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 Phytoglycogen nanoparticles are a promising, new nanomaterial with many applications 

in the personal care, food and pharmaceutical industries. These applications rely on exceptional 

properties that emerge from the highly-branched, dendrimeric structure of phytoglycogen, such 

as high water retention, low viscosity, and extraordinary stability in water. To better understand 

this unique interaction with water, we have used rheology to measure the mechanical response of 

aqueous dispersions of phytoglycogen particles as a function of volume fraction 𝜙 of the 

particles. Specifically, we measured the zero-shear viscosity η0 and find only small increases in 

η0 up to 𝜙 ~ 0.6, indicating that the particles interact weakly in dilute dispersions. At the largest 

volume fractions (𝜙 ~ 1), we observed very large increases in η0 (by up to six orders of 

magnitude) accompanied by significant deformation of the soft particles. These results 

demonstrate that phytoglycogen nanoparticles dispersed in water provide a very simple 

experimental realization of a soft sphere colloidal dispersion that can be used to validate 

theoretical models in detail.  
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Chapter 1: Introduction and Background 

1.1 Colloidal Dispersions 

 Colloidal dispersions, in which microscopic or nanoscopic solid particles are suspended 

in a liquid medium, have been a subject of extensive study for many decades. Although colloidal 

dispersions may seem simple, they often possess rich, interesting and useful physical properties 

that arise from the microscopic interactions between the suspended particles. These interactions 

depend strongly on the shape, size and chemical composition of the particles, which can range 

from hard spherical particles,1 to anisotropic rod-like particles,2 to soft microgels,3 to mixtures of 

immiscible liquids4 (e.g. oil droplets dispersed in water). Common examples of colloidal 

dispersions include various industrial products such as paints and inks, food products such as 

mayonnaise and ice cream, and cosmetic products such as toothpaste and moisturizers.5 Many of 

the key applications of colloidal dispersions rely on the long-term stability of the colloidal 

particles in liquid. The simplest theory that accounts for colloidal stability is the Derjaguin, 

Landau, Verwey, and Overbeek (DLVO) theory,6 which describes the competition between 

attractive van der Waals and repulsive electrostatic interactions between the particles. 

Refinements of the DLVO theory, referred to as extended DLVO theory,6 account for other 

stabilizing interactions such as steric repulsion. 

1.1.1 Hard Sphere Colloidal Dispersions 

 In the absence of significant van der Waals, electrostatic and steric repulsive interactions 

between colloidal particles in dispersions, they interact only through very short-range repulsive  
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Figure 1.1: Schematic plot of the interaction energy U versus inter-particle separation r for hard 
sphere colloids. The particles interact only through excluded volume effects when the inter-
particle separation is equal to the particle diameter D. 

 
interactions and, as a result, behave as hard spheres that bounce off one another without sticking. 

Such systems are known as hard sphere colloidal dispersions. They are a very appealing system 

since the theoretical framework describing their interactions is very simple: the particles only 

experience excluded volume interactions. The excluded volume interaction is illustrated in 

Figure 1.1 as a plot of the interaction energy U versus the separation between particles r. When 

the inter-particle separation equals the particle diameter D (i.e. when the particles come into 

contact), the particles experience a very strong (infinite) repulsive interaction, but otherwise do 

not interact at all. This interaction makes dispersions of hard sphere colloidal particles very 

stable, with no aggregation or sedimentation of the particles. The behaviour of hard sphere 

dispersions is controlled by a single parameter, the volume fraction φ of particles in the 

dispersion: 
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𝜙 =  
𝑉!"#$%&'()
𝑉!"#$%&"'

=  
𝑉!"#$%&'()

𝑉!"#$%&' + 𝑉!"#$%&'()
, 

 
( 1 ) 

which is essentially a measure of the concentration of the particles in the dispersion. Significant 

work has been done to understand the behaviour of hard sphere colloidal dispersions, both 

theoretically and experimentally. Experimental realizations of hard sphere colloidal dispersions 

have most commonly included systems composed of silica spheres7,8 or sterically stabilized 

poly(methyl methacrylate) (PMMA) particles9,10 suspended in various solvents. Dispersions of 

perfectly monodisperse hard spheres are completely fluid up to a volume fraction 𝜙 = 0.494. 

Beyond 𝜙 = 0.494 is a two-phase region of coexistence of fluid and crystal, which persists up to 

𝜙 = 0.54.  Systems with 𝜙 > 0.54 are fully crystalline up to a maximum volume fraction of 𝜙!"" 

= 0.74 corresponding to a face-centered cubic lattice.11,12 In practice, hard sphere particles often  

 

 
Figure 1.2: Schematic phase diagram of hard sphere dispersions showing the glass/jamming 
transition path (solid colours) and the crystallization path (muted colours). The phase diagram is 
determined entirely by the volume fraction 𝜙, with the glass transition occurring at 𝜙! = 0.58, 
random close packing occurring at 𝜙!"# = 0.64 and the face-centered cubic lattice occurring at 
𝜙!"" = 0.74. This figure has been adapted from Ref. 11. 
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possess a small degree of polydispersity and this crystalline phase behaviour is not observed. For 

polydisperse particles, the dispersions instead remain fluid up to the glass transition, which 

occurs for 𝜙 ≈ 𝜙!  = 0.56. This glass phase can persist up to the point where the particles come 

into intimate contact, which occurs at the random close packing volume fraction 𝜙!"# = 0.64.11 

In Figure 1.2, we show a schematic phase diagram for hard sphere colloidal dispersions that 

includes the glassy phase behaviour of polydisperse spheres and the crystalline phase behaviour 

of monodisperse spheres. Highlights of studies performed on hard sphere dispersions are 

discussed in detail in section 2.1.  

1.1.2 Soft Sphere Colloidal Dispersions 

There has been considerable recent interest in dispersions of soft colloidal particles. At 

sufficiently small volume fractions 𝜙 (equation ( 1 )), the soft particles behave essentially as hard 

spheres which do not interact unless they come into contact with each other. This behaviour 

persists up to a critical volume fraction 𝜙!  for which all of the particles in the dispersion are in  

 
 

Figure 1.3: Schematic diagram of soft sphere colloidal dispersions at various volume fractions 
𝜙. The particles are in intimate contact at some critical volume fraction 𝜙! . Below 𝜙! , the 
particles are well separated and essentially behave as hard spheres. Above 𝜙! , the particles are 
pressed against each other and undergo faceted deformation and possibly compression. This 
figure has been adapted from Ref. 13. 
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intimate contact (Figure 1.3). However, soft sphere colloidal particles are, by their very nature, 

deformable and compressible and, as the concentration of particles is further increased, they can 

distort their shape to fill in the voids between the particles, forming flat facets at the interfaces 

between particles (Figure 1.3). As a result, soft sphere colloids can be packed to volume fractions 

well beyond the maximum packing fraction of hard spheres 𝜙! . In Figure 1.4, we show a 

schematic of the interaction energy U versus the separation r between soft colloidal particles. In 

this figure, we assume that the soft particles do not interact until they come into contact with 

each other (r = D), as for hard spheres. However, rather than a large spike in the value of U at r = 

D for hard spheres, the energy barrier increases more gradually as the soft particles are allowed 

to deform and possibly compress and interpenetrate. The strength of the repulsion depends on the 

softness of the particles, with the increase in U becoming more gradual as the particles become  

 

Figure 1.4: Schematic plot of the interaction energy U versus inter-particle separation r for soft 
colloids. The three curves represent different degrees of softness: the right-most dashed curve is 
the least soft and the left-most solid curve is the softest. 

r = D 
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softer. This behavior is shown in Figure 1.4 as three curves that correspond to particles of three 

different stiffness, with the right-most dashed curve representing the hardest particles and the 

left-most solid curve representing the softest particles. Soft sphere colloidal particles have 

attracted much interest over the past several decades, with most of the work focused on different 

types of soft microgel particles.14–16 Highlights of this work are described in section 2.2. 

1.2 Phytoglycogen Nanoparticles 

Phytoglycogen nanoparticles are highly branched, uniform density particles that are 

extracted and purified from the kernels of sweet corn. Recent studies on phytoglycogen 

nanoparticles have led to significant insight into their internal structure,17–20 which is depicted in 

Figure 1.5. The particles are composed of linear chains of glucose monomers connected by 𝛼-

(1à4) glycosidic bonds with frequent branching via 𝛼-(1à6) glycosidic linkages.21 This unique 

structure leads to many remarkable properties such as a high degree of monodispersity, high 

water retention, low viscosity and exceptional stability in water, and the ability to stabilize 

emulsions.22 These properties suggest a range of potential applications of phytoglycogen in 

cosmetics, food and nutrition, and pharmaceuticals. These applications are being pursued by 

Mirexus Biotechnologies Inc., a company based in Guelph, ON, who has generously supplied the 

phytoglycogen nanoparticles used in this study. 

 Our research group has recently studied the structure and hydration of phytoglycogen 

nanoparticles using small angle and quasielastic neutron scattering,23 infrared (IR) 

spectroscopy,24 ellipsometry,25 and atomic force microscopy.26 Neutron scattering revealed that 

the nanoparticles in aqueous dispersions have a uniform size (radius of 17.4 ± 1.6 nm) and a 

uniform density, and that the particles are very highly hydrated, containing between 250 and 285 
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% of their weight in water.23 Small angle neutron scattering (SANS) allowed the determination 

of the particle-to-particle spacing in dispersions ranging in concentration from 1 % - 24.4 % 

w/w,23 indicating the onset of particle overlap at a concentration of ~ 20 % w/w, in agreement  

 

 

 

 
Figure 1.5: (a) Schematic diagram of a single phytoglycogen nanoparticle illustrating its 
dendrimeric structure and the branching of its glucose monomers. This image was adapted from 
Ref. 21. (b) Atomic Force Microscopy (AFM) image of many phytoglycogen nanoparticles 
spincoated onto a mica surface. The expanded image shows a schematic diagram of a single 
nanoparticle, distinguishing between hydration water inside the particles (full colour) and bulk 
water outside the particles (muted colours). 

(a) 

(b) 
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with the rheology data presented in this thesis (see Chapter 4: Results and Discussion). SANS 

experiments also allowed the determination of the molecular weight of the hydrated particles 

(14.7 × 106 g/mol) as well as a unique determination of the molecular weight due only to the 

glucose monomers (4.16 × 106 g/mol). Quasielastic neutron scattering (QENS) allowed us to 

distinguish between hydration water inside the particles and bulk water outside the particles, with 

the hydration water dynamics significantly slower than bulk and dependent on the length-scale of 

the measurement.23 The IR results allowed the identification of different sub-populations of 

water inside the particles, and it was shown that water within the highly branched phytoglycogen 

nanoparticles is much more well-ordered and strongly bound than water associated with two 

linear polysaccharides, indicating the strong influence of chain architecture on the structuring of 

water.24 This was further demonstrated by the ellipsometry results,25 which probed the swelling 

behaviour of ultrathin phytoglycogen films and found that the length scale characterizing the 

internal hydration forces differs significantly from two other glucose-based polysaccharides: 

hyaluronic acid and chitosan.  

 These results highlight the special properties of phytoglycogen nanoparticles and the very 

strong interaction between the particles and water. We can further probe the phytoglycogen-

water interaction by mixing phytoglycogen nanoparticles into water, forming colloidal 

dispersions, and studying their mechanical or rheological properties. 

1.3 Rheology 

 Many of the studies performed on hard and soft sphere colloidal dispersions have focused 

on understanding their mechanical properties such as viscosity, viscoelasticity and yield 

behaviour. The preferred technique to investigate these properties is rheology, which is the study 
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of how materials deform and flow in response to applied forces. This is a very mature area of 

research that allows the study of solids, liquids and viscoelastic materials, which possess both 

elastic-like and fluid-like properties. The shear modulus G of solids and the viscosity 𝜂 of liquids 

are two very important rheological properties that quantify the ability of a material to resist 

deformation or flow when subjected to a shearing force F. A common method for determining 

these two quantities is to place the material between two plates a distance h apart and slide one 

surface while holding the other one stationary. The moving surface will apply a lateral shearing 

force F to the sample, which corresponds to a shear stress 𝜎 = F/A, where A is the surface area of 

the sample in contact with the moving plate. 

