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ABSTRACT 

 
 
 

ULTRA SMALL ANGLE X-RAY SCATTERING STUDIES OF TRIACYLGLYCEROL 
CRYSTAL NETWORKS 

 
 
 
M. Fernanda Peyronel   Advisors: 
University of Guelph, 2014   Professor Alejandro G. Marangoni 
   Professor David A. Pink 
 
 
This thesis is an investigation into the use of ultra small angle x-ray scattering, USAXS, 

to study triacylglyerol (TAG) crystal networks. USAXS is an in-situ technique that 

requires no manipulation of the native material and allows the characterization of 

structures from about 10 nanometers to about 10 micrometers.  

A Bonse-Hart instrument at the Advanced Photon Source (APS) in Argonne National 

Laboratory was used to measure the scattering intensity, I(q), as a function of wave 

vector, q, in the region from 4 x 10-4 Å-1 to 0.1 Å-1. Plots of log[I(q)] vs log[q] were 

analysed using the Unified Fit and the Guinier-Porod models. Model binary TAG 

systems such as tristearin (SSS) and tripalmitin (PPP) solids in liquid triolein (OOO) 

were studied, followed by studies  of pure solid single TAGs: SSS and PPP.  This was 

followed by studies of three different complex systems and some commercial fats. The 

sizes and shapes of the scatterers and the aggregation structures formed from them 

were obtained from the fitting parameters. The interpretation of the results was aided by 

modelling and computer simulations carried out by colleagues.  

 

Up to four different structural levels were identified using the Unified Fit model for 

systems containing less than 20% solids. Crystalline nanoplatelets aggregated to form 

either cylinders, called TAGwoods, or a structure intermediate between a nanoplatelet 

and a TAGwood. Furthermore, the aggregation of TAGwoods gave rise to fractal 

structures brought about by diffusion or reaction limited cluster-cluster aggregation. The 

last structural level observed was identified as either evenly distributed clusters of 

TAGwoods or as a diffuse surface.  



Systems containing more than 50% solids showed nanovoids (empty holes in pure solid 

materials) or nano-spaces (oil filled cavities). The fractal nature of the walls of those 

cavities was characterized.  

USAXS has been shown to be a useful technique in identifying and quantified the 

hierarchies of the solid fats networks in edible oils and has identified a mechanism by 

which the structural levels appeared. This information should help the fat industry in 

their quest for finding healthy fat-replacers by identifying the existing structures that 

should be maintained. 
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B: ‒1.0 and ‒3.0.  D:  ‒1.7 and ‒1.8. 207 

 

A4.3 A: Side view of the TAGwood taken from Figure A4.2A (0.06).  B: A TAGwood 
represented by a 1 × 1 × 4 rigid structure (compare Figure A4.1B).  C: A 1 × 1 × 6 
structure. 210 

 

A4.4 A and B.  Initial TAGwood aggregation process shown by 𝑙𝑜𝑔𝑆𝑞 vs 𝑙𝑜𝑔𝑞.  A: 
𝜙 = 0.0005 (SFC = 0.05%) for ℓ = 2 in (100)3 space averaged over 27 replica 
simulations.  Initial distribution (a), intermediate distribution (b, 600 MC steps), all 80 

TAGwoods in one cluster (c, 6.6 × 104 MC steps).  B: 𝜙 = 0.001 (SFC = 0.1%) of ℓ 
= 5 in a (300)3 space from 1 simulation.  Initial distribution (a), all 1728 TAGwoods 

in one cluster (b, 1.116 × 106 MC steps).  Structure functions for the intermediate 
cases are shown as thin solid lines.  C: Longer-time TAGwood aggregation shown 
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by 𝑙𝑜𝑔𝑆𝑞 vs 𝑙𝑜𝑔𝑞 when the attractive interaction energy is made weaker.  
Simulations were carried out in a (100)3 space for TAGwood concentrations of 

𝜙 = 0.001 (SFC = 0.1%) .  a: ℓ = 2.  b: ℓ = 5. 210 
 

A4.5 Schematic plots of the general structure function, 𝑆𝑞, equation (5) and Figure A4.4, 
and X-ray scattering intensity, 𝐼𝑞 with slopes as indicated.  A: 𝑙𝑜𝑔𝑆𝑞 versus 𝑙𝑜𝑔𝑞.  
Longer time (a, solid line) and short time (b, grey line).  B: Predicted X-ray 

scattering at longer time after cooling.  𝑙𝑜𝑔𝐼𝑞 versus 𝑙𝑜𝑔𝑞 fit to a combination of 
Guinier functions Porod 𝑞 − 4 functions, and linear segments.  C:  Predicted initial 
scattering soon after fast cooling.  𝑙𝑜𝑔𝐼𝑞 versus 𝑙𝑜𝑔𝑞 fit to a combination of Guinier 
functions, Porod 𝑞 − 4 functions, and linear segments. 214 

 

A4.6 Schematic diagram of the hierarchy of aggregation structures predicted from Monte 
Carlo simulations for low and intermediate solid fat content.  The approximate 
relative spatial scales are indicated by the horizontal bars at the bottom of the 
panels.  A: Fundamental CNPs.  B: TAGwoods.  C: DLCA or RLCA aggregates 
formed from TAGwoods.  D: Aggregates of C distributed uniformly, on the average, 
in space. 216 
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Chapter 1: Introduction 

1.1 Triacylglycerol Crystal Networks  

The study of the nano- and the micro-structures of semi-solid materials such as edible 

fats is important when trying to understand the aggregations created by the solids and 

how these structures efficiently trap liquid oil. This work starts with the study of simple 

pure triacylglycerols, TAGs, and some binary mixtures, progressively increasing the 

complexity of the TAG mixtures present, eventually including natural fats, such as cocoa 

butter, milk fat, palm oil, and palm kernel oil, among others. The term ‘oil’ applies to a 

material that is liquid at room temperature while the term ‘fat’ applies to a material that is 

solid at room temperature. Changes in temperature can easily convert oil into fat or 

vice-versa. Chemically, fats are mixtures of more than 95% TAGs molecules with minor 

components, including phospholipids, glycolipids, free fatty acids, monoacyglycerols 

(MAGs) or diacylglycerols (DAGs)1. The backbone of a TAG molecule is a glycerol 

molecule to which three fatty acids (FA) are esterified. These long hydrocarbon chains 

can adopt different spatial configurations depending on the saturation and the presence 

of trans-or cis-bonds2. Butters, shortenings, chocolates and margarines are some of the 

high-fat food products that achieve their semisolid structure from high melting point 

TAGs relying on trans and saturated fatty acids to provide their desired functional 

properties. 

