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ABSTRACT

Particle shape plays a very important role in the thermodynamic and rheological
properties of colloidal and nanoparticle suspensions and new phenomena arise as
compared to dispersions of isotropic particles. Previously, a state diagram has been
constructed for the simplest, fundamental system that includes both excluded volume
and attractive interparticle interactions, i.e., adhesive hard spheres. This was
performed by combining state-of-the-art simulations, rheology and small angle
neutron scattering (SANS) experiments on a model dispersion [1]. In this study, we
extend the state diagram to include shape effects by characterizing the dynamical
arrest and strength of attraction of model adhesive hard spheres (AHS) comprised of
octadecyl-grafted silica nanoparticles in n-tetradecane. We synthesize model,
anisotropic colloidal particles of aspect ratio 2.5 + 0.4 by first by growing ellipsoidal
titanium dioxide particles as the core and then coating these templates with a silica
shell. The silica coating layer was added to achieve the same surface chemistry as the
previous isotropic systems and to reduce the strong van der Waals attractions induced
by the titanium cores. Octadecyl chains are grafted onto the silica coating as done
previously for the spherical analogs to develop a system exhibiting thermoreversible
gelation. Gel temperatures were determined by dynamic oscillatory rheological
measurements whereas SANS experiments performed in the vicinity of the rheological
gel temperature provided microstructural information. The rheological results shows

the adhesive hard ellipsoids suspension formed a gel-like structure as determined by



applying the Winter and Chambon criterion [2] SANS results show a more compact
structure is formed in comparison with the structure of the aggregates formed by
spherical particles of comparable size. The results show that the phase behavior
strongly depends on particle shape at a given particle volume fraction and provide

guidance for the formulation of gels of anisotropic colloidal particles.
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Chapter 1

INTRODUCTION

1.1 Motivation

Suspensions of anisotropic particles, such as clays, pigments, and inorganic mineral
crystals are important in the formulation of chemicals, pharmaceuticals, paints, and
coatings. They exhibit different and intriguing phenomena in suspension rheology as
compared with dispersions of isotropic particles [3] because, among other reasons,
anisotropic particles can be rotated and oriented by flow fields. In general, suspensions
of anisotropic particles show much stronger elasticity and solid-like rheological
properties at lower volume fractions than their isotropic counterparts [4, 5]. This can
be understood because anisotropic particles have a larger surface to volume ratio and
therefore, can form more contacts with neighboring particles than for spherical
particles at comparable volume fractions. Particle anisotropy dramatically affects the
equilibrium microstructure and phase behavior as well. For instance, it can shift the
glass and gel transition lines in the state diagram to much lower volume fractions [5].
Furthermore, deviations from a spherical shape introduce distinguishing phase
behaviors not observed for spherical particle suspensions such as liquid crystalline
phases.

Although many distinguishing characteristics of anisotropic particle suspensions have
been reported in literature [3-7], comparatively few studies provide a systematic,
quantitative investigation on the influence of particle anisotropy on gelation or gel
rheology. Currently, the transition between the gel and glass states and the change in
rheological properties of anisotropic particle systems are not fully understood.
Specifically, the effect of aspect ratio on the relationship between attraction strength,
and particle volume fraction that defines the gel and glass states is still unknown,
while isotropic systems have been systematically studied [1, 8]. Eberle et al. [1]

constructed the state diagram for a system of adhesive hard spheres (AHS) by



combining Monte Carlo simulations, rheology, and small-angle neutron scattering
(SANS) experiments on a model dispersion. In the current project, we aim to extend
the previous work to an anisotropic system comprised of particles described as prolate
ellipsoids of revolution of moderate aspect ratiol and thereby, extend the AHS state

diagram to include adhesive hard ellipsoids (AHE).

1.2 Background

1.2.1 Adhesive hard particles: colloidal dispersions with attractive interactions

Colloidal dispersions that interact via short-ranged attractive potential have a rich and
complex phase behavior [9-11]. Of specific interest are the states and phase transitions
driven by attractions such as gelation and attractive driven glass (ADG). Numerous
experimental and theoretical studies have focused on this behavior [11-14]. One of the
most frequently studied model system is the octadecyl-coated thermoreversible
adhesive hard-sphere particles [1, 8, 15-21].

The system is composed of a spherical silica core with grafted octadecyl chains on the
surface [23]. When the particles are dispersed in the medium of linear hydrocarbon
chains such as tetradecane, the particles exhibit a temperature dependent interaction
that varies from short-range repulsion to short-range attraction such that suspensions
of these particles exhibit thermoreversible gelation. The strength of interparticle
attraction can be controlled by temperature and the range of the attraction is set by the

thickness of the layer of grafted alkane chains.

I In this thesis we will use the conventional scientific usage of “ellipsoid” to mean
prolate ellipsoid of revolution.
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Figure 1.1 Change in the conformation of the solvent molecules (blue line) and the
grafted chain (black line) at (a) 40°C and (b) 25°C on the silica surface. The figure is
reprinted with permission from [22]. Copyright 2010 American Chemical Society.

Eberle et al. characterized the conformational change of the grafted chains in n-
tetradecane as a function of temperature with neutron reflectometry to determine the
mechanism for the change from repulsion to attraction [22]. As shown in Figure 1.1,
they demonstrated that the chains become linear at low temperatures and promote
interdigitated with n-tetradecane molecules, which results in a crystalline phase. At
high temperatures, on the other hand, chains fluidize and the crystalline phase
disappears. Eberle et al. also prepared a silica substrate coated with the same brush
layer material and used neutron reflectivity to see how the scattering length density of
the brush layer varies as a function of depth at different temperatures [22]. A similar

finding through sum frequency generation spectroscopy was published by Roke et al
[24].

1.2.2 Phase behavior of Adhesive Hard Sphere (AHS)

The phase behavior of model AHS particles is reported in Ref. [1] as shown in Figure



1.2. The bold black line corresponds to the binodal transition calculated by using
grand canonical Monte Carlo simulations with the critical point denoted by the red star
[25]. Gels inside the vapor-liquid binodal boundary are metastable with respect to
fluid-solid coexistence [26]. The broken line is an analytical solution of dynamic
percolation as determined by the Percus-Yevick approximation [14]. The grey region
defines the liquid-crystal transition, which is suppressed as the particles are slightly
polydisperse. The repulsion-driven and attraction-driven glass transition lines with the
singularity point denoted by A3 are obtained from the mode-coupling theory [26].

Eberle et al. presented a quantitative, experimental study documenting the gel
transition as shown in Figure 1.2 for dispersions of octadecyl grafted silica particles in
n-tetradecane, which exhibits a phase transition between liquid and solid as a function
of temperature. At high temperatures, the osmotic pressure exerted by the brush layer
promotes a steric hindrance and prohibits particle aggregation while the crystallization

of the brush layer at low temperatures leads to a contact aggregation between particles.
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Figure 1.2 State diagram for the model adhesive hard sphere systems showing the gel
line transition. The green points the experimentally determined dynamical arrest
transition. The broken line is the analytical solution to the percolation line using the
Percus—Yevick approximation. Reprinted figure with permission from [1]. Copyright
2011 by the American Physical Society.



The gel temperature is determined by multiple methods, including rheology and
dynamic light scattering. Importantly, the gel temperature was determined to within
0.1 °C by identifying a power-law regime over a decade or more of frequency in the
dynamic moduli using the so-called Winter- Chambon gel criterion [2]. Then, the gel
strength, as represented by the AHS stickiness (or Baxter) parameter, was measured at
the rheologically determined gel temperature by fitting the structure factor from static
small-angle neutrons scattering measurements with the Ornstein-Zernike equation
combined with the Percus-Yevick closure [14]. Figure 1.2 shows the results of this
procedure as the green triangles spanning a broad range of volume fractions. As
shown, lower attraction strength is necessary to gel the particles at higher particle
concentrations. Further, the gel line clearly lies in the one phase region for all but the
lowest volume fractions. Close inspection shows the data lies just slightly below the
predicted dynamic percolation line, and a more detailed analysis demonstrates that the

data follow the predictions of rigidity percolation [27].

Eberle, Fang, Kim and coworkers performed a systematic analysis of the effect of the
range of attraction on the phase transition of attractive systems to work towards a
common theory for the physical understanding of the adhesive hard sphere [1]. Kim et
al. reported the effect of particle size on the dynamic arrest of adhesive hard sphere
system with the systematically varying particle size such that the relative range of
attraction is reduced for larger particles [16]. Based on Noro and Frenkel’s law of
corresponding states for systems with short range attractions, Kim et al. expected a
universal gel line for systems with relatively narrow ranges of attraction (e.g. <~10%
of the particle size). Through the study of a range of particle sizes, they constructed a
state diagram showing three distinct regions with different trends concerning the range
of attraction. At low volume fractions, the smallest particles can form a stable gel even
in the two-phase region without a sign of macroscopically visible phase separation,
while the other two systems of larger particles phase separate. Also, at intermediate

volume fractions, a systematic shift in the gel line towards a stronger attraction for



larger particles is seen. Finally, the gel line converges to the attractive-driven glass line

regardless of the particle size at high concentrations.