For a simple Hookean solid, an applied shear stress 𝜎 will cause a horizontal elastic 

deformation Δx, which corresponds to a shear strain 𝛾 = 𝛥x/h, where h is the height of the 

sample. This type of deformation is illustrated in Figure 1.6a. The applied shear stress 𝜎 is 

related to the shear strain 𝛾 through the shear modulus G27: 

𝜎 = 𝐺𝛾. 
 

( 2 ) 

Therefore, by varying 𝜎 and measuring the corresponding 𝛾 (or vice versa), one can determine 

the shear modulus G from the slope of the resulting shear stress versus shear strain curve.  

For a simple Newtonian fluid, an applied shear stress 𝜎 will instead produce a uniform 

flow field within the sample, for which the velocity is equal to zero at the stationary plate (in the  

absence of slip) and increases linearly across the sample to a velocity v at the moving plate. The 

flow field produced by shearing a viscous fluid is illustrated in Figure 1.6b. The velocity gradient 

of the flow field is known as the shear strain rate 𝛾 = v/h. For a Newtonian fluid, the shear stress 
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Figure 1.6: (a) Schematic diagram of a simple Hookean solid between a stationary lower surface 
and a moving upper surface, separated by a height h. The sample undergoes an elastic horizontal 
deformation Δx with the application of a shearing force F. (b) Schematic diagram of a simple 
Newtonian fluid between a stationary lower surface and a moving upper surface, separated by a 
height h. A flow field occurs with the application of a shearing force F, characterized by a linear 
flow profile, with the layer of fluid in contact with the upper plate flowing at maximum velocity 
v. 

(a) 

(b) 
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𝜎 is proportional to 𝛾, where the proportionality constant is the viscosity 𝜂 of the fluid27:  

𝜎 =  𝜂𝛾. 
 

( 3 ) 

Because of the proportionality between 𝜎 and 𝛾 in equation ( 3 ), the viscosity 𝜂 of a Newtonian 

fluid is equal to the zero-shear viscosity 𝜂! – the viscosity of the sample as 𝛾 is decreased to 

zero. Therefore, by varying 𝜎 and measuring the corresponding 𝛾 (or vice versa), one can 

determine the zero-shear viscosity 𝜂! from the slope of the measured 𝜎 𝛾  curve. 

 More complex fluids, known as non-Newtonian fluids, do not obey equation ( 3 ), since 

their viscosity depends on the shear strain rate: 𝜂(𝛾). The most common examples are shear-

thinning fluids for which, above a critical shear strain rate, the viscosity decreases with 

increasing shear strain rate according to a power-law dependence. Shear-thinning has been 

observed in a variety of different systems ranging from colloidal dispersions,28 polymer melts,29 

emulsions30 and more industrial products such as toothpaste and cement.5 Shear-thinning is very 

well described by a model developed by Cross31: 

𝜂 − 𝜂!
𝜂! − 𝜂!

=  
1

1+ (𝑘 ∙ 𝛾)!  , 

 
( 4 ) 

where 𝛾 is the shear strain rate, 𝜂 is the viscosity for a given 𝛾, 𝜂! and 𝜂! are the zero-shear and 

infinite-shear viscosities respectively (both of which are constant and 𝛾-independent), and k and 

n are fitting parameters. The k parameter is a characteristic time that is a measure of the shear 

strain rate corresponding to the onset of shear thinning and it can be related to the breaking of 

structural linkages within the sample.31 The m parameter corresponds to the slope of the 𝜂 𝛾  

data that provides a measure of the polydispersity of the particle size, with m = 1 corresponding 
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to perfectly monodisperse particles.32 In cases where an infinite-shear viscosity is not very well 

defined, a modified version of the Cross model, known as the Williamson model33: 

𝜂 =  
𝜂!

1+ (𝑘 ∙ 𝛾)!  , 

 
( 5 ) 

may be more suitable. For shear-thinning non-Newtonian fluids, the zero-shear viscosity 𝜂! is 

often used to characterize the flow behaviour of the sample.  

Another commonly observed phenomenon in non-Newtonian fluids is the existence of a 

yield stress 𝜎!. The yield stress is the minimum amount of stress required for the solution to flow 

like a viscous fluid; applying a shear stress 𝜎 < 𝜎! will result in an elastic solid-like response. In 

a log-log plot of shear stress 𝜎 versus shear strain rate 𝛾, the yield stress is identified as a flat  

 
 

Figure 1.7: Schematic plot of shear stress 𝜎 versus shear strain rate 𝛾, on a log-log scale, for a 
yield stress fluid. The arrow indicates the yield stress value 𝜎!. 
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plateau in 𝜎 at low 𝛾 before increasing with increasing 𝛾 (Figure 1.7). The yield stress 𝜎! can be 

determined by fitting the 𝜎 𝛾  data to the Herschel-Bulkley model11: 

𝜎 =  𝜎! + 𝑘𝛾!, 
 

( 6 ) 

where k and n are fitting parameters. The slope of the increasing portion of Figure 1.7 

corresponds to the zero shear viscosity 𝜂! of the solution once it had begun to flow. 

 Yield stress fluids are a subset of a broader range of materials known as viscoelastic 

materials, which combine the properties of elastic solids and viscous fluids. Examples of 

viscoelastic materials range from different types of colloidal dispersions to emulsions to various 

polymeric systems.12 The distinguishing feature of a viscoelastic material is the existence of 

relaxation processes that cause the properties of the material to depend on time. If we consider a 

material with a single relaxation time 𝜏, we can understand its viscoelastic nature by considering 

the timescale t on which the material is perturbed. If 𝑡 <  𝜏, the material cannot relax on the 

timescale of the perturbation and the response is elastic. In contrast, if 𝑡 >  𝜏, the material can 

fully relax and the response is viscous. This timescale dependence of the viscoelastic response 

can be probed by applying a time-dependent sinusoidal strain 𝛾 𝑡  to the material at a controlled 

frequency 𝜔: 

𝛾 𝑡 =  𝛾!𝑠𝑖𝑛 𝜔𝑡, 
 

( 7 ) 

where t is the time, and 𝛾! is the amplitude of the strain. The corresponding shear stress 

𝜎 𝑡  response of a viscoelastic material can be written as27: 
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𝜎 𝑡 = 𝐺!𝛾! sin𝜔𝑡 + 𝐺′′𝛾! cos𝜔𝑡, 
 

( 8 ) 

where G’ is the storage modulus and G’’ is the loss modulus. The storage and loss moduli 

represent the real and imaginary part of the total shear modulus respectively: 

𝐺∗ = 𝐺! + 𝑖𝐺!!. 
 

( 9 ) 

For small strain amplitudes 𝛾!, such that the internal structure of the viscoelastic material is only 

slightly perturbed but not completely disrupted, the real part G’ describes the elastic component 

of the viscoelastic sample and the imaginary part G’’ describes the viscous component. As 

discussed above, the nature of the viscoelastic response depends on the timescale of the 

perturbation, which is set by the applied angular frequency 𝜔 of the oscillation. At sufficiently 

low 𝜔, the timescale of the applied oscillatory shear is larger than the relaxation time of the 

viscoelastic material, and the sample has enough time to fully relax the applied stresses and flow 

like a viscous fluid. A viscous fluid-like response indicates that, for the given angular frequency 

𝜔, the loss modulus G’’ is larger than the storage modulus G’. As the angular frequency 𝜔 is 

increased, G’ and G’’ increase according to the following power laws11: 

𝐺! ∝  𝜔!, 𝐺!! ∝ 𝜔. 
 

( 10 ) 

Since G’ scales more strongly with 𝜔 than G’’, there is eventually a crossover point as the 

angular frequency is increased, as shown in Figure 1.8, and G’ becomes larger than G’’. At this 

point, the material is not able to fully relax within the timescale of the applied oscillatory shear 

and the sample behaves more like an elastic solid. Increasing 𝜔 further leads to the development 
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of a plateau in G’ and a local minimum in G’’ (Figure 1.8). This dependence of G’ and G’’ on 𝜔 

is observed in many viscoelastic materials, such as hard sphere colloidal dispersions.11,34 

 

 

Figure 1.8: Schematic plot of the storage G’ and loss G’’ moduli versus angular frequency 𝜔 for 
a viscoelastic material. This dependence of G’ and G’’ on 𝜔 is commonly observed for hard 
sphere colloidal dispersions.  

 
 All of the time dependent mechanical properties of a material discussed above can be 

accurately measured using a rheometer, which is an instrument that can generate a simple shear 

flow in a sample and measure the resulting stresses and strains. There are two main classes of 

rheometers: stress-controlled rheometers and strain-controlled rheometers. Stress-controlled 

rheometers are used to apply a well-controlled shear stress 𝜎 to the sample and measure the 

corresponding shear strain rate 𝛾. Strain-controlled rheometers are used to apply a well-

controlled value of 𝛾 and measure the resulting value of 𝜎. 

 
 



 

16 

  There are two common measurement geometries used in rheometers, as shown 

schematically in Figure 1.9: the concentric cylinder geometry (Figure 1.9a) and the cone-and-

plate geometry (Figure 1.9b). In the concentric cylinder geometry, which is used for samples of   

  
 

Figure 1.9: Schematic of a standard rheometer equipped with (a) the concentric cylinder 
geometry and (b) the cone-and-plate geometry. The sample (red) is sheared by the rotating piece.  

 
low viscosity, the sample is poured into a cylindrical cup of radius Rc. A smaller cylindrical bob 

of radius Rb (Rb < Rc) is then submerged in the sample creating a small annular gap between the 

inner and outer cylinders. The inner cylinder is then rotated, generating a circular flow field (as 

shown schematically in Figure 1.6b) between the moving inner cylindrical bob and the stationary 

outer cylindrical cup. The shear stress 𝜎 and the shear strain rate 𝛾 can be calculated from the 

applied torque T and angular speed Ω of the rheometer, which are related to the radial r 

dependence of the shear stress 𝜎 shear strain rate 𝛾 respectively through the following 

equations11: 

(b) (a) 
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𝜎 𝑟 =
𝑇

2𝜋𝐿𝑟! , 𝛾 =
Ω𝑅!"
𝑅! − 𝑅!

, 

 
( 11 ) 

where L is the length of the cylindrical bob and Rav is the average of the inner and outer cylinder 

radii Rb and Rc. Since the shear stress drops off as 𝑟!! in the gap between the cylinders, the radii 

of the inner and outer cylinders are typically chosen such that the ratio of their radii 𝑅!/𝑅! is 

close to unity (e.g. 𝑅!/𝑅! > 0.99).11 With this constraint, the gap between the cylinders is very 

small and the shear stress 𝜎 can be approximated as constant across the gap. Using the equations 

above, a rheometer equipped with the concentric cylinder geometry can sweep through different 

shear stress and shear strain rate values to generate 𝜎 versus 𝛾 curves, from which the 

rheological properties of the sample, such as its viscosity, can be determined. The large surface 

area of the concentric cylinder geometry makes it very effective at measuring low viscosity 

samples. However, it requires fairly large sample volumes (~ 15–20 mL) and can be difficult to 

clean between measurements on different samples. These minor drawbacks are only problematic 

for more viscous samples (𝜂 > 0.03 Pa∙s), for which it is common to switch to the cone-and-plate 

geometry (Figure 1.9b). 

 In the cone-and-plate geometry, the sample is placed between a lower flat plate and an 

upper cone with a cone angle 𝛼 that is typically on the order of 1 – 2°. The cone is then rotated, 

which generates a flow field in the sample. In this geometry, the shear stress 𝜎 and shear strain 

rate 𝛾 are related to the torque T and angular speed Ω by11: 

𝜎 =
3𝑇
2𝜋𝑅! , 𝛾 =

Ω
tan𝛼 , 

 
( 12 ) 
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where R is the radius of the cone and 𝛼 is the cone angle. The formulae in equation ( 12 ) show 

that the shear stress 𝜎 and shear strain rate 𝛾 are constant throughout the sample, since they are 

independent of the radial distance from the center of the cone (in contrast to the concentric 

cylinder geometry), as well as the angular and azimuthal positions. As for the concentric cylinder 

geometry, a rheometer equipped with the cone-and-plate geometry can be used to generate 𝜎 

versus 𝛾 curves, from which the rheological properties of the sample can be determined. As 

mentioned above, the cone-and-plate geometry is more suitable for high viscosity samples. In 

addition, only small sample volumes are required (~ 1 mL) and it is much easier to clean and fill 

the sample holder with a new sample. Furthermore, the cone-and-plate geometry is more suitable 

for oscillatory measurements which can be used to measure the storage modulus G’ and loss 

modulus G’’ of the sample. However, this geometry can be problematic for measuring low 

viscosity samples, which can easily flow out of the measurement area and spread across the 

lower plate. The much smaller surface area of the cone also makes it less sensitive than the 

concentric cylinders, and therefore, less effective at measuring very small viscosities. Therefore, 

the concentric cylinder geometry should be used for measurements on low viscosity samples and 

the cone-and-plate geometry should be used for measurements on high viscosity samples. 