Fat crystal network structure formation starts with the self-assembly of the TAG 

molecules into lamellar structures when the temperature decreases below the melting 

point of the highest melting TAGs in the mixture (Figure 1.1). These lamellae stack 

epitaxialy to form a crystal, the crystalline nanoplatelet (CNP). 

 
Figure 1.1 Schematic of the assembly of triacylglycerol molecules into a lamella. Many 
lamella form a CNP    
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The CNPs were observed for the first time using cryogenic transmission electron 

microscopy (cryo-TEM), after removal of liquid oil with cold isobutanol3. A schematic of 

the structural hierarchy in a fat crystal network is shown in Figure 1.2A, where the 

smallest crystalline unit is the CNP. Acevedo and Marangoni were also able to image a 

cross-section of the CNPs, clearly displaying the stacking of TAG lamellae to form 

CNPs, as well as the stacking of CNPs as shown in Figure 1.2B.  

 

 

 

Figure 1.2  (A) Hierarchy of a fat crystal network starting with cryo-TEM de-oiled 

nanoplatelets up to the bulk material. Adapted from Acevedo and Marangoni3. (B) Side 

view of many CNPs stacked laterally. Adapted from Acevedo and Marangoni4. 

 

Evidence for  the existence of nanoplatelets, primary mesocrystals and mesocrystal 

clusters exist in the literature5. However, the number of hierarchical levels that a solid fat 

network can have is not well known, especially when it concerns the aggregation of 

CNPs to form clusters. There is also insufficient direct evidence as to what structures 

are formed following the creation of nanoplatelets. It is thus important to define and 

characterize the structural levels as well as understand the process of CNP aggregation 

that gives rise to these structure levels.  

Many of the techniques used to characterize the structural levels are complex and time 

consuming4. We thus set out to find for a technique that could yield information on 
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larger structural levels present in a fat crystal network in a rapid an non-destructive 

fashion. In this way, true functional property engineering could be achieved by 

modifying structure at different length scales. This can help us design fats with healthier 

profiles and/or lower costs.  

 

1.2 Manufactured Edible Fat 

The manufacture of edible fats involves the following steps: (1) melting, (2) mixing and 

shearing, (3) undercooling while mixing, (4) crystallization at specific cooling and shear 

rates and (5) storage. The structures formed by solids in an edible fat depend on the 

conditions at each step of the manufacturing process, the ratio of solid to liquid, and the 

composition of the fats and oils used. The structures that are created during the 

processing steps are crucial for the desired application or “functionality” of the final 

product. Functionality is understood as the way the edible fat performs for the desired 

application such as baking, frying, spreading, etc. It is known that edible fats form a fat 

crystal network that entraps liquid oil within 6–8. It is this property which confers edible 

fats the ability to behave like solids until a particular yield stress is achieved, at which 

point they flow like viscous liquids. From a structural point of view, it is known that fats 

form hierarchical solid structures and therefore the functionality is dictated by each and 

all of the structural levels that the solid network forms5,9–11. Thus it is imperative to 

properly characterize and consider all structural levels that a solid fat network can have. 

 

1.3 Replacement of Edible Fats 

Common edible fats and oils have been studied for the last century in order to 

understand and quantify functional properties like hardness, creaminess, brittleness, 

spreadability, texture and shelf life.  While those studies were originally carried out to 

improve functionality, one important reason for studying edible fats more recently is to 

reduce the amount of unhealthy fats from our diet. Epidemiological and interventional 

research has shown a correlation between heart disease and the consumption of trans 

fatty acids generated by the hydrogenation of vegetable oils 12–16. The 2010 USA dietary 
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guidelines recommended17 that Americans should limit saturated fatty acid intake to less 

than 7 percent of calories, replacing these calories with those from mono- or 

polyunsaturated fatty acids, rather than carbohydrates, and completely avoiding trans 

fatty acids from industrial sources. These recommendations pose a challenge for the fat 

industry: the engineering of new healthy edible fats that maintain not only the familiar 

organoleptic properties but also the functionality of the product without affecting costs. 

For example, one of problems that the food industry is currently facing has to do with oil 

leaking out of the product as a consequence of replacing the traditional hard stock 

containing trans-fatty acids with healthier fat alternatives. 

 

1.4 Techniques to Study Edible Fats 

It is well known that changes in processing conditions, like the shear rate, temperature 

of undercooling, cooling rate, ratio of solid TAGs to liquid TAGs and storage conditions 

after processing lead to changes in the functionality of the material (e.g. Sato & Garti or 

Narine & Marangoni books18,19). For years researchers have been focusing on unveiling 

the structure created by each and all of these processing variables by using techniques 

like microscopy, rheometry and X-ray scattering. X-ray scattering is the only one that 

requires minimal manipulation of the sample and minimizes sample destruction, but until 

now has only been used to determine atomic and molecular characteristics of TAG 

crystals through wide angle x-ray scattering (WAXS), and small angle X-ray scattering 

(SAXS) 20,21. An emerging branch of the X-ray technique is ultra small angle x-ray 

scattering (USAXS). This technique is best carried out at a synchrotron facility where 

one can have access to state of the art equipment.  

These X-ray techniques allow in situ characterization of the structure of materials where 

the intensity of the scattering, I(q), is plotted as a function of q, the scattering wave 

vector. The length scale and q are related via qL )2(  . The WAXS region covers 

length scales from 1 to ~10 Å or a q-region from 3 to 0.5 Å-1, and is used to characterize 

the “polymorphism” of edible fats.  The longitudinal packing of TAG molecules is found 

by SAXS which covers length scales from ~10 to ~100 Å  or a  q-region from ~0.1 to 1 

Å-1. USAXS covers the q-region from 5 x 10-5 Å-1 to ~0.1 Å-1 which allows for elucidation 
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of larger solid structures in the length scale from a few nanometers to a few 

micrometers.  