The size-dependence of the gel stability can be understood as a consequence of
particle aggregation that is in competition with gravitational settling. The threshold of
the volume fraction at which particles form a stable homogenous gel appears to be
particle size-dependent. The origin of the difference was successfully described within
the framework of the gravitational Péclet number Pe,. By systematically varying the
particle size, volume fraction, and the gravitational acceleration via centrifugation, a
critical Pe; was determined that separated stable, homogenous gels from
gravitationally induced phase separation. This work elucidated the important role of
gravity in the competition between phase separation and gelation in colloidal

dispersions at low volume fractions (e.g., below the critical concentration).

1.2.3 Flow behavior of Adhesive Hard Sphere (AHS)

The flow behavior of Adhesive Hard Sphere (AHS) have been recently explored and
reviewed in the literature [28]. Eberle et al. reported the microstructure of AHS gels
under steady shear at different temperatures and concentrations. They argued that the
flow behavior in the fluid and gel states can be characterized by a universal behavior.
The concept is based on the competition between the forces driving particle attraction
and the force of the shear flow exerted on particles. Thus, rescaling the shear rate with
the maximum attractive force acting between particles that accounts for the
dependence of temperature, particle concentration, and particle size, Eberle et al.
scaled shear rates by introducing M', which balances the breakdown force of flow with

the maximum attractive interparticle force.

A S’y
max (11)



Due to the difficulty in determining the maximum attractive interparticle force, a
surrogate, measurable property was substituted. The maximum attractive interparticle
force can be expressed in terms of the measurable yield stress as:
¢’ ( dD
ey
@ N AV max (1.2)

Thus M’ can be expressed as

M'~c ’u‘—W
& (1.3)
where ¢ is an empirical constant. A limiting behavior of M'~1 corresponds to a
fluidized suspension where the shear flow is sufficient to pull particle pairs apart. This
is taken to be a shear rate of 1000s' whereupon structure measurements show the

particle arrangement is dominated by the shear flow [26].
1.3 Phase Behavior of Dispersions of Anisotropic Particles:

1.3.1 Rod-like particles

Many industrially significant suspensions contain anisotropic particles with simple
axisymmetric geometries including rod-like or prolate particles. Colloidal rod
suspensions are ubiquitous from inorganic materials (e.g. boehmite and hematite) to
fibers such as cellulose. For industrial application, such as photonic materials, the
crystalline phases of rod-like particles are interesting targets for self-assembly. Studies
of the phase behavior or self-assembly of rod-like particles have a long history since
the experiments of Langmuir [9] and the theory of Onsager [29]. The nematic phase is
generated due to competition between translational and orientational contributions to
the free energy in rod-like particle system [30]. For hard spherocylinders, initial
simulations showed that higher particle concentrations lead to a phase transition to the

smectic phase, followed at higher concentrations by an oriented crystal [31]. As



concentration is increased, prolate spheroids exhibit only the isotropic—nematic

transition [32].

The ordered phases of rods are of interest because their maximum density is higher
than that of spheres. For example, the maximum volume fraction of a close-packed
ellipsoids with a unit cell of two particles is ¢pmax=0.771, a value greater than the FCC
packing fraction of spheres (¢max=0.7405) [33]. It is shown that a simple monoclinic
phase with a unit cell of two hard prolate spheroids with unequal orientation is more
stable than a stretched FCC crystal by using Monte Carlo simulation [34, 35].
Experimental reports of orientationally ordered packings of prolate spheroid at ¢$=0.55

are quantified as nematic order [36].

1.3.2 Pair potential driven self-assembly

Anisotropic particles can be self-assembled into bulk colloidal phase as a function of
colloid volume fraction, pair potential strength, as well as potential range. Systematic
experimental exploration of phase behavior of suspensions of anisotropic particles is
possible and the anisotropic pair potentials can be parameterized. Such a study of self-
assembly under carefully controlled conditions of specified thermodynamic
parameters has been reported in the area of colloidal rod and disk assembly [37].
These systems have demonstrated the existence of columnar phases in disk
suspensions and a rich sequence of liquid crystal phases in fd-virus. Dogic et al.
explored the phase boundaries of colloidal rods that occur as attractions between the

rods [38].
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Figure 1.3 Map of the volume fraction and aspect ratio r dependences of rod gels and
glasses. The figure is adapted from [5] with permission of The Royal Society of
Chemistry (RSC).

Solomon et al. reviewed the phase behavior and rheological properties of rod-shaped
colloids [5]. They argue that, depending on the strength of pair potential interactions,
suspensions of rod-like particles form microstructures ranging from heterogeneous
fractal clusters to homogeneous fiber networks. Further, they contend that the volume
fraction range for transition between these two cases is strongly dependent upon rod
aspect ratio. The two limiting microstructures can be distinguished by differences in
structure factors in scattering experiments. Theories of the Brownian dynamics of
fractal clusters and fiber networks show that these two types of microstructure can
lead to the gelation and the glass transition, respectively (Figure 1.3). The dependence
of the gelation/glass transition dynamics on volume fraction and aspect ratio for these
two cases differ significantly. They reported that gels and glasses formation can be
differentiated by probing this transition dynamics. The diffusivity of a rod in fiber
networks at low volume fractions is orders of magnitude larger than that in fractal

structure. Also the rod glass shows an abrupt down turn in the diffusivity with
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Figure 1.4. Comparison of the g-dependent scattering intensity, I(q), for the limiting
cases of rod suspension structure: homogeneous rigid rod networks and heterogeneous
rod fractal clusters. The figure is adapted from [5] with permission of The Royal
Society of Chemistry (RSC).

increasing volume fraction while the rod fractal gel shows a more gradual, power law
type decrease. These different dynamics are the consequences of the difference in pair

interactions: U/KT <<1 for glasses, while U/kT >>1 for gels.

1.3.3. Anisotropic particles flow behavior:
Under flow, suspensions of anisotropic particles exhibit many rheological properties
qualitatively similar to those observed in concentrated spherical particle suspensions,
such as reversible shear thinning and shear thickening, yielding behavior and
thixotropy [3, 4, 39, 40]. Previously, Egres et al. explored the rheology and shear-
induced microstructure of anisotropic particle suspensions through the shear
thickening transition [4, 40]. For this investigation, acicular precipitated calcium

carbonate (PCC) particles of varying particle aspect ratio (L/D ~ 2, 4, 7) dispersed in

10



poly(ethylene glycol) (PEG) are used demonstrate both continuous and discontinuous
reversible shear thickening as a function of shear rate/stress. They found that the
critical volume fraction for the onset of discontinuous shear thickening decreases as
the average particle aspect ratio is increased. However, the critical stress for shear
thickening is found to be independent of aspect ratio and volume fraction, and can be
predicted based on the minor axis dimension of the particles in agreement with the
critical stress scaling for hard-sphere suspensions. Small angle neutron scattering
during shear flow (Rheo-SANS) demonstrates that long-axis particle alignment along
the flow direction is maintained in shear thickening regimes for both continuous and
discontinuous shear thickening PCC/PEG suspensions. The experimental results show
that the critical volume fraction for discontinuous shear thickening can be associated
with the concentration required for the equilibrium isotropic-nematic transition. The
rheology and Rheo-SANS observations for the acicular PCC suggest that shear
thickening in anisotropic particle suspensions is due to the short range hydrodynamic
lubrication forces resulting in the formation of hydroclusters at high shear rates,

analogous to the behavior in suspensions of spherical particles.

1.4 Objectives and Overview

The objective of this research is to understand the structure and rheology of gelling
colloidal suspensions of anisotropic particles. This will be accomplished by extending
the results previously reported for the gel transition and flow behavior of suspensions
of adhesive hard spherical particles to suspensions of adhesive hard ellipsoidal
particles. Comparing the responses of thermoreversibly gelling isotropic and
anisotropic systems will provide quantitative evidence for the dependence of the gel
transition and gel rheology on particle aspect ratio. As a first step, a well-
characterized, dispersion of anisotropic particles having a uniform geometry and low

polydispersity is synthesized as a model system. With this model system, the

11



connection between microstructure and bulk properties is established by means of
theology and SANS. The results are compared to studies by Eberle et al. [1, 8], who
characterized the dynamical arrest and strength of attraction of model adhesive hard
spheres comprised of thermoreversibly gelling octadecyl grafted silica nanoparticles in
n-tetradecane. Next, the flow behavior of these model anisotropic particle suspensions
has been investigated using rheo-SANS, which provides a means to understand the
structure-property relationship under flow and to investigate the shear-induced

microstructure of ellipsoidal particles under steady-shear flow.
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Chapter 2

EXPERIMENTAL METHODS

2.1 Dynamic Light Scattering (DLS)

Dynamic light scattering is a technique that can be used to determine the size
distribution profile of small particles in suspension or polymers in solution [41]. In
this study, DLS is used to calculate the effective hydrodynamic particle diameter, Dy,

from the diffusion coefficient measured from the decay of the autocorrelation of the

scattered light from a particle in Brownian motion.