1.4 Scope of Thesis 

The purpose of this thesis is to investigate the rheological properties of aqueous 

phytoglycogen dispersions and compare their flow and viscoelastic behaviour to other well 

studied hard sphere and soft sphere colloidal dispersions. In Chapter 2, I discuss highlights of the 

major rheology studies that have led to significant insight into the properties and behaviour of 

hard sphere and soft sphere colloidal dispersions. In chapter 3, I describe the details of my 

rheology measurements on aqueous phytoglycogen dispersions, which include some of my early 
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results that helped me to refine my experimental procedures. In Chapter 4, I present and discuss 

the results of my rheological measurements of aqueous phytoglycogen dispersions, which 

include the determination of the volume fraction 𝜙, measurements of the zero-shear viscosity as 

a function of 𝜙, and measurements of the storage G’ and loss G’’ moduli as a function of the 

shear strain 𝛾 and the angular frequency 𝜔. Finally, in Chapter 5, I provide a summary of my 

results and suggestions for future experiments and analysis.   
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Chapter 2: Colloidal Dispersion Rheology 

 

2.1 Rheology of Hard Sphere Colloidal Dispersions 

Hard sphere dispersions are the most extensively studied colloidal system, with some of 

the earliest studies dating back to Einstein.35 As discussed in section 1.1.1, ideal hard sphere 

dispersions contain colloidal particles that do not interact except when they are in contact, when 

they experience an infinite interaction potential (Figure 1.1). Theoretically, these dispersions are 

very appealing because of their simplicity, with all of their properties specified by a single 

parameter, the volume fraction 𝜙 . Because of this, they allow in-depth investigations of 

important phenomena such as jamming for highly concentrated dispersions,36 with implications 

for achieving an improved understanding of the glass transition.37–40 However, experimental 

realizations of hard sphere dispersions have required the use of complicated particle 

geometries41,42 to minimize long- and short-range interactions between particles.9 Despite these 

complications, much has been achieved experimentally, including the observation of a glass 

transition34,43,44 for a volume fraction value of 𝜙 ≈ 0.58, which is less than the value of 𝜙 = 0.64 

corresponding to randomly packed spheres.45 In glass-forming systems, the transition to a glass 

at 𝜙 = 0.58 is accompanied by a divergence in the dispersion viscosity 𝜂. Dispersions of 

poly(methyl methacrylate) spheres sterically stabilized by a grafted layer of poly(12-hydroxy 

stearic acid) (PMMA-PHSA) and suspended in either decalin or decalin/tetralin mixtures are 

hard sphere systems that have shown a divergence in the viscosity around 𝜙 = 0.58 in various 

different studies performed by Mewis et al.,46 Phan et al.47 and Cheng et al.48 In these studies, 

the relative viscosity 𝜂! (viscosity 𝜂 of the dispersion relative to that of the solvent 𝜂!: 𝜂! = 𝜂/𝜂!) 
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of the dispersions was initially very low with only a single order of magnitude increase over a 

broad range of volume fractions ranging from 𝜙 = 0 to 𝜙 ≈ 0.4. For this range of volume 

fractions, the hard sphere particles were well separated with very little interaction between the 

particles, which leads to very little resistance to flow and a correspondingly low viscosity. As the 

volume fraction is increased beyond 𝜙 = 0.4 and towards 𝜙 = 0.58, the relative viscosity 𝜂! of 

the PMMA-PHSA system increased substantially by several orders of magnitude. For this range 

of volume fractions, the hard sphere particles came into contact more frequently and the strong 

repulsive interactions between them led to an increased resistance to flow and a corresponding 

increase in the viscosity. At 𝜙 ≈ 0.58, the dispersions transitioned from a fluid phase to an 

amorphous glass phase that could no longer flow readily. This led to a divergence in the 

dispersion viscosity.  Other studies performed by van der Werff and de Kruif49 as well as Russel 

et al.50 have shown that hard sphere dispersions composed of silica particles suspended in 

cyclohexane exhibited similar viscosity behaviour: the relative viscosity 𝜂! remained very small 

over a broad range of 𝜙 but increased significantly for 𝜙 > 0.5. These dispersions continued to 

flow beyond 𝜙 = 0.58 with a divergence in the viscosity occurring at the random close packing 

volume fraction 𝜙 = 0.64, suggesting that these dispersions were able to approach the point at 

which all of the particles were in intimate contact with each other. At this point, the particles 

were jammed and were unable to flow, leading to a divergence in the dispersion viscosity. A 

recent comprehensive analysis of hard sphere data and theories supports a divergence of the 

viscosity at the ideal glass transition of 𝜙 = 0.58, in agreement with mode coupling theory.40 The 

divergence in 𝜂! is described very well by a semi-empirical model developed by Krieger and 

Dougherty51: 
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𝜂! =  1−  
𝜙
𝜙!

![!]!!
, 

 
( 13 ) 

where 𝜂! is the relative viscosity, [𝜂] is the intrinsic viscosity (equal to 2.511) and 𝜙! is the 

volume fraction at which the divergence occurs.  

 The hard sphere colloidal glass transition is also accompanied by very well-behaved and 

reproducible features in the viscoelastic response of the dispersions. An early study by Mason 

and Weitz34 of silica particles dispersed in ethylene glycol showed that the application of an 

oscillatory strain led to a primarily viscous response at sufficiently small values of 𝜙 (𝜙 ≈ 0.50), 

and that the loss modulus G’’ dominated the storage modulus G’ over an extended range of strain 

amplitudes 𝛾. As the volume fraction was increased, G’ eventually became larger than G’’ and 

the response became elastic. However, this elastic-like response was limited to sufficiently small 

strain amplitudes 𝛾, for which G’ and G’’ were 𝛾-independent. As the strain amplitude 𝛾 was 

increased, the storage modulus G’ decreased more quickly than the loss modulus G’’ and, at 

sufficiently large 𝛾, G’’ became larger than G’ corresponding to a predominantly viscous 

response. The strain amplitude at which G’ and G’’ became 𝛾-dependent decreased as the 

volume fraction 𝜙 was increased. The authors suggested that to interpret G’ and G’’ as the elastic 

and viscous nature of the dispersions, all measurements should be taken within the linear 

viscoelastic regime. Measurements of G’ and G’’ as a function of angular frequency 𝜔 were also 

performed at a constant strain amplitude 𝛾 within the linear regime. At sufficiently small volume 

fractions (𝜙 ≈ 0.50), the response was viscous with G’’ larger than G’ over an extended angular 

frequency 𝜔 range. The storage G’ and loss G’’ moduli increased with 𝜔 according to a power 

law relationship. As 𝜙 was increased towards the glass transition (𝜙 ≈ 0.58), there was a 
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crossover in G’ and G’’ at progressively smaller angular frequency 𝜔 values indicating that, for 

sufficiently large volume fractions 𝜙, hard sphere colloidal dispersions are viscoelastic fluids. 

For 𝜔 values beyond the crossover frequency, G’ developed a plateau and the loss modulus G’’ 

developed a local minimum. Therefore, the overall viscoelastic response of silica particles 

dispersed in ethylene glycol was very similar to that indicated in the schematic plot in Figure 1.8.  

This viscoelastic behaviour was found to be well described by an analysis based on mode-

coupling theory (MCT). A more recent study performed by Koumakis et al.52 showed that the 

MCT analysis developed by Mason and Weitz34 also provides a very good description of the 

viscoelastic response of PMMA-PHSA particles dispersed in decalin. The applicability of the 

MCT model to a variety of systems shows that this kind of viscoelastic behaviour is common 

among different hard sphere colloidal dispersions.  

2.2 Rheology of Soft Sphere Colloidal Dispersions 

The rheological behaviour of soft colloidal dispersions is more complex than that of hard sphere 

dispersions because of the compressibility of the soft particles and their tendency to sorb a 

significant amount of the surrounding solvent. Because of this, the volume fraction 𝜙 of a soft 

colloidal dispersion obtained by adding dry particles to the solvent is challenging to determine 

accurately. In addition, in the limit of very high concentrations and in the presence of, e.g., an 

osmotic stress,53–56 the particles undergo faceted deformations to fill in the voids between them,13 

and potentially expel some of the solvent, leading to 𝜙 values that can exceed the highest values 

that can be achieved for hard sphere dispersions. The amount of deformation is governed by the 

particle softness, which can also have a large effect on other properties, such as the viscosity,57 

phase behaviour,58 yielding behaviour59 and viscoelasticity.52 Many studies have been performed 

on colloidal systems with a broad range of particle softness, ranging from nearly hard sphere 
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dispersions of poly(methyl methacrylate) (PMMA) microgel particles14 to softer microgel 

systems16,60,61 to even softer multiarm star polymer dispersions.62–64 Most soft colloid rheology 

studies have been performed using thermo-responsive microgel particles with a deformable outer 

shell of cross-linked poly(N-isopropylacrylamide) (PNIPAM).15 These studies have provided 

considerable insight into glassy dynamics,65 nonlinear rheology,66 critical scaling for jammed 

systems,67 and the effect of compressibility on mechanical properties68 and phase transitions.69  

 The PNIPAM microgel system is very appealing because the volume fraction of the 

dispersion can be tuned continuously by varying the temperature of the thermo-responsive 

microgel particles. In one of the early studies performed by Senff and Richtering,70 PNIPAM 

microgel particles were dispersed in Milli-Q water and the hydrodynamic radius Rh of the 

particles was measured as a function of temperature T.  As T was increased from 15°C to 40°C, 

the hydrodynamic radius Rh decreased dramatically from 138 nm to 55 nm. By varying the 

temperature and thus the size of the microgel particles, Senff and Richtering were able to 

continuously tune the volume fraction of the dispersion and measure the corresponding viscosity 

of the system. At sufficiently small volume fractions 𝜙, the dispersions were simple Newtonian 

fluids. As 𝜙 was increased, the dispersions became increasingly non-Newtonian and exhibited 

stronger shear thinning behaviour. The zero-shear viscosity 𝜂! of the non-Newtonian dispersions 

was determined using the Cross model (equation ( 4 )) and then normalized by the solvent 

viscosity 𝜂! to obtain the relative zero-shear viscosity 𝜂!. At sufficiently small 𝜙, 𝜂! remained 

very low with only a single order of magnitude increase over a broad range of volume fractions 

ranging from 𝜙 = 0 to 𝜙 ≈ 0.4. In this volume fraction regime, the particles are well separated 

and do not interact with each other very often, as with the hard sphere dispersions discussed in 

section 2.1. As the volume fraction 𝜙 was further increased, 𝜂! increased significantly by several 
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orders of magnitude. However, the increase in 𝜂! with 𝜙 was more gradual than the 

corresponding increase observed in hard sphere dispersions. This is due to the softer repulsive 

interaction between the soft spheres. Furthermore, volume fraction values well beyond the hard 

sphere limit could be achieved for the PNIPAM particle dispersions. At high concentrations, soft 

microgel particles deform and fill in the voids between the particles, leading to volume fraction 

values well beyond the hard sphere limit. The deformability of the soft particles determines the 

volume fractions that are accessible to the system, with the softest, most deformable particles 

reaching the largest volume fraction values. For the PNIPAM microgel system, the deformability 

is determined by the degree of cross-linking in the synthesis of the particles. Particles with a high 

degree of cross-linking are stiffer and less deformable than particles with a lower degree of 

cross-linking. In more recent measurements performed on PNIPAM microgel particles with a 

lower degree of cross-linking than those studied by Senff and Richtering,70 volume fraction 

values ranging from 𝜙 ≈ 1 up to 𝜙 ≈ 10 were reported.52,65 A discussion of volume fraction 

values that exceed the physical limit of 𝜙 = 1 is provided in section 4.2.1. A drawback to the 

thermal sensitivity of PNIPAM microgel particles is that changes in the temperature also cause 

changes in the properties of the gel and solvent, as well as the structuring of the solvent 

molecules within the particles, which can complicate the detailed interpretation of the results.  