USAXS experiments are best carried out at synchrotron facilities where the energies 

and the collimation of the X-ray beam are ideal to study semi-opaque systems, like 

edible fats. The Advanced Photon Source (APS) in the Argonne National Laboratory 

was chosen for its state of the art instrumentation and experts present in the facility.   

 

1.5 Hypothesis and Objectives  

USAXS has been the motivator for this thesis: to characterize in a rapid way, the 

structural levels present in different edible fats systems with the premise that by doing 

so, one would be able to identify the ideal structure for a healthier, or more economical, 

fat-replacer.  

 

My hypothesis for the thesis is: The USAXS technique can be used to characterize 

structures and structural levels of edible fat systems as a function of their solid fat 

content, from a few nanometers to a few micrometers. 

 

The objectives of this thesis are:  

1- to determine whether USAXS will provide useful data to give insight into the fat 

structures with a rapid turnaround time in data acquisition 

2- to understand which models best account for the experimental observations 

3- to determine how many structural levels could be observed using USAXS 

4- to generate a unified picture of how one structure leads into another 

5- to quantitatively characterize the structures formed at each level  

 

The aim of this thesis is to determine the static solid structures of edible fats. These 

materials are complex in nature due to the inherent TAG composition and applied 

processing conditions. Specifically, I am elucidating the static structures of edible fats in 

order for the food industry to have a basis for understanding the structures that need to 

be maintained when attempting to replace the trans-fats or the saturated fats by other 
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fats or materials.   

1.6 Organization of this Dissertation 

Due to the complexity of edible fat systems, it was decided to study systems going from 

low complexities to higher ones. Chapter 3 deals with binary TAG systems with less 

than 20% solids. Chapter 3 looks at binary TAG systems with 50% to 90% solids. 

Chapter 5 deals with neat TAG systems or 100% solids. Chapter 6 looks at complex 

TAG systems with less than 20% solids. Chapter 7 looks at four commercial fats in an 

attempt to replace one fat with another. Appendix 1 touches on the basis of X-ray 

scattering. Appendix 2 explains how to carry out the fitting of the synchrotron data. 

Appendix 3 presents tables containing USAXS for the systems studied throughout all 

chapters as well as for other commercial edible fats. 
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Chapter 2: Literature Review 

 

Triglyceride Nanocrystal Aggregation Into Polycrystalline Colloidal Networks: 

Ultra-small angle X-ray Scattering, Models and Computer Simulation 

 

Fernanda Peyronel 1, David A. Pink 2,1, Alejandro G. Mrangoni1  
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2.1 Abstract 

Triacylglycerols (TAGs) are the majority molecules present in edible fats and oils. Many 

of the functional characteristics of fat products depend on the colloidal fat crystal 

network present. Identifying the hierarchies of these colloidal networks and how they 

spontaneously self-assemble is important to understand their functionality and the oil 

binding capacity, and new insights into the nano- to meso-scale structure in these 

colloidal fat networks have been reported in recent years. Ultra small angle X-ray 

scattering (USAXS) is a technique new to the study of edible oil structures and, when 

combined with modelling and computer simulation, has enabled significant advances to 

be made in understanding the nano- to micro-scale crystalline structures of edible oils. 

In the four years since crystalline nanoplatelets (CNPs) were characterized, models 

have been made of these highly anisotropic nanoscale structures in which they were 

treated as the primary unit. In those models, CNPs were represented as close-packed 

rigid layers of spheres, so chosen because the van der Waals sphere-sphere interaction 

is known. The intent of the models was to predict the hierarchy of colloidal fat networks 

that would self-assemble from the components in edible oils. Initially, CNP aggregation 

was modeled under the assumption that all CNPs are present before aggregation 

begins and that their solubility in liquid oil is very low. The models successfully predicted 

the fractal dimensions subsequently measured using USAXS. This brief review reports 
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on some of the latest models and simulations together with the results of USAXS 

experiments carried out on binary lipid systems, such as SSS in OOO, as well as 

certain complex systems that contain many different TAG molecules. The excellent 

agreement between the two approaches has established that USAXS is a powerful tool 

in the elucidation of the nano- to meso-length scales in fats and oils. 

 

2.2 Introduction 

Edible fats are a class of colloidal gels in which an oleogel crystal network is formed as 

the triacylglyceride (TAG) molecules crystallize from the melt. Crystalline nano-platelets 

(CNPs) [1–6] have been found to be the basic components of the complex macro-

colloidal structure of these edible fats. These CNPs aggregate to form hierarchical 

structures where it is likely that low melting TAGs remain trapped in liquid state within 

the solid matrix. It is well known, that the macroscopic structure of the colloidal network 

can be changed by altering the processing conditions like undercooling temperature, 

cooling rates and shear [7–11]. It is of fundamental importance to understand what are 

the implications of having different CNP sizes and morphologies as well as to 

understand how these CNPs self-assemble via nucleation and growth, and which 

structures they form. In these colloidal systems of solid fat particles in oil, it is likely that 

the aggregation of CNPs into bigger aggregates is ultimately responsible for many of 

the macroscopic properties, such as oil binding capacity and viscoelasticity. 

A novel technique to visualize nano-crystals was developed in 2010 by Acevedo and 

Marangoni [2]. CNPs were successfully imaged for fully hydrogenated canola oil in high 

oleic sunflower oil. Rigorous sample preparation [2] which included shearing the system 

at 30,000 rpm followed by the use of cryo-transmission electron microscopy (TEM) 

revealed the existence of highly anisotropic crystalline nanoplatelets (CNPs) composed 

of TAG bilayers. The CNPs observed for that system possess lateral dimensions  

of ~ 102 –103 nm and thicknesses of ~ 20 –80 nm. Those authors also showed that CNP 

sizes were affected by the ratio of high-melting to low-melting TAG species, as well as 

the degree of supersaturation, cooling rate and shear rate during the crystallization [1]. 

Following those first observations, other authors have shown the existence of the CNPs 
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in lipid systems like: cocoa butter (CB) [12,4,3], fully hydrogenated soybean oil (FHSO) 

in soybean oil (SO) blends [13–15], FHCO in canola oil (CO) blends [16], tristearin 

(SSS) in triolein (OOO) [5] and cocoa butter substitutes [6]. The question as to whether 

the sample preparation for the cryo-TEM observation changed the size of the CNPs was 

answered by Peyronel et al. [5] when in-situ experiments were carried out using ultra 

small angle X-ray scattering (USAXS). These authors demonstrated that the SSS 

CNP sizes obtained using USAXS were essentially the same as the ones observed 

using the Acevedo and Marangoni visualization technique. 

