

The LamberBeer law expresses the attenuation ofatlbeam with initial intensity ot ko a new
intensity 1(x) while passing through a medium a distance x

O 0Q (2.34)

Wheret is the turbidity factor that depends on tinamber of particles per volume, and the

extension arss sectiolGex, i.e.T € 0 . The attenuated intensity now can be written as
T 0Q (2.35)

Mokhtari et al(Mokhtari, Sorensen, and Chakrabarti 20@&jved an expression for the Lambert

Beer law using the statistical approach. The assumptions were made: (1) photons act like classical
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particles and (2) the photons are randomly encountering partictea @i in the volume V. This

random process has a Gaussian distribution. For such a process one can envision photons
encountering a particle, but then continuing on along the same path to possibly encounter with
another particle and so on before it gasthe entire length x. Therefore, the possibility that a given
photon has fAso encounters with particles duri

is giving by the Poisson distribution

b6i —0 (2.36)

Where <s> ighe average number of scattering events, i.e. the average number of pduticia
encounters for an ensemble of photons. One can define the photon mean fiesphthaverage

distance traveled between scattering events
a o i (2.37)

In a real turbid medium situation only the photons that have no encounter (i.e. s = 0) pass out of

the far end of the scattering volume. Thus
0o Q (2.38)

Then the light intensity passing through the volume, I(x), is equal to this probaioiléy the
incident intensity, 1(0), to yield

O  OnQ (3.39)

When LamberBeer law variables are compared to the statistical approach variables one may find
i €0 (3.40)

with

& G 6 (3.41)
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Chapter3-Col | oi ds, <col |l oi dal aggreg

3.1 Colloids and colloidal interaction

A colloidal system is a mixture consisting of at least one dispersed phase into a suspending
medium. The size of the dispersed phase can range from few nanometers to few micrometers.
Depending on the nature of the dispersed material and the suspendingipveelican categorize

the colloids into different categories like suspension, emulsion, or soot. Common examples of
colloids include milk, paint, ink, and smoke. Although they exist in nature, they are relatively easy

to manufacture.

Colloidal systems heae many properties that make them important to a wide range of technological
applications. One of their properties is their size. For colloidal sizes up to ~ 500nm, the colloidal
particle will move via Brownian motion throughout the volume. In other wdids thermal
energy drives their dynamics. This makes colloidal systems very important in the field of statistical
physics. For larger sized colloidal system gravitational force becomes significant and can cause
sedimentation. Another reason the colloidgstem is very interesting is that they provide the
primary particles which we will call monomers as building blocks for more complex systems.
These monomers are relatively easily prepared and stabilized, generally, by the Coulombic
repulsive interactionThis type of colloidal system is called chaigabilized colloids. This
interaction can be controlled easily in the laboratory by changing the suspending medium
properties. The new medium properties may induce aggregation. Changing the medium properties
creates different types of interactions than the repulsive one. | will introduce the Derjaguin
LandauVerweyOverbeek (DLVO) interaction as it is the primary interaction that controlled the
gel sample | prepared in the laboratory. In addition, | wilbidtrce the depletion interaction which

will become relevant when | discuss some of the other work in the literature, particularly the phase

separation description.

3.1.1 DLVO interaction

Aggregation is induced in charggabilized colloids by adding a salt by changing the pH of the
solution. The interactions between charge colloids are, primarily, a result ofrdoggd
electrostatic repulsion, &/ and shorranged van der Waals attractiony.\Changing the ionic
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strength of the solution acts to scretbe electrostatic repulsion, allowing particles to come
together and stick. These interactions are captured by a theory put forth by Derjaguin and Landau
(Derjaguin and Landau 1948nd Verwey and Overbeéierwey, Overbeek, and Van Nes 1948)
(DLVO). The DLVO potentl is written as a sum of repulsive and attractive parts, at interparticle

centerto-center Separation I as
UbLvo(r) = Ur(r) + Ua(r) (3.1)

The screen electrostatic repul sion -tbeentereen t v
distance separation r is given @ictor and Hansen 1984)

V20 B — (3.2)

where x = r/ 0 i s teénethe centdrs af ¢he twal pasides@r-a@re thd e t w
permittivity of free space and the relative permittivity respectivelyi s t he zeta pot en
= ©gis the reduced i nv episshe Ddbyedepgth, Wwhiehnfar agueouswh e r «
soluion at 28C, takes the following forrfisraelachvili 2011)

j__ A Q¢ pdp Qa QMo i KOG B ORI
_ta o= h0Eddpé ipkQa Qb0 ihd OIROB b e BV oI
uj__ ; @ik QA QOO | ¢ QA OB

where Gis the salt concentration in units of molar, M.

The attraction induced by the van der Waals forces in terms of the reduced distance, x, can be

expressed by

Y — — — ¢lip — (3.4)

The Hamaker constant, A, sets the energy scale. For polystyrene in water A sT3(R6Ksel et
al. 1991)
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Figure 3.1 The repulsive electrostatic potential (&), the attractive van der Waals potential (L),
and the total DLVO potential Uppvoas a function of

3.1.2 Depletion interaction

the reduced

Depletion interaction causes instability of colloidal particle which occurs due to the presence of

nortadsorbing polymer. This creates an attractive interaction between particles through polymer

induced depletion interaction. There is a depletion zone around each colloid of thickness equal to

the polymer radius of gyration, from which the polymers areueled between two nearby

particles. The exclusion of the polymer creates an unbalanced osmotic pressure pushing the

particles together. This results in an effective interparticle attractive interaction. The strength of

this interaction can be controlled the concentration of the nadsorbing polymer and the ratio

of the particle size to the polymer siZesakura and Oosawa 1958)

— 00

20

(3.5)



where P(g) is the osmotic pressure of the polymeadsnction of the polymer concentratiog) c

and Voverad ') i s the volume of overlapping depletio

Figure 3.2 A schematic diagram for the depletion interaction.

3.2 Fractal colloidal aggregates

In Chapter 2, we discussed the characters of fractal aggregatesctaieacing colloidal particles

are destabilized, they may form ramified fractal aggregates. Fractal aggregates have the unique
property that theimass, N, scales with their average radius of gyratigh,wRh a scaling
dimension: the fractal dimension. is smaller than the spatial dimension, d. The fractal mass
radius scaling law, as described in Eq. (2.3), is

~

5 Q — (3.6)

Traditionally, fractal colloidal aggregates can be classified into two asymptotic regiimes al.

1989¢ Weitz et al. 1985)diffusion limited clusteicluster aggregation (DLCA) and reaction
limited clustercluster aggregation (RLCA). In both models the clusters are allowed to diffuse,
collide, and stick together to form larger clust@¢slb, Botet, and Jullien 1983; Meakin 1987)

The fundamental difference between these two limiting models is how many times the clusters
need to collide before they stick. Shietermines their sticking probability, P, which is governed

by the interaction strength that was induced to destabilize the particles and start the aggregation
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process. For the DLVO potential, for example, if the surface charge of the monomers is fully
screened, then when monomers (or monomers in different clusters) come into contact with each
other, they form bonds and stick at contact. This results in a fast aggregation, the DLCA
aggregation, due to sticking probability P = 1. The salt concentratidiiadestabilize the colloid

and results in P = 1 is called the critical coagulation concentration, ccc. This process is purely
controlled by the mutual diffusion between the particles (or clusters) and results in an aggregate
with a fractal dimension B- 1.8 (Asnaghi et al., 1994; Lin et al., 1989a; Weitz et al., 198%)

the other hand, for the RLCA model, the monomermamnomers in different clusters, still follow

the random wal k (Brownian motion), but they d
contact. Instead, they continue in their maneuver and many collisions may be required before they
form a joint cluste This is the case when the surface charge of monomers is only partially
screened. The sticking probability is controlled by the residual interaction energy barrier that the
particles have to overcome in order to fill into the short range, stronglytattraotential well.

This creates a slow aggregates, RLCA aggregates, where P << 1 and the resulting fractal dimension
can vary between{D~ 2.05(Lin et al. 1989c; Weitz et al. 198&hd D ~ 2.14(Lin et al. 1989c)

In between these two asymptotic regimes there is an intermediate regime where aggregates with 0

< P < 1 resulting in different fractal di men
aggregates. The value of the fractal dimension indicates the chstghology, and it is
dependent on the sticking probability of the aggregates. This can be understood that for DLCA
aggregates the clusters have open branches which results in smal&re3. This is because of

the high probability of sticking betweewda monomers in two colliding clusters, such that the
clusters dondét have the chance to penetrate e:
lower Dr value. On the other hand for RLCA, where the sticking probability is very low, the
clustershave the chance to wander and penetrate into the interior of each other until they form a
bond. This results in a denser aggregate with higher valuetb&iDfor the DLCA. That is why

the D values are important to identify the morphology of the aggesgéh Chapter 2, Fig. 2.2

shows the different asymptotic types of aggregation models, and it shows the RLCA aggregate in

(b) clearly denser than the DLCA one in (a).

The aggregation rate is controlled by the aggregation kernel K. For example; if twonerano
come together and stick they form a doublet. The aggregation kernel for doublet formation is K

The aggregation process is often quantified in terms of the stability ratio W. Where W defined as
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the ratio between the kernel of doublet formation fier fiast aggregation,iKsas; to the kernel of

doublet formation for the slow aggregatiomKow This gives
W = K11 fast/K11 slow (3.7a)

A lot of times the kernel subscript 11, which indicates doublet formation, is dropped to simply

give
W = Kras/Kslow (3.7b)

The fast aggregation kernelgk is sometimes referred to as the Smoluchowski kerrel which

is a constant kernel, it or s=8KsT / 3 'Q,  sndhtlee Batzmiann constant, T is the temperature

i n Kel vi n yiscesityofth@suspendinghmedium. Further discussion of the aggregation
kernel will follow in 3.3.1. The stability ratio can be understood as the inverse of collision
efficiency, or the inverse sticking probability for two colliding particles to permnetick
together on contact. So for pure DLCA or fast aggregation W = 1, whereas for slow aggregation
W > 1. The specific value of W is very sensitive to the initial conditions of the aggregation and it

can provide evidence to what kind of aggregatessitstem is forming.

It is worth alerting the reader that despite the ability of the stability ratio to pin point the type of
aggregates are forming, it is a common practice in the literature to refer to the fractal dimension, a
less significant indicatoto determine the type of the aggregates. For example aggregates with D
= 1.7 and 1.85 are both considered to be formed via the DLCA riasleaghi, Carpineti, and
Giglio 1994b; Mokhtari et al. 2008meanwhile D= 1.9 is considered to be in an intermediate
regime between DLCA and RLC{ipelletti et al. 2000a)And for D = 2.05 and highgiAsnaghi,
Carpineti, and Giglio 1994bthe system is coidered to form via the RLCA model. These
considerations are made solely on the@ue regardless of the stability ratio, which is not always
measured. Through this thesis, if W = 1, then | will refer to the system as in the pure DLCA
aggregation or fasiggregation. Otherwise the system is formed via the slow aggregation. Slow
aggregation can still be called DLCA if W > 1 (but not W >> 1) like the case of aggregates with
Dr=1.85. For W >> 1, | will refer to the system to be formed via the RLCA aggpagahere

is no specific value in literature to define these limits. The practice of finding W turned out to be
very critical in our analysis because thevBlues are a function of W. One of my goals in this
work is to remind the researchers in thisdief the importance of measuring W, which is often

ignored.
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3.3 Different descriptions of solto-gel transition

If aggregation is induced and allowed to proceed to form a ramified cluster that span the total
system volume, then a gel is formed. Themekess is also referred to as gelation or théasol
gel transition. There are three major descriptions of thtosge| transition: the kinetic description,
the percolation description, and the thermodynamic phase separation description. Here | briefly

present these three descriptions of gelation.