 A commonly studied rheological property of soft sphere colloidal dispersions is the yield 

stress 𝜎! of the system. In a recent study, Cloitre et al.61 investigated the yielding behaviour of a 

system of soft polyelectrolyte microgels made of cross-linked acrylate chains bearing 

methacrylic acid units. The dependence of the shear stress 𝜎 on the shear strain rate 𝛾 for this 

system was well described by the Herschel-Bulkley equation (equation ( 6 )), from which the 

yield stress 𝜎! was obtained. This 𝜎 versus 𝛾 behaviour was observed for various dispersion 
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concentrations C ranging from C = 1.5 % w/w up to C = 6.0 % w/w, with the yield stress 𝜎! 

increasing as the concentration was increased. The different 𝜎 versus 𝛾 data sets for the 

measured concentrations could be collapsed onto a single master curve after rescaling the shear 

stress 𝜎 by the yield stress 𝜎!, and the shear strain rate 𝛾 by a characteristic relaxation time 𝜏!. A 

yield stress 𝜎! has been observed in other soft sphere dispersions, including the PNIPAM 

microgels,52 colloidal star polymers62 and even systems of foam bubbles.71 

 The viscoelastic behaviour of soft sphere colloidal dispersions has also been studied 

recently. Erwin et al.62 investigated the viscoelasticity of colloidal star polymers dispersed in 

squalene. The dependence of G’ and G’’ on the strain amplitude 𝛾 (at a constant angular 

frequency 𝜔 = 1 rad/s) was similar to that of the hard sphere dispersions discussed in section 2.1. 

G’ and G’’ were independent of 𝛾 at sufficiently small strains, with G’ > G’’ for a concentration 

C = 121mg/ml. As 𝛾 was increased, G’’ increased slightly before decreasing, and G’ decreased 

more quickly with 𝛾 such that G’ was less than G” at sufficiently large 𝛾. As for hard sphere 

dispersions, the independence of G’ and G” at small strains defines the linear viscoelastic regime 

and, to interpret G’ and G’’ as the elastic and viscous nature of the dispersions, all measurements 

should be taken within this linear regime. Erwin et al. also measured G’ and G’’ as a function of 

angular frequency 𝜔 at a constant strain amplitude 𝛾 within the linear regime. At sufficiently 

small concentrations C, the measured response was similar to that of a viscous hard sphere 

dispersion with G’’ > G’ over an extended angular frequency 𝜔 range, with the scaling of G’ and 

G’’ with the angular frequency 𝜔 described by power law scaling with slopes of 2 and 1 

respectively on a log-log plot. As the concentration C was increased, the power law increase in 

G’ and G’’ was shifted to smaller 𝜔, corresponding to a low frequency terminal regime. At high 

concentrations, the power law scaling of G’ and G’’ with 𝜔 in the low frequency terminal regime 
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deviated from the scaling of the hard sphere dispersions (with G’ ∝ 𝜔2 and G’’ ∝ 𝜔, as discussed 

in section 2.1). However, at intermediate and large 𝜔, the viscoelastic response was hard sphere-

like: there was a crossover in G’ and G’’ before the storage modulus G’ developed a plateau and 

the loss modulus G’’ developed a local minimum. Similar viscoelastic behaviour has also been 

observed in the PNIPAM microgel system.52,72 

 In the remaining chapters of this thesis, I describe my rheology measurements of aqueous 

dispersions of phytoglycogen nanoparticles. Following a description of my experimental 

procedures, I describe my measurements of the relative zero-shear viscosity 𝜂! of this system for 

concentrations C within the range 1 % ≤ C ≤ 30 % w/w. I have developed two procedures for 

converting the concentrations C to volume fraction 𝜙 to obtain a plot of 𝜂! versus 𝜙, which is 

compared with the corresponding plot for hard sphere dispersions. I also discuss my 

measurements of oscillatory rheology, which allowed the determination of the storage G’ and 

loss G’’ moduli as functions of the strain amplitude 𝛾 and the angular frequency 𝜔. I compare 

the results of my rheology measurements of phytoglycogen dispersions to the results of previous 

studies of hard sphere and soft sphere colloidal dispersions discussed above.    
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Chapter 3: Experimental Procedure 

 

3.1 Preparation of Phytoglycogen Nanoparticle Dispersions 

3.1.1 Purification and Mixing 

Phytoglycogen nanoparticles were extracted from sweet corn, purified using 

microfiltration techniques and supplied by Mirexus Biotechnologies Inc. (MBI).73 The 

microfiltration procedure separates the phytoglycogen nanoparticles from most of the proteins, 

lipids and fibrous materials present from the extraction process. Further ultrafiltration using a 

cross-flow filtration membrane,74 as was performed in previous studies,21,23 was not performed in 

the present study, since high concentration dispersions require large amounts of phytoglycogen, 

i.e. several grams of phytoglycogen in ~ 15 mL dispersions. The need for large quantities of 

phytoglycogen makes ultrafiltration impractical for the rheology measurements in the present 

study. Therefore, the phytoglycogen nanoparticles dispersions used for these rheology 

experiments were prepared directly from the lyophilized powder provided by MBI.  

 The dispersions were prepared by mixing the lyophilized phytoglycogen nanoparticles in 

Milli-Q water (resistivity 18.2 MΩ-cm) at room temperature for concentrations ranging from 1 to 

30 % w/w. Sample concentrations are reported as a weight/weight percentage (% w/w) defined 

as the phytoglycogen mass divided by the total mass of phytoglycogen and water. The masses 

were measured using a Mettler Toledo AG104 analytical balance (mass resolution of 0.1 mg). 

For dispersion concentrations C ≤ 20 % w/w, the samples were allowed to mix on a Stovall 

shaker at room temperature until the lyophilized powder was no longer optically visible. 
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Dispersions with C ≥ 20 % w/w were mixed using a magnetic stir bar to reduce the dissolution 

time of the phytoglycogen nanoparticle powder at these higher concentrations. 

3.1.2 Homogenization Procedure 

To obtain reliable and reproducible rheology measurements, it is important to ensure that 

the dispersions are well mixed. An effective method of doing this is to use a homogenizer to stir 

the dispersions at high rotation speeds. In the present study, we used an IKA T18 digital 

ULTRA-TURRAX® homogenizer75 equipped with an S18N-10G dispersing element that is 

shown in Figure 3.1. To prevent damage to the S18N-10G dispersing element, the lower hole of 

the element (indicated by an arrow in Figure 3.1b) must be completely submerged in the 

dispersion. For the 20 mL vials that were used to prepare the dispersions, this means that a 

dispersion volume of about 15 mL was required. The aqueous phytoglycogen dispersions were 

homogenized at 11,000 rpm for 3 min intervals separated by 1 min rest periods to avoid 

overheating the dispersion. The total homogenization time for each dispersion concentration was 

determined by ensuring that the measured viscosity did not change significantly with increases in 

the homogenization time. 

In Figure 3.2, we show the relative zero-shear viscosity 𝜂! =  𝜂!/𝜂!, where 𝜂! is the 

zero-shear viscosity of the sample and 𝜂! is the viscosity of the water solvent (see sections 3.2.3 

and 3.2.4 for a description of the calculation of the zero-shear viscosity 𝜂!), as a function of total 

homogenization time for aqueous phytoglycogen dispersions of concentrations C = 20 % w/w 

and C = 27.5 % w/w.  For each concentration in Figure 3.2, each data point corresponds to a 

different dispersion. For the C = 20 % w/w dispersions, the relative viscosity 𝜂! reaches a 

plateau after only about 1 min of homogenization. For the C = 27.5 % w/w dispersions, a much 



 

30 

     
 
Figure 3.1: Photographs of (a) the IKA T18 digital ULTRA-TURRAX® homogenizer, (b) the 
S18N-10G dispersing element and (c) the fully assembled homogenizer. 

 

longer homogenization time of 20 min was required to reach a plateau in the relative viscosity 𝜂! 

values. The presence of a plateau in the relative viscosity 𝜂! versus homogenization time data 

was used as an indication that the dispersions were well mixed. We decided to homogenize 

dispersions with concentrations C ≤ 20% w/w for 3 min, since this is sufficient to properly mix a 

C = 20 % w/w dispersion, and therefore it should be sufficient to homogenize dispersions with 

smaller concentrations. Dispersions with concentrations 20 < C ≤ 27.5 % w/w were 

homogenized in 3 min intervals separated by 1 min rest periods for an overall homogenization 

time of 21 min. Since this value of the homogenization time lies within the plateau region of 

Figure 3.2b, corresponding to a C = 27.5 % w/w dispersion, it should be sufficient to 

homogenize dispersions with concentrations 20 < C ≤ 27.5 % w/w. For slightly larger 

concentrations (C = 29.07 and 30.05 % w/w), we chose a longer homogenization time of 40 min.  

(c) (b) (a) 
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Figure 3.2: Relative viscosity 𝜂! vs. homogenization time (min.) for aqueous phytoglycogen 
dispersions with concentrations (a) C = 20 % w/w and (b) C = 27.5 % w/w. The dashed 
horizontal lines are guides to the eye indicating the asymptotic value of 𝜂!. 

(a) 

(b) 
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3.2 Rheology Measurements of Aqueous Phytoglycogen Dispersions 

 Rheology measurements consisting of stepped flow sweeps, oscillatory amplitude 

sweeps, and oscillatory frequency sweeps were performed on homogenized aqueous 

phytoglycogen dispersions using a DHR-3 rheometer (TA Instruments).76 The DHR-3 rheometer, 

which is located at MBI, is shown in Figure 3.3. For relatively dilute dispersion concentrations C 

≤ 20 % w/w, the standard size DIN (Deutsches Institut für Normung)77 cylinder geometry 

(Figure 3.3b) was used with a gap of 5.920 mm. The torque resolution of the DHR-3 rheometer 

is 0.05 nN∙m,76 which corresponds to a shear stress 𝜎 resolution of ~1×10-8 Pa for the concentric 

cylinder geometry (equation ( 11 )). For more concentrated dispersions 20 ≤ C ≤ 30 % w/w, the 

cone-and-plate geometry (Figure 3.3c) was used with a 40-mm diameter, 2.002° cone and a 48.0 

µm truncation gap. The shear stress 𝜎 resolution of the cone-and-plate geometry is ~3×10-6 Pa 

(equation ( 12 )). To ensure that no artifacts were introduced by changing the experimental 

geometry, 20 % w/w dispersions were measured using both the cone-and-plate and concentric  

   
 

Figure 3.3: The DHR-3 rheometer (TA Instruments) used for the rheology measurements of 
aqueous phytoglycogen dispersions equipped with (a) no geometry (bare rheometer) (b) the DIN 
concentric cylinder geometry and (c) the cone-and-plate geometry. Compare to the schematics of 
the concentric cylinder and cone-and-plate geometries in Figure 1.9. 

(a) (b) (c) 
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cylinder geometries, and the results were compared. The stepped flow sweeps, oscillatory 

amplitude sweeps, and oscillatory frequency sweeps were all performed at a constant 

temperature of 20.00 ± 0.01°C, which was controlled using the Peltier plate system of the 

rheometer.78  

 The stepped flow sweeps were performed on aqueous phytoglycogen dispersions using 

shear strain rates 𝛾 ranging from the smallest value for which the corresponding shear stress 

could be reliably measured for a given dispersion concentration to a shear rate of either 40 s-1 for 

C ≤ 20 % w/w or 750 s-1 for C ≥ 20 % w/w.  These experiments allowed the determination of the 

shear stress 𝜎 and the viscosity 𝜂 as a function of shear strain rate 𝛾, and these data were used to 

determine the zero-shear viscosity 𝜂!, as described in Sections 3.2.3 and 3.2.4. 