The USAXS technique is well suited to study opaque systems and an important 

advantage over other technique is that it requires little sample preparation. Thus 

shearing is not a requirement so that its effect can be studied separately. The absolute 

X-ray scattering intensity is reported as a function of the magnitude of the scattering 

wave vector, q, which is related to the length scale, L, of the system via L = 2π/q. This 

technique can cover length scales from ~ 100 nm to ~ 15 μm, well suited to study the 

nano- to meso-scale structures of edible fat colloidal networks. It is, however, important 

that the interpretation of the USAXS data be complemented with results from other 

experiments or by predictions from computer simulations. 

The development of models which predicts or identify aggregating structures can be an 

important aspect to the interpretation of the data. Pink and 

collaborators [17,18] modelled lipid CNPs as a rigid aggregate of spheres chosen so 

that the rigid structures representing the CNPs mimicked those observed by Acevedo 

and Marangoni [2]. Spheres belonging to different CNPs interacted via van der Waals 

sphere-sphere interaction. It was assumed that the CNPs were essentially insoluble in 

liquid oils so that all model CNPs were present at the start of the simulation. Surfaces of 

the spheres comprising CNPs were modified as desired to represent the different 

scenarios that are believed to exist according to the TAGs present in the liquid –solid 

mixtures. These considerations are described in more details below. Predictions for the 

USAXS measurements were made and later confirmed by the experiments. 

This article begins with an outline of the models, their computer simulation and the 

predictions arising. A brief description of the system used to collect and analyze the 

data is presented which is followed by an account of the experimental USAXS results 
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obtained for different lipid systems. 

 

2.3 Models, Theory and Computer Simulation 

Here we are primarily concerned with describing modelling aggregation of structures 

which have been formed from triacylglycerol (TAG) molecules. The spatial scales range 

from tens of nanometers to hundreds of microns. However, molecular scale studies will 

be described when relevant. Here we briefly touch on the variety of techniques related 

to modelling aggregation. Aggregation is a wide-ranging field and involves the formation 

of clusters in a colloidal suspension. During this process, particles dispersed in the 

liquid phase stick to each other and spontaneously form particle clusters, flocs, or 

aggregates. The process can be driven by external controlled means such as, for 

example, enzymatic activity as in the case of rennet-driven aggregation of casein 

micelles, or via the addition of polymers to induce flocculation. The process can also be 

driven by the van der Waals attraction between the components of the colloidal 

suspension such as particles in aerosols or solid structures in oils. These processes 

have been modelled in essentially two ways: (i) analytically via the Smoluchovsky 

equation, the Langevin equation and analogous dynamical equations and (ii) models 

which rely upon computer simulation to elucidate the dynamics and/or static structures. 

Of importance to applications to solid structures in edible oils, especially at high solid 

concentration, is tortuosity. A number of definitions of tortuosity in 2-dimensions have 

been given which involve local or average curvatures, or defined in terms of an effective 

diffusion coefficient. In what follows, we focus our attention upon modelling the 

hierarchy of solid networks which come about via solid aggregation in edible oils. 

At low solid fat content, the starting point is the existence of highly-anisotropic 

crystalline nanoplatelets (CNPs) first characterized by Acevedo and Marangoni [2] and 

the question to be addressed is: to what aggregation structures do such CNPs give 

rise? The models assume that a majority of solid has condensed as the sample is 

cooled from a sufficiently high temperature to about room temperature leaving either a 

1-component liquid oil or one that contains minority components. One consideration will 

be whether there is essentially only one solid component or whether the minority 
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components condense together with the majority solid component, and how the majority 

and minority components are structurally related. Another question is whether crystal 

morphology plays a role in aggregation. For a given system, different solid 

morphologies are effectively determined by the cooling rates which give rise to the 

solids. If these procedures all result in essentially similar, highly-anisotropic 2-

dimensional CNPs as reported by Acevedo and Marangoni, then the only physical 

difference between CNPs which possess different morphologies would be the slightly 

different van der Waals interactions due to the small differences in mass density. Mass 

fractal aggregates can be defined by the relationship between the mass, M(Rg) and the 

radius of gyration, Rg, M(Rg) = KRg
D. The small differences in the van der Waals 

interaction might affect the pre-factor, K, but not the fractal dimension, D, and so would 

have no effect upon the structure of aggregates. Since the models described here start 

with an assumption of highly-anisotropic CNP existence, then they ignore questions of 

crystal morphology. 

We shall restrict ourselves to CNPs which have very low solubilities at the temperature 

of the liquid oils in which they are immersed. This important restriction is reflected in the 

assumption that all CNPs have been formed before significant aggregation begins and 

that, once they are formed, the CNPs are unchanging structures. CNPs have been 

modelled using coarse grained models [19,20]. In order to help understand and guide 

scattering experiments geared towards structural characterization [21,22] of these 

systems, static structure functions, S(q), for the different structures that emerged from 

simulations, were computed as functions of wave vector magnitude q and used to 

predict the results of small and ultra-small angle X-ray scattering (SAXS and USAXS). 

2.3.1 Component oil. Tristearin Solids in Triolein Liquid Oil 

When an oil comprising a mix of liquid tristearin (SSS) and triolein (OOO) is cooled to 

room temperature, SSS condenses into solids. These are irregularly-shaped highly-

anisotropic crystalline structures 100 –1000 nm on a side and 50 –200 nm thick. To 

model such structures we have to be able to calculate the van der Waals interaction 

between two such rigid objects an arbitrary distance apart with arbitrary relative 

orientation. This was achieved by representing a CNP, as shown in Fig. 2.1A, as a rigid 
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array of monodisperse spheres, each of radius R. Such model CNPs are described by a 

set of integers, {l, m, n} where the first two specify the number of spheres in the rows of 

the hexagonal lattice and the third integer gives the number of layers of such lattices 

Fig. 2.1A shows a {10, 6, 1} model CNP. The advantage of this model is that one knows 

the analytical form of the van der Waals sphere –sphere interaction [23] and, if one 

makes the assumption that the total interaction between two such model CNPs is the 

sum of all pairwise sphere –sphere interactions with one sphere in each model CNP, 

then one can trivially calculate the CNP –CNP interaction for arbitrary separation and 

relative orientation. This is illustrated in Fig. 2.1C where the interaction, Vd(R, r), is 

shown. Fig. 2.1F shows the form of the interaction. 