3.3.1 Kinetics description

The fundamental equation to describe the aggregation kinetics is the Smoluchowski equation (SE)
(M. von Smoluchowski 1916hich is described as

— B 0&& £B 0 & (3.8)

Where iy is the number density of clusters with N monomers in a clustenet$, and Iis the
aggraation kernel. The aggregation kernel sets the collision rate betweanand jmer clusters

to form a new Nmer cluster, thus Kfor a system sets the aggregation rate. The first term on the
RHS of the equation represents the average rate at whiatr&lare formed from & j-mers. The
second term represents the rate at whieméds disappear when binding withmiers to form

bigger cluster of size (N+iners. In this representation fragmentation is not feasible. In addition
the SE is based on a me&id theory which assumes no correlation between clusters. Even though
finding the exact solution for SE is not always feasible, a scaling solution can be found because,
for many physical situations,jjHs a homogeneous functigbeyvraz and Tschudi 1982)efined

as
0 O Gu dQ (3.9)
where,cj s a constant and & is the degree of homo

If we express the diffusion coefficient for an aggregaterérs using Stockesinstein relation,

O 0 "Y@' 'Y, where' j is the hydrodynamic radius, then the most general form of the
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aggregation kernel is defined in the following forrfiall et al. 1987; Family, Meakin, and Vicsek
1985; Lattuada et al. 2003; Sandkiihler et al. 2003)

0 —0 N (3.10)
Whereu Pu "Yo isthe constant kernel and it accounts for the thermal energy of primary
particles and clusters. ThejBerm incorporate t he aggregatesmtheol | i s

aggregat esd hydintdafglonangmaoner adi us R
0 - Yi Y Yy Yy (3.11)

If we assume spherical aggregates, with collision radius, hydrodynamic radius, andofadius
gyration are all equal; then, using the mestius relation Eq. (3.6), thejBerm can relate the
aggregate structure and size via their dependence of the fractal dimensiorh® following

manner
6 - o 17 Qf (3.12)

Theterm '@ @ represents t h-secbimbimedithérdallisions s
while Q7 Q7 expresses the size dependence of the mutual diffusion coefficient of the
i-mer and jmer. The product KsBj is in fact the general kernel for pure DLCA fractal
aggregation, or fast aggregation, without the assumption of equal sized aggregates. It should be
noted that Rnd W terms are both equal to unity for pure DLCA aggregates. This corresponds to
the maximunrate of aggregation achievable due to the fact that all collisions are successful in
forming new aggregates. If we assumed for the pure DLCA model equal sized aggregatss, then B
=1, and KA Kiastor SE

The stdility ratio W discussed in Eq. (3,7also known as Fuch stability ra(ielelis et al. 1999)
applies mostly to primary particles, but not for aggregates. It has/baéad experimentally that
the reactivity of aggregates increases with their mg&esde and Cohen 1990; Lin, Lindsay,
Weitz, Ball, et al. 1990Q)and therefore, an additional factBy, has been introduced to the general
form of any aggregation kernel other than the pure DLCA kernel. Thiterfh shows the
dependencerothe imer and the-mer clusters. A physical picture one may come up with to justify
this product Ris as follows: the attractive force in the DLVO potentighe van der Waals force

T is a short range force. The screened electrostatic repulsiolsodreaconsidered as a short range
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force(Israelachvili 2011)Due to the short range effect of these forces, one could assumesto a fir
order approximation that the energy barrier to be overcome upon aggregation is determined only
by the two primary particles in the two aggregates which are colliding. Meanwhile the neighboring
particles play no role. In this case the collision between dggregates can be described as a
process controlled by the collision of the two primary particles belonging to the aggregates.
Accordingly, the rate of aggregation of two clusters is proportional to the Fuch stability ratio of
primary particles and tdé product of the number of primary particles of the two clusters that can
participate in the collision process. The latter is related to the mass and the structure of the clusters,
and is therefore modelled in thg Brm. The I term is usually assoded with the slow
aggregates. This is because only a fraction of the collisions are successful in forming new clusters
due to the incomplete screening of the repulsive forces between the particles. For pure DLCA
aggregates, i 1.

There are many propasdormats for i (Ball et al. 1987; Family, Meakin, and Vicsek 1985;
Odriozola efal. 2001) It was found that the most acceptable expressions for; tieerRat that fits
the experimental dathattuada et al. 2003; Sandkuhler et al. 20083 the product and Odriozola
formats. The product farat of R, put forth by Family et alFamily, Meakin, and Vicsek 1985)

is expressed as
0 00 (3.13)

The R format put forth by Odriozola et glOdriozola et al. 200) is expressed as

o @ — (3.14)

Note th@Gtbdtom tohe product jaArldsQuected wrporé AGAs f or n
Noti ce t ha tgo&dorthe praduct fandasif the limit of the stability ratio is sufficiently

large and if the masses of the colliding clusters, i and j, are not very large. These conditions can

be achieved experimentally for a system deep in the RLCA regime (sudl tisasufficiently

large) and if the system is in the early stages of aggregation such that clusters are not very large.
According to Odriozola et al., their functionality of fts the complete aggregation regimes, the

DLCA, the RLCA, and all the interndeate regimes, in a higher precision than the product kernel.

The stage of aggregation for a given system may be characterized by the cluster size distribution,
n=(n,mn, € ,€)n wbheaatesthenumber ofdize clusters. The homogeneity bét
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kernel | >, determines the cluster size distri
growth rate. Linking the size distribution of the aggregates with their kinetics is not necessarily
realizable due to the complexity of the system. Withdaesumptions: all monomers are part of a

cluster and aggregation produces equal sized clusters with same homogenous kernel, one can

simplify the scaling approach and the SE becomes

— € 0 0h (3.15)
Using Eq. (3.9), one caewrite Eq. (3.15) as
— ¢ 0 0 plp (3.16)

The cluster size N changes with time, and the number density can be writkgt) as(0)/N(t).
Finding dmi(t)/dt and substituting it in Eq.(3.16) gives

06 QU & MmO plp QO (3.17)
Integrating gives

0O0x 0 O (3.18)
Where z is the kinetic exponent z = X&Ivan Dongen and Ernst 198#&nd t = z/K(1,1)n(0),
which is the time required for doublets formation. The kernel K(1,1):#sKhe kernel of forming
doublets. This kernel represents the collision of sticking probability P = 1. This i©odbe t

assumption that all monomers are eventually part of a cluster, which can be achieved

experimentally only if the attractive interaction is strong, Thus, P = 1.

The homogeneity & is a key paramet erekimeicst he s
through the kinetics exponent z, which describes the asymptotic behavior of the cluster size. The
cluster size increases with power law in

time; N(t) ~ £. For theDLCA model (where P ~ 1) it is found that clusters grow in a power law
format i n ti me (Kol Botetzand=Julllen 1®88dKoll-and Julllen 1984; J E

Martin and Adolf 1991; Meakin 1987Dn the other hand, for the RLCA aggregates the kinetics

is very different than the DLCA aggregates. A solution of SE for RLCA model are best described

as exponentialpx ‘Q , where A is a constant depends on the sticking probability and the time
between collisions. Light scattering experiments on colloids found an exponential growth of the
cluster masqLin et al. 1989b; Weitz et al. 1985Yhe homogeneity value for RLCA is a
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controversial value in the literature. It was found to take values from D{Ball et al. 1987,

Family, Meakin, and Vicsek 198battuada et al. 2003; Lin, Lindsay, Weitz, Ball, et al. 1990; Lin

et al. 1989b; Olivier and Sorensen 1990) I t i s 1 mportant to mention
always reported as a pair for the DLCA aggregates, with the standard values mentiwecidab

clusters that satisfy the SE. In the case of RLCA, the kinetic exponent z is not always reported like

the case of the DLCA.

The | ess certain values of & in |iterature f ol
be due to the following reass. First, aggregation phenomena itself is a complex process which

does not always have an exact solution fordluster distribution in SE. Second, the existing

scaling solutions show that for DLCA the size distribution of the clusters is less
polydispesed than the RLCA size distribution. One might think the narrow polydispersity

in DLCA leads to a scaling approach with a closer representation of the average behavior

of the system than the RLCA ones. The difference in polydispersity between the RLCA
andDLCA models can be understood due to the sticking probability. With P = 1 the system
aggregate fast, leaving less opportunities for the aggregates to create a wide size distribution

of sizes like the case of P << 1 for RLCA. Third, even though the aggregadescribed

by the two asymptotic regimes, DLCA and RLCA, the pure DLCA boundary is sharply
defined when the criticadoagulation concentration of salt is used. This yield P exactly = 1,

which is a unique and achievable P value experimentally. Buthéo RLCA, the situation is

different as P << 1 is not sharply defined. How much is much less than one really is? As mentioned
above there is an intermediate regime which may be sometimes mixed with the deep RLCA
regime. Especially that the stability @tis not always measured for the aggregation studies.
Furthermore, there exist experimental data that suggest the crossover from RLCA kinetics to
DLCA kinetics after some times in the aggregation pro@essaghi, Carpineti, and Giglio 1994b;

Olivier and Sorensen 1990; Wu, Xie, and Morbidelli2013)So f or t hsawere@ortedous @&

above, were they measured before, while, or after the crossover? It is not clear.

The less certain valuesbbfo mogenei ty constant, @&, for RLCA c
with the above proposed reasossggest the need for systeratixperimental and simulation

work for a wide range of P values, or experimentally speaking, stability ratio values, i.e. W~1/P.

The goal is to start from the pure DLCA regime and passing through the intermediate regime deep

into the RLCA regime. This willest the hypothesis put by Olivier and Sorensen that there exist a
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conti nuum (Qlaiérara Soremden 1890 addition, such a systematic study will
resolve, or at least help resolving the crossover from RLCA to DLCA aggregation and answer
some questions that | found valuable. Such as: what cluster size compared to the monomer size

this crossover occurs? And how does z and & ¢

Thereld i on of the kinetic exponent, z, anad) t he s
is, strictly speaking, for aggregates far away from each other, i.e. clusters are in a dilute regime.
This satisfies the mean field SE condition of no correldigtmween clusters. But a quick look into

why a system gel shows that clusters, if allowed to continue aggregation, are eventually entered

into a dense regime before they form a gel. It is important to distinguish the fact that not all types

of aggregation my form a gel. Gels are formed due to the fractal nature otoalescing fractal
aggregates. This fractal nature provides the system with two independent length scales, the average
radius of gyration, R and the average nearest neighbor separatipnFfRm Eg. (3.6) one can

write'Yx 0 7 . Meanwhile, Rn scales with the average number of the clustegsinNa system

of volume V by the spatial dimension, d, i¥. x @f0 7 . In a closedystem, the number of
clusters is directly proptional to the total number of monomers,.NVith the assumption that alll
clusters have the same size, one can write Nw/N and'y x G 7 . Snce d > B then R will
increase faster thamiRand eventually Rwill approach Rn, and these two lengttales become
comparable to each other. The rati/Rg will decrease with increasing cluster masses. We define
the early stage of aggregation as the cludilete regime, where clusters are far apart from each
other i.e RW/Rg >> 1. But with time the clusters grow such tha#/Rg ~ 10 in which we say the
system is in the clust@lense regime. The clusters will continue to grow up to the point where R
IRg ~ 2, which defines the point where the system starts t¢kgd, Botet, and Jullien 1983;
Vicsek 1989) This physical picture is illustrated in Fig. 3.3. This picture is in contrast with
coalescing particles, for example water droplets. The size of the dropje@ndRthe nearest
neighbor sepatn R, both are proportional to™§. Thus, the ratios of these two length scales of

the coalescing droplets will grow parallel at all times, and hence never gel.
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Figure 3.3 A schematic representatiorof the different growth rates of each of 2Rand R., as a
function of the average number of monomers per cluster N. The limiting cases for the clustdilute,
the clusterdense, and the starting of the gel point are illustrated. We will soon introduce thideal
gel point (IGP) at R.w/Rg ~ 2. This figure is adapted from(Sorensen and Chakrabarti2011).

The fractal aggregates evolution from the clusirte to the clustedense regime has been
strongly suggested in both simulatidiffsy et al. 2002Gimel, Nicolai, and Durand 1999; Gimel,
Durand, and Nicolai 1995; Hasmy and Jullien 1995; Heine and Pratsinis 2007; Rottereau et al.
2004a; 2004band experiment@R. Dhaubhadel, Chakrabarti, and Sorensen 2009; R. Dhaubhadel
et al. 2006; C. M. Sorensen et al. 1998y et al. 2005; Wu, Xie, and Morbidelli 2013t the

time the kinetics in the clustelilute regime is well established especially for the DLCA model,
this is not necessarily true for the clustiense regime, and to a lesser degree for the gelling
regime. Furthermore, these simulations and experimental observations were not only limited to the
change of the aggregation kinetics, but also for their morphol@giget al. 2004; Gimel, Nicolai,

and Durand 1999; Woryg Kim et al. 2006; Mokhtari et al. 2008; Rottereau et al. 2004a; 2004b)

and most recently their size distributigh Liu et al. 2019)Our group established a relatively new
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theory rooted from the kinetic description of aggregation named the ideal gel point (IGP) theory.
For the rest of this section | will introduce the IGP theory categorized by the three aspects | alluded
to in this paragraph (i.e. the kinetics, morphology, and size distribution aspects) along with the
explanations offered by the IGP theory.

3.3.1.1 IdealGel Point theory: The Kinetics Aspect

The IGP theory advocates for the importance of the two fundamental length sgaled,FR®, in
describing the kinetics of the stl-gel transition. The IGP specifies three distinct aggregation
regimes depending othe ratio’yY 'Y . First is the clustedilute regime wheréyY j'Y 1 p

which has been well understo@moluchowski 1916a nd yi el ds z = 1 and @&
model(Kolb, Botet,and Jullien 1983; Kolb and Jullien 1984; J E Martin and Adolf 1991; Meakin
1987) The system evolves from the clustiiute to the clustedense regime atY jY Mp 1t

with notably enhanced kinetic§R. Dhaubhadel, Chakrabarti, and Sorensen 2009; Rajan
Dhaubhadel et al. 2007; R. Dhaubhadel et al. 2006; Fry et al. 2004; 2002; Wongyo Kim et al. 2006;
W. Kim, Sorensen, and Chakrabarti 2008)y et al.simulated he evolution of clusters from
clusterdilute to clusterdense and finally formed a gel. They monitor the evolution of z in two
ways as a functionfo t he nor mal i z(sodhetihes they alterodteunitief, 1-q q .