For measurements, the sample was sufficiently diluted to be visually clear such that
the multiple scattering is minimized. The DLS measurements were performed on a

Brookhaven Instruments Zeta PALS instrument, with a wavelength of 635 nm and a

scattering angle at 90°. For each measurement, 10 runs for the duration of 2 minutes

each were averaged together for sufficient statistics. We collect the Z-average diameter
based on the average decay. As the model system in this study is non-spherical
particles, a hydrodynamic equivalent diameter Dy (=diameter of a sphere with the
same translational diffusion coefficient Dyansiaion as the particle in the same fluid under
the same conditions), defined via the Stokes-Einstein relation.

bk
3znD

translation

. 2.1)

where k is the Boltzmann constant, 7" the absolute temperature and 7 the viscosity of

the liquid medium.
2.2 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a microscopy technique in which

electrons are transmitted through a specimen, and interact with the atoms in the
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specimen as they pass through. In this study, TEM photomicrographs were obtained by
using a JEOL JEM-2000FX instrument and Electron Micrscopy Sciences 300C-CO
grids. Small quantities of the dilute suspensions were dried at room temperature on
TEM grids for overnight. The micrographs were analyzed using ImageJ [42] to
determine long-axial (length), short-axial (diameter) dimensions and coating thickness
of the model ellipsoid particles. Measurements of at least 100 particles from multiple
micrographs were analyzed to ensure good statistical representation of mean particle

dimensions and the polydispersity.

2.3 Rheometry

The suspensions were characterized using a DHR stress-controlled rheometer
manufactured by TA Instruments. The tool geometry used was a 1° cone angle, 40 mm
diameter. The sample was pre-sheared for 1 minute at 500s?! before each
measurement. In small amplitude oscillatory stress (SAOS) rheology, the experiments
must be conducted in the linear viscoelastic (LVE) regime to accurately evaluate the
relationships between material structure and viscoelastic behavior. Therefore, series of
stress sweep measurements were performed to ensure that the applied stress is located
with the linear LVE regime. After determining the appropriate stress corresponding to
the linear regime, temperature sweep experiments at a frequency of 1 rad/s were
conducted on the samples to probe the thermal effect on the sample viscoelasticity.
The sample temperature was controlled by a Peltier plate to within 0.1 °C. A
temperature increment of 1 °C and equilibrium time of 2 minutes at each temperature
were used for both heating and cooling cycles. The frequency sweep measurements
were then performed on the sample from 0.01 to 100 rad/s at a series of temperatures.
For stress sweeps, we performed series of measurements ranged from 0.1 to 10 Pa in

the ascending direction and 10 to 0.1 Pa in the descending direction.
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2.4 Small-angle Neutron Scattering (SANS)

Small-angle neutron scattering (SANS) is a technique that uses an elastic neutron
beam to probe the structure of nano-scale materials. Structural information is
determined by analyzing the form factor and structure factor obtained from small
angle neutron scattering. The form factor reveals single-particle properties such as
particle size, geometric aspect ratio and polydispersity whereas structure factor, which
can be obtained by Fourier transforming the radial distribution function, delivers the
information of the interparticle displacement in the system such as the average
particle-particle distance, phase information, and interparticle force such as attraction

and repulsion.

The quantity measured in a neutron scattering experiment is an intensity distribution
I(g) for the scattering as a function of g. One approach to obtain the corresponding
real-space structure is to express /(q) by introducing the differential scattering cross
section do(q)/dQ which is in-dependent of the transmission and the form of the
sample. In the case of randomly oriented, monodisperse scattering particles, the

scattering cross section can be written as [43]

do(q)
dQ

=nApVP(q)S(q)
(2.2)

where »n is the number density of scattering particles, Ap is the difference of the
scattering length densities of the particles and the surrounding medium, V is the
volume of the particle, P(q) is the normalized (P(¢—0)=1) form factor which
describes the scattering from an individual particle, and S(g) is the structure factor
which describes the interference of neutrons scattered from different particles and is

thus related to local correlations of different particles due to their interactions.

The normalized form factor (P(¢—0)=1) is given by the product of the normalized
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amplitude expression f{g)

P(q)= (DS * (@ (2.3)

where ¢ is the scattering vector and defined by the difference of the wave vectors of
the incident and scattered neutron beams. The normalized scattering amplitude of a

homogeneous particle is given by the expression

r@= [[feav
v (2.4)

for the entire volume of the particle (V), or on the particle surface in the case that
scattering occurs only from the particle surface. For a spheroid, f{g) is known to be
given as follows [44]

sin(gr(a,b,a) — qrcos(gr(a,b, a))

I
f(q, C{) - (qr(a,b, 6{))3 (25)

where a is the angle between the axis of the spheroid and the g-vector, a is the radius
perpendicular to the rotation, b is the radius along the axis of the ellipsoid of the

ellipsoid. Thus in the case of a prolate spheroid,

x2 y2 22
—2 + —2 + —2 = 1
a a b (2.6)
(major axis: b, minor axis: a) and the volume of the spheroid is
V= 4—ﬂa2b
3 2.7)

The average form factor can be obtained by the orientational averaging, thus:

[ f@.o)f*@a)sinada |
P(q)=<f(q,a)f*(q,a)>= j” — ZEJ‘O f(g,a)f*(g,0)sinada
sSmoaao

0

(2.8)
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2.4.1. Static SANS
SANS experiments were performed on the NG7 30 m NIST SANS instrument. The
suspensions were loaded into 1 mm path length demountable titanium cells,
maintained at 25°C using the 10CB 10-position sample holder with a NESLAB
circulating bath. It was assumed that the sample temperature was the same as the batch
temperature. The wide range of scattering wavevector, O, was obtained by combining
the averaged scattering intensity from three different instrument configurations of 1m,
4m and 13 m detector distances (with focusing lenses at 13 m only). The wavelength
of the neutron beam was 6A with 10 — 15% wavelength polydispersity. SANS data
reduction and analysis of the scattering intensity, /, versus Q was performed using the

SANS reduction program in IGOR Pro, available from NIST [45].

2.4.2. Rheo SANS

Rheo-SANS was used to investigate the shear-induced structure in particulate
suspensions under shear flow. The structure of a sample under flow can be probed in-
situ while collecting the rheological response [46, 47]. The general experimental
configuration for these techniques is provided in Figure 2.1, which illustrates the
scattering spectra resulting from the neutron beam oriented in the radial and tangential
direction.

The Couette cell consists of a cup-and-bob geometry and the fluid is maintained
within the gap. Rheo-SANS experiments performed by using a S0mm ID quartz cup
and 49 mm OD titanium bob such that the gap was 0.5 mm. A 2D cross-section of a
Couette shear cell can be seen in Figure. 2.1. The Couette shear cell is driven by a
controlled stress rheometer (Anton Paar MCR-501). For steady shear mode, the SANS
measurements and the rheological measurements are synched each other. This offers
the advantages of real time rheological measurement required for the investigation of
shear-induced structure. Rheo-SANS experiments were performed on the NG-3 SANS
instrument at the National Institute of Standards and Technology Center for Neutron

Research (NCNR) in Gaithersburg, MD.
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Figure 2.1. Rheo SANS shear cell configuration.
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Chapter 3

THEORETICAL CALCULATION OF VAN DER WAALS FORCES FOR
CORE-SHELL ELLIPSOIDAL PARTICLES

3.1 Orientation Dependent van der Waals Force

The sources of attractive forces that induce aggregation in this system are the
attractive force from the thermally induced change of conformation of octadecanol
brush in the solvent, which are desired, and the ubiquitous van der Waals forces acting
between particles in solution. For silica particles, near refractive index matching
insures that the latter forces are mitigated. However, anatase has a much higher
refractive index than silica such that van der Waals forces acting between the titanium
dioxide particle cores could lead to a temperature-independent attraction that could be
sufficient to induce particle aggregation and thus, obfuscate the desired sol-gel
transition. As a strategy to mitigate this van der Waals force, a silica coating is
required in order to reduce the van der Waals forces between the TiO: cores by
providing a steric barrier to keep them separated. This steric layer should be of
sufficient thickness such that thermoreversible gelation arising from the interaction
between the polymer brushes and n-tetradecane can be observed. Thus, the effect of
silica coating thickness on the van der Waals attractions between the TiO: cores is

investigated theoretically.