 

Figure 2.1 Models of CNPs and TAGwoods. A: {10, 6, 1} CNP. B: A {5, 1, 1} structure. 

C: Interaction between two spheres belonging to different structures. D: Two coated 

spheres. E: Coated CNP. F: Interaction energy (Eq. (1)) between two spheres as a 

function of their radius, R, and centre –centre distance, r. G: A TAGwood formed from 

CNPs (upper) and its representation by a {4, 1, 1} structure (lower).Reproduced with 

permission from Pink, et al. J. Applied Phys., 2013, 114, 234901. Copyright 2013, AIP 

Publishing LLC. 

 

We write the interaction between two identical homogeneous spheres, each of radius R,  

a centre-to-centre distance, r, apart as  
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𝑉(𝑟) = 𝑉𝑑(𝑅, 𝑟) 𝑟 > 2 (𝑅 + 𝛥)                                                                                         (1)  

𝑉(𝑟) = 𝑉𝐵  𝑟 ≤ 2 (𝑅 + 𝛥)                                                                                                 (2) 

                                              

Where Δ is the thickness of a region into which another sphere, belonging to a different 

CNP, cannot penetrate, and VB < 0 is a binding energy. The distance, 2Δ, is 

approximately the nearest distance to which a pair of parallel TAGs can approach and is 

approximately ≥ 0.2 nm. One choice for VB is VB=Vd(R, 2R+2Δ) while other choices can 

explore aspects of very tight binding. The interaction free energy, Vd(R,r), is given by 

Parsegian [23,24] (Table S.3, p155) as 

 

 𝑉𝑑(𝑅, 𝑟) =  
−𝐴

6
 [2𝑅2 (

1

𝑟2−4𝑅2 +
1

𝑟2) + ln (
𝑟2−4𝑅2

𝑟2 )]                                                               (3) 

 

Where A is the Hamaker coefficient. Here A ≈ 10−20J since the two spheres are 

immersed in OOO oil. In air or vacuum, A≈5×10−20J [25]. Metropolis Monte Carlo 

simulation techniques [26,27] were used to obtain steady state structures. At each 

Monte Carlo step an attempt was made to move each object in a random sequence. 

Attempted moves involved spatial translation of the centre of mass and rotation by a 

random angle around a randomly chosen axis passing through the centre of mass. Such 

objects could be either CNPs or their aggregates. The range of movement of an 

aggregate was assumed to be proportional to MA
−1/2 where MA is the mass of the 

aggregate and was taken to be proportional to the number of spheres in that cluster. All 

simulations were run at a temperature of 30°C. 

The disadvantage of this model is that, in common with many simple models, the 

interaction is not simply the sum of 2-body interactions [28]. Structure functions, S(q), 

were computed in the usual way [29] 

 

𝑆(�⃗�) =
1

𝑁
|∑ exp(𝑖�⃗� · 𝑟�⃗⃗⃗�) 𝑗 |

2
                                                                                              (4) 

𝑆(𝑞) =  〈𝑆(�⃗�)〉|�⃗⃗�|= 𝑞                                                                                                         (5) 
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Where 𝑟�⃗⃗⃗� is a vector to the centre of the sphere labeled j, (1 ≤ j ≤ N) and N is the total 

number of spheres. If the system possesses a fractal structure over a sufficient range 

of q, then it has been found that S(q) ~ q−D [21,30] where D (D≥1) is the fractal 

dimension of that structure. 

In all realizations of this model, the sphere radius was R = 0.5 u, where u is an arbitrary 

unit of length, and the simulations were carried out in cubic boxes of dimensions L × L × 

L with periodic boundary conditions. The value of L was either 50 u, 100 u or 150 u. In 

some cases, notably in following the relaxation from DLCA aggregates to RLCA 

aggregation (below), the largest values of L were required in order to 

unambiguously identify values of D. All CNPs were represented by {10, 10, 1} rigid 

arrays of spheres and their number density, ϕ, took on values ϕ = 0.06, 0.13, 0.22. All 

simulations, including those below, were initially relaxed for up to 105 Monte Carlo steps 

while production runs involved up to 5 × 106 steps with the largest being necessary in 

following the relaxation of structures from DLCA to RLCA (below). The values of Δ 

ranged over Δ =0.5 u for uncoated CNPs to Δ=2 u for coated CNPs (below). 

It was predicted that CNPs would aggregate into (1-dimensional) TAGwoods (D = 1), an 

example of which is shown in Fig.2.1G (upper). In order to explore their aggregation, 

TAGwoods were represented as rigid {L, 1, 1} spheres, shown in Fig.2.1G (lower) 

with L. taking on values L = 2, 5, 10, 20. TAGwood number densities ϕ=0.0005, 0.001, 

0.06, 0.13 were used. TAGwoods were found to aggregate, via diffusion limited cluster-

cluster aggregation (DLCA), into clusters with fractal dimension of 1.7-1.8, which 

increased to 2.0-2.1 as the system relaxed. The latter is characteristic of reaction limited 

cluster-cluster aggregation (RLCA) [22,29]. These clusters were found to be 

isotropically distributed in space with a fractal dimension of 3. The hierarchy of CNP 

aggregation was predicted to be as shown in Fig.2.2 and was confirmed by USAXS [5]. 

It was also predicted that, for short-time observations, which can be realized by fast 

cooling followed immediately by measuring I(q), A and B would be observed with a 

random distribution (D = 3) of TAGwoods. For long-time observations, A-D will be 

observed. 
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Figure 2.2 Aggregation of uncoated CNPs (Δ = 0.1 u). A: CNPs (D = 2). B: TAGwoods 

(D = 1). C: DLCA → RLCA clusters (D = 1.7 = 2.1). D: uniformly-distributed TAGwood 

clusters (D = 3). The horizontal black line indicates the same length (approximately 

1000 nm) on the different length scales. For short-time observations (fast cooling 

followed immediately by X-ray scattering) A and B will be observed with a random 

distribution (D = 3) of TAGwoods. For long-time observations, A – D will be observed. 