They found the kinetic exponetitrough the kinetic scaling of N #dnd called .. At the same

time they obtained the homogeneity of the system from the size distribution of the clusters and
t hey esal F reqthey ®btained sz using the mean field relation of z = 1#1) . ureR3i4 g
shows the evolution of the kinetic exponent z as a function of clusters volume fragdidor f
different monomer volume fractions,«f. This figure clearly shows that bothnzand zq evolve

from the initial value of ~1 for the clustéilute regime to enhanced values bigger than unity for

the clusterdense regimeThe clusterdense regime can be quantified when the cluster volume
fraction, f,c~1-10%. The aggregates continue to grow up to the point where they fill the entire
volume and neighlring clusters start to touch@Q'Y | 'Y*x ¢) making f.c~ 1 (Fry et al. 2002;

C. M. Sorensen and Chakrabarti 2Q14f)thisvolume fraction of clusters, the IGP theory defines

an ideal gel point (I GP). The maxi mum z val ue
shown in the big circle in Fig. 3.4. The good agreement betwgemd zq4suggests that the mean

field relatonz = 1/(ta) st i | | h o | d-slense vegime. Fonaggrelgates formedwia e r
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diffusion limited cluster aggregation (DLCA), the fractal dimensionsis D8, andY |'Y* (&
(C. M. Sorensen and Chakrabarti 2Q11)

o
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Figure 3.4 Shows the kinetic exponent& obtained directly from the kinetics, and zq obtained from
the size distribution homeQen &iatidizsgephedva.{c.t The r el at
large open circle marks the ideal gel point (IGP) where R = 2Ry. This figure obtained from (Fry et

al. 2002)

There is a significant experimental literature that supports the description abbaac&a kinetics

have been observed during salt induced aggregation of spherical c(@aigsneti and Giglio

1992; Wu, Xie, and Morbidelli 2013)nd aqueous suspension of prot€ilisi, Xie, and Morbidelli

2005) In these works the enhanced kinetics was not fully explained. Enhanced aggregation
kinetics was observed in a dense soot aerosol of a heavily sooting(@arivk Sorensen et al.
1998) Dhaubhadel et a{R. Dhaubhadel et al. 2006)udied dense aerosol aggregation to find
enhanced kinetics and z values as high as 2.3th&ngcattering experiment on soot was done by
the same group of Dhaubhadel et (®. Dhaubhadel, Chakrabarti, and Sorensen 2008¢
particle size wa88nm. SASLS measurements were performed and temporal evolution of the
structure factor was obtained. This provides a tool to meagwe. R For fractal aggregates N ~

R¢", and from the kinetic theory N % this gives that R~ t/Pf. With a known B, the z value can
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be found from the slope ofgRs. t in a loglog scale. Figure 3.5 shows the experimental z values

and the corresponding & for different monomer
fromclusterd i | ut e (z = lorsmalimFtodustétrden®»e CAzfup to 1.7
for higher fm). These results are consistent with the simulation work discussed above.
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Figure 3.5 The experimental kinetic exponent z and th corresponding inferred kernel homogeneity
& graphed vs. different monomer volume fractions
from (R. Dhaubhadel, Chakrabarti, and Sorensen 2009)

A scaling argument can be used to find the functionality of the aggregation kernel, K, in the
' imiting cases, and hen(rgeta d02ekolm1984& histstakng h o mo g
will further provide physical insights on the necessity of the existence of two length sgaled, R

Rnn, in the gelation process. The aggregation kernel, K, can be defined as the rate of collision
between two clusters. Thut depends on the cressctional area, 4 of the clusters and their
relative speed, v. Therefore, K wVAgives the proper dimensionsi[i]. At the early stages of the
aggregation, in the clusteilute regime, R is the main length scale. Clusterowve through
Brownian diffusion with v ~ D/RR where D is the diffusion coefficient. This gives K ~ HBnd

this result was first derived rigorously by SmoluchowSknoluchowski 1916 But D ~ 1/R, thus

K ~ 1, whi ch gknowe esults forthe @ilute tase. As elusters keep growing, the
volume fraction of the clusters will increase and the crowded state is inevitable. In the cluster
dense regime, thenRis the length that sets up theative speed between clusters, such that v ~
D/Rnn. This yields K ~ /Rnn ~ N&PFY9) and hence.  pj O pj Q= 0.23 for = 1.8. Unlike

33



the dilute case, where clusters diffuse in an isotropic fashion, at the gel point the clusters move
very short détances compared to their size before they collide. Thus, their motion is
Ballistic-like. Here the relative speed is properly described by the energy equipartition,
which gives v ~ N>, In such proximity, the clusters see branches and filigedetail of

the neighboring clusters. So the cross sectional area is properly replaced by the aggregate
surface area, A Additionally, for fractal aggregates, all the monomers constitute an

aggregate are considered on the surface i.€.M This will yield K ~ NN-°~ N5 with

> = 0.5, whi ch corresponds to z = 2 as i nd
Fig.3.5.
The situation, at which the aggregates fill

aggregate volume fraction equals unisyexpected to be a special point in thetsegel transition.
Although the exact definition of the volume fraction is somewhat arbitrary, to calculate it, we have
chosen to assume that all the aggregates are the same size, a size given by their raelinseter
Rp = [(Dr+2)/Df] YRy, and that they have spherical symmetry. These conditions could vary, but the
overall functionalities on Rand D should be good. This definition worked very well in our
simulations(Fry et al. 2004; C. M. Sorensen and Chakrabarti 20/&)shall call the point where

this volume fraction equals unity the ideal gel point (IGP). With this definition and based on our
previous work, the IGP theory identifies three regimeaggregation kineticéC. M. Sorensen

and Chakrabarti 2011)nitially, if the monomer volume fraction is small, the destabilized sol
(colloid or aerosol) will find R, >> Ry, the clustedilute regime(Meakin 1987; R. Jullien 1987;
Kolb, Botet,and Jullien 1983; J E Martin and Adolf 199ti}h two independent length scales, R

and Rin. As aggregation proceedsgy Rill grow faster than R, because b< d; eventually, these

two length scales will become comparable to each other. Hence thay aice effective length
scale and enter theudterdense regiméR. Dhaubhadel et al. 2006; Fry et al. 20Q2jimately,

with aggregation, the IGP is reachigl M. Sorensen and Chakrabarti 2Q11he condition that

the aggregate volume fraction, as described above, equals unity at the IS® ldsdaggregate

size at the IGP, §, as

RJ:G = q fv_,rl'nko( Df/ (2 +Df))3/2]1/(3- o) (319)

Where {mis the initial monomer volume fraction, which is conserved throughout the aggregation.
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An important question in the aggregationekin is: when does the system gel? The gel time is not
clearly defined in the literature. As there is the time at which the gel starts to formy 2R

and this defines the IGP, and there is a final gel point (FGP) where the final gel statedis alrea
reached. In this discussion, we are dealing with the time at which the system starts gelling, i.e. the
IGP. Here, | will present two methods of findigg.tOne | will name it the KSU method, the other

is the Bremer method. To do so we go back to SB thie assumption of a constant kernel and

same sized aggregates, which simplifies SE to

— VES (3.20)

With a solution of

€ 0O (3.21)

One may write n in terms of the aggregates size and initial monomer volume fraction by combining
Eq. (3.6) with the facttha@t 0 jw 0 j 0 wtoyeild

E —Q o0 — (3.22)

Starting with the KSU method, omeay substitute Eq. (3.22) into Eq. (3.21), with the use of the
definition of Ry, as described in Eq. (3.19n expression for the gel time at IGRy tan be

reached

ol j 6 o’ (3.23)

For the pure DLCA model, the aggregation kernel PYQ"Yo with the assumption of
spherical and equal sized clusters.
Experimentally, it is more common to deal with the stability ratio (W) than the kernel, where W is

the ratio ofthe fast aggregation kernel to the slow aggregation kernel for doublet formation, W=

Ktas{Ksiow. FOr pure DLCA, W=1 and Eqg. (3.23) can be written in the most general form as

o ©8—1 — 6o ha’ (3.24)

The second attempt is the Bremer mettiods. B. Bremer, Walstra, and van Vliet 199Sjarting

from the SE, with the assumption of spherical agdal sized particleshé¢y obtained the same
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format of Eq. (3.20) above, except their representation of the aggregation kernel was different.

Bremer 6s ag g Kengsdakes thenfowirgrformatt ,
0 ——=00 (3.25)

Where A is a constant factor which is for pure DLCA takes the value of 1, and defined by Bremer

as
5 — (3.26)

When we compare gfemerWith the general keel, K, of Eq. (3.10) we find A as introdudédy

Bremer represents
5 — (3.27)

With B/4 = Bij when comparing Eqg. (3.27) with (3.26) and (3.11). This mean®\BM

under the assumption of spherical, equal sized aggregatedraEtal aggregates the
hydrodynamic radius lRs smaller than the collision radius which requires the factor A to
increase by B = BRn. Bremer et al. estimated a value of B ~ 1.8. Bremer points out that
this estimation of B ~ 1.8 is higher than the expentally obtained value by conducting a
permeability measurement on fractal gel which gave B = 1.15 + 0.05 fo2R5(L. G.
Bremer 1992) The factor A is also affected by the presence of polydispersity, which is
measured by the polydispersity index P in the A factor. Initially during aggregation, the P
value increases along the aggregafprocess, assuming a constant kernel. At some point
of aggregation, the value of P starts to plateau due to the disappearing of the small
aggregates. Another factor affecting A is the presence of a repulsive barrier that the small
aggregates need to aeeme before they become part of a bigger aggregate. This will slow
the aggregation rate by a factor of the stability ratio W.

The SE works for aggregates in the dilute regime, meaning a small volume fraction of clusters. As
the system gels, the clusterlyme fraction increases and approaches unity at the gel point. Hence,

a correction needs to be made. The correction Bremer et al. introduced is a correction for the kernel
as the aggregation approaches gelation. The aggregation rate approaches istfib@gfoje the

gel point. Because the distance over which the clusters have to diffuse before they collide
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approaches zerd.h e cteandretrer di st ance bnat wen@ln tdh@dr dgd twe
peripheries, X, are cgefoiwmed nbyri g. 3.6, and ca

Tjo“ Y &g &€ p (3.28)

Substitute Eq. (3.22), withhk 1 and replace fby R (R is the average aggregates size, gpaf
used by Bremer et al., into Eq. (3.28). An expression for the distance between the peripheries, X,

andthemggregateds size, R, can be expressed as
O ¢cefavio 7T c2 (3.29)
~ ~-1/3
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Figure 3.6 A schematic diagram showing the difference between the average distance between
clusters when found ask.» = n® and the actual distance need to travel X before collision. In
cluster-dilute regime R,y may correctly considered equal to X, while in clustedense regime it is no
|l onger correct. This is the basic idea of Br

Br e me Yodder approximation to the correction of the aggregation rate of Eq. (3.20) was
made by comparing the distances the aggregates need to diffuse without including their
volumes, Rn, to the actual distance X. In a diffusion process, £~henEq. (3.20) can be

written in the following manner

¥

L (3.30)

Differentiate Eqg. (3.22) to obtain dn/dR and using Eg. (3.30) an expression for
QpAY Q§QoO 'Q§'Q'Ys obtained. Integrating this expression from monomer size,

a, to the aggregate size at the gel timg,, Bne can find an expression for the gel time in
terms of Re. SubstituteY o7 as used by Bremer into the gel time yield a

final expression forgt as
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o p 0 O 0 (3.31)

3.3.1.2 Ideal Gel Point theory: The Morphology Aspect

It is well established that when noncoalescent particles come togetheigrthegggregates with
fractal morphology. As we discussed before, the DLCA model adapts the morphology of
aggregates with D- 1.8 while the RLCA adapts the morphology of aggregates with D1.
These morphologies occur when the clusters are in the ddgtme. In this regime the aggregates
follow Brownian motion, such that the collision of any two different clusters can occur in any
direction. On the other hand, one can imagine in the cldstese regime a cluster cannot move
far before it collides wih a neighboring cluster. One might ask: how does the change in motion
between clusters in the clustdifute regime and clustetense regime affect, if in any way, the

morphology of the gel?

In a 3D simulation on fractal aggregates in the DLCA modelstiaéing crossover on the mass
radius relation, Eqg. (3.6), ofiB 1.8 for small sizes crosses over te=2.5 for large sizefGimel,
Nicolai, and Durand 1999; Rottereau et al. 2004a; 200%ibg latter value is in excellent

agreement with the predicted @lue for the percolated ches of 2.55.