In the case of anisotropic particles the van der Waals force is dependent on the relative
orientation between particles. To determine the appropriate steric barrier thickness it is
necessary to identify the orientation of two anisotropic particles that has the strongest
van der Waals attraction. For mathematical simplicity, the ellipsoids are assumed to be
rod like particles. To account for the large curvatures at both ends, the Derjaguin

Approximation [48] was used to relate the force law, F(D), between two curved
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surfaces to the interaction free energy per unit area, W(D), between two planar
surfaces. The Hamaker constant was obtained by using the following relations (3.1)

and (3.2) while using the parameter values listed in Table 3.2.

Table 3.1 Equations of van der Waals energy between two rod-like particles in
different geometries and corresponding spheres in terms of their Hamaker constant, 4
and surface to surface separation distance D.

Particle orientation van der Waals energy
A 1 1 1 1
Faced Q== 7 2 2
12z\ D (D+L, +L,)" (D+L) (D+L,)
A RR
Sphere O, = —

“* 6D (R, +R,)

o _ AJRR,

Crossed =
vaw 6D
1/2
Parallel O - AL R R,
(per unit length) v 1242072 | ( R +R))

2 2 2)\?
_ n —n
AnzékT & —& +3hve (1 3)
4 & +é&,

Am:ikT{gl—Qj(gz—(%j_'_%ve (”12_”322(”22_”32)

e e e

As shown in Figure 3.1, the van der Waals force between two parallel rods is the
greatest among the various orientations. This force is significantly greater than that
obtained between two spheres of corresponding volume, which indicates that such a

spherical particle assumption would lead to erroneous calculations of particle stability.

20



Therefore, we consider a parallel orientation to calculate the optimum silica coating

thickness in following section.

Table 3.2 Parameters used for the calculations of van der Waals energy

Parameter Definition Value Source
k Boltzmann constant 1.381x1023J-K"! [55]
o arbitrary experimental

T temperature 20°C conditions
& dielectric constant of 1 86 [55]

&, dielectric constant of 2 4.42 [55]

&, dielectric constant of 3 2.03 [55]

h Planck constant 6.626x10734 J-s [55]

v, UV frequency 3x1015 ¢! -

n, refractive index of 1 2.61 [55]

n, refractive index of 2 1.5442 calculated
n, refractive index of 3 1.418 [55]
A11 Hamaker constant of 1-1 2.35x10719 ] calculated
A22 Hamaker constant of 2-2 4.449x102'J calculated
A33 Hamaker constant of 3-3 0 calculated
A Hamaer (;0_12lstant of 1- 3.11x1020J calculated

*1is TiOa, 2 is SiO2, and 3 is tetadecane

21



Sphere
Crossed
2 4 Faced
" e Sphere
8 » F » Crossed
| » Paralel Parallel

J—

10 20 30 40 50 60 70 80
D(distance)

Figure 3.1 Orientation-dependent van der Waals interactions of two rod-like particles
of aspect ratio 4.78 as a function of surface to surface separation distance (nm). The
values are also given for corresponding spheres (r=32nm) of equivalent volume.

3.2. Calculation of van der Waals Force of Core-shell Ellipsoid

A method for calculating the van der Waals interactions between core-shell spherical
particles was published by Viravathana et al. [49] and corrected by Kim (PhD Thesis,
UD). By assuming pairwise additivity of the system, the core-shell system can be
decomposed into several different components. Figure 3.2 suggests the individual
components where (a), (b) and (c), and (d) represent a core-core, core-shell, and shell-
shell interaction, respectively. After decomposition, all the components can be

expressed as a sum and difference of various pure core or shell material.
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(a)

(b)

(c)

Figure 3.2 Individual components of the van der Waals interactions of a core-shell
ellipsoids in parallel orientation. Image courtesy of Jung Min Kim.

The van der Waals energy between two colloidal particles of 1 and 2 can be obtained

by the following equation [48]:

(DZ_A_ZII J~ dX;CZXZ

2 (3.3)

2 — . . . . .
7= =X;) (X, =X2) y;: coordinate in particle i and Ay is Hamaker constant.

where
This is a multiple integral of 6 order because dxi and dx: represent volume elements.
The van der Waals energy between two parallel ellipsoids of different sizes can be
obtained by the following method: We consider the prolate spheroidal coordinates (7,

0, @) [50]

u =n 0<np<ow
u'=0, 0<0<nr
w=¢ 0<¢<2r7

(34
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Figure 3.3 Geometry of ellipsoids with different radius in prolate spheroidal
coordinates

The prolate spheroidal coordinates and the Cartesian coordinates are related with the
following relationship,

x = asinhz sinf cos¢

y = asinhnsin@sing

z =acoshncosé (3.5)
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And a prolate spheroid surface is expressed by the following equation:

x2 y2 ZZ
+ + =1
a’sinh’ny  a’sinh’n o’ cosh’y (3.6)

The foci of the spheroid are located at =14 and the lengths of the major and
minor axes are a cosh  and a sinh n, respectively. A constant corresponds to the

surface of the ellipsoids. Now we consider two ellipsoids. The center of the first

a

ellipsoid is located at the origin, the foci are at ¥ = £a and the surface is represented

by Eqn. (3.6) with 7 = 4. The center of the second ellipsoid is located at

x=asinh A+bsinh B+d =L  the foci are at y = +b and the surface is represented by
Eqn. (3.6) with 77 = B. Then the shortest distance between two ellipsoids is d. Then the

distance » between two points P and P is thus:

P =0 -+ L)+ (=) + (2, —2,) (3.7)
where

X, —x, = a(sinhn, sin @, cos @, —sinh 7, sin &, cos @,)
¥, =y, =a(sinhn, sin @, sin ¢, —sinh 7, sin 6, sin¢))
z, —z, = a(coshn, cos@, —sinhn, cosb,) (3.8)

And the volume elements are

dv, = a3(sinh2 1, +sin’ Ql)sinh 7, sin 6,

dV, = a*(sinh? 17, +sin* 6, )sinh 7, sin 6, (3.9)

Then the shape factor S (without the Hamaker constant) is given as follows:

_LBH A © 2rm dl/lde
SHInE

(3.10)
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In the present research, the sizes of the major and minor axes of TiO; core are 182nm
and 38nm, respectively. Assuming that the coating thickness of silica shell is uniform,
we can obtain b and B. The numerical integration was carried out while varying the

thickness of the shell and the distance between two ellipsoids, d.

HighT LowT

D' silica coating
thickness

vaW/k, T

m
I
1
|
|
I
'
|
|
I
|
I
'
1
'
]
1
I
|
|
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|
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1
I
|
|
1
|

1 2 3 4 5 6 T 8

Surface-surface distance, D (nm)
Figure 3.4 van der Waals interactions of core-shell spherical silica-coated TiO2 with
different silica shell thickness. Solid and dotted lines correspond to surface-surface
distance taking into account octadecyl brush height at low temperature and high
temperature, respectively.

In the course of calculations, we obtained the van der Waals energies between TiO,-
TiOz, Ti02-S102 and SiO2- SiO; pairs of small-small, small-large and large-large sizes
using the corresponding Hamaker constant using Eqns (3.1) and (3.2) with parameter
values listed in Table 2. Here the size of TiOz particles is denoted by small and the size
of the silica shell is denoted by large. Then the values were added or subtracted as
obtained for spherical core-shell structures. Figure 3.4 shows the change in van der
Waals energy as a function of the separation between two ellipsoids for several silica
coating thicknesses. The van der Waals energy increases when the coating thickness

increases from 15nm to 25nm (The absolute values decrease in this cases). Then the
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energy decreases slightly as the thickness increases further. The increase of van der
Waals energy up to coating thickness of 30nm is due to the shielding effect of silica.
Therefore the coating thickness of the TiO; particles is chosen to be 30nm. At this
thickness, the van der Waals forces between touching particles in parallel orientation is
calculated to be ~ -2 kT, which is still significant but amenable to thermal fluctuations
such that only weak flocculation would be expected. These calculations also
demonstrate that additional silica coating will not improve stability. Note that
additional coating also reduces the particle aspect ratio and increase the particle size

(and mass), such that it is undesirable.
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Chapter 4

PARTICLE SYNTHESIS AND CHARACTERIZATION

4.1 Particle Synthesis

Model Adhesive hard ellipsoid particles (denoted AHE) consisting of titanium dioxide
particles as the core [51] coated with a silica shell [52] have been synthesized. The
silica coating layer has been specifically designed to produce the same surface
chemistry as previously-studied adhesive hard spheres [6, 7] and to reduce the strong
van der Waals attraction between TiO» core particles. Octadecyl chains are grafted
onto the silica surface so that the system exhibits a thermoreversible gelation [17, 19,

20, 23, 53]. The following procedure is used for each step:

Octadecy! brush
SiO2 shell DA D=0 T R AR X, + ~2nm

TiOz2 core
~72 nm

T

~222 nm

Figure 4.1 A schematic of the model anisotropic particle consisted of ellipsoidal TiO:
particle as the core coated with a silica shell with octadecyl chain grafting on the
surface (not to scale). The particle geometry is idealized as a sphereocylinder for
purposes of showing the particle’s layered structure.