Reproduced with permission from Pink  et al. J. Applied Phys., 2013, 114, 234901. 

Copyright 2013, AIP Publishing LLC. 

 

2.3.2 Complex oils. Tristearin Solids in Complex Oils 

Models of CNPs in complex oils were also made and studied for which Δ ranged 

from Δ = 0.5 u to Δ = 2 u. Here, the complex oils contained a component, typically SSS, 

which would condense from the melt at high temperature, as in the case described 

above. In addition to SSS, however, the oil contained minority components combined 

with the majority liquid OOO component. Some of these minority components might 

condense at room temperature as continuous coatings or as localized nano-scale 

crystallites onto the surfaces of SSS CNPs and examples of this are shown in Fig.2.3. 

The question of whether minority components of the solvent oil can exhibit nanoscale 

coatings onto the surfaces of a CNP was addressed by [31] and we outline this below. 
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Figure 2.3 Coated CNPs and a side-coated TAGwood. A: uniformly coated CNP. B: 

CNP coated only on the (100) and (010) surfaces. C: CNP uniformly coated with 

crystallites. D: A side-coated TAGwood composed of CNPs coated only on their (100) 

and (010) surfaces. 

 

Modelling coated CNPs led to a range of predictions and interpretations depending 

upon whether the coatings were isotropically distributed over the surface of a CNP or 

were preferentially attached to the sides, the (100) and the (010) surfaces, and whether 

the coating was “thin” or “thick”. With a thick coating, the resulting aggregates could be 

quite different from the case of pure SSS solids in pure OOO oil as shown in Fig. 2.1. It 

was found, for example, that with as little as ~ 1% of the solvent oil as minority 

components, a thick coating could be attained. This observation enabled one to 

understand why such a seemingly low concentration of minority solvent oil components 

could have a significant effect upon the physical properties of an edible oil. The reason 

that a minority component might prefer to be attached to the (100) and (010) surfaces 

but not to the large (001) surface is because, on the former, the hydrocarbon chains are 

parallel to these surfaces with a high density of CH2 groups. On the (001) surface, the 

chains are perpendicular to the surface with a lower density of CH3 group leading to 

weaker binding. Fig. 2.4 shows the predictions for thin isotropic coatings (Fig. 2.4A) and 

for thick isotropic coatings (Fig. 2.4B). 



18 
 

 

 

Figure 2.4 SSS solids in a complex oil. Schematic log-log plot of approximate USAXS 

intensities, I, for two cases of isotropic coating of CNPs The values of log q are 

approximate. Predicted parameters, P and s of the Unified Fit and Guinier-Porod 

analyses. A: Thin isotropic coating of oils or crystallites. Regions identified by 

exponents, P1, P2, P3 and a shape-integer, s. B: Thick isotropic coating of nanoscale 

phase separated oils or crystallites. Regions identified by exponents, P1, P2 and a 

shape-integer, s. The total scattering intensity, b, is a sum of two curves with no non-

zero slope connecting them because the coating on the CNPs is too thick to permit 

aggregation. 

 

Table 2.1 shows the parameter values for P and s of the Unified Fit and Guinier-Porod 

analyses, respectively, predicted by the models described here. The coating can be 

isotropic via a uniform coating of liquid-like TAGs or a uniform coating of solid 

crystallites (Fig. 2.3 -, C). 
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Table 2.1 Parameters, P and s, predicted for Unified Fit and Guinier - Porod data 
analyses. 

P, s Liquid-Liquid 

Uniform 

      Liquid-Liquid 001 & 010 Solid-Liquid 

Uniform 

THIN    

P1                 4                     4                  4 

P2         ~1.8 to 2.1 ~1.0 to 2.1 long relaxation 

time? 

         ~1.8 to 2.1 

S         1 + some 2                    1          1 + some 2 

P3                  3                       3                                     3 

THICK    

P1       >4  (Diffuse)                    4        <4  (Rough) 

S                  2                    1                  2 

P2                  3                    3                  3 

 

One example of the effect of anisotropic coating is shown in Fig. 2.3D where a side-

coated TAGwood has been formed from side-coated CNPs (Fig. 2.3B). Because of the 

coating the lateral attractive interaction between TAGwoods is weak though the 

interaction between ends can remain strong. The result of this is to create end-linked 

TAGwood snakes which can aggregate via their uncoated ends. The complexity of the 

aggregation is determined by the branching ratio: the numbers of TAGwoods which can 

bind together at their uncoated ends. If this number is unity i.e. only one TAGwood can 

bind to an end of a second TAGwood, then only 1-dimensional snakes can form and the 

intertwining appears to be negligible regarding structures which might contribute to oil 

binding capacity. If, however, this number averages between 1 and 2, then “branched 

snakes” can result with a corresponding increase in aggregation via intertwining. These 

are similar to swollen randomly branched polymers e.g. [32] which exhibit a fractal 

dimension of 2. An example of such an aggregate, projected onto a 2-dimensional 

plane, is shown in Fig.2.5. If this effect is realized then, computer simulations of our 

models shows that an additional slope yielding a P-value of P = 2 will be observed in the 

X-ray scattering intensity. 
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Figure 2.5 End-linked TAGwoods where between 1 and 2 TAGwoods can be linked to 

an end of a third TAGwood. The 3-dimensional structure is projected onto a plane. The 

fractal dimension of the TAGwoods is 1 and that of the 3-dimensional aggregate of 

TAGwoods is 2, similar to that of a swollen randomly branched polymer. 

 

2.3.3 Recent Models of TAGs Using Atomic Scale Molecular Dynamics 

The possibility that coating of CNP surfaces can take place on a nanoscale in oils which 

contain minority components was studied in [31]. They considered a flat surface 

representing an SSS crystal in contact with two liquid oils, comprising approximately 

90% OOO with either 10% elaidein-diolein or 10% olein-dielaidein. They used atomic 

scale molecular dynamics [33,34] at room temperature in the NVT ensemble, and 

compared the free energies of (i) random mixes of the two samples and (ii) samples in 

which the minority components were assumed to be in contact with the SSS surface 

with the OOO removed from contact. They found that the free energy of the sample with 

olein-dielaidein in contact with the SSS surface lays significantly lower than the random 

mix of these two oils but that the free energies of the samples with elaidein-diolein on 
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the SSS surface or randomly mixed with OOO were equal within the confidence limits. 