 For dispersion concentrations C > 20% w/w, oscillatory frequency sweeps were 

performed for angular frequencies 𝜔 in the range of 0.001 – 628 rad/s, with a constant strain 

amplitude γ = 1%.  These experiments were complemented with oscillatory amplitude sweeps for 

strain amplitudes 𝛾 ranging from 0.1 – 100 % at a constant angular frequency of 6.28 rad/s. 

These measurements allowed the determination of the storage modulus G’ and loss modulus G’’ 

as a function of the angular frequency 𝜔 and shear strain 𝛾. The results of these oscillatory 

measurements are discussed in section 4.4. 

3.2.1 Solvent Evaporation Prevention 

 All rheology measurements were performed using a solvent trap (TA part 

529613.901),79,80 which creates a small chamber of saturated humidity that helps to minimize 

solvent evaporation during the rheology measurements. The solvent traps for both the concentric 

cylinder and cone-and-plate geometries are shown in Figure 3.4. Using only the solvent traps to 

limit solvent evaporation was very effective at low concentrations C ≤ 20 % w/w. However, at  
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Figure 3.4: The solvent traps for the DHR-3 rheometer for (a) the concentric cylinder geometry 
and (b) the cone-and-plate geometry. 

 
higher concentrations, the solvent trap was not sufficient, as can be seen in Figure 3.5a, in which 

we show four viscosity 𝜂 versus shear strain rate 𝛾 curves for an aqueous phytoglycogen 

dispersion of concentration C = 27.00 % w/w. The time of collection for each curve was ~ 20 

min., with a wait time of 2 h between curves. It can be seen that the viscosity increases 

significantly with each subsequent measurement, indicating that solvent evaporation has 

occurred, with no clear plateau in the 𝜂 values at low 𝛾. For comparison, the data shown in 

Figure 3.5b correspond to reduced solvent evaporation and the curves show a clear, reproducible 

plateau in 𝜂 at low 𝛾. 

 Solvent evaporation through the solvent trap is most significant for measurements using 

the cone-and-plate geometry because of the small sample volumes and high dispersion 

concentrations used for this geometry. An improvement in the prevention of solvent evaporation 

was achieved by adding a bead of polydimethylsiloxane low viscosity oil (Fungilab part 

V12Z10,  viscosity η = 5.512 mPa s at 20 oC)81 to the outer edge of the cone-and-plate 

immediately after the dispersion was compressed between the cone and plate. The results shown 

in Figure 3.5b for the same C = 27.00 % w/w dispersion in the presence of the solvent trap and  

(a) (b) 
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Figure 3.5: Viscosity 𝜂 versus shear strain rate 𝛾 for an aqueous phytoglycogen dispersion of 
concentration C = 27.00 % w/w. Four curves are shown in both plots, corresponding to a first 
measurement (red circles), a second measurement (blue circles), a third measurement (orange 
circles) and a fourth measurement (grey circles), with a 2 h wait time between the collection of 
subsequent curves. (a) Only the solvent trap was used to prevent solvent evaporation. (b) The 
solvent trap was used, together with a bead of low viscosity polydimethylsiloxane oil around the 
outer edge of the cone-and-plate, to prevent solvent evaporation. 

 

 

(a) 

(b) 
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the bead of low viscosity oil show the importance of the presence of the bead of oil, which 

greatly improved the quality and reproducibility of the viscosity 𝜂 versus shear strain rate 𝛾 data 

for the high concentration sample. To evaluate the effect of the presence of the bead of oil on the 

viscosity values measured for the phytoglycogen dispersions, we compared the measured 

viscosity 𝜂 of Millipore water with and without the use of the low viscosity oil. The viscosity 𝜂 

of Millipore water was obtained by measuring the shear stress 𝜎 as a function of shear strain rate 

𝛾 and performing the same analysis used for low concentration (C ≤ 20 % w/w) aqueous  

 
 
Figure 3.6: Shear stress 𝜎 versus shear strain rate 𝛾 for Millipore water with (diamonds) and 
without (circles) the use of the bead of low viscosity polydimethylsiloxane oil. Three curves are 
shown for both cases, corresponding to a first measurement (red), a second measurement (blue) 
and a third measurement (orange). An average viscosity 𝜂!"# was calculated from each set of 
curves. The Millipore water had an average viscosity 𝜂!"# = 1.158 mPa∙s with the bead of oil 
and 𝜂!"# = 0.952 mPa∙s without it.  
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phytoglycogen dispersions (described in section 3.2.3). In Figure 3.6, we show three 𝜎 versus 𝛾 

measurements for Millipore water with and without the use of the bead of oil (𝜂 = 5.512 mPa∙s). 

Each of the 𝜎 versus 𝛾 curves provided a separate value for the viscosity of Millipore water, 

from which an average viscosity 𝜂!"# was calculated. The average viscosity 𝜂!"! of the 

measurements with the use of oil (𝜂!"# = 1.158 mPa∙s) was only ~20 % larger than the 𝜂!"# = 

0.952 mPa∙s obtained without the use of oil. Because of the low viscosity of water, the presence 

of the bead of oil has a significant effect on the measured viscosity value of water. However, for 

measurements performed using the cone-and-plate geometry, for which C ≥ 20 % w/w and the 

measured viscosity values were more than an order of magnitude greater than that of water (see 

Figure 4.1c below), the contribution of the bead of oil to the measured viscosity was negligible. 

Therefore, we used a bead of low viscosity polydimethylsiloxane oil, in addition to the solvent 

trap, to prevent solvent evaporation in all measurements using the cone-and-plate geometry. 

3.2.2 Preshear Procedure 

A preshear procedure is typically used in rheology to ensure that all samples experience 

the same stresses and have the same degree of equilibration prior to the rheology measurement. 

This is especially important for samples that undergo aging82 for which the measured viscosity 

values depend on the history of the samples. To characterize the effect of the preshear conditions 

for aqueous phytoglycogen dispersions, different preshear procedures were performed on an 

aqueous phytoglycogen dispersion of concentration C = 23.98 % w/w, followed by a 

measurement of viscosity 𝜂 versus shear strain rate 𝛾. Specifically, we varied the applied  
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Figure 3.7: Viscosity 𝜂 versus shear strain rate 𝛾 for an aqueous phytoglycogen dispersion of 
concentration C = 23.98 % w/w. Preshear rates of 𝛾 = 0 s-1, 10 s-1, 100 s-1 were applied for 10 
min followed by an equilibration period 𝑡!" ranging between 0 – 60 min. The fifteen curves 
shown here were collected over a time period of approximately 8 hours. 

 
preshear rate 𝛾!"#!!!"# and the equilibration time 𝑡!" prior to beginning the rheology 

measurement. The results of these measurements are shown in Figure 3.7. We used preshear 

rates of 𝛾!"#$!!"# = 0 s-1, 𝛾!"#$!!"! = 10 s-1 and 𝛾!"#$!!"# = 100 s-1, which were applied to the 

sample for 10 min. For each of these preshear rates, the sample was allowed to equilibrate for an 

amount of time 𝑡!" that varied between 0 min and 60 min. After the equilibration time, the 

viscosity 𝜂 versus shear strain rate 𝛾 curve was measured (Figure 3.7). Each preshear procedure 

was initiated immediately after the end of the previous rheology measurement, with the 
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procedure repeated on the same sample until the fifteen viscosity 𝜂 versus shear strain rate 𝛾 

curves shown in Figure 3.7 were collected. All of the 𝜂 𝛾  curves are in reasonable agreement, 

indicating that the measured viscosity values do not vary significantly with changes to the 

preshear procedure and suggesting the lack of significant aging effects. This insensitivity to the 

preshear conditions can be also be seen by comparing the values of the zero-shear viscosity 𝜂! 

calculated for each curve using the procedure described in section 3.2.4. The zero-shear viscosity 

values are also in reasonable agreement, as shown in Figure 3.8. The arrows in Figure 3.8 

indicating the order in which the data points were obtained, where the red data set (𝛾!"#$!!"# = 0 

s-1) was measured first, followed by the blue data set (𝛾!"#$!!"# = 10 s-1) and finally the green 

data set (𝛾!"#$!!"# = 100 s-1). Each data set was collected over a time period of about 2.5 h for an 

overall measurement time approximately 8 h. Because this was performed on the same sample, it 

is possible that solvent evaporation through the solvent trap and the bead of oil has occurred over 

the course of this 8 h measurement, which is the most likely source of the discrepancy between 

the curves in Figure 3.8. Nevertheless, there is good agreement between the data sets in Figure 

3.8, which suggests that the zero-shear viscosity 𝜂! is insensitive to the preshear conditions. 

Because of the insensitivity to the preshear conditions, we chose a convenient preshear rate 

𝛾!"#$!!"# = 100 s-1 for 10 min (corresponding to the green squares in Figure 3.8) and an 

equilibration time 𝑡!" = 10 min. This preshear procedure was performed before every rheology 

measurement. 
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Figure 3.8: Zero shear viscosity 𝜂! vs. equilibration time for preshear rates of 𝛾!"#$!!"# = 0 s-1 
(red circles), 𝛾!"#$!!"# = 10 s-1 (blue diamonds) and 𝛾!"#$!!"# = 100 s-1 (green squares) for the C 
= 23.98 % w/w dispersion from Figure 3.7. Each data set was collected over a time period of 
about 2.5 h for an overall measurement time of approximately 8 h. The data was collected in the 
following order: red circles, blue diamonds, and green squares. 

 

3.2.3 Low Concentration Rheology Measurements 

 Following the homogenization, solvent evaporation prevention and preshear procedures 

described above, rheology measurements for dispersions with low concentration (C ≤ 20 % 

w/w) were performed using the concentric cylinder geometry (Figure 3.3). The shear stress 𝜎 

was measured as a function of shear strain rate 𝛾 values ranging from the smallest shear rate 

(𝛾 ≈ 1 s-1) for which the corresponding shear stress could be reliably measured to a final shear 

rate of 𝛾 = 40 s-1. In Figure 3.9 we show representative results for an aqueous phytoglycogen 

dispersion of concentration C = 10.12 % w/w. The measurement was performed three times with  
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Figure 3.9: Shear stress 𝜎 versus shear strain rate 𝛾 for an aqueous phytoglycogen dispersion of 
concentration C = 10.12% w/w. There are three sets of data corresponding to a first measurement 
(red circles), a second measurement (blue circles) and a third measurement (orange circles). The 
solid line was calculated as the best fit of a straight line to the orange circles corresponding to a 
zero-shear viscosity of 𝜂! = 3.115 ± 0.009 mPa∙s. 

each subsequent experiment beginning immediately after the previous one. The excellent overlap 

of the three data sets in Figure 3.9 highlights the reproducibility of these measurements. The 

linear dependence of the shear stress 𝜎 and shear strain rate 𝛾 indicates that the low 

concentration dispersions are Newtonian fluids with the zero-shear viscosity 𝜂! of the dispersion 

corresponding to the best-fit slope value of the 𝜎 𝛾  data, i.e. fitting the data to equation ( 3 ). 

The best-fit zero-shear viscosity for the data shown in Figure 3.9 is 𝜂! = 3.115 ± 0.009 mPa∙s. In 

addition, the best-fit y-intercept value is very close to zero (-0.0006 ± 0.0002 Pa), in agreement 

with equation ( 3 ). 
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3.2.4 High Concentration Rheology Measurements 

 Following the homogenization, solvent evaporation prevention and preshear procedures 

described above, rheology measurements for dispersions with high concentration (C ≥ 20 % 

w/w) were performed using the cone-and-plate geometry (Figure 3.3). The shear stress 𝜎 was 

measured as a function of shear strain rate 𝛾 ranging from the smallest shear rate (𝛾 ≈ 10-1 s-1 for 

C = 20 % w/w to 𝛾 ≈ 10-5 s-1 for C = 30 % w/w) for which the corresponding shear stress could 

be reliably measured to a final shear rate of 𝛾 = 750 s-1. The overall measurement time was ~ 20 

min. In Figure 3.10a we show representative results for an aqueous phytoglycogen dispersion of 

concentration C = 27.04 % w/w. The measurement was performed three times with each 

subsequent experiment beginning immediately after the previous one. The excellent overlap 

between the three data sets in Figure 3.10a highlights the reproducibility of these measurements. 