Fry et al.(Fry et al. 2004id a 3D simulation for DLCA and RLCA aggregates in reciprocal
space. This allows them to resemble a light scattering experiment of a single cluster by calculating
the scattered intensity, 1(q), of these aggregates and graph I(q) vs. g. q is the wavandelots

a unit of inverse length, so'qepresents a length scale of the system. 1(q) for small monomers,
represents the structure factor of the aggregates. As we discussed in Chapter 2, the structure factor
( S(g) ~ I(g) for small monomers) has a q ipeledent regime known as the Rayleigh regime at
small q values. The g independent regime followed by a power law regime, wher€|is q
known as the Porod regime. The transition between these two regimes is the Guinier regime, where
q! ~ Ry. Figure 3.7a) shows the evolution of the I(g) vs. ga for a single cluster, which is the
biggest cluster in the system. Initially, when the number of monomers per cluster is small, the
structure factor shows the power law regime at small g values with1¥8 to ndicate the
canonical DLCA aggregates. The increase of cluster size is indicated by the shift of the Guinier
regime to the smaller g values. At later stages a second power law developed with a value of 2.6
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at small g values, hence a large length scalecidesover of the slopes occurs at a characteristic
length scale of the system. Interestingly, it is found that this crossover occurs at the radius of
gyration at the ideal gel point,gR described in Eq. (3.19). In addition, the second power law
regime,at smaller g values, has a#2.6, which is very close to the r percolated cluster of

2.55. Figure 3.7 (b) shows the structure factor of the entire system, in contrast with a single cluster
as in (a). This better mimics the light scattering expenimAgain the canonical DLCA aggregates
show in the larger g region in the I(q) vs. q graph. As the system evolves to a gel, a 2.6 power law
appears. The dip in the structure factor is due to chatiteter anticorrelation(Oh and Sorensen

1999) which occurs in the clustelense regime whengRRnd R, approach each other.
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Figure 3.7 Temporal evolution of 1(q) vs ga for (a) the biggest cluster in the system, and (b) the
entire system. Both show the canonical DLCA aggregate for the large g values with£1.8,
whereas at small g values a D-2.6 is present. The crossover between theé81o 2.6 occurs at Re.
N is the number of clusters in the system which is decreasing with time. The figure is taken from
(Fry et al. 2004)

The interpretation of these two power law regimes is that at a relatively small length scale that is
comparable to the cluster sizes (large q values), tieeggtes have a DLCA morphology of D

1.8. At larger length scale, a new morphology with~-D2.6 is formed. The morphology of the

larger length scale is called the superaggregates. The monomers of these superaggregates are the
DLCA aggregates of D- 1.8, hence, the name superaggregates. The crossover between these two
morphologies is at a characteristic length scale of the system. This length scale is the radius of
gyration at the ideal gel pointge Therefore, the superaggregates morphology apdter the

system starts gelling, hence after the IGP is reached. Figure 3.8 is a schematic diagram which

represents the superaggregate with DLCA aggregates as monomers.
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Figure 3.8 A conceptual represendtion of the superaggregate. Note they consist of DLCA
aggregates as monomers. The figure is taken frof€. M. Sorensen and Chakrabarti 2011)

The presence of two power laws at different length scales shows that the superaggregates have
hybrid morphology. This hybrid morphology has also been witnessed experimentally. Soot
aerosols, just like colloidal sols, may form a @@hjan Dhaubhadel et al. 2007; Wongyo Kim et

al. 2006; ChristophreM. Sorensen et al. 2003; C. M. Sorensen et al. 1998; R. Dhaubhadel et al.
2006) Kim et al(Wongyo Kim et al. 2006¥id a light scattering experiment on soot forming
particles in acetylene flame. Figure 3.9 shows I(q) vs. g for different heights above the burner. The
height is designated by the symbol h. For small h values, which represent a short aggregation time
for the soot, DLCA aggregates are formed with fractal dimension of 1.8. At further distances from
the burner, which represent later aggregation times, a new feature starts to develop at smaller q
values. At smaller g values a new morphology is detected with 2)6. This structure is very
similar to what has been detected with simulations for superaggregates with a final fractal

dimension of 2.6, which are constitute of smaller fractalssef D8.
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Figure 3.9 Experimental results of I(g) vs. q of soot aerosol for different heights, h, above the
burner. Higher h means later in aggregation time. With increasing h, the hybrid morphology of
1.8/2.6 is present, hence superaggregates are formed. Below are the Bd@cnicroscope images of
the 1.8 aggregates and the 2.6 superaggregates. Figure is taken frigdffongyo Kim et al. 2006)

In colloidal systems the morplogical changes in gelling colloids was observed under $heag,

Amal, and Rper 1996; Kikuchi et al. 2005; Mokhtari et al. 2008; Selomulya et al. 2002; Serra,
Colomer, and Casamitjana 1997; Soos et al. 200 two mechanisms used to explain this
behavior were fragmentation and restructuring. Fragmentation is viewed whegatgg are

subject to shear and break the aggregates into smaller ones. In this case, either the fractal dimension
is identical to the unsheared systéforres, Russel, and Schowalter 19%i)the aggregates gets

more compact as indicated by higher \&lues (Kikuchi et al. 2005; Serra, Colomer, and
Casamitjana 1997; Soos et al. 2008)is mechanism doest show a hybrid of D In contrast,
restructuring due to shear can show hybrid in morphology. The magnitude of restructuring depends
on the shear rate used. The higher shear rate created a higher fractal dimension at smaller q values.
Similar to the fraghentation, restructuring shows a decrease in(3ireg, Amal, and Raper 1996;

Lin, Klein, et al. 1990; Selomulya et al. 2002}l of the almve studies used high shear rate such

that the shear induced aggregation was dominant over the Brownian aggregation. This
dimensionless ratio is quantified by the Peclet number (Ragpv et al. 2006; Swi and
Friedlander 1964)
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Mokhtari et al. studied the effect of shear in colloidal gelation using small angle light scattering
technique. The aggregation process was initiated by adding-M@@h the absence of shear,

only the canonical DLCA aggreget of B ~ 1.7 were detected. To test for the effect of shear
Mokhtari did a wide range of shear rates ( ~ 8155 s') which corresponds to Pe (~ 0:130).

The applied shear initiated at different stages of the aggregation and continued for ~33sec. The
results can be grouped into three different categories. (1) It was found if shear is applied at early
aggregation stages the morphology of the aggregates will not differ than the no shear case. (2) If
the shear is applied later in the aggregation wittashates ranges from 1266s!, a transient

hybrid 1.8/2.6 morphology appears, but is soon washed out by the diffusion process, and the final
value evolves to ~1.8 (similar to the unsheared value). (3) If the shear rate is applied deep in the
aggregatiorprocess with a value as small as 0:48shybrid of 1.8/2.6 morphology appears and
persists for long times. Figure 3.10 shows examples of hybrid morphologies appear in the case of
(a) high shear rate of 3.56sand (b) low shear rate of 0.48sIn all the cases where hybrid
morphology appeared either temporarily after terminating the shear or permanently, the radius of

gyration was observed to significantly increase immediately after terminating the shear.

The increase of Rwas enough to rule out tli|mgmentation mechanism. Restructuring fails to
explain not only the enhanced growth ig But also the independence of fractal dimension at
larger g values on the shear rate. The authors suggest the supper aggregates as an alternative
explanation of thesobservations. The results here are very consistent with the superaggregates in

soot and simulations we discussed earlier.
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Figure 3.10 Scattered intensity 1(q) v. q for aggregating colloid of 20nm diameterand monomer
volume fraction of 4.36x10" destabilized using MgC}. Shear rate value was (a) 3.56sapplied
15min after the initiation of aggregation and (b) 0.48% applied 5min after initiation of aggregation.
For both cases the duration of shear wa33sec. The hybrid morphology is clear in both cases. The
superaggregates are formed and indicated by arrows in (a) and (b). Figure is taken frofilokhtari
et al. 2008)

Wu et al.(Wu et al. 2011; 2005; Wu, Xie, and Morbidelli 2018)ed light scattering techniques

to obtain the strcture factor of aggregating fluorinated polymer (MFA) colloid. NaCl used to
initiate the aggregation. The advantage of using this colloid is that it has a refractive index very
close to that of water which minimizes the multiple scattering artifacts.eflailsles the study of
gelation from high initial monomer volume fractions. Figure 3.11 (a) shows the temporal evolution
of the structure factor of$ = 0.04. The structure factor at the latest time distinctly shows the

different power laws at differentrigth scales.(b) A repeat of the latest aggregation time in (a)
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with the values of the slopes for the two power laws regimes as indicated in the graph. Authors

repeated this experiment for different initial monomer volume fractions and represent thieir data

part (c). The authors presented, for different publication, similar experiment but with different

monomer sizes. This is shown in part (d). It is important to note here that these experiments have

no applied shear beyond the initial mixing requiredstimple preparation.
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Figure 3.11(a) temporal evolution of S(q) vs g for §»=0.04. The latest structure factor of gelling
colloid for (b) the latest time in (a) i.e. t=1928min, (c) three different volumeadctions 0.02, 0.04,
and 0.08, and (d) for different monomer sizes. In all these gelling structure factors the hybrid
morphology is distinct. The arrows in (c) indicates the calculated §from eq. 17 were added to
the original graph. These graphs are tken from (a), (b), &(c) (Wu et al. 2M05), (d) (Wu et al. 2011)

The authors used the structure factor put forth by Wong andWaieg and Cao 19929 explain

the appearance of two different powewk in the structure factor at the two different length scales.
According to the authors, at large g values, hence at smaller length scales that are comparable to
the cluster sizes that constitute the gel, it is the mass fractal dimengjostéling thatontributes

to the negative slope. In other words S(qy™"gFor smaller g values, hence larger length scales
than the cluster sizes, it is the surface fractal scaliggi@® S(q) ~ &°. The authors justify the

appearance of the surface fractal sxpht larger length scales because the scattering instrument
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sees the clusters as spherical objects with rough surfaces. It is these rough surfaces that lead to the
surface fractal dimension. It is important to note here that the graphs in Fig. 3.1Rimanhe

RLCA regime despite the fact that at small g regime the power law in the structure factor leads to
Dmvalues smaller than what is anticipated for the RLCA, the anticipated value is ~ 2.1. The authors
claim this reduction in R value is due to theonfractal region of the aggrega(®gu et al. 2011;

2005) A study on dense aerosol gels showed that the mass fractal dimension and the surface fractal
dimension are no longer equal in the region of higher fractal dimension for a hybrid morphology
(William R. Heinson et al. 2018)n the two pictures introduced to explain the appearance of the

two power laws in the structure factor, one is the rise of surface fractal dimension liksehaf c

Wu et al., and the other is the superaggregates as in the case of Kim et al. and Mokhtari et al., these
sets of experiments shows hybrid morphology of quite interesting similarities. One might claim
that those observations are very similar and grlydlaave the same origin. It is important to note

the difference in the monomer volume fractions used in these studies. Wu et almusdd?,

whereas Kim et al. and Mokhtari et al. useg~+10%.

Other examples from literature that indicate the ltybrorphology at different length scales are

the study of Cipelletti et a{Cipelletti & al. 2000ajpnd Wu et.al(Wu et al. 2012)Cipelletti et al.

worked on the aging of fradteolloidal gels. Figure 3.12 (a) shows the temporal evolution of 1(q)

vs q for polystyrene colloids of radius a = 10.5nm and4.8 x 10*. Aggregation was induced

by adding [MgC}] = 16mM. The time at which the peak in the 1(q) vs. q is arrested @nabne

shifts toward smaller g values corresponds to the time at which the system starts to gel. Figure
3.12(a) shows that the peak of the structure factor arrested at about t = 1.4h with a measured D
1.9 as shown in the insert (t = 1.4h ~ 5000sec)s Trdicates that the gel is starting to form. The

dip in the data, at small g values, can be explained by ckistser anticorrelation due to clusters
being in the dense reging®h and Sorensen 1999)

An interesting behavior starts to shotahout t = 4.1days. An enhanced scattering starts to appear

at smaller g values and keep increasing, note the last I(q) vs. q data in Fig. 3.12(a) represents t =
13.7days. The authors suggest that the enhanced scattering at small q values is due to the
development of inhomogeneities in the system due to gelling. According to the IGP this is
suggestive of superaggregates formation in an unsheared colloidal system. One can imagine if their

i nstrument can measure si zes snuriegtigae the 100ckaan 1 00 ¢
structure factor of hybrid morphology might be detected. Wu €W\al.et al. 2012)studied the
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gelation behavior of bovine serum albumin (BSA) filament destabilized by.CeiGure 3.12(b)

shows the S(q) vs. gRGraphing S(q) vs. gRorces the data at gR1 to collapse into one graph

as shown in the figure. The frat@imension for the system is 2.1. At giRalues smaller than

unity, an enhanced scattering is observed. Authors did not acknowledge this behavior. But

according to the IGP theory this behavior is an indication of superaggregates formation.
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Figure 3.12(a) the temporal evolution of 1(q) vs g for polystyrene spheres of a=10.5nm;£4.8x10*
destabalilzed by 16mM MgC}. (b) The temporal evolution of S(q) vs ggfor bovine serum albumin
(BSA) filament of length 150nm and diameter of 8nm, the BSA concentration was 2g/L and
destabilized by 0.01mol/L of CaCl. These graphs are taken from (ajCipelletti et al. 2000a) (b)
(Wu et al. 2012)

3.3.1.3IGP theory: the size distribution aspect

Recently Liu et al(P. Liu et al. 2019simulated the aggregation and gelation of irreversible
particulate systems to study the-smigel transition for the DLCA model for diffent initial
monomer volume fractions; . Their work provided the evolution of the cluster mass distribution
presented by logN vs. t/ts as shown in Fig. 3.14 for diffekgntM is the number of monomers

per cluster, t is the time from the initiatiohaggregation, and ts the time interval during which

the monomers move a root mean square distance equal to the monomers diameter, 2a. The red
dashed line for eachnf represents the average number of monomers per cluster ,(RgalF".