4.1.1 Synthesis of ellipsoidal TiO> particles

In this project, we synthesize TiO> ellipsoids as the starting cores for the reproducible
preparation of well-defined, monodisperse ellipsoids. The synthesis protocol follows

that of Sugimoto et al. [51] with minor modification. Ellipsoidal anatase (a crystalline
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form of titanium dioxide) was synthesized based on a two-step sol-gel method for the
titanium (IV) isopropoxide (Fisher, 99 wt %) and triethanolamine (TEOA) (Fisher, 98
wt%) mixture, with TEOA. This facilitates the formation of the ellipsoidal shape over
the usual cuboidal titania morphology through growth rate reduction of specific crystal

planes at a pH above 11.

As a first step, TIPO and TEOA with a molar ratio of [TIPO : TEOA] = [1:2] were
first thoroughly mixed and then diluted with Milli-Q water to obtain a stable complex
of 0.5M Ti4+. Initially TIPO was added to the flask then TEOA and the mixture was
stirred for 10 mins, then water was added to get TIPO = 2M and the aqueous solution
stirred for another 10 mins before adding the 2M ammonia hydroxide solution. The
whole mixture was stirred for an additional 10mins, resulting in a final solution pH of
11. The mixture of TIPO/TEOA/H>2O/NH4OH was transferred in 800 ml quantities to
1L pressure resistant Pyrex pressure bottles (Ace Glass, Cat# 5557-20) with Teflon
lined screw caps (Fisher Scientific, Cat#064142C). Both bottles and caps have high

temperature resistance (140°C). The solution was aged at 100 °C for 24 h, and further

aged at 140 °C for 72 h. The first aging step generates a hydrolyzed translucent gel

whereas the second aging step initiates the nucleation and growth of the particles. The
gel matrix plays an important role as it serves to control the nucleation rate by
lowering the super-saturation of the metal ions as well as the growing rate of the
particles [4]. Following the reaction temperature cycle, the bottles were allowed to
cool to room temperature and TiO> particles and mother liquor were separated from
the residual gel matrix through filtration using a funnel lined with glass wool. The
filtered suspension was centrifuged at 16,000 g for 2 h. The resulting sediment was re-
dispersed in water and centrifuged again. The redispersion/centrifugation steps were
repeated twice to remove residual organic compounds from the surface of the

nanoparticles
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The theoretical yield can be calculated from the main chemical reaction according to

the reaction given as [54]:

Ti(OCH(CH,),), (g) + 2H,0 — TiO, (s) + 4C,H, () + 2H,0(g)

Thus for each mole of TIPO used, one mole of TiO; is produced, although other side

reactions occur [54]. Therefore the theoretical mass can be calculated as:

Mass(TiO,) =n(TiO,)xMw(TiO,) where
n(TiO,) = mass of pure (TIPO)/Mw(TIPO)
mass of pure (TIPO) = wt % x mass of TIPO solution /100

Thus for 293.20 gm of TIPO solution (or 1 mole of pure TIPO), and a molar mass of
79.866 g/mol for TiO», the theoretical yield is about 79.87 gm.

Figure 4.2 Transmission electron micrograph of ellipsoidal TiO particles synthesized

through gel-sol synthesis
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Table 4.1 Properties of ellipsoidal TiO; core particle

Particle length (nm) 182 +£19
Particle diameter (nm) 38+2
Particle aspect ratio 478 £0.56
Effective diameter (DLS) 165.6 £ 13

4.1.2 Silica coating

The synthesis protocol of Sacanna et al. [52] was followed to create a silica coating on
the anatase ellipsoids with some modification to optimize the procedure. Uniform
silica-coated TiO: particles can be obtained when the seed concentration in the
reaction mixture does not exceed 0.5 g/L. Further, the reaction must be carried out
under continuous ultrasonification to avoid the formation of clusters during the silica
growth. Before adding tetraethyl orthosilicate (TEOS), poly(vinylpyrrolidone) (PVP)
with average molar mass of 45 kg/mol (Sigma-Aldrich) was adsorbed onto the TiO:
particles to hinder particle aggregation, such that uniform silica-shell growth can be
carried out. Prior to adsorption reaction, 7.9 g of PVP was dissolved in 200mL of
ethanol by magnetic stirrer. Then 0.5 g of TiO2 in 3.65 mL MilliQ water was added
into the PVP solution, and the mixture was kept under stirring for 24 h. To remove
unabsorbed PVP molecules, the dispersion was centrifuged for 3 h at 5000g using a
Beckman and Coulter XP-L100 ultracentrifuge. After the -centrifugation, the

supernatant was discarded and the sediment was redispersed into 75 mL of ethaonol.

In this silica coating step, 59 mL of MilliQ water, 15 mL of TMAH (1%v/v aqueous
solution), and 80g of PVP-stabilized TiO; dispersion (0.63 wt %) were added to 655
mL of ethanol in a 2 L reaction bottle under ultrasonication. Then a mixture of 4 mL of
TEOS and 2mL of ethanol was added under the surface of the reaction mixture in

three portions every 20 min. The addition of TEOS was continued until the total TEOS
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volume of 16 mL. After the last addition, the dispersion was kept under ultrasonication
and stirring for at least 3 h. Silica coated TiO» particles were centrifuged at 5000 g for

2 hours, and the sediments were redispersed in ethanol.

The silica coating thickness based on the geometry in Figure 4.1 assuming 100% yield
of TEOS hydrolysis can be calculated by using the equation below derived from a

mass balance:

1/3
dthickness = ;((206 — 2/3)]/‘3 + [TEOS]MWSiOZVSolution J _
7(2a-2/3) PsioaN @.1)

where d is the silica coating thickness, Vsourion 15 the total volume of the solution,
Mwsio: 1s the molecular weight of silica, 7 is the minor radius, N is number of particles,
o is aspect ratio, and psio. 1s the density of silica. Calculations were performed using a
density of silica of 2.6g/cm?, obtained from [55]. Comparing the calculation with the
measurement gives that the hydrolysis of TEOS on core particles has 60.7% yields
when we follow the current coating protocol as described above. Calculations of the
required coating size of 30 nm as presented in Chapter 3 were used to select the

coating thickness used for the remainder of this work.
4.1.3 Effect of PVP molecular mass

One of the most critical steps in this silica coating procedure is transferring TiO>
particles that are charged and stable in aqueous solution to ethanol, where the Stober
process is performed. The anatase particles were not sufficiently stable in ethanol
without modification. To achieve the transfer and maintain sufficient stability, TiO>
particles are coated with an adsorbed layer of poly (vinylpyrrolidone) (PVP) in

aqueous solution [56]. If the particles are then sufficiently stabilized, they can be
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transferred into ethanol and be further coated with a silica layer using the Stsber
method. In this section, we demonstrate that the molar mass of the PVP used plays a

crucial role in the stability of the particles during the growth process.
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Figure 4.3 Effect of TEOS addition for the silica-coating process on mean particle
diameter, as measured from TEM images and calculated theoretically.