Above a threshold value of 𝛾, the slope of the shear stress 𝜎 versus shear strain rate 𝛾 data 

decreases as 𝛾 is increased, which indicates that the high concentration dispersions are non-

Newtonian fluids that experience shear thinning. Therefore, equation ( 3 ) is not valid and we 

cannot use it to determine the zero-shear viscosity 𝜂! as we did for the low concentration 

dispersions. However, equation ( 3 ) is still valid locally at any of the given data points in Figure 

3.10a. Therefore, we can determine the dispersion viscosity 𝜂 at each of these data points from 

the ratio of the corresponding shear stress and shear strain rate values (𝜂(𝛾) = 𝜎(𝛾)/𝛾). This ratio 

was calculated for all of the measured data points in Figure 3.10a. In Figure 3.10b we show the 

resulting viscosity 𝜂 values as a function of shear strain rate 𝛾 for the same C = 27.04 % w/w 

aqueous phytoglycogen dispersion. The decrease in the viscosity 𝜂 with increasing shear strain 

rate 𝛾 above a threshold value of 𝛾 was observed for all concentrations C ≥ 20 % w/w and 

clearly illustrates the shear thinning behaviour of highly concentrated aqueous phytoglycogen 
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dispersions. The zero-shear viscosity for the non-Newtonian samples was obtained by fitting the 

viscosity 𝜂 versus shear strain rate 𝛾 to the modified Cross fluid equation31 (equation ( 5 )). The 

zero-shear viscosity 𝜂! obtained from this analysis corresponds to the asymptotic value of the 

viscosity 𝜂 at low shear strain rates. The presence of a well-defined plateau in the data sets 

allows the accurate determination of 𝜂!. 

 In addition to the stepped flow sweeps described above, oscillatory rheology 

measurements were performed on aqueous phytoglycogen dispersions of concentrations C ≥ 20 

% w/w. The storage G’ and loss G’’ moduli were measured as a function of strain amplitude γ 

ranging from γ = 0.1 % to γ = 100 % at a constant frequency of 1 Hz (angular frequency 𝜔 = 

6.28 rad/s). The resulting data sets (Figure 4.8 in section 4.4) were used to identify the linear 

viscoelastic regime of aqueous phytoglycogen dispersions, in which the strain γ is sufficiently 

small to only weakly perturb and not completely disrupt the internal structure of the dispersions. 

The storage G’ and loss G’’ moduli were then measured as a function of angular frequency 𝜔 

ranging from 𝜔 = 0.001 rad/s to 𝜔 = 628 rad/s at a constant strain amplitude γ = 1%. The 

resulting angular frequency sweeps are shown in Figure 4.9 and are discussed in detail in section 

4.4. 
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Figure 3.10: (a) Shear stress 𝜎 versus shear strain rate 𝛾 and (b) viscosity 𝜂 versus shear strain 
rate 𝛾 for an aqueous phytoglycogen dispersion of concentration C = 27.04 % w/w. There are 
three sets of curves corresponding to a first measurement (red circles), a second measurement 
(blue circles) and a third measurement (orange circles). The solid line in (b) was calculated as the 
best fit of the orange circles to the modified Cross fluid equation (equation ( 5 )), which yields a 
best-fit value of the zero-shear viscosity of 𝜂! = 5310 ± 30 mPa∙s.  

 

 

(a) 

(b) 
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Chapter 4: Results and Discussion 

 

4.1 Zero Shear Viscosity versus Concentration 

The results of rheology experiments on aqueous phytoglycogen dispersions with different 

concentrations C are shown in Figure 4.1a (𝐶 ≤ 20 % w/w) and Figure 4.1b (𝐶 ≥ 20 % w/w), 

plotted as the shear stress 𝜎 versus shear strain rate 𝛾. The data shown in Figure 4.1b have been 

used to calculate the dependence of the viscosity 𝜂 on shear strain rate 𝛾 (by taking the ratio 𝜂(𝛾) 

= 𝜎(𝛾)/𝛾 as described in section 3.2.4), and these data are shown in Figure 4.1c. As discussed in 

section 3.2.3, the shear stress 𝜎 is linearly dependent on the shear strain rate 𝛾 for dispersion 

concentrations 𝐶 ≤ 20 % w/w, for which the dispersions are Newtonian fluids, and this behaviour 

can be seen clearly in Figure 4.1a. For these data, the slope of 𝜎 versus 𝛾 corresponds to the 

viscosity 𝜂, which is equal to the zero-shear viscosity 𝜂! for Newtonian fluids. 

  

(a) 
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Figure 4.1: (a) Shear stress 𝜎 versus shear strain rate 𝛾 for aqueous phytoglycogen dispersions 
with concentrations C ≤ 20 % w/w, with each concentration indicated by symbols of a different 
colour. (b) Shear stress 𝜎 versus shear strain rate 𝛾 and (c) viscosity 𝜂 versus shear strain rate 𝛾 
for aqueous phytoglycogen dispersions with concentrations C ≥ 20 % w/w, with each 
concentration indicated by symbols of a different colour. 

 

 

(b) 

(c) 
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At large concentrations (C ≥ 20 % w/w), the slope of 𝜎 versus 𝛾 decreases with increasing 𝛾 

(Figure 4.1b), which corresponds to shear thinning (section 3.2.4). This is seen more clearly in 

Figure 4.1c, which shows that, above a threshold value of 𝛾, the viscosity 𝜂 (𝜂(𝛾) = 𝜎(𝛾)/𝛾) 

decreases with increasing 𝛾 for all concentrations C ≥ 20 % w/w. For small values of 𝛾, well-

defined plateaus are observed in 𝜂 for all concentrations C ≥ 20 % w/w, which allows an 

accurate determination of the zero-shear viscosity 𝜂! by fitting the data to the modified Cross 

fluid model31 (equation ( 5 )). Values of the relative zero shear viscosity 𝜂! are calculated by 

dividing the zero-shear viscosity 𝜂! by the solvent (water) viscosity 𝜂!: 𝜂! =  𝜂!/𝜂!.  

 
 
Figure 4.2: Relative zero-shear viscosity 𝜂!  as a function of concentration C for aqueous 
phytoglycogen dispersions (red circles). A data point (grey circle) is also shown for a typical 
polysaccharide, guar gum, indicating a large value of 𝜂! at a small concentration C = 1.3 % 
w/w.83 Both horizontal and vertical error bars are negligible and lie within the symbols. 
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In Figure 4.2, we show a plot of the relative zero-shear viscosity values 𝜂! versus concentration 

C of the aqueous phytoglycogen dispersions. The data points for concentrations C ≤ 20 % w/w 

were collected using the analysis described in section 3.2.3 while the data points for C ≥ 20 % 

w/w were collected using the analysis of section 3.2.4. The C = 20 % w/w data point was 

measured using both analysis methods and the perfect overlap suggests that we can combine the 

two concentration regimes into one overall curve that spans the entire concentration range. At 

small values of C, the viscosity of the phytoglycogen dispersions is very close to that of water 

(𝜂! = 1). As C is increased, the viscosity increases significantly only after reaching very large 

values of the concentration (C ≳ 20 % w/w). For very large concentrations, 𝜂! increases very 

rapidly with C, reaching a value of 106 at the largest concentration.  This dependence of 𝜂! on C 

is very different from that measured for common polysaccharides and gums for which the 

viscosity increases significantly for small concentrations. An example of this is shown as an 

additional data point (grey circle) in Figure 4.2, indicating a large value of 𝜂! (~ 103) for guar 

gum at a small concentration C = 1.3 % w/w.83 

The lack of a significant increase in 𝜂! with increasing C for phytoglycogen dispersions 

until large values of C ≳ 20 % w/w are reached (Figure 4.2) indicates the absence of significant 

interaction forces between the nanoparticles until the inter-particle spacing is comparable to the 

particle diameter.23 This result is consistent with the exceptional stability of dilute aqueous 

phytoglycogen dispersions,23 but it is somewhat surprising since no special effort has been made 

to reduce the interaction forces – the dispersions consist only of phytoglycogen and water.  

We can understand the dramatic increase of 𝜂! that occurs for very large phytoglycogen 

concentrations as being due to forcing the soft, deformable nanoparticles into contact to form a 

gel-like material with a correspondingly large value of 𝜂!. 
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In Figure 4.3, we show a plot of the best fit parameters k and m for the modified Cross 

equation (equation ( 5 )) as a function of the dispersion concentration C. The k parameter is a 

characteristic time that is related to the breaking of structural linkages within the sample31 and  

 

 
 

Figure 4.3: The modified Cross model fit parameters k and m plotted as a function of the 
phytoglycogen dispersion concentration C for C ≥ 20 % w/w. 

(a) 

(b) 
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determines the onset of shear thinning behaviour that is shown in Figure 4.1c, with the large 

increase in k with concentration C corresponding to a decrease in the shear strain rate at which 

the onset of shear thinning is observed. The m parameter corresponds to the slope of the 𝜂 𝛾  

data in the shear thinning regime, and has been used to provide a measure of the polydispersity 

of the particle size, with a value of m = 1 corresponding to perfectly monodisperse particles.32 In 

Figure 4.3b, it can be seen that the best-fit value of  m ≈ 0.4 for concentrations up to C ≈ 25 % 

w/w, and increased monotonically up to a value of m ≈ 0.7 for C = 30 % w/w. 

4.2 Volume Fraction of Aqueous Phytoglycogen Dispersions 

To achieve a detailed interpretation of the concentration dependence of the zero-shear 

viscosity for the phytoglycogen dispersions in terms of the theory of colloidal dispersions, it is 

necessary to convert the concentrations C to volume fractions 𝜙. This conversion is complicated 

by the significant uptake of water by the particles.23 

We have used two different calculations to determine the volume fraction 𝜙 values. The 

first calculation is based on the definition of volume fraction: 𝜙 = 𝑉!"#$%&'()/𝑉!"#$, where 

𝑉!"#$%&'() is the total particle volume and 𝑉!"#$ is the volume of the dispersion. By correcting the 

𝑉!!"# term for the amount of solvent sorbed by the dry particles, we obtain the volume fraction of 

aqueous phytoglycogen dispersions. The details of the direct volume fraction calculation are 

provided in section 4.2.1. The second calculation of the volume fraction uses the Einstein 

equation:35  

𝜂! = 1+ 2.5𝜙, 
 

( 14 ) 
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which expands the relative viscosity 𝜂! in terms of the volume fraction 𝜙 up to first order. This 

relation is only valid in the dilute limit where 𝜙 ≪ 1. The coefficient of 2.5 is calculated 

assuming a system of monodisperse hard spheres and could potentially take on a different value 

for systems that do not satisfy these assumptions. We use equation ( 14 ) to extrapolate 

experimental results obtained in the dilute limit (C ≲ 1 % w/w) to larger concentrations, which 

allows the conversion from concentration C to volume fraction 𝜙. The details of the Einstein 

equation method are discussed in section 4.2.2. 

4.2.1 Direct Volume Fraction Calculation  

In the direct volume fraction calculation, the basic definition of volume fraction (equation 

( 1 )) is modified to account for the volume Vsorb of solvent (water) sorbed by the dry particles: 

𝜙 =  
𝑉!"#$%&'()
𝑉!"#$%&!"

=  
𝑉!"#$%&'()

𝑉!"#$% − 𝑉!"#$ + 𝑉!"#$%&'()
. 

 
( 15 ) 

The Vsorb term in equation ( 15 ) can be rewritten in terms of the molar mass of a fully hydrated 

phytoglycogen nanoparticle Mhydrated,23 the molar mass of a lyophilized phytoglycogen 

nanoparticle Mlyoph,23 the number of particles added to the solution N, Avogadro’s number NA = 

6.02×1023 mol-1 and the bulk density of water 𝜌!"#$% = 0.997 g/mL11: 

𝜙 =
𝑉!"#$%&'()

𝑉!"#$% −
𝑀!!"#$%&" −𝑀!"#$!

𝑁!𝜌!"#$%
𝑁 + 𝑉!"#$%&'()

. 

 
( 16 ) 
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The volume Vparticles of the particles added to the solution can also be rewritten in terms of the 

volume Vhydrated particle of a single hydrated phytoglycogen nanoparticle23 and the total number N 

of particles added to the solution: 

𝜙 =
𝑉!!"#$%&" !"#$%&'( ∙ 𝑁

𝑉!"#$% −
𝑀!!"#$%&" −𝑀!"#$!