Whereas the d$id red line represent the number of monomer per cluster at the IGP~=N
ko(Rg.d/@)°", where R cis the radius of gyration at the IGP as defined in Eq. (3.19).
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In Fig. 3.13(a) the volume fraction was small enough that gelation never happened firing t
normalized waited time (t/ts). In contrast, Fig. 3.13@))the volume fractions are high enough to
enable gelation within the simulated t/ts time. The evolution of the N value reaches asymptotically
the Ngp for each of the systems from (b) to (e)eToint at which the dashed curve crosses with
the solid line, hence N =8b, defines IGP. This time is referred to s ind is symbolized by
the triangle shaped point. After the IGP is reached, two different distributions start to appear in the
LogN vs. t/t graphs (bXe). This indicates that the gelation process creates a bimodal size
distribution. The average sol clusgzes remains relatively unchanged with a valuacp. Nt is
these sol clusters that move around and join the big cluster forming the gel. As a consequence, the
bimodal size distribution becomes more distinguished at later times. The authors wenttheyond
IGP to study the aging of the gel. They defined a final gel point (FGP) when the number of
monomers in the final gel is equal to the initial total number of monomers, N. The FGP is

symbolized by the red circles.
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Figure 3.13 Temporal evolution of the cluster mass distribution, Log N vs. t/ts, N is the number of
monomer per cluster, tis the time after the initiation of aggregation, and ts is the time for the
monomers to move mean square distance equieat to its size. This figure is taken from(P. Liu et

al. 2019)
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3.3.2 Percolation description

Stauffer(D. Stauffer 1976; Dietrich Stauffer, Coniglio, and Adam 19&2) other§De Gennes
1975)have laid a solid foundation for the percolation description of gelation. One version of the
percolation model fills the available space with a point lattice. Then spherical monomers with a
diameter equal to the lattice spacing are placed randomly on the lattice. If monomers occupying
adjacent points (nearest neighbors) touch, then they are jmgether and become part of the
same aggregate. The percolation model predicts a critical probability of site percolation threshold,
Pc, such that an infinite, spad#ling aggregate will form. Hence a gel is created. It is found,
according to the percation theory, that the spafiing aggregate form with a fractal dimension

of D= 1.9 in 2D aggregating syste(flasmy and Jullien 19960n the other hand, for 3D

aggregates, the gel is formed with a fractal dimension af265.

Given that the monomers are placed on the&twithout regard to any time scale, the percolation
model is a static model and hence does not describe the kinetics froorgsbl Nevertheless, it
successfully describes many critiglenomena like, power law divergence of various physical
propertes as the concentration of monomers p approaches the critical concentgafidnsP
implies that the structure of a 3D gel is that of a percolation aggregate with.Bb, not that of,

for example, a diffusion limited clustetuster aggregate formednatically with D = 1.8.

3.3.3 Thermodynamics phase separation

Carpineti et al(Carpineti and Giglio 1992)as the pioneer in advocating that particulate systems
underging gelation display spinodal decomposition (SD) which is akvellvn phase separation
phenomenon. They recorded, along with ottietset al. 2008)two main features that strongly
resembled the SD. The first feature is the observation of a peak at a finite q value in the structure
factor that increases with time, and the peak positiois ghifted to smaller and smaller g values

with time as shown in Fig. 3.14. To them it was strongly reminiscent of the behavior exhibited by

fluids that phases decompose according to spinodal decomposition dynamics.
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Figure 3.14 Temporal evolution of the structure factor of polystyrene spheres destabilized using
MgCl.. This Figure is taken from (Carpineti and Giglio 1992)

The second feature afrwed that mimics the SD is an optical structure factor with dynamical
scaling behavior. This means that the position of the scattered wave vectgr paakthe scaled
structure factofYfjj i Mo are related by the equati¢gBates and Wiltzius 1989; Carpineti and

Giglio 1992)

Yain B 0 onm ) (3.32)
where"OnRfY ) is a time independent scaling function and d is a scaling exponent. For fluid
systems the scaling exponent is the spatial dimension, d = 3. By replacing d wittgD(3.32),

they show that the scaling behavior was achieved for their colloidal aggregates at later stages of
aggregation as shown in Fig. 3.15(a). On the other hand, they showed, for the same set of data,
that at earlier stages of aggregation scalag not successful, Fig. 3.15(b). The observation that

the structure factor during late stage colloidal aggregation showed behavior described by Eq. (3.32)

led them to conclude that particulate gelation is a phase separation.
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Figure 3.15(a) Scaled data for the late stages of aggregation from data in Fig. 14 using eq.27(b) at
early stages of aggregation scaling of the data does not work. Both of these figures are taken from
(Carpineti and Giglio 1992)

Lu et al.(Lu et al. 2008)ktudied gelation of mron-scale colloidal particles made attractive with

the addition of a ncladsorbing polymer depletant. The polymer concentration controlled the inter
particle interaction potential range and strength U relative to the thermal energlly, Uil onset

of aggregation and subsequent gelation was sharply dependent on the polymer concentration,
which suggests that the gel boundary occurs exactly at a phase separation. Once the critical
polymer concentration was reached, aggregation ensued, and a clear pagddapgbe structure

factor that was constructed using confocal microscopy images. This peak grew with time with its
position ¢ ) shifting to smaller q values, a behavior consistent with Eq. (3.32). The sharp phase
transitionlike boundary for gelatioand the spinodadecompositioflike structure factor led Lu

et al. to conclude that a thermodynamic instability is the driving force for all gelation processes.

A more recent approach to the $olgel transition with connection to thermodynamics phase
transitionwas put forth by MatsoukagMatsoukas 2015; 2014He dceveloped the statistical
thermodynamics of irreversible binary aggregation in discrete finite systems to obtain the partition
function for the product kernel. He defined a cluster ensemble that contains a population of N
monomers that form Nclusters. Heconstructed the microcanonical ensemble of all possible
distributions n = (pn ny, €, &. ) iswhe @aumber of clusters withmonomers. In the
thermodynamics limit, when \and Ny are large, Matsoukas found that the populations may go

throughaiphase transitiono. It is important to

refers to a distinct distribution. So fAiphase
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finite clusters to a distribution that contains a giant clustemately, this giant cluster will contain
Nm individuals. The biggest cluster can hawveF Nm-Nc+1. If the biggest cluster in the system
contains less thamix¥2, then this phase is called the sol phase, and if it contai¥® or bigger,

it is defired as the gel phase. Matsoukas predicted the gel will ocauspacific cluster number
N¢ which takes the value d#6.

Figure 3.16 shows a sample distribution of N 200. Initially, when N= 170 > N’, which
represents early stages of aggregatioa distribution consists of a single sol, hence, a unimodal
distribution. At N. = 75 < N the gel phase starts to occur and the distribution becomes bimodal.
The gel phase moves to larger sizes as more of the smaller clusters from the sol regiomgs crossi
to the gel region, as shown foe N 40 and 5. The vertical sticks are the exact calculations for the
most probable distributions. The circled symbols are the Monte Carlo simulations. The dashed line

is the thermodynamics limit solution.
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Figure 3.16 A sample distribution of N, =200. The vertical sticks are the exact calculations for the
most probable distributions. The circled symbols are the Monte Carlo simulations. The dashed line
is the thermodynamics limit solution.This Figure is taken from Matsoukas(Matsoukas 2014)
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Chapter4-Experi mental setup and

In this chapter the mixing and saragdreparations are introduced. Small angle static (SASLS) and
dynamic (DLS) light scattering setups used in this work are presented, along with the proper
calibration methods. In addition, multiple scattering (MS) is quantified by finding the average
numbes of scattering events, as described by Mokhtari @lalkhtari, Sorensen, and Chakrabarti
2005) using the transmitivity measurement. Aliggl experiment is shown for each of these three
experiments individually. Next, the stability measurement is explained using DLS set up following
the method of Holthoff et a(Holthoff et al. 1996Wwith some modifications to suit the monomer
concentrations used for the gelling samples used in this work. Finally, we present a combination

of all the setups usead probing the gelation.

4.1 Mixing and sample preparation

Carboxyl modified latex (CML) nanopatrticles (np) with an average radius of a = 20nm as measured
by DLS were used. Mge(SigmaAldrich) was usedo destabilize the particles. Differerdlues

of fum and [MgCb] were usedn this work The desired.f, and [MgCh] are prepared in a density
matching medium composed of®'D>O. The mixing procedure always consists of equal volumes

of np and salt. For mixing, we used a double syringe system as shéwq thl. The np and
[MgCl] are ejected simultaneously into a quartz cuvette (fireflysci Inc.). The inner dimensions of
the cuvette are 10mm5mm with the 5mm is the optical path length to minimize MS. Data was
collected at different times after thesah of aggregation, a time that will be called the waiting
time .. To minimize bubble formation, the exact volumes of prepared solution/dispersions into
the syringes need to be pulled to avoid air.

Figure 4.1 Image of the double syringe system
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4.2 Small Angle Static Light Scattering (SASLS) Set up and calibration

The SASLS set up is similar to that of Fefferri 1997) A 512 pixel photodiode array (PDA)
(Hamamtsu, model S82-5 1 2 , each pixel i's 50em in | ength)
actual detector and the data acquisition LabVIEW which is an interface program were put together
by the Electronic Design Laboratory at KSU. The detectable range of the scatteriagnangl
SASLS was ~ 0% 14° corresponding to a scattering wave vectofjq, t*7_ O E-H¢ ,
ranging betWweoen308 08mbseeram of vaeuo@asdg®, muodeli n
R533001GX), vertically polarized passed through the sample. The light scattered by the sample is
collected by lens 1 (with focal length f= 80mm). The Fourier image of the sample forms at a
plane that includes the focal point of IA second lens 4 (f, =100mm) images the Fourier image

of L1 into the detector. Most of the light from the laser beam will gsaaitered. To eliminate

the unscattered light, a #3nirror (0.6mm thickness) is placed in the focal plane:offhis small

mirror acts like a beam stop. Fig. 4.2 shows a schematic diagram of the SASLS setup.

Fourier Plane

1
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'6——— |2 02 g fl

Figure 4.2 A schematic diagram of SASLS. The picture is not drawn to scale.

Using ray optics along with the definition of the wave vector, g, and small angle approximation,
one can obtain the value ofrgterms of the geometrical distances of the set up as

n — — (4.1)



wheredis the length of the image on the detector, which can be written in terms of the photodiode

array pixel size (50em) and the pixel number
a vfta nQda (4.2)

The resolution of the SASLS is set by the choice of wavelamgt, the detectable angles, hence

the range of g values, as well as the optical arrangements of the set up as shown in Eq. (4.1). The
optical arrangement sets the width of each pixel in the detector in terms of g, setting the resolution

of the apparatudn our set up, smallest size can be measured is ~ 260 nm which is much higher

than the monomer radius=220nm.

The proper alignment of any optical device is the key for obtaining a good calibration. Alignment
means that the laser beam is parallel éodptical table surface before and after it passes through
any optical component. First, the laser beam needs to be aligned with no optical component. This
can be done using two irises of exact heights to set the reference point during the alignment
procedire. Each optical component can be added one at a time and aligned before adding the
foll owing one. L et T €nsweathat the taser beamas passivg ithtoagh the
center of Ly, you need to place an iris before (iris1) and another aftel (iris2). A proper
alignment of L1 is when the backscattered light afpasses through irignd the urscattered light

still passes through ks

The calibration was carried out by wusing a 10
slit holder. The holder was placed on a stage that allows for motion yr, >and z axes as well

as rotational adjustment. The proper adjustments will allow the maximum intensity to be detected

by the photo diode array (PDA). The scattered intensity wastddteersus the pixel number. The
background measurement should be determined for each experiment, and then subtracted from the
collected light by the detector to give the desired scattered light. The scattered light 1(q) vs g was
then compared to the wéthown far field diffraction theory ( i.e. Fraunhofer diffraction) of a

single slit

oy Om . (4.3)

Where w is the single slit width (i.e. w = 10

Figure 4.3 shows the result of the single slit calibration. The green data points are the experimental

scattered intensity of the slit. The red Il ine
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This is in excellent agreement with the meadurew v al ue of 10em using o0p
as indicated by the manufacturer. The black line is the slope of the power law regime in the
scattered intensity for a single slit. It takes the valu€ ptvhich is typical for a single slit. As a
reminder,the power law regime slopei=(1 + d), where d is the spatial dimension (d = 1 for a

single slit).
R — I(q) Theory
1z S(q)-Experiment
] slope =- (1+d) =-2
0.1 = \
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Figure 4.3 10>m single slit calibration for SASLS.