They concluded that the sample with two chains containing trans double bonds could 

coat the SSS surface. Atomic scale models studied by molecular dynamics have been 

used to study condensation in single-component TAGs with all-trans chains. A recent 

simulation [35] investigated the stability of OOO between a pair of parallel surfaces 

representing two SSS crystalline nanoplatelets. The intent was to understand “oil 

binding capacity”, an important concept regarding the ability of fat particles to retain oil. 

They found that OOO would be expelled from between the SSS nanoplatelets so that 

pure SSS would display essentially zero oil binding capacity for OOO. However, if the 

surfaces of the nanoplatelets were made “soft” through, for example, a coating of a 

minority fluid component as assumed in the models described above, then OOO was 

retained between the nanoplatelets. This provided some impetus for the work described 

above [31] in which phase separation on a nanoscale was shown to exist. 

Measurements unrelated to these simulations, used a surface force apparatus with two 

mica surfaces, to measure adsorption of (anhydrous) OOO oil in contact with modified 

mica surfaces. Studies of OOO oil between mica surfaces coated with phospholipids via 

self-assembly [36,37,32,33] found that this changed the mica surface from hydrophilic to 

hydrophobic resulting in OOO exhibiting no order at the surface. The results of 

MacDougall et al. [31] are in accord with that. 

Simulations such as these involving edible oils have been growing in importance [38]. 

Brasiello et al. [39] developed coarse-grained models to study TAG liquid-solid phase 

transitions and applied it to tridecanoin. The models represent 3 atoms (CH3, CH2, CH, 

N, O) by single coarse-grained atoms and three models were developed which 

differentiate, more or less, between the groups. The intent was to discover to what 

extent one can reduce the complexity of such models and successfully predicts phase 

transition temperatures and density changes at phase transitions. Only the T4 model 

was able to do so. Such models might lend themselves in supporting the assumptions 

of coating onto CNP surfaces assumed to come about in the models described above. 

Earlier work on TAGs was in [40] where a NERD force field and Gaussian quantum 

mechanical computations for the polar groups of the glycerol core, were used to 

compute thermodynamic quantities which were found to be in good agreement with 
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those measured. Hall et al. [41] modelled tripalmitin (PPP) and OOO in an attempt to 

observe the liquid-to-crystalline phase transition in the former. Although the results are 

encouraging and suggest the structure of the crystalline phase, they do not compute the 

X-ray scattering to show they have achieved a sufficient approximation to crystallinity. 

Hsu & Violi [42] were concerned with the thermal stability of various TAGs when used 

as high-strength lubricant films. They defined stability as “the ability of TAGs to stay in a 

disordered phase during the cooling process” and found that this was related to the 

order-disorder transition temperature. 

 

2.4 X-ray Measurements 

USAXS is an X-ray technique that enables exploring opaque colloidal systems to 

characterize, among other things, the size of scatterers and their fractal structures. The 

USAXS range is shown besides the wide angle X-ray scattering, WAXS and the small 

angle X-ray scattering, SAXS in Fig.2.6, where a sample USAXS scattering curve is 

shown in the inset. The range of q vectors in the USAXS region corresponds to spatial 

scales ranging from about ~ 100 nm to 15 μm. Since USAXS covers decades, the 

intensity is typically displayed in a log scale, and the same is done with the q scattering 

vector. 
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Figure 2.6 Intensity as a function of the magnitude of the scattering wave vector q 

showing the regions covered by USAXS, SAXS and WAXS. The inset shows an X-ray 

scattering pattern in the USAXS region for a triacylglycerol mixture of 20% SSS in OOO. 

 

2.5 USAXS Equipment 

This section covers a brief description of the equipment use at the Advanced Photon 

Source (APS), Argonne National Laboratory. The X-ray scattering experiments were 

performed using a Bonse-Hart camera [43,44]. For the edible fat experiments, the 1D-

collimated USAXS mode was used [45] and is shown schematically in Fig. 1.7. The 

Bonse-Hart instrument uses two sets of crystals pairs; the collimating pair, located in the 

beam path before the sample, and the analyzer pair, located after the sample and 

before the photodiode detector (Fig. 2.7). 
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Figure 2.7 Schematic of the USAXS (adapted from [46]) experiment at APS for 1-D 

collimation used on beam-line 15 ID at the Advanced Photon Source. 

 

The USAXS geometry utilizes multiple crystal reflections to provide ultra high resolution 

only in the vertical direction. This allows for the study of microstructure sizes from a few 

nm to 10-20 μm. The 1-D geometry arrangement introduces smearing along the 

horizontal axis, which means that the data requires a numerical desmearing 

procedure [47] to recover the differential scattering cross section. The length scale, L, of 

the material probed by a given value of q can be approximated by the relation L = 2π/q. 

The Bonse-Hart instrument permits the collection of a sufficient number of data points in 

only a few minutes to cover the range 100  ≤ L< 10-20 μm. 

At the APS, the instrument control and data acquisition are performed using the Spec 

software for diffraction experiments. Each data point is a single measurement for either 

0.5, 1, or 2s, as one goes from lower to higher q. Indra, an IgorPro-based 

software [48] is used for data reduction, removal of multiple scattering if necessary, and 

to obtain the absolute intensity [45]. 

 

2.6 Software and Interpretation of the Fitting Parameters 

The Irena IgorPro-based software [48] is used for data interpretation using both the 

Unified Fit [49,50] and the Guinier-Porod models [51]. Both models employ a non-linear 

regression analysis to find the best parameters. The analysis proceeds by identifying a 

number of “levels”, regions of q-space, characterized by the values of two parameters: 

(i) a parameter P related to the slope of the line from which the  fractal dimension, D, is 
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computed and (ii) a parameter Rg, which identifies the average radius of gyration of the 

scatterers giving rise to the structure with the fractal dimension D [49,50]. In practice, 

one can find from 2 to 5 or 6 levels [52,53]. 

In fat and oils systems, Unified Fit is used to find a maximum of 3 slopes and two radii 

of gyration for level 1 and level 2. The Guinier-Porod model is used to analyze the 

shape of the scatterers [51].  