𝑁!𝜌!"#$%
𝑁 + 𝑉!!"#$%&" !"#$%&'( ∙ 𝑁

. 

 
( 17 ) 

The total number N of particles added to the solution can be determined from the mass mlyoph of 

lyophilized phytoglycogen nanoparticles added to the solution and their molar mass Mlyoph: 

𝑁 =
𝑁! ∙𝑚!"#$!

𝑀!"#$!
. 

 
( 18 ) 

All of the terms in equations ( 17 ) and ( 18 ) are either known quantities (NA and 𝜌!"#$%), 

quantities that are easily measured when mixing the solution (mlyoph and Vwater), or quantities that 

have been determined in previous neutron scattering experiments23 (Vhydrated particle, Mhydrated). The 

Mlyoph term is equal to the overall molar mass of the glucose monomers (known from neutron 

scattering23) plus the molar mass of the residual water remaining within the particles after 

lyopholization, which was determined to be about 5% using Karl Fischer titration. Therefore, the 

volume fraction of an aqueous phytoglycogen dispersion can be calculated using equations ( 17 ) 

and ( 18 ). 

 The volume fractions 𝜙 for the data shown in Figure 4.2 were calculated using equations 

( 17 ) and ( 18 ), and a plot of the volume fraction value 𝜙 versus the dispersion concentrations C 

(% w/w) is shown in Figure 4.4. Clearly, there is a linear relationship between 𝜙 and C with a 

best-fit slope of k = 0.033 ± 0.005, and a y-intercept that is very close to zero (1 ± 200)×10-4. 
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This linear relationship over such a broad range of concentrations was obtained by using a 

particle radius r = 18.0 nm in the volume fraction calculations, which is slightly larger than but 

within the experimental uncertainty of the radius r = 17.4 ± 1.6 nm measured using neutron 

scattering.23 Our observation of linearity between 𝜙 and C up to 𝜙 = 1 is consistent with the 

physical picture that the deformable particles must first fill in the voids between them before 

they can compress in size. The linear dependence between 𝜙 and C is consistent with a small 

interaction energy 𝜀∗ between the  

 
 
Figure 4.4: Volume fraction 𝜙 (calculated using equations ( 17 ) and ( 18 )) versus concentration 
C (% w/w) for aqueous phytoglycogen dispersions. The solid line is a linear fit 𝜙 = (1 ± 
200)×10-4 + (0.033 ± 0.005)C to the low concentration (C < 20 % w/w) data points. The dotted 
line is an extension of this fit, which shows that the high concentration (C ≥ 20 % w/w) data 
points do not deviate from the linearity of the low concentration data points. The volume fraction 
𝜙 is directly proportional to the concentration C over the entire concentration range. 
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𝜙 and C for the entire range of concentrations for phytoglycogen dispersions shown in Figure 4.4 

suggests that the volume of the phytoglycogen nanoparticles does not decrease as they are 

packed up to the largest concentrations used in the present study.  

4.2.2 Einstein Equation Calculation 

The second calculation of the volume fraction of aqueous phytoglycogen dispersions 

involves the use of the Einstein equation35 (equation ( 14 )) for dispersions in the dilute limit. 

The volume fraction term 𝜙 in equation ( 14 ) can be rewritten as 𝜙 = kC, where C is the 

dispersion concentration and k is a proportionality constant for converting the concentration (% 

w/w) to volume fraction. As seen in Figure 4.4, this direct proportionality between concentration 

C and volume fraction 𝜙 is valid over the entire concentration range 0 ≤ C ≤ 30 % w/w. 

Therefore, equation ( 14 ) can be re-expressed as: 

𝜂! = 1+ 2.5𝑘𝐶. 
 

( 19 ) 

In Figure 4.5 we plot the relative zero-shear viscosity 𝜂! versus concentration C for very small 

concentrations (C ≤ 1.5 % w/w). The linearity of the data in the dilute limit is consistent with the 

predictions of equation ( 14 ). The proportionality constant k was determined as the slope k of the 

best fit of the data in Figure 4.5 to a straight line, k = 0.032 ± 0.002, which is consistent within 

uncertainty with the value of k determined in section 4.2.1: k = 0.033 ± 0.005. The value k = 

0.032 ± 0.002 was then multiplied by the dispersions concentrations from Figure 4.2 to obtain 

the corresponding volume fraction values 𝜙.  
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Figure 4.5: Relative zero-shear viscosity 𝜂! as a function of concentration C for aqueous 
phytoglycogen dispersions in the dilute limit. The solid line corresponds to the best fit of the data 
to a straight line: 𝜂! = (1.008 ± 0.003) + (0.080 ± 0.004)C. Substituting the best-fit value of the 
slope into equation ( 14 ) yields the best-fit value of the conversion factor k = 0.032 ± 0.002. 

 

4.3 Zero-Shear Viscosity versus Volume Fraction 

 Both of the volume fraction determination methods discussed above inherently assume 

that the volume of the phytoglycogen nanoparticles at large concentrations is equal to the particle 

volume in the dilute limit, which, as mentioned in section 4.2.1, is a common assumption when 

determining the volume fraction 𝜙 of soft spheres.56,65,68,72 We can see from Figure 4.4 that this 

is true to a good approximation. The volume fraction values obtained using the two methods are 

compared in Figure 4.6, which shows the relative viscosity 𝜂! versus the volume fraction 𝜙 for 
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aqueous phytoglycogen dispersions. The two independent determinations of the volume fraction 

agree to within experimental error over the entire volume fraction range, with the largest 

absolute deviations occurring at the largest concentrations.  It is worth noting that the scatter in 

the volume fraction values is much less than the range of uncertainty indicated by the error bars 

in Figure 4.6, which are determined by the uncertainties in the measured quantities used to 

calculate the volume fraction values. The results from the Einstein equation method are taken as 

the preferred volume fraction values since they were calculated using fewer experimentally 

determined parameters and are therefore likely more reliable than the volume fraction values 

obtained from equations ( 17 ) and ( 18 ). 

 A plot of relative viscosity 𝜂! versus volume fraction values 𝜙 calculated using the 

Einstein equation method is shown in Figure 4.7, along with a comparison to the semi-empirical 

hard sphere Krieger-Dougherty model (solid line in Figure 4.7)51: 

𝜂! =  1−
𝜙
𝜙!

![!]!!
 , 

 
( 20 ) 

where 𝜙! is the maximum packing fraction, which we take as the random close packing volume 

fraction 𝜙 = 0.64, and [𝜂] is the intrinsic viscosity, which is taken as 2.5 as defined by the 

Einstein equation in the dilute limit.35 At small volume fractions, the data for the phytoglycogen 

dispersions agree well with the hard sphere model. However, the data points deviate from hard 

sphere behavior for 𝜙 ≳ 0.4, with very significant deviations at the largest 𝜙 values. 
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Figure 4.6: Relative zero-shear viscosity 𝜂! as a function of volume fraction 𝜙 for aqueous 
phytoglycogen dispersions, comparing the volume fraction values obtained using the direct 
calculation and Einstein equation methods. The values of the two independent volume fractions 
agree within experimental uncertainty. 

 
 The results shown in Figure 4.7 demonstrate the soft and deformable nature of 

phytoglycogen nanoparticles since volume fractions well beyond the random close packing limit 

(𝜙 = 0.64) of hard spheres and very close to 1 can be achieved. The linear relationship between 

𝜙 and C shown in Figure 4.4 indicates that the degree of compression of the particles is small up 

to the largest measured values of C. Therefore, the aqueous phytoglycogen dispersions provide 

us with a simple soft colloid system in which the particles are highly deformable up to 

concentrations of 30 % w/w but are not compressed. This is similar to the situation of soap 

bubble rafts in which the bubbles deform to fill in all of the interstitial space without a reduction 

in their volume (which would correspond to an increase in pressure).  
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Figure 4.7: Relative zero-shear viscosity 𝜂! as a function of volume fraction 𝜙 (obtained using 
the Einstein equation method) for aqueous phytoglycogen dispersions. The solid line corresponds 
to the hard sphere Krieger-Dougherty equation51 with 𝜙! = 0.64 and [𝜂] = 2.5. The uncertainties 
in the viscosity values lie within the symbols, and the horizontal error bars shown in Figure 4.6 
are not shown to simplify the plot. 

 
In contrast to other well-studied soft colloidal systems,14,52,59 the yield stress of aqueous 

phytoglycogen dispersions is very small (below the detection limit of our rheometer) at the 

largest concentrations despite large values of the relative viscosity 𝜂!. The difficulty in 

measuring the yield stress can be seen clearly in Figure 4.1b since a well-defined plateau61 in the 

shear stress 𝜎 versus shear strain rate 𝛾 data is not observed at small shear strain rates. Even at 

the largest concentration of 30 % w/w, there is only an indication of the beginning of a plateau in 

𝜎 at such small values of the shear stress (~ 0.01 Pa) and shear strain rate (~10-6 s-1) that fitting 

the data to an equation of Herschel-Bulkley form11 (equation ( 6 )) results in a very poor fit, and 
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it is not possible to determine an accurate value for the yield stress from these measurements. 

Therefore, we obtain a surprising and apparently unique result – aqueous phytoglycogen 

dispersions have a negligible yield stress even at concentrations for which the relative viscosities 

𝜂! are very large. 

 As mentioned in section 2.2, poly-N-isopropylacrylamide (PNIPAM) microgel particle 

dispersions have been used extensively as a model soft colloid system. It is worth noting the 

similarities and differences between aqueous phytoglycogen dispersions and microgel particle 

dispersions. It is interesting to note that the transition from Newtonian fluid behaviour to non-

Newtonian shear thinning behaviour for phytoglycogen concentrations C > 20 % w/w (Figure 

4.1), corresponding to 𝜙 > 0.64, is similar to that observed for other soft colloidal systems such 

as PNIPAM microgel particle dispersions.70 However, the microgel particles have a more 

complicated geometry (core-shell) and are significantly influenced by changes in the ionic 

strength, concentration, pH and temperature. Although the sensitivity to environmental 

conditions allows the volume fraction of the microgel particle system to be tuned continuously 

within the same sample, this is not ideal since the properties of the microgel, solvent and 

structuring of the solvent inside the particles will also change. In contrast, we observe significant 

deformation but very little compression of the particles up to a concentration of 30 % w/w (𝜙 = 

0.96). The lack of particle compression can be understood in terms of the strong binding and 

high degree of ordering of the water molecules inside the particles24 that should discourage 

expulsion of the solvent from the particles even up to the largest measured concentrations. 

Because the data set for the phytoglycogen-system presented in Figure 4.6 is so well behaved, 

with very little scatter in the data and large deviations between the data and the hard sphere curve 
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at high volume fractions, it is a simple experimental realization of a soft colloid dispersion that 

can be used to test colloidal dispersion theories in detail. 

4.4 Oscillatory Rheology Measurements 

The viscoelastic properties of aqueous phytoglycogen dispersions for concentrations C > 

20% w/w were investigated by performing oscillatory rheology measurements. As mentioned in 

section 1.3, oscillatory measurements can be used to determine the storage modulus G’ and loss 

modulus G’’ of a material, which quantify the elastic and viscous nature of the material, 

respectively. For small oscillation amplitudes, corresponding to the linear viscoelastic regime, 

the structure of the sample is only slightly perturbed by the oscillatory shear. In this regime, G’ 

and G’’ are independent of the strain amplitude 𝛾 of the applied oscillatory shear. To determine 

the linear viscoelastic region of aqueous phytoglycogen dispersions, G’ and G’’ were measured 

as a function of the shear strain amplitude ranging from 𝛾 = 0.1 % to 𝛾 = 100 % at a constant 

oscillation frequency of 1 Hz, for a dispersion concentration of C = 30.05 % w/w. The results are 

shown in Figure 4.8. For very small strain amplitudes, G’ and G’’ are both independent of 𝛾. G’ 

is larger than G’’ (for sufficiently small strain amplitudes 𝛾) and the dispersion is primarily 

elastic. Eventually, at sufficiently large strain amplitudes, G’ and G’’ begin to decrease with 

increasing strain amplitude 𝛾, which is an indication that the oscillatory shear is large enough to 

disturb the structure of the dispersion and the measurement is no longer in the linear viscoelastic 

regime. Furthermore, G’’ becomes larger than G’ at sufficiently large strain amplitudes, which 

indicates that the elastic behaviour of the material is limited to small strains 𝛾. These results 

highlight the importance of using a sufficiently small strain amplitude for the oscillatory 

frequency sweeps discussed below.  
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Figure 4.8: Storage modulus G’ (filled symbols) and loss modulus G’’ (open symbols) plotted as 
a function of shear strain 𝛾 for aqueous phytoglycogen dispersions of concentration C = 30.05 % 
w/w. These measurements were performed at a frequency of 1 Hz. The dashed grey vertical line 
indicates the point where 𝛾 is large enough to disrupt the structure. These data were collected 
over a time period of about 20 min. 