Gel experiment

After successfully calibrating thBASLS setup, the gelling experiments proceeded. Figure 4.4
shows an example of a gelling experiment using=f 5x10* and [MgCk] = 10mM. Data was

collected at differentit For fractal gels, with low initial monomers volume fractions, the slope of

the paver law regime is a direct measure of the aggregates fractal dimension. For this particular
gel, O p& 18t 1 The region of small q values is the Rayleigh regime. For an ensemble of
aggregates the scaling approach put forth by Oh and Soré@besnd Sorensen 1999nd

discussed in section 2.2.1, predicted a dip at small g vadilieet® the clustecluster antorrelation
function when the clusters are in the proxi mi
are crowded. Regardlesbktbe dip, it is clear that the scattered intensity is increasing with longer
waiting times,&. Thi s i s consistent with the increasi

smaller values). The transition from the Rayleigh regime to the power lameegithe Guinier
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regime.The average radius of gyrationg, Ran be determined using Guinier analy§sinier,

Fournet, and Yudowitch 19585 introduced in section2.2Hor a sphere with
R, the Guinier equation 1is

oy Ot p — (4.5)
At the limit of qRy~ 1, 1(q)/1(0) ~ 2/3. When g§x< 1 Eq.(4.5) can be written as

ot Oy p — (4.6)

Thus the slope of 1(0)/1(q) vs?ds 'Y ¥o. Originally, Guinier analysis is considered applicable

whengRO 1, it ath(@/Hq) \ersus frenfainsdimear upttdl(0)/1(q) ~Z. M.
Sorensen 2001)which was further supported in rodata as shown in Fig. 4.5. In this figure,

but

1(0)/1(q) vs ¢f for selected values of from Fig. 44 are graphed. The correspondingMalues are

recoded in the graph. The temporal evolution gisfshown in Fig. 4.6.
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Figure 4.4 Static light scattering 1(q) vs. q at different waiting times () after onset of aggregation
for a gelling sample. The fractal dimension is 1.8 0.04. In this experiment the optical arrangement

created a pixel width of Dlcnt?.
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Figure 4.5 Guinier analysis of some of the waiting times for the gelling sample shown in Fig. 4.3
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Figure 4.6 Rg vs. tw for the gel experiment showin Fig. 4.4

4.3 Dynamic light scattering (DLS) set up and calibration

The Brownian motion of particles within the scattering volume causes fluctuation in the scattered

intensity. Thechange of particle position with time is expressed by the intensitycauatelation
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function. The time average intensity correlation functi@ o , which is a measured quantity, is

related to the normalized field correlation functid® 0 , throughthe Siegert relation
Qo p Qo 4.7)

For a dilute sample, one can wri@6 6Q 7 wh et epff Oand 0 "Y¢' € iDs
the diffusion coefficient of pgadhticlbess ahhe &d

Boltzmann constant and T is the temperature i

In any real experimental situation, howevex,0 is always obtained as
Mo p QQO (4.8)

where t is the coherence factor, which depends on the laser beam and instrumentation @ptics. f

an effect of the coherence of the intensity fluctuatiagrs 1frepresents the idealized condition of

perfect coherence;ie.the detector i s assumed to be a fApoi
have a finite detection area upon which the intensity fluctuation is collected. If two different points

on the photealetection area are distant, such that the intensity fluongfrom each point are not
coherent with one another, the total fluctuation in the detected signal will be suppressed due to the
mixing of the incoherent fluctuations. This causes the signal to noise ratio to be low1i.én f

practice § can approach 1, e.ge €an be bigger than 0.9 by using optical fibers. For many
conventional DLS (without the use of optical fibers)ydlue of the order of 0.7 is considered

fairly well.

What is coherence? Coherence is a measure of the correlatvogehethe phases measured at

different points on a wave. ¢an be defined as the degreestaibility of a phasef a wave (light

wave in our case) both in space and in tifffeere are two types of coherence: longitudinal and
transverse coherence. The ga@rse coherence, often called the spatial coherence, is a measure of
the correlation of a |ight waveds phase at dif
The transverse coherence shows how uniform the phase of the wavefront is. @eithend,

the longitudinal coherence, often called temporal coherence, is a measure of the correlation of a

Il i ght waveods phase at di fferent points al oncg

coherence tells about how monochromatic the source is.

Let s first di scus onsitlenthe lightseatiesed feom & source ovithermaeea ¢ e .
(facing the detector) of & LxLy that is collected at a distance z from the source as illustrated in
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Fig. 4.7. The coherence area)#s the area of 8urier transform of the scattering source,d.e.

V&Y. The scattering angles intheyx  p | aamned, cadcbe written as- = and — =

. Combining these with the general result for any scattering argle  _j 0 , Ac can be

expressed as
0 — (4.9)

Notice, the narrow dimension of the source corresponds to a wide dimension of the coherence area.

722 Fourier Transform of
Source distribution

A. = Ax Ay =

A
1 AN
! .
1 R
1 1
! / e = — () , = — zA | / zZA
1 VY, x J 7 Ay=— v 7 Ax ~ —
v L z y Lx
Source area Detection plane
4 7 4

Figure 4.7 A schematic diagram to illustrate the spatial coherence.

Second, we discuss the longitudinal coherence (or temporal coherence). The longitudinal
coherence concerns about the coherence along the wave propagation. In any light source, there
exist phase nees or drifts that create spectral densith i s wi | | create a specd
The longitudinal coherence function and the spectral density are a Fourier transform pair. This
means there exists a time, i.eanerence timdg, that satisfiesctpf~ 1. The narrower the spectral

line width, the longer the coherence time.

Longitudinal coherence is often characterized by the coherence length bBxpresses the

propagation distance over which the interference is still possible. If there are two light waves of

slightly different frequenciespf , or wapee |l @ n g p la §Pas showg in Fign 4.8, h e
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the coherence lengthttcc=c / gf/ o, wher e t led samae d hef albisgH t
of =pfp(c/ & = ¢ oo/ &

For example, for a sun light in the visible region, the wavelength ranges from 4@@mm (with

an average wag%b6Damgtahdofpaa300nnbisl-T(B5673@0 her en
~ 1 0 0 0 n s FerZhe Baser beam used in this experiment the spectral line iwidths than

0.2nm asndicated by the manufacturéari s corr ec® Eardd4 00 &H®) .c Thi s
~700m. One can see for | aser technology oopf is
This means the depth of the distance the light can travel and still be coherent is large.

A AN 180° out
| of phase

/\\\ m\\ /I\’\‘/\
[\ A\

\

-4
.}

C

Figure 4.8 A schemaic illustration of two waves propagating in the same direction with slight
difference in wavelength.

Regardless, if it is the longitudinal or transverse coherence, the higher the coherence, the higher

the visibility produced of the interference patterisibility can be defined as ———, where

Imaxand hinare the maximum and minimum intensities ( representing the bright and dark fringes
respectively as shown in Fig. 4.9). In DUgthighest visibility can be achievedhie detection
area A << Ac as illustrated in Fig. 4.9.
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Ad<<Ac AdSAc Ad>Ac

Figure 4.9 These figures demonstrate how visibility depends on the coherence area, &nd
detection area A. These pictures are taken from google iages.

A schematic diagram of DLS is shown in Fig. 4.20. ver t i c al pol ari zed be
vacuo (Laserglow, model R533001GX) focused by a focusing lepsl%Em) passed

through the sampl&he scattered light was collected via a photomultiplier (e#b&T) (Precision
Instrumentsmodel 3262RF The PMT was placed on a movable arm to change the light
scattering angle between 22° and @0l t er nati vel y, whi ¢dénd corr e
2 2 . 1, gespectivelyThe scattered light is imaged by an imadiemgs (f= 12cm) into a small

opening controlled by adjustable double slits. The signal was correlated using ab0A0V
multiple-tau digital correlator.
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Figure 4.10 A schematic diagram of the DLS set upThe scattering angle is drawn to be 90

To obtain the best signal to noise ratio the spatial coherence needs to be considered. Equation (4.9)
shows that the narrower the source dimensitreswider the coherence aréa, in the detection

plane. Thisallows for more experimental feasibility to choose<X Ac. The focusing lens is used

to focus the original beam waistow 1mm into the sample with a new beam walst

Qj0 ¢ ¢ afor this setup. The scattering volume is 25cm from the deteptare. This

gives A ~ 3mnt on the detection plane.

The imaging lens is used to image the scattering volume on the adjustable double slits. This allows
for a focused image of the scattering volume to be seen by the experimentalist using the reflex
mirror and telescope. The imaging lens is mounted on a translational stage to adjust the position
of the scattering iame image. The detection aréa, is determined by the adjustable double slits
opening. If the detector area contains one coherence aresspthen the scattered light will

maintain the transverse coherence, which leads to a high signal to noise ratio. In this get up, A
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0.25mm x 0.25mm = 0.063nfiThis makes AAq~ 40 and gave a maximum signal to noise ratio,

i.e maximum @t =0) =1.8.However, the larger thedAs, the stronger the scattered intensity and

the smaller the statistical noises are. Therefore, there is adffadechoosing a proper detection
volume.To increase the scattered intensity one may do one or more of the hgjlomarease 4

increase the power of the laser, use higher concentration of sample, set up the detection at smaller
scattering angle, or decrease the distance from the scattering volume to the detection area (z
distance in Fig. 4.6). Another way to reduhe statistical noise is by choosing a longer duration
time. Remember théi(t) ~expc2t / U) . |1 f the total duration of t
of decay times during the experi meddAnotte T/ U.
factor that will countesact the spatial coherence and lead to smai(@) ¢ the effect of unwanted
scattered light. Like the scattered light or the flare from the cell walls, dust, air bubbles, and other
forging matter in the solution. Preparing gemple in fume hood reduces the presence of dust.

The method of injecting the sample will affect the bubble formation (see section 4.1).

To calibrate the DLS polystyrene spheres were used with 99nm diameter as reported by the
manufacturer using TEM imagirtechnique. The DLS signal give(g vs. t as shown in Fig. 4.10

( blue data)Equation 4.8) can be used to solve fiR 0 QO pj'Q 8. Thevalue off

= g2(0)-1=0.8 for this case . Figure 4.11 shows {8 ¥/s. t. Finding the decay tinfe 1 'O

from Y amd(4siag sin(d/ D) vavg@ «&t hendi ¢ Aansfiiomd t
of theFpgarkol gielded a mkEBhGmumedT e adneftfeer €rac ¢
measured size by DLSn@nUEMhiemayiem@gies sprzediust
i maging techniques, |l i ke the TEM, the averag
measur ed. Il n contrast, with |Iight scattering
so t hesibaeggksmi nates the scattering functional
size using DLS bigger than the measured size
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Figure 4.11 Intensity autocorrelation function g»(q,t) obtained from scattering of spherical
polystyrene spheres and the corresponding dynamic structure factog(fy,t).

Gel experiment

To initiate aggregation [Mg@] = 20mM was used for polystyrene spheres (pss) with radius

a=20nm as measured by DLS. Batas collected after a waiting time Fig. 4.15 show¥ 0

Q0

p j'Q @ fordifferent t. Finding the decay time, for each, and using the analysis

mentioned above, one can find the size of the aggregates atvealthst found thathis is the

apparent size of the aggregatesppRnot the true hydrodynamic sizen.Rhis is because the

aggregatesodoshape

i sLindsaytet aglLindsaycettal. 1988howsdthai thk

apparent radius is the true hydrodynamic radiusjfRiRn<<1. As gR A 1, rotational diffusion

can affect the decay rate of the dynamic correlation function, and the apparentggaiipBars

smaller than the truenRWhen gR >>1, Ryppis smaller by a factor of ~ 2.25. However, we have

noticed in the literature some experimental data deviates from this correction ©@r gR\Manley
et al 2004; Lindsay et al. 1988; Lin et al. 1989a; Lin, Lindsay, Weitz, Klein, et al. 1990)

Sandk h hl(®andkubler et @all 2005htroduced a scattering rdel that accounts for the

sphe

contribution of the internal dynamics of fractal clusters. Their model allows to describe the

previously measured experimental data and correct for the deviation that was observed for gR
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>10. We used the Lindsay et al. resultsd@,O 10 and t he Sandkdehll er et

to obtain the true R
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Figure 4.12 The dynamic structure factor f(q,t) vs. t for the gelling sample of £,=3.8 x 10* &
[MgCl ;] = 10mM.

4.4 Transmitivity measurements and multiple scattering interpretations

Mokhtari et al(Mokhtari, Sorensen, and Chakrabarti 20f@kind that muliple scattering events
were distributed by Poisson distribution. An expression for the average number of scattering events
is reached when compared to Lamieeer law

i £6 O (4.10)
where n is the number of particles in the syst&isithe optical path length of the sample, ard C
is the total extension cross section of the particles, which can be expressed as the sum of the total

scattering cross section and the total absorption cross sectiars Ccat+ Cans For the tpe of

particles | used in this work the refractive index is reabs€0, and Gxt= Cscat
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The average number of scattering events, <s>, from a sample can be found from the ratio of the
transmitted intensity to the incident intensity after and befassipg through the sample. A

schematic diagram is shown in Fig. 4.13.

The samples in this work are aggregating samples, and eventually, if aggregation is not interrupted,
some will form gel. For these sampwagigtimet he ag
tw, which leads to changes in <s>. This is because <s> is proportionakte/kch increases with
increasing size. To find the temporal evolution of <s> for such systems, a photo sensor (Thorlab)
was used to measure the incident lightdfore starting the aggregation and the transmitted light

after the onset of aggregatiarat different waiting timesst This method relates(tw=0), k(tw),

and <s> (where <s> is a function @f s follow:

li(tw)/16(0) = Expf<s>) (4.1))

532nm

Photo-sensor

Figure 4.13 A schematic diagram of the transmitivity measurement.