Tetraethyl orthosilicate (TEOS>99%) was obtained from Fisher Scientific.
poly(vinylpyrrolidone) with average molar masses of 54kg/mol(PVP-54k) and of
10kg/mol(PVP-10k) was purchased from Sigma-Aldrich. Ethanol (>99%) was
purchased from Fisher Scientific. MilliQ water with resistivity 18.2 MQcm was used.
First, PVP was dissolved in ethanol and 0.5g of TiO, was added in the solution and
then stirred for 24h. After the adsorption, the particles are separated from ethanol by
centrifugation at 5000g for 2 hours. Next, the supernatant was removed and the
particles were redispersed in ethanol. This solution could be directly used in the silica

coating step
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(a) (b)

Figure 4.4 TEM micrographs of TiO> coated with silica after coated with PVP-54k (a)
and PVP-10k (b)

The comparison of Figure 4.4(a) and Figure 4.4(b) shows a influence of the length of
the polymer used: while the particles coated with PVP-10k are nearly uniform and
disperse as individual particles (Figure4.4(b)), the particles coated with PVP-54k show
many fused particles (Figure4.4(a)). It is very evident in the micrographs that many
particles are aggregated end-to-end. Thus, counterintuitively, the lower molar mass
PVP is observed to be more effective in stabilizing the particles during coating. A
possible explanation is found in the observation that for the larger polymer (PVP-54k),
sometimes particles appear to be only partially coated with silica during synthesis.
Thus, in this case the particles are not sufficiently stabilized during the conditions of
the Stober growth and grow together with other particles. It is hypothesized that
polymer coverage at the highly curved particle ends is not sufficient to prevent end-to-
end aggregation during coating, which leads to end-to-end fusion. There should be an
optimum PVP molecular mass for a given size and curvature of particles, such that it is
large enough to provide sufficient steric stabilization of the particles to avoid
aggregation during the silica shell growth, but small enough to cover the whole

surface of particle [57]. In present study, we use PVP-10k to stabilize TiO particles.
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We verify that the length of the polymer used strongly influences the stability of the

colloids and the uniformity of the silica coating.

4.1.4 Octadecyl polymer brush grafting onto SiO,-TiO> surface

The last step of synthesis is grafting octadecyl polymer brushes on the silica surface,
which allows thermally controlling attractive force between particles dispersed in n-
tetradecane. When the particles are dispersed in a medium of linear hydrocarbon
chains such as n-tetradecane, the two-component system consisting of the particles
and the solvent exhibits a short-range attraction and undergoes a thermoreversible
first-order phase transition between solid and liquid within a narrow change of
temperature [15, 17, 18, 58, 59]. The strength of attraction is controlled by thermal
quenching and the range of attraction is usually characterized by the thickness of the
chain layer. Here the polymer brush should be short enough to assume that the

coatings on the particles are uniform.

Adhesive hard ellipsoids (AHE) were prepared by grafting 1-octadecanol (CigH37OH,
99+%, Alfa Aesar) onto the surface of ellipsoidal SiO> coated particles by an
esterification process following the established protocol [23] as follows: First, 20 g of
the particle suspension was mixed with 62.5 g of ethanol and 60g of 1-octadecanol
with 2 drops of sulfuric acid and followed by an addition of 200 g of ethanol. The
mixture of 1-octadecanol-silica-ethanol was slowly heated to the reaction temperature
using a rotary evaporator (RE211 from Buchi) immersed in an oil bath with a
temperature control. The reaction flask was immersed in the oil bath and heated to 70

°C and equilibrated for 15 minutes. Then the temperature was raised by 10°C every 15
minutes. Finally, the temperature was increased to 230°C and the reaction was allowed

to proceed for 5 hours. After the mixture was cooled to room temperature, the

remained cake was dissolved in a mixture of chloroform and cyclohexane (3:2 vol/vol)
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and the particles were redispersed by removing excess 1-octadecnaol.

To prepare dispersions of the model ellipsoidal particles in n-tetradecane, a
concentrated dispersion of the particles in cyclohexane was transferred to a vial and
the cyclohexane was evaporated under a nitrogen stream for 2 hours at room

temperature. The remaining cyclohexane evaporated in a vacuum oven at -30 inHg for

overnight. After addition of n-tetradecane, the sample was placed in an oven at 50°C

for 4 days and vortex-mixed every 6 hours at 3000 RPM to disperse the particles. The

well dispersed sample was fluidized in room temperature.

4.2 Particle Characterization

4.2.1 Particle geometry (TEM)

Transmission electron microscopy (TEM) (JEOL JEM-2000FX at 200 kV) was used
to characterize the particle size and shape. The analysis of the TEM images was
carried out with ImageJ [42] by measuring at least 100 particles. TEM analysis gave
the average diameters of 2104+32 nm and 84+3 nm for the major and minor axes,
respectively, which yields an aspect ratio of 2.5+0.4 with silica coating thickness of
33+1 nm. In TEM micrograph, we found there are approximately 2 to 4 doublets out
of 100 particles and few aggregates are observed. No filtering was carried out for

sample preparation.
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Figure 4.5 Transmission electron microscope images of SiO>-TiO; particles

Table 4.2 Properties of Adhesive hard ellipsoid particles

Particle length (nm) 210+ 32
Particle diameter (nm) 84 +3
Particle aspect ratio 25+04
Coating thickness (nm) 33+1
Rotational diffusivity (s) 222

DLS measurements were carried out for bare particles only. It was assumed that the
octadecyl grafted particles have the same dimensions because the brush size is even
smaller than the experimental error of the DLS method. The suspension of ellipsoid
particles in n-tetradecane was turbid and the viscosity of the suspension of ellipsoid
particles appears not to be increased much from pure tetradecane. No sedimentation

was observed when placed on a shelf overnight.

4.2.2 Characterization by SANS

SANS experiments on very dilute suspensions of TiO: particles dispersed in DO were
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performed on the NG7 30 m SANS instrument. SANS data reduction to obtain the
scattering intensity, /, versus Q was performed using the SANS reduction program in
IGOR and the analysis to obtain the particle characteristics was done with SASView,
which had polydispersity included for ellipsoids. From the results, the particles are 116

+ 5.2 nm in length and 18.2 £ 0.032, resulting into an aspect ratio of 6.4.
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Figure 4.6 Intensity vs. scattering vector for bare TiO2 in D20. Green line is the
fitted curve.

Table 4.3 SANS modeling for bare TiO in D>O.

background 0.05 [1/cm]

radius_a 116 £ 5.2 [nm]
radius_b 18.24+ 0.32 [nm]

scale 0.0030101 +2.8x1070
sldSolv 6.33x100  [1/ A?]
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The packing characteristics of the spheroids can be predicted by the Monte Carlo
simulations by Frenkel and Mulder [32]. Their calculation for hard ellipsoids of
revolution shows that the aspect ratio of 2.5 is not sufficient to form a nematic phase
(The minimum aspect ratio for the nematic transition reads approximately 10 in their
plot.) and particles undergo a solid phase transition at a volume fraction of around
11.8%. The percolation threshold for hard ellipsoids was reported by Garboczi et al.
[6]. When aspect ratio is 2.5, the threshold is obtained to be 24.5% by the cubic fit to
their tabulated data. This value is slightly smaller than the value for spheres of
28.54%. This shows that weak attractions are operative if we can form a weak gel with
a weak yield stress at 6 vol %, consistent with our observations. The phase behavior of
the rodlike particles has been reported for the Gay-Berne model of attractive ellipsoids
of aspect ratio of 3 by Miguel et al. [60]. Because the potential ratio between two
parallel and two axially positioned particles has not been quantified for the present
system and the aspect ratio is not the same, the direct comparison may not be possible.
However the critical volume fraction they obtained for their system is 19.6%. This
value is far larger than the volume fraction of 6% we consider here and hence no

condensation is expected to occur in our case.
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Chapter 5
RHEOLOGICAL RESULTS AND DISCUSSION

In this chapter, the rheologically defined gel temperatures are found and compared
with corresponding spherical systems. The gel temperatures are determined by
performing a series of small amplitude oscillatory measurements with varying

frequency across a range of temperatures.

In this system, the nature of the gels is physical gels, which means, it has reversible
bonds. Compared to a chemical gel, which is an irreversible gel formed with bonds of
infinite relaxation time, a particulate physical gel has interparticle bonds with finite
energy and lifetimes and therefore, we can observe reversible gelation [3]. This also
means that any physical gel will eventually creep and flow if observed over a
sufficiently long timescale. Because gelation is a type of dynamical arrest that will
depend on the observation time and method, a rigorous scientific definition of critical
gelation is necessary rather than just identifying dynamical arrest in a specific
experiment. It has been demonstrated that the rigorous definition of critical gelation
can be applied to characterize physical gelation using a rheological method [1]. Winter
and Chambon demonstrated a gelation criterion using the frequency dependence of the
sample’s linear viscoelastic behavior. At the critical gel point, both the storage
modulus (G') and loss modulus (G") show power-law dependence with the same
exponent across a broad range of frequencies [2, 61]. Due to the physical nature of the
gel, this frequency dependence will always turn over to terminal fluid behavior at
sufficiently low frequencies, although beyond the critical gel point this frequency can

be so low as to be immeasurable.
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5.1 Preshear

100
—— Preshear 1
—&— Preshear 2
—&— Preshear 3
» 104 4 —e— Preshear 4
E(LU 1 —e— Preshear 5
; —e&— Preshear 6
2>
N7)
o
8 10-2 -
> ]
10_3 L} L} L} L L L L

0 10 20 30 40 50 60 70
Time (s)

Figure 5.1 Suspension viscosity during preshearing at 500s™!' for 60 seconds at the
beginning and between measurements. All measurements performed at 20 °C.