 
The point at which the strain amplitude 𝛾 becomes large enough to disrupt the structure 

of the sample can be interpreted as another measure of the yield strain 𝛾! of the dispersion. In 

Figure 4.8, this corresponds to 𝛾! ≈ 4 % as indicated by the vertical dashed line. The 

corresponding yield stress 𝜎! can be determined from the product of the yield strain 𝛾! and the 

shear modulus G*: 𝜎! = G*𝛾!, where G* = (𝐺!)! + (𝐺!!)!. This analysis gives a yield stress 

𝜎! ~ 34 Pa, which is much larger than the yield stress of 𝜎! ~ 10-2 Pa inferred from the C = 30.05 
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% w/w curve in Figure 4.1b, according to the Herschel-Bulkley model (equation ( 6 )). However, 

both of these estimates of the yield stress are much less than the corresponding value for hard 

spheres: 𝜎!~
𝑘!𝑇

𝑟! ~ 700 Pa.34 This is consistent with the large deviations between the hard 

sphere theory and the phytoglycogen-water results shown in Figure 4.7, providing further 

evidence that phytoglycogen nanoparticles behave as soft particles.  

 The results shown in Figure 4.8 were used to guide a set of oscillatory frequency sweeps 

for dispersion concentrations ranging from C = 20.64 % w/w to C = 30.05 % w/w. Since the C = 

30.05 % w/w dispersion was the most concentrated sample, a strain amplitude that is within its 

linear viscoelastic regime should also be within the linear regime of more dilute dispersions. A 

strain amplitude of γ = 1 % was chosen for the oscillatory frequency sweeps since it is well 

within the linear regime of the C = 30.05 % w/w dispersion. At this fixed value of the strain 

amplitude, G’ and G’’ were measured as a function of angular frequency 𝜔 within the range of 

0.001 – 628 rad/s. The results of the oscillatory frequency sweeps are shown in Figure 4.9. 

Before discussing the results shown in Figure 4.9, we note that the time collection period for 

these experiments (total time of approximately 8 h) was so long that the low viscosity oil bead 

used to prevent solvent evaporation from the dispersion was observed to flow onto the plate 

surrounding the cone, dramatically reducing the effectiveness of the solvent evaporation 

protocol. A plot of the measured viscosity versus time for a 30.07 % w/w dispersion is shown in 

Figure 4.10, in which increases in viscosity with time indicate that solvent evaporation has 

occurred for data collection times greater than several hours. Because considerable evaporation 

occurred during the collection of the data shown in Figure 4.9,  
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Figure 4.9: Storage modulus G’ (filled symbols) and loss modulus G’’ (open symbols) plotted as 
a function of angular frequency 𝜔 for aqueous phytoglycogen dispersions of concentrations C = 
20.64 % w/w (purple), C = 25.16 % w/w (green), C = 28.00 % w/w (red) and C = 30.05 % w/w 
(blue). These measurements were performed using a strain amplitude 𝛾 = 1.0 %. The slopes of 
the low frequency linear tail regime are indicated for the C = 20.64 % w/w data and are 
consistent with the slope values expected for hard sphere colloidal dispersions.11,84 

 
these data must be collected again using a higher viscosity oil that will not flow and will 

maintain solvent evaporation prevention during the timescale of the oscillatory rheology 

experiment. 

Despite this considerable problem with the data sets shown in Figure 4.9, we describe the 

general features of the data. For the C = 20.64 % w/w dispersion, there is only a terminal regime 

which covers the entire frequency range: G’’ is larger than G’ for all values of 𝜔, indicating that 

this dispersion is predominantly viscous. This data set is likely reliable and unaffected by the  
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Figure 4.10: Viscosity 𝜂 versus time in hours for a 30.07 % w/w aqueous phytoglycogen 
dispersion showing significant solvent evaporation after about 2 h.  

 
solvent evaporation problem discussed above since the data collection began at a relatively large 

angular frequency 𝜔 = 10-1 rad/s for which the total data collection time was ~ 40 min. In 

contrast, the larger concentration dispersions (C = 25.16 % w/w, 28.00 % w/w and 30.05 % w/w) 

begin at 𝜔 ≈ 10-3 rad/s and have likely been affected by solvent evaporation. Nevertheless, we 

find that the values of G’ and G’’ are comparable such that these dispersions are viscoelastic 

fluids. At sufficiently low angular frequencies 𝜔, the dispersions exhibit a terminal regime in 

which G’’ is larger than G’. In this regime, the timescale of the applied oscillatory shear is larger 

than the relaxation time of the dispersions such that the dispersions are able to fully relax and 

flow like viscous fluids. However, as 𝜔 is increased, G’ becomes larger than G’’. In this regime, 
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the dispersions are not able to fully relax within the timescale of the applied oscillatory shear and 

the dispersions behave more like elastic solids. This crossover in G’ and G’’ shifts to lower 𝜔 as 

the concentration is increased, indicating that the relaxation time is larger for more concentrated 

dispersions. Furthermore, the magnitude of G’ and G’’ increases by approximately two orders of 

magnitude as the dispersion concentration is increased from C = 25.16 % w/w to C = 30.05 % 

w/w. In addition, the vertical separation between the G’ and G’’ curves in Figure 4.9 increases 

with increasing dispersion concentration. This can be seen more clearly in Figure 4.11 in which  

 
 
Figure 4.11: Storage modulus G’ (filled symbols) and loss modulus G’’ (open symbols) plotted 
as a function of volume fraction 𝜙 for the four aqueous phytoglycogen dispersions from Figure 
4.9. The G’ and G’’ values were taken from Figure 4.9 at a constant angular frequency 𝜔 = 100 
rad/s. 

we plot the values of the storage G’ and loss G’’ moduli of the four dispersions in Figure 4.9, 

taken at a constant angular frequency 𝜔 = 100 rad/s, as a function of the volume fraction 𝜙. 
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These results show that the elasticity of aqueous phytoglycogen dispersions increases 

significantly as the dispersion concentration is increased. 

The results in Figure 4.9 further demonstrate deviations from hard sphere colloidal theory 

as the concentration of aqueous phytoglycogen dispersions is increased. At the smallest 

concentration of C = 20.64 % w/w, the viscous response in the terminal tail regime has the same 

scaling with 𝜔 as for hard sphere colloidal dispersions (G’ ~ 𝜔2 and G’’ ~ 𝜔).11,84 This is 

consistent with the results in Figure 4.2 which show that the phytoglycogen nanoparticles 

interact only weakly and the dispersions are hard-sphere-like up to a concentration of C ~ 20 % 

w/w.  Furthermore, since this data set was not affected by solvent evaporation, we can use the 

crossover point between G’ and G’’ to estimate a relaxation timescale for the C = 20.64 % w/w 

dispersion. The storage G’ and loss G’’ moduli of the C = 20.64 % w/w dispersion crossover at 

𝜔 ≈ 102 rad/s, which corresponds to a relaxation timescale of approximately 0.06 s. As the 

dispersion concentration is further increased up to C = 25.16 % w/w, the mechanical response 

becomes more viscoelastic as an internal structure forms within the dispersions with a 

correspondingly longer relaxation time, and the scaling with 𝜔 of the terminal tail regime is 

significantly stronger than the hard-sphere-like scaling (G’ ~ 𝜔2 and G’’ ~ 𝜔) that was measured 

for the C = 20.64 % w/w dispersion. The 𝜔-scaling becomes even stronger as the dispersion 

concentration is increased up to C = 30.05 % w/w, as can be seen by the increase in the slopes of 

the terminal regimes in Figure 4.9. These deviations from hard sphere behaviour at the largest 

concentrations (and volume fractions) are consistent with the deviations from hard sphere 

behavior shown in Figure 4.7 for the most concentrated dispersions due to the soft nature of the 

phytoglycogen nanoparticles. Furthermore, as 𝜔 is increased beyond the terminal regime, the 

overall trend of G’ and G’’ for the C = 25.16 % w/w, C = 28.00 % w/w and C = 30.05 % w/w 
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dispersions differs from the trend commonly observed for hard spheres. As discussed in section 

2.1, hard sphere dispersions exhibit a plateau in G’ and a local minimum in G’’ at intermediate 

values of 𝜔.34,52,84 In contrast, G’ and G’’ of the aqueous phytoglycogen dispersions increased 

monotonically with 𝜔, with a power law scaling with 𝜔 that became weaker as the concentration 

was increased. At the highest concentration of C = 30.05 % w/w, both G’ and G’’ scale as 𝜔!.!. 

However, before we can interpret these results in detail, this experiment must be repeated using a 

higher viscosity oil to prevent the significant solvent evaporation effect seen in Figure 4.10. 

Nevertheless, these results of the present study highlight the unique mechanical response of 

aqueous phytoglycogen dispersions and the need for further study.  
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Chapter 5: Summary and Future Work 

 

5.1 Summary and Conclusions 

The present rheology study has shown that phytoglycogen nanoparticles are an ideal model 

soft colloid system. The low relative viscosity 𝜂! values observed for concentrations C < 20 % 

w/w are consistent with the lack of significant interactions between the nanoparticles and the 

exceptional stability of aqueous phytoglycogen dispersions.23 The deviation from the hard sphere 

Krieger-Dougherty model51 at high concentrations highlights the soft nature of phytoglycogen 

nanoparticles as they deform and pack to volume fractions that far exceed random close packing, 

with a corresponding six order of magnitude increase in the relative viscosity 𝜂!. The conversion 

from concentration (% w/w) to volume fraction 𝜙 was performed using two independent 

methods: a calculation that used the structure and hydration results of small angle neutron 

scattering23 to account for solvent uptake by the particle, and a calculation using the Einstein 

equation35 in the dilute limit that extrapolated these results to the high concentration limit. The 

resulting volume fraction 𝜙 values, which approach but never exceed the physical limit of 𝜙 = 1, 

suggest that the phytoglycogen nanoparticles deform but do not compress when mixed to very 

high concentrations. Overall, the simplicity of the phytoglycogen-water system presents a simple 

experimental realization of a soft sphere colloidal dispersion and offers great promise for the 

experimental testing of soft sphere theories. 
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5.2 Future Work 

 In the present study, the relative viscosity 𝜂! of aqueous phytoglycogen dispersions was 

measured as a function of volume fraction 𝜙. A natural extension of these results is to measure 

the osmotic pressure Π of the dispersions as a function of volume fraction 𝜙. The volume 

fraction 𝜙 dependence of the osmotic pressure Π is known as the equation of state of the system 

and has been commonly measured for both hard sphere and soft sphere colloidal dispersions. For 

hard sphere systems, the osmotic pressure Π has a dependence on 𝜙 that is similar to that for the 

viscosity, increasing significantly only at sufficiently large values of 𝜙. This behaviour is well 

described for hard spheres by the Carnahan-Starling equation of state.85 The osmotic pressure Π 

of soft sphere dispersions has also been measured in various different studies54,55,68 and it was 

found to increase with increasing volume fraction 𝜙. The Π 𝜙  measurements on soft sphere 

dispersions are particularly interesting because the large osmotic pressures often compress the 

particles which leads to volume fraction values well above 𝜙 = 1. By measuring the osmotic 

pressure Π as a function of the volume V of the compressed spheres, the bulk modulus K of the 

particles can be determined.54 Measuring the osmotic pressure Π as a function of volume fraction 

𝜙 for aqueous phytoglycogen dispersions would be an interesting addition to the 𝜂! versus 𝜙 

results presented in this work. 
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