MS measurements on different gel samples are illustrated in Fig. 4.13. Equal volumesnol f
[MgCl2] are mixed into a 10mm x 5meuvette, with the shortest side of 5mm determining the
optical path length.i/lo is measured throughout the gelation process. This gave the temporal
evolution of the <s> for each gel sample. The different volume fractions of monomers usgd are f
=3, 3.8 7.6, and 10 x 1d, and the corresponding [MgfE 10, 15, 16.8, and 17mM. Fig. 4.14
shows that <s> increases with time due to the aggregates growth. Eventually the <s> level off. The
higher the volume fraction, the higher the <s> is reached beferelsloff. This is due to the fact

that higher Jm corresponds to a higher number of monomers per volume, i.e higher n
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Figure 4.14 Temporal evolution of the <s> for different volume fractions §n = 3, 3.8,7.6, and 10 x
104, and the corresponding [MgC}] = 10, 15, 16.8, and 17mM.

4.5 Stability Ratio (W) measurements

In Chapter 3, we discussed the fast aggregates, which are the pure DLCA aggregates that occurred
when the salt concentration used to indaggregation was the critical coagulation concentration,

ccc. This results in sticking probability, P = 1. On the other hand if the salt concentration used <

cce, then P < 1, for all P < 1 aggregates are called slow aggregates. Aggregation kinetics between
the fast aggregates and slow aggregates are often quantified in terms of the stability ratio W. W is
defined as the ratio between the kernel of doublet formation for the fast aggregation, K
(equivalently named the Smoluchowski kernedgK to the kerel of doublet formation for the

slow aggregation Kowi.e. W = Kast or s#Ksiow. The fast kernel Kstors=8KeT/ 3™ Q. The i nvel
stability ratio 1/W can be understood as the collision efficiency, or the sticking probability between

two colliding paticles.

Holthoff et al.(Holthoff et al. 1996khowed that the aggregation kernel can be deternfiasd
the time it takes to form doublets. DLS can be used for this because the doublet hydrodynamic
radius, R is a factor of 1.35 to 1.38 bigger than the monomer radius a, depending upon the
orientation of the doublet. We used the average factor gfR.365a.Holthoff et al. provided a

relation between the scattered intensity.at 0, 1(q,0), the scattered intensity at any waiting time
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tw, 1(q,tw), the initial number concentration of the particles, N, the scattering wave vector, g, the

monomer radius, a, and the aggregation kernel (fast or slow) for doublet formation, K, as follows

— 0§ (4.12)

Using the definition of W=Iks{Ksiow, then Eq.(4.12) can be written as:

— @ 0 0 (4.13)

W measurements were done for different volume fractions and salt concentrations for the same
patch of particles with radius a = 20nm as measured by DLS. The scattering angle was fixed at
9C°. DLS measurements provide a tool to measurarid the average intensity measured during

data acquisition time 1.

The smallest\f we work with is ~ 100more concentrated than what Holthoff et al. used. In
addition the interest of this work is to study gelation which requires
using relatively high salt concentrations to allow the dampo gel before they sediment. It is
known that higher volume fraction and higher salt concentration mean faster kinetics. With the
most dilute §m, at high salt concentrations doublet formation was either comparable to, and
sometimes even faster thahetacquisition time required to take a DLS measurement to find R

To overcome this problem, small enough [MgGVas used such that the doublet formation is
significantly slower than the measurement time to find Rhis enables the measurement of not
only the R 2, but also the average intensity at the doublet sizg)l(g/here §is the time at which
doublets are formed. The ratio of I¢yk(g,0) obtained from the lowest salt concentration was
used as a reference for the time at whigh Ras reched for the higher salt concentration

experiments. This procedure was repeated for eaakséd.

Fig. 4.14(a) shows the I(g)(1(q,0) vs. & for fun = 1.9 x 10* and different salt concentrations. The
lowest [MgCb] used was 5mM which made the aggregaslow enough to enable a successful
measurement of . At Rn2we found 1(gd)/1(q,0) = 1.9. Taking this ratio worked as an
alternative measure to find thene at which the doublets fornig, at high salt concentrations.
Additively, at high salt ancentrations (starting from 20mM fogf= 1.9 x 10%) ty is comparable
to the time of mixing. This creates a limited number of measurement @j/I(q,0). Fiqure4.15

(a) shows the limited number of data starting at the 20mM salt concentration.Hé&sst Fig.
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2.15(b) (which is a zoomed in version of thexs of Fig. 4.14(a)) shows an increasing slope with
increasing salt concentrations up to 40mM. This concentration may be recognized as the critical
coagllation concentratiorgeg for this fm. The slope at 40mM can be used to experimentally find

Ktast TO be careful in determining the ccc value and the associated slope, thA(Hd@) vs. & is

graphed beyond the doublet formation for all these runs as shown in Fig. 4.16. One can see that
the kinetics of aggregation is clearly speeding up with increasing salt concentration up to about
40mM. Afterwards, there is no distinct change of the temporal evolution af)i{@0). This

further concludes that fof=1.9x10% the ccc = 40mM. Due tdé limited data points obtained

for [MgCl2] xx40mM, the data points for these concentrations were combined to give the slope of

1.04 as shown in Fig. 2.15 (b). This slope is used to find the experimental valige of K

T 15mM
22 (a) *5mM 22 + (b)
¢ 10mM T ® 20mM
2 | m= 15mM 2 4 0.2 * 30mM
® 20mM v 25mM
—~18 - ® 30mM 518 (Y m
g 1 35mM A ¢ 40mM
= =
=16 ® 40mM 216 * 50mM
§ e 50mM = T = 100mM
1.4 m 100mM 1.4 1 250mM
250mM T
500mM T + 500mM
1.2 0.0006 o R 1.2
e ]
1 4 e 1 e
100 150 200 0 2 4 6 8 10 12

t, (sec) t,(sec)

Figure 4.151(q,tw)/1(q,0) vs. t, for 20nm particles with f,n=1.9x10* and different salt
concentrations. The data are limited here to a waiting time at which the doublet are formed (~
1(g,tw)/1(q,0) ~1.9). (a) Shows all the salt conogations used. (b) The same graph as in (a) but

zoomed in for salt concentrations of 15mM and more.
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I(q,t,)/1(q,0)

Figure 4.16 1(q,tw)/1(q,0) vs. t, for the same runs showed in Fig. 4.14 but now the I(q¥1(q,0) is
graphed versus waiting time a way beyond the doublet formation time. Due to the limited number
of data for [MgCl ;] xx40mM, | presented this graph to further check on when the critical

Now we obtain the slopes &(f,ts)/1(q,0) vs t for all the salt concentrations including the ccc
value. We uséq. 4.12 to find K (slow and fast) and the corresponding W values. Fig. 4.17(a)
shows K vs[MgCly]. The experimental Kst(Krastexp = 1.75 x 10’s? indicated by theed dashed

10

t,(sec)

coagulation concentration (ccc) is reached.

line, whereas the theoreticalal{(Krast,th) = Kse=8KsT / 3 "Q

Krast, THK slow (black filled symbols). The salt concentration at which W reaches a constant value of

~1, is the critical concentration of coagolation, ccc.

72

= 17 s3ifdicated bylthe solid
black line. This makes st 1K ftast,exp= 0.78. Figured.17(b) shows W vs. [Mgg]l for fym=1.9 x
104 Once W was calculated usingadexdKsow (red unfilled symbols) another time using
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Figure 4.17 (a) doublet forming kernel K for different salt concentrations, (b) Stability ratio, W for
different salt concentrations.

Figure 4.18 is a repeat of Fig. 4.17 except it shows diffetgat Again, the unfilled and filled
symbolsrepresent W = st exd Ksiow and Kast, THK siow, respectively. The red dashed line represents

W = KrastexdKsiow ~ 1, whereas the black solid line repres®it= Ktast 1/Ksiow~ 0.7. This graph
further confirns, experimentally, that for a good approdtion one may consider i h ~
KrastExp TO replace kst expwith Krast Thwas an additional change to the Holthof et al. method. This
change was inevitable due to the relatively high volume fractions we are interested in for the
system to gel. Thisreates a very fast kinetics which makes finding the &punfeasable. This

procedure is followed in finding W for all the gelling samples.
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Figure 4.18 W vs. [MgCly] for different f ym. The unfilled and filled symbols represent W =
K fast,exp/K siow aNd Kiast, /K siow, respectively. The dashed red line represent W =k exp/K siow ~ 1, the
black line represents W = Kast /K siow ~ 0.7.

Now we present W vs. [Mgg]l graph for a wide range of initial momer volume fractions
rangng from 1.9 x 1 to 1 x 10?7 as shown in Fig. 4.19. The graph shows two slopes. One slope
is represented by the black solid line(s) which, interestingly, takes a value of 3.1 + 0.12 for all the
different {ms. The second sloge represented by the color coded dashed lines and take values
ranges from 4 to 6.5 forf = 1.9 x 1P to 3.8 x10, respectively. As discussed earlier, for low
fums, the ccc was determined experimentally when W ~ 1. For the higlsehé kineticsvas so

fast that determining ccc was unfeasible. Nevertheless, | will consider the point at which the
horizontal black dashed line crosses with-Bi& slope of eachd represents the ccc for thatf

Figure 4.20 shows ccc vsaf The filled symbols neresent the experimentally achieved ccc values
(for lower f,ms), meanwhile the unfilled symbols represent the ccc values obtained by crossing the
-3.1 slope line with the horizontal dashed black line for the higher It is interesting that all the
datafits in a slope of 0.5 + 0.04. This provokes the idea of graphing W vs. fig&l°as shown

in Fig. 4.21. This graph creates fal mosto a m,

and deserve further studies.
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Figure 4.19W vs. [MgCl;] for a wide range of fm obtained as described above.

100

Ccc

10

Figure 4.20 ccc vs. {m obtained from Fig. 4.19. Filled symbols represent thexperimentally found
ccc for fums ranges from 1.9 x 16to 1.9 x 1G*. The unfilled symbols represent the ccc obtained from
the solid lines of slope3.1 crosses with the horizontal dashed lines foy.fs ranges from 3.8 x 18to

1x10%
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Figure 4.21 W vs. [MgCl)/(fum)%>.

4.6 Combined setup

In Fig. 4.22 a schematic diagram for the combined SASLS and DLS with the transmitivity set up
for probing the gel system. Figure 4.23 shows (a) the image of DLS and transmitivity setups, and
(b) the image of SASLS setup.

These three combined setups alloies measuring, in real time and for a single sample, the
following: the intensity 1(g,)/I(g,0) growth rate, to eventually find the stability ratio W, the

temporal evolution of 1(4 0), R;, Ryand <s>, and to measure the fractal dimensien, D
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Figure 4.22 A schematic diagram for the three combined setups: SASLS, DLS, and transmitivity
setup.
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Figure 4.23 Images for DLSapparatus (a)and SASLS apparatug(b).
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Chapter5-Ex peri ment al procedure

To successfully study the IGP theory, including the kinetics and the gel time perspectives, there
are two main aspects that need to be considered. One is the integration between concepts and the
variables in these experiments. For example, the fractalndiore and the monomer volume
fraction both determine the size of the aggregate at the IGP and the gel time. At the same time the
salt concentration and the monomer volume fraction determines the fractal dimension. Another
aspect is the experimental chathes (or limitations) associated with this study, such as
sedimentation and multiple scattering. This chapter is designed to give a road map of the procedure
we followed to find the proper connection of the variables, and to a good extent overcome the

challenges.

5.1 Design of experimental procedure

The range off used in this experiment was low bounded by sedimentation, and upper bounded
by MS. Sedimentation was studied Manley et al., who gave an expression to find the
gravitational strain value onctuster(Manley et al. 2004dlespite using density matching medium.
Gisler et al.(Gisler, Ball, and Weitz 1999howed that colloidal aggregate gels break under
external strain > 0.45. The strain value increases with increasing cluster size. At the sahee time

| GP t heory pr e dsizecta iscredsé s theal@Rgwithedgcaebsga@f increasing

Dr. Following Manley et al. calculations for our system (where density difference between medium
and particlesp;  2gici®’) indicate the cluster size at IGP where critical strain reaches r80
which is higher than the measuredy Bf our experiments. In additiont was observed
experimentally that sedimentation occurs for our system wiéh R1 8 € m gcVvdiule ean I
predicted from the IGP theory using the knoww &nd D, allowing us toavoid low volume

fractions, whichgive Rg> 18 ¢ m t hat would fail to gel due

On the other hand, at largefMS perturbed the structure factor obtained from SASLS to yield a
smaller slope, hence a smallefeimed D in the power law regime and smalley ilReasurements.

It also affects the dynamic field correlation function obtained from DLS and eventually, yields a
smaller R. We found that SASLS measurements are much more sensitive to MS than DLS ones.

MS atifacts start to show on the SASLS structure factor for relatively high<+7.6X10*in our
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experiment), but with increasing:fit becomes so severe (\mf~3x10% in our experiment) that

the signal smears out and no aggregate growth can be detected in the forward scattering.