As noted in the methods section, the rheological characterization was performed on a
stress-controlled rheometer (DHR, TA Instruments) with a cone-plate geometry (1°
cone angle, 40 mm diameter). A preshear is applied to check whether particles
sediment during the duration of the experiment and to establish a consistent
microstructure before the tests. Prior to performing each experiment, a preshear at
500s! for 60s was conducted at 20 °C. As seen in Figure 5.1,within 5 seconds the
viscosities measured during preshears conducted at various points within a sequence
of tests overlap each other. If the viscosities during the preshear did not reach the same

values the tests were terminated and a fresh sample was loaded.
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5.2 Temperature Sweep
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Figure 5.2 Temperature ramp measurement of 6 vol% AHE suspension at an
oscillatory frequency of 1 rad/s and temperature ramp rate of 0.2°C/min.

The rheological characterization was performed on a stress-controlled rheometer
(DHR, TA Instruments) with a cone-plate geometry (1° cone angle, 40 mm diameter)
with a Peltier temperature controller at temperatures ranging from 10°C to 20°C. At a
constant frequency of 1 rad/s, a series of increasing oscillatory amplitude
measurements was performed on 6 vol% AHE suspension to determine the extent of
the linear viscoelastic regime in order to ensure that the equilibrium microstructure
was probed. After determining the appropriate oscillatory amplitude corresponding to
the linear regime, temperature sweep experiments at a frequency of 1 rad/s were
performed. A temperature ramp rate of 0.2°C/min was used for both heating and

cooling cycles.
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Figure 5.2 shows storage and loss moduli (G' and G") as a function of temperature
from the heating cycles on 6 vol% AHE suspension. Figure 5.3 shows the change in
tetradecane viscosity for reference. At 20°C the sample shows a greater loss modulus
than elastic modulus, indicating fluid-like behavior. When the temperature was heating
up, a crossover between G’ and G” is observed at this frequency between 14 and 13°C.
Note that both moduli increase rapidly over a fairly narrow range of frequencies and
that the elasticity increases by nearly five orders of magnitude. The G’ and G” from
the temperature sweep were represented as tan  to further assess the degree of solid-
like behavior. We observed that at these lower temperatures, tan & is reasonably
constant, and significantly less than 1, which is a typical characteristic of a gel [62,

63].
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Figure 5.3 Temperature dependence of n-tetradecane

5.3 Frequency Sweep

The gel temperature determined from a temperature sweep measurement is dependent

on the oscillatory frequency used, meaning such gel temperatures will change if
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Figure 5.4 Frequency sweep measurements of 6 vol% AHE dispersion from 13°C to

15°C.

another frequency is used. So as a next step, we performed a frequency sweep to
determine the temperature at which the system is solidlike across a sufficiently broad
range of frequencies (i.e., for a sufficiently long window of time). Figure 5.4c shows
that the sample exhibits liquid-like terminal behavior of a colloidal dispersion. Figure
5.4b shows that at 14°C, there is a crossover between G’ and G” at some frequency,
indicating the system will flow at the time corresponding to the inverse of that
frequency and for longer times, but is solid-like on shorter time scales. However, at
13C, G’ dominates over G” at all frequencies, suggesting the system is solid-like for
the time scales of interest, in this case, from 0.01s to 1s. At this temperature, G; and
G" are nearly parallel for the observed frequency range, which means that, according
to the Winter and Chambon criteria [2], a gel-like structure has formed. The
determination of the critical gel temperature requires further investigated by series of
measurements with fine temperature tuning between 13°C to 14°C. For the purposes of
this investigation, it is sufficient to note that gelation occurs at 6 vol% for AHE of

aspect ratio 2.5 between 13 and 14 °C.

The behavior is qualitatively similar to that observed suspensions of spherical particles

as reported by by Kim et al. [15]. However, there is an important difference- Kim et al.
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observed that corresponding attractive octadecyl-silica particles never formed a
homogeneous gel 6 vol%, but rather, phase separated instead. They found that a stable
gel forms at 14 vol%, which tells us that the phase behavior is strongly dependent on

particle shape at a given particle volume fraction.
5.4 Comparison of the Gel Temperature with Spherical Systems

The gel temperature for this system is related to the crystallization of the brush layer
because the particle attraction is induced by the molecular reconfiguration of the brush
layer. Kim et al. observed some qualitative similarity between the gel temperatures of
Adhesive Hard Spheres (with different particle sizes) and the -crystallization
temperatures of octadecanol in tetradecane [15]. In their analysis, they compared the
gel temperature for different particle sizes and volume fractions in terms of the relative
concentration of the brush molecules to the solvent. The gel temperature is found to be
a universal curve when expressed in terms of the mole fraction of the brush layer
relative to the solvent and brush layer in the system. They constructed a fitting

function [64]:

T,, = A(l—exp(— xi)) +Bx
0 (5.1)

where x is the mole fraction of the octadecane chain layer in n-tetradecane, and A, xo,

and B are fitting constants.
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Figure 5.5 (a) Gel temperature comparison of three different particle sizes as a
function of volume fraction. The data for spheres are adapted from [64]. (b)
Crystallization temperature of a mixture of 1-octadecanol and n-tetradecane as a
function of mole fraction of 1-octadecanol. The figure is reprinted from [64].
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Figure 5.5 shows the rheologically determined gel temperature of the spherical
systems of varying size and concentration and the AHE dispersion measured in this
work as a function of mole fraction of the brush layer. The red, gold, and blue circles
indicate the 30 nm, 100 nm, and 300 nm AHS particles and orange diamond indicates
AHE particles, respectively. The trend line represented by the dashed line adequately

describes the data as the orange diamond lies nicely onto the master curve within error

estimates. The fit results in 4 = 27.38+0.40, 0, xo= 0.0042+0.0003, and B =19.75+

5.10 with R? = 0.920 as reported in [64]. Kim et al. argued that the gel temperature is
not only a function of volume fraction but also heavily affected by the available
surface area in the unit volume. The fact that the gel temperature of ellipsoids follows
the universal behavior of gelation of spherical particles supports a hypothesis that the
gel transition depends on the available total surface area, or equivalently the mole
fraction of the chain layer, and further, is independent of the particle shape. This
surprising result is of great practical value as it shows that the gel temperature can be
calculated from the correlation for both spheres and ellipsoidal particles for a given

composition and surface to volume ratio.

Steady shear experiments on 6 vol% AHE suspensions were performed using a
controlled stress rheometer (DHR, TA Instruments, Inc.) with a cone and plate
geometry (40 mm cone diameter, 1 mm cone angle). Temperature during rheological
measurement was maintained at 10 °C or 30 °C using peltier temperature control. The
sample was pre-sheared for 1 minute at 500 s™! before measurements to eliminate any
sampling history. Ascending and descending shear rate sweeps were performed on
samples from 2 s to a maximum stress of 900 s™!, collecting the viscosity values at
each applied shear rate value. As shown in Figure 5.6, AHE suspension both 10 °C and
30 °C exhibit shear thinning behavior.
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Figure 5.6 Ascending and descending shear stress sweeps performed for 6 vol% AHE
suspension.

The fact that AHE suspension still exhibit shear thinning behavior at 10 °C is in
contrast to observations for AHS particle suspensions [28]. The suspension shows a
yield stress at 10 °C reflecting that it becomes a gel. At 30 °C, it does not show a yield
stress implying that it is a suspension. At a high stress, shear thinning characteristics
are shown for both temperatures. The shear thinning behavior may be caused by the
alignment of particles in the flow direction due to particle-particle interaction under
flow. We also note that there is some hysteresis in the forward and backward sweeps

which is consistent with shear-induced changes in microstructure.
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Chapter 6

SMALL-ANGLE NEUTRON SCATTERING RESULTS AND DISCUSSION

In this chapter, we will discuss small angle neutron scattering results of 6 vol% AHE
suspension. SANS experiments were performed on the NG3 30m SANS instrument at
NIST. For SANS measurements, the sample was loaded in a demountable titanium cell
composed of a titanium frame holding quartz windows separated by a 1 mm path
length. Measurements were made at detector distance configurations of 1 m, 4 m, and
13 m with lenses. The scattering time for each sample was 5 minutes, 10 minutes, and
15 minutes for 1 m, 4 m, and 13 m with lenses or 15 m, respectively. The transmission
of each sample was measured at a fixed duration of 3 minutes per sample. Blocked
beam and empty cell were also measured, which are needed to reduce the data to
absolute scale. The reduction of the collected data was performed with the SANS

Macros modules in Igor Pro [45].