The experiments were designed to test the effect of the fractal dimension and the monomer volume
fraction on the radius of gyration value at t&4°. In addition, it was meant to test the kinetics of
sokto-gel transition as described by the IGP theory. These relations were expla@ieapier3.

| found that having the correct fractal dimension is crucial to our data analysis. In addition, the
multiple scattering, as mentioned earlier, will create artifactsgmmil D measurements. The

effect of MS artifacts on fwas resolved by combining the DLS to extragt Rven though these

two radii are not exactly equalyR 0.77 Ry in the dilute regimethe assumption of R- Rg can

still be valid. In addition, our experimental values @&lRd R are comparable to each other as we

will see this in Fig5.2 (a).

The effect of MS on Pneeded to be addressed as well. To do so, | found it very impéotant

these experiments to measure the stability ratio W. Remember, W can be understood as the inverse
of the probability of sticking, P, between particles. This probability is determined by the amount

of salt added to the charged particles to screen phusree potential. If B 1, the aggregates will

form via the fast or pure DLCA aggregation. Otherwise, 4 B, the aggregates will form via the

slow aggregation.

| followed, for the most part, the procedure of Holthof et(ldblthoff et al. 1996)o find the
stability ratio. As a reminder, W=k/Ksiow, Where Kastis the fast ggregation kernel for doublet
fomation, which is achieved at salt concentration defined as the critical coagulation concentration
(ccc), and Kowis the aggregation kernel for doublet formation for any salt concentration less than

the ccc.

The experimetal set up and data for W measurements was explained in section 4.5. Here | will
summarize the method and talk about the procedure we followed to £ifth® Holthof et al.
method depends on finding the time at which doublet size is reagh€Hhetdoubtt size ~1.365

the initial nidéacThiedefids thedoublettimeihich isinvolved in finding

the doublet forming kernel, thus W. In my experiment, the challenge was the kinetics of forming
the doublets on the order of the time scdiftne measurements. This is because the initial monomer
volume fractions | worked with are high enough to guarantee the system forms a gel. For example,

the minimum volume fraction of monomers | used in my experiments was 100 times more
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concentrated thatihe ones used by Holthof et al. In addition | used divalent salt with relatively
high concentrations so that a gel may form. These choices make the kinetics very fast compared

to Holthof et al. case.

To overcome this challenge, | used the ratio ofsitedtered intensity at doublet formatiog,tb

the scattered intensity of the monomegspkfore aggregation. This ratio was taken first with a
very low salt concentration such that the kinetics is still slow enough to measure the doublet size.
At thedoublet size for each monomer volume fraction, | marked the ratif ©fTihis ratio value

is now the reference value of findingfor the proper W calculations. It turned out that this ratio

ranges experimentally from 2179 for the different volumedctions | worked with.

This new twist we introduced to the Holthof et al. method to measure W was successful for gel
experiments that are not in the pure DLCA regime. When dealing with the pure DLCA or fast
aggregation, the kinetics are, again, tod fadind the ¥/l.. This problem is even more severe
when higher values of are used. The pure DLCA aggregates occur at the ccc point, which is
different for eachy. At the ccc, the kinetics is the fastest for that specificthe doublets form

for the gel samples so fast making it unfeasible to find the experimental fast aggregation kernerl,
Ktast In section 4.5 we found that the theoretical and experimental doublet forming kernels are
about equal. Replacing the experimental value in the Holtladf method by the theoretical value

of the doublet forming kernels overcomes the problem of fast doublets formation for gels.

Now that we can measure the stability ratio for the gelling system, we can continue in our
procedure to overcome the MS artiaain D values. To accomplish this, we grouped our
experiments into groups. Each group consisted of different volume fractions and different salt
concentrations such that the measured W values for all the volume fractions within one group were
within ~20%or less of each other. We named the average value of the grouped y. ¥é&\did
different SASLS measurements for differeptto determine the/f at which the structure factor
contains no artifacts due to MS. Eig 51 (a) &(b) show I(q) vsg at tv ~ tye for different gelling
systems. The 1(q) vs. q foif= 3 & 3.8 xXL0* correspond very well with each other to indicate
that I(g) contains no MS artifacts famfO 3 108 This experiment concluded that fogy\e 37

+ 4 the correct b= 1.73+0.05, and for Wp= 141+ 20 the correct b= 1.85+ 0.05 as shown in
Fig.5.1 (a) and (b) respectively for thenfup to 3.8X.0%.
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However, notice for.f=7.6 X10* and 1 X1@ the inferred P values were smaller due to MS
artifacts. Simultaneously to SASLS measurements for each gel experiment, the transmitivity
measurements were performed, and the <s> valuesgaaeere recorded as insert tables in Fig.
5.1 (a) & (b). For §m = 3.8X10% the average <s> 8.5-0.55. From the Poisson distribution, this
gives P(double scattering)/P(single scatterings>/2 =0.28. This is a significant fraction, but
when comparing with Fig. 1 of Mokhtari et @{lokhtari, Sorensen, and Chakrabarti 2Q@&)ere
<s>=0.63, the 1(q) vs g plot is still in good agreement with the-8¢@ttering theory. Thus, it is
reasonable to conclude that when #46.55, there is no MS artifact to perturb the structure factor
and harm the Pmeasurement. We found that any gel experiments with the same W value will
have the samePregardless of theik and salt concerdtions. This is evident in Fig. Ha) &

(b), where the bwas measured to be the same farf3 x 10* and 3.8 20* that had similar W.

To properly link W values to their corresponding We choose to work withd = 3X10%, which
satisfies the following conditions simultaneously: it can lgefore it sediments, and no MS
artifacts are present in the SASLS measurements. A series of experiments witibtitislifferent
salt concentrations, which yielded different W values, were performed as showni2 Figgure
5.2 (a) shows Rand R vs. t for each W value, and (b) shows\3. W. Note in Fig. 5.2(b) the
black diamond corresponds tgF 3 x 10%, but other points correspond to differeat fhat do

not satisfy the first condition, but nevertheless still give a vadich@®surement vs. W.
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Figure 5.1 1(g) vs g at tw ~ tgel for different Wy, gelling systems with (a) W, =37+4 and (b) Wp
=141+20. Inserted tables show Dand <s> near tgel and W values for eadndividual gelling
system. W values that are within 20% of each other are grouped together and averaged to givg W
as shown in (a) &(b). Here we show that <s> up to 0.55 value shows no MS artifacts in the forward
direction.
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Figure 5.2 A series of gel experiments usingf=3X10* but different salt concentrations. (a) Rh, Rg
vs tw with the measured W value of each experiment as indicated in the legend. (hvB. W graph.
Dr was measured from the SASLS mesaurement near tgel.
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Chapter6-Th e kionfe ttidtes ® dtldgaell tr ansi t

In this chapter we present investigations of the kinetics of the colloidéd-gel transition by
combining small angle static light scattering (SASLS) and dynamic light scatt@ing)
techniques. Thight scattering theoriesechniquesand calibratiorhave been discussed in detall

in Chapter 2 and 4. Two types of experiments were conducted. One isgelling, aggregating
experiment and the other is a gelling experiment tik®igel experiment dilute monomer volume
fractions were used to allow for a full investigation of the gelation to obtain all possible &inetic
regimes. The data verify the predictions of the ideal gel point (IGP) theory, where three regimes
of kinetics areexpected. This theory is fully discussed in sections 3.3.1.1 and 3.3.1.2. We observe
the first regime, the weknown clusterdilute regime, with a kinetic exponent of z = 1. The cluster
dilute regime followed by a clustelense regime with an enhancedektics and £ 2. Finally, a
gelation regime is observed where the aggregate growth slows and ceases to grow at the IGP

predicted size, i. which takes the following expression
_ ; /(3 Dy)
RJ,G - 6[ fv,rlnko( Df/(2 +Df))3/2] >P (61)

The results discussed in this chapter quantitatively verify the IGP theory. We concluthe that
kinetics description provides a complete theory of the gelation process from sol to gel.

6.1 Results and discussion

6.1.1 Aggregating, norgelling system

The ggregating, nogelling system was very dilute, with a monomer volume fractipn=f
6.8x10°% and [MgC#] = 10mM. This very dilute system stayed in the cluslirte regime during

the whole experiment (~ 18 hrs). Data was collected at different tiftesthe onset of
aggregation, a time that will be called the waiting timePiLS measurements were performed at
scattering angles 22.and 90 for the same sample. These scattering angles correspond to g values
of @Htean 2 2, reRpeatively. An exmple of the results are shown in Fad., where the field
correlation function fq,t) were graphed, for both scattering angles, at diffegefutrtthe same

aggregating, nowgelling sample. The solid lines are the fit lines to a stretched

exponentiai%r']Fbx'anr‘]orrT, where U is the relaxation ti me

Initially, f1(q,t) starts as a single exponential representing a pure diffusive motion in the early
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stages of aggregati on ( b =hdingexpdnentialahddbecemesmore st a
stretched exponenti al i n for m. fOoscatteringanglésr at e
22.1° and 90 as shown in the insert of Figl6(a) & (b). Initially,] takes a value of 1, then drops

below that atw ~ 20 minutes and 4 minutes for scattering angles’2d 90, respectively. The

b  <behavior indicates hindered motion of the diffusing aggred®&es et al. 1992; Roland

Bohmer 1998)More of the stretched exponential discussions will be introduced in chapter 8. For

such a dilute system, the scattered lighthie forward direction was too weak to be detected by

the SASLS.

1 | R (b) 1 2%
t, PR 09 N
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Figure 6.1 The field correlation function for the aggregating, nongelling system of §7,=6.8x10° and

[MgCl ;] = 10mM measuredsimultaneously at two different scattering angles (a) 22hnd (b) 90.

The solid lines are the fits for the stretched exponentif§ ah«<x ge —=4W". The inserts represent
t h e [graplss for elach scattering angle.

The f(q,t) yields an pparent radius, &, According to Lindsay et a{Lindsay et al. 1988}he

rotational diffusion of the aggregates affect the decay rateeafythamic correlation function and

yields smaller decay values if gig> 1 . Lindsayds model showed a pl
gRapp~ 10. Experimental results did not show a platgan, Lindsay, Weitz Klein, et al. 1990;

Lin et al. 1989a; Lindsay et al. 1988; Manley et al. 2004)S a n d k h (®dnakiihlereet al. a |

2005) introduced a model that accounts for the internal dynamics of the clusters. Their model
nicely fits the experimental data forg> 1 0 . Lindsay et adswerand Sa

used for qRpO 1 0 @R 1D, ragprctively.
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Figure6.2 shows the Rvs t for the nongelling sample data shown in Figl(a) and (b). Notice

that R, for both scattering angles of the same sample is in agreement with each other, and the
slopes of these two independent measurements are yielding the same slope of 0.52 + 0.06. This
slope corresponds to z = 0. 94 adlvaldefd &ggregates o
in the DLCA regime(Jullien 1987; Kolb, Botet, and Jullien 1983; J E Martin and Adolf 1991,
Meakin 1987)with D = 1.8.
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-------------------- > Slope = 0.54 + 0.06 = z/D;
z=0.97+0.05
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Figure 6.2 Temporal evolution of the true hydrodynamic radius, R, for both scattering angles 221
and 90C.

6.1.2 Gelling system

The gelling systems had monomer volume fractions of the ordeFbdthese systems the kinetics
was slow enough to allow for detecting all aggregation regimes from the onset of aggregation up

to the gel formation within feasible esqpmental times.

Figure6.3(a) shows the static scattered intensity I(q) vs. q for a gelling sampke 38x10* and
salt concentration [MgG] = 10mM). The power law slope is evidence of fractal aggregates with
a fractal dimension D= 1.78 = 0.05 formed via DLCA. The dynamic field correlation function

fi(g,t) vs t in Fig.6.3(b) shows complete relaxations over all times to indicate that the gelling
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system remains ergodic. This indicates that the excursions of the segments wghlnstigeeater
than @', so the scattering appears ergd@éicKrall and Weitz 1998) The insert repr
vs. tv graph for this sample.

The SASLS provides I(q) vs graph at differentst Each 1(q) vs. q provides a measure of the
intensity at smalt values at thatyt The hump at smaller g values is due to clushester anti
correlation(Oh and Sorensen 199@hich occurs when in the clustdense regiméHuang, Oh,

and Sorensen 1998} will be further established lmv that all the SASLS measurements were
taken when the system was in the clustense regime. It is reasonable to assume that the value
of 1(q) at the peak of each hump is the value of the intensity at small g. We will call it 1(0). SASLS
can also be uskto find R,from Guinier analysis.1fq,t) vs. t can be used to find, RBssuming
StokesEinstein Brownian motion of the aggregates. It is known that R 77 R for aggregates

in the dilute regimgC. M. Sorensen 2011for the purpose of identifying a general trend of

kinetics one may assume RRy. Then, each of RRy, & 1(0) can probe the kinetics because 1(0)

x 0 andR~Ry 0/
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Figure 6.3 Light scattering results for the gelling sample (fmn = 3.8x10*& [MgCl ;] = 10mM) at
various waiting times (tv) after aggregation initiation. (a) SASLS measured 1(q) vs g. The slopes at
large g imply Ds = 1.78 + 0.05. (bpLS measured dynamic structure factor {(q,t) vs t for the same
gelling sample shown in (a). Thewinsert show
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