Figure 6.1 show a distinct upturn in intensity at a low q suggesting that a three-
dimensional percolated network structure spanning the whole sample volume is
formed. The slope of the intensity at low ¢ is approximately -2.05 (£ 0.03), which
indicates that the observed system is a densely networked structure having the fractal
dimension of 2.05. According to Kim et al, the fractal dimension obtained for
spherical system is 1.7 for the 100 nm particle systems at 20 vol% [16]. Considering
that corresponding sphere radius of AHE particle is 120 nm, this suggests that an
anisotropic system forms a much denser microstructure compared to an isotropic
system even at much lower volume fraction. Mohraz et al. [7] reported the similar
aggregation behavior of rod type boehmite colloids and compared the results with a

spherical particle suspension. They found that clusters composed of rods with aspect
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Figure 6.1 (a)1-D SANS intensity curves of a dispersion of 6 vol% AHE particles in
n-tetradecane from 10 °C to 30 °C. (b) Zoom-in of the low q region. Note: The data at
20 °C (purple points) are almost exactly overlapped on the data at 14 °C (Red points).
Hence the data at 14 °C are not visible.

ratio 3.9 have a fractal dimension of 1.97 (£ 0.05), which is similar to our observation.

This network fractal dimension is affected by the shape of primary particles making up
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the aggregates. As aspect ratio increases, a more branched and compact structure is
formed in comparison with the structure of the aggregates formed by spherical

particles.

The scattering intensity overlaps for the entire range of temperature meaning that the
structure has no significant temperature dependence, which conflicts with the
rheological data shown in chapter 3. When we see the zoom in intensities, however,
there is a slight change at intensity that varies in a manner consistent with the
rheological signature. A possible reason for this observation is that the van der Waals
forces are already sufficient to induce a weak gel structure at high temperatures.
Further cooling leads to a strengthening of the bonds between the elliposids without
significant change in microstructure leading to an increase in the modulus. A similar
effect was reported by Eberle et al. for the AHS system, where once the gel formed the
structure did not change with further cooling despite large increases in the moduli
[28,58]. Other plausible reasons could be that there are structural changes at longer
length scales that are too large to detect with SANS. To test this further, USANS or

SALS experiments are needed.
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Chapter 7

CONCLUSION AND FUTURE DIRECTION

7.1. Conclusion

There are a lot of intriguing phenomena in suspensions of anisotropic as compared
with isotropic particle suspensions. From this perspective, the present study focused
on two primary objectives. The first objective was to synthesize and characterize a
model system of chemically identical, anisotropic colloidal suspension having
relatively mono-disperse ellipsoidal geometry in order to investigate the effects of
particle anisotropy on dynamical arrest of adhesive hard particle system. The second
objective was to explore the thermoreversible gelation in anisotropic particle
suspensions via measuring the rheological response and directly probing the

microstructure with small-angle neutron scattering (SANS).

The synthesis of well characterized, model anisotropic particle dispersions having
uniform shape and low polydispersity is developed and demonstrated. Our model
Adhesive Hard Ellipsoid particles consist of ellipsoidal titanium dioxide particles as
the core coated with a silica shell and grafted with octadecyl brush. A coating of silica
was added to achieve the same surface chemistry as the previous isotropic systems and
to reduce the strength of the van der Waals attractions between the titanium oxide
cores. The van der Waals energy between two core-shell ellipsoids in tetradecane was
calculated and the based on orientation dependant van der Waals energy curve as a
function of coating thickness, the optimum thickness was determined as 30nm for the
model suspension. With this calculation as guidance, the methods given in the
literature were modified to develop a successful synthesis of the model ellipsoid
particles of aspect ratio of 2.5 and long axis of 210 nm. These particles were coated

with octadecane and successfully dispersed in tetradacane.
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The thermoreversible dynamic arrest of the AHE dispersions was examined by
rheological characterization. The adhesive hard ellipsoid suspension formed a gel like
structure upon cooling, as observed previously for the case of spherical particles.
However, importantly the dispersions of AHE particles formed a gel at a lower volume
fraction (6 vol%). When the gel temperatures for the AHS particles and AHE particle
are plotted together as a function of the mole fraction of octadecyl brush to solvent,
the gel temperature of ellipsoids follows the universal behavior of gelation of spherical
particles. This universal behavior agrees with the hypothesis that the gel transition
may be dependent on the available total surface area, or equivalently the mole fraction
of the brush layer. Thus, gelation in these systems follows a master curve of the gel
temperature as a function of the amount of brush molecules in the solvent. From this
perspective, we conclude that particle shape does not affect the gel temperature for
this system, but only the critical minimum gelation concentration depends on the
particle aspect ratio. This makes sense if the strength of the adhesive interactions
induced by brush crystallization acting between particles does not depend on the
particle shape. However, the number of contacts acting between particles will
depend on the particle shape such that suspensions of high aspect ratio particles will
have more adhesive contacts that spherical particles for a given volume fraction, as
long as the particles are randomly oriented and dispersed. Thus, the minimum
volume fraction at which homogeneous gelation can occur should be dependent on the
shape of the particles. This result is consistent with the theory of Kim et al. [16]
where the critical gravitational Peclet number for gelation in spherical particles
depends on the fractal dimension, such that a more open network with more contacts
can form a gel at lower concentrations. Based on our findings, we can predict the
absolute gel temperature from the gel geometric properties of adhesive hard particle
system, but as of yet, cannot predict the minimum gel concentration. This study,
however, cannot directly compare with AHS system due to the residual attractions
evident even at higher temperatures from the van der Waals interactions between the

dense titanium oxide cores.
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7.2 Future Direction.

One goal of the research is to provide a universal state diagram for colloidal and
molecular fluids with excluded volume and short range interactions, including the
effect of particle shape .The adhesive hard ellipsoids studied in this thesis provided a
good model system, but were shown to exhibit significant van der Waals attractions
originating from TiO; particle core. Although a thermally reversible gel transition was
demonstrated, because of this strong van der Waals force, AHE suspensions showed
evidence of attractive forces between particles even at high temperatures (Figure A1).
In Chapter 6, this van der Waals force acting between particles in suspension was
shown to affect the suspension microstructure independent of the thermoreversible
sol-gel transition. Therefore, it was not possible to determine the effective strength of
interaction at the gel transition from the SANS data as no significant change in
microstructure was evident over the length scales probed. Therefore, it is suggested
that the development of silica ellipsoids without the core titanium oxide particle as a
template could be a better route to study of the effect of particle anisotropy on
gelation. Synthesis protocol of ellipsoids silica particles have been reported in the
literature by Zhang et al. [65]. The development of model AHE particles based on
ellipsoidal silica would provide a model system closer to the AHS system studied
previously and allow for the quantitative study of the theremoreversible sol-gel

transition in AHE suspensions.
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Figure 7.1 3D Proposed 3D state diagram for the adhesive hard ellipsoid model
system (right) similar to that of isotropic system [6] (left) T, ¢, and a indicate Baxter
parameter, volume fraction, and particle anisotropy, respectively.

This study will be continued to integrate the knowledge of static and dynamic
behavior to formulate a theoretical and experimental 3-D phase diagram of the AHE at
various aspect ratios, attractive forces, and ¢ regimes. The result will be compared
with the spherical system. To explore the rheology and microstructural evolution under
shear flows in anisotropic particle suspensions, combining rheology with small angle
neutron scattering (flow-SANS) will enable quantifying the flow-induced alignment
and other microstructural changes. The present study will be significant and
fundamental importance to a broad range of investigators interested in soft matter,
molecular thermodynamics, and rheology. Also, from an industrial perspective, they
will directly benefit suspension formulation and manufacturing processes employing
suspensions of anisotropic particle. This state diagram will then be used as a reference

for studying dispersions of anisotropic particles.
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Appendix

NOMENCLATURE AND ACRONYMS

Symbol SI units definition
a [m] Particle radius
A [kgm2s2] Hamaker constant
B> [m3] Second virial coefficent
d [m] Surface-to-surface distance
df Mass-fractal dimension
Dn [m] Effective hydrodynamic
particle diameter
g [ms2] Gravitational acceleration
G' [kgms2] Storage modulus
G" [kgms] Loss modulus
I(q) [m™1] Scattering intensity
kg [kgm?s2K-'] Boltzman constant
m [kg] Mass
n Refractive index
P(q) Static form factor
q [m™1] Scattering vector
r [m] Center-to-center
interparticle distance
Rg [m] Radius of gyration
S(q) Static structure factor
t [s] time
T K] Temperature
Y strain
) Phase angle
n [kgs'm™] viscosity
v [ms] Sedimentation velocity
) [kgm?] density
Psio [m~] Scattering length density
T [kgm?s?] Torque
(0} Volume fraction
® [s] Oscillatory frequency
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