For an ideal two-phase system with a well defined interface, Porod’s law 

predicts [54] that as q goes to infinity, I(q) decreases as q− 4 for large q, where the value 

of -4 for the slope represents the 2-dimensional surface of a smooth object. When ln I(q) 

is linear over a sufficiently large range of ln(q), the material possesses a fractal 

structure [29] and the exponent P is interpreted as follows [53,55]: If 3 ≤ |P| < 4 then 

6 − |P| is the surface fractal dimension, Ds(2 < Ds ≤ 3). When 1 ≤ |P| < 3, then the value 

of |P| is a mass fractal dimension, Dm = |P|. However, if |P| > 4, all that is known is that 

the surfaces of the aggregating particles are diffuse. 

 

2.7 Experiments 

This section summarizes the work of 5 papers. Results for two binary lipid system are 

shown first (Experiments 1 and 2), followed by the results of two pure solid lipids 

(Experiment 3) and finishes with the results for three complex lipid systems (Experiment 

4). 

2.7.1 Experiment 1 

This first experiment involved SSS in OOO, studied for concentrations of 5, 10, 15 and 

20% w/w of SSS [56]. This is one of the simplest lipid solid-liquid systems because at 

room temperature all the SSS are in their solid state. 

The parameters reported from the fittings of the data were: (1) the values of s from the 

Guinier-Porod model, (2) slopes from the Unified Fit model and (3) radii of gyration from 

the Unified Fit model. Radii of gyration were used to either compute the diameter of a 

sphere (s = 2) or the length and diameter of a cylinder (s = 1).  

The data and the best fit obtained for 20% SSS in OOO at a slow cooling rate of 
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crystallization of 0.5 deg/min, and after storage of 22 days at room temperature 

(~ 22 °C), are shown in Fig. 2.8. 

 

 

 

Figure 2.8 Absolute USAXS intensity as a function of scattering vector for a sample 

containing 20% SSS in OOO. The grey line shows the fitting using the Unified Fit model 

while solid black lines show slopes obtained. d1 and d2 are dimensions of structures 

obtained from radii of gyration. Inset shows a cryo-TEM image of the material. See text 

for more details. 

 

At the smallest length scale, or in the q-region 2 × 10− 3 < q < 2 × 10− 2 the morphology 

of the surface of the CNPs is obtained from the slope, while the size of the CNPs is 

obtained from the radius of gyration obtained from the curvature of the line. The 

fundamental structures were shown to range in length between ~ 110 nm and 

~ 430 nm. These numbers are in close agreement with the values observed for the 

CNPs using cryo-TEM, (inset of Fig.2.8) for which a length between 60 nm to 450 nm 
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was obtained. P1 = 4 indicates a smooth surface, which gives a surface fractal 

dimension of Ds1 = 2, in agreement with the (001) surface of CNPs observed under 

cryo-TEM. 

Results from the Guinier-Porod model gave a value of s = 1 for the region, 4x 10 -4 < q < 

2x 10-3 Å-1 indicating the presence of cylinders. This was in accord with predictions of 

the model (above) that the CNPs would aggregate into cylinders, which were named 

TAGwoods. The TAGwoods are formed by the stacking of CNPs via their (001) faces. 

This was especially noticeable when the sample was cooled rapidly (Fig. 2.9) which was 

manifested in a value of P2 = 1 and predicted by computer simulations (Fig. 2.4B-b and 

Table 2.1). The simulations also predicted that the length of TAGwoods, shown as L 

in Fig. 2.8 got smaller as the fraction of solids increased [18]. This was observed in the 

samples containing 5, 10 and 15% SSS in OOO but not shown here [57]. When the 

system was given more time to both aggregate and to relax, by using a slow cooling 

rate, the TAGwoods aggregated and formed structures with a mass fractal value in 

accord with DLCA/RLCA, 1.8 ≤ Dm2 ≤2.1 [29,58,59] as shown in the intermediate q 

region of Fig.2.8. Similar fractal dimensions were obtained for other concentrations (5, 

10 and 15 SSS in OOO) [57]. Both the presence of TAGwoods and the fractal structures 

obtained from their aggregation were in accord with the predictions of modelling and 

computer simulations [5,18]. 
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Figure 2.9 Absolute USAXS intensity as a function of scattering vector q for two 

samples cooled from the melt to 20 °C at 30 deg/min (o) and at 0.5 deg/min (+). (A) 

20% SSS in OOO (B) 20% PPP in OOO. P1=4 for all four cases, while P2=1 for the fast 

cooled samples and 1.8 < P2 < 2.1 for the slow cooled ones. P3 = 3 for the SSS slow 

cooled sample while P3 = 3.3 for the PPP slow cooled sample. P3 = 3.8 for both 

samples cooled at a fast cooling rate. 

 



29 
 
The smallest q-region, q < 4 × 10− 4 Å-1, gave P3=3 for the case of slow cooling 

(Fig. 2.8). These values correspond to a mass fractal dimensionDm3=3, which indicates 

that on the average, the aggregates are uniformly distributed in space. This result was 

predicted by the computer simulations on models of TAGwoods aggregation [5,18]. 

However, when the system was analyzed under a fast cooling rate (30 deg/min), a 

value of P3= 3.8 was obtained. This indicates a surface fractal dimension of Ds3=2.2, for 

which no radius of gyration was measured as the dimensions were larger than the 

smallest q value observed. 

 

2.7.2 Experiment 2 

In order to learn how the cooling rate affected the CNPs’ formation and subsequent 

aggregation, 20% SSS in OOO and 20% PPP in OOO were studied under two different 

cooling rates:(1) a fast cooling rate of 30 deg/min and (2) a slow cooling rate of 

0.5 deg/min (Fig. 2.9). PPP was studied and compared with SSS in order to see if the 

16 carbons present in each of the 3 fatty acids (FA) in the PPP molecule caused a 

difference when compared with the 18 FA in the SSS molecule. Not surprisingly, the 

results were the same. Both samples showed P1=4, but the radius of gyration for the 

slow cooled case ~ 430 Å, was almost twice as large as the fast cooling case, ~ 240 Å. 

These results indicate that the CNPs created via a fast cooling rate are smaller than the 

ones obtained via a slow cooling rate regardless whether SSS or PPP was used. 

Both PPP and SSS results showed that the P2 value depends on the cooling rate. 

The P2 = 1 result for the fast cooling case indicated the presence of TAGwoods, while 

the 1.8 < P2 < 2.1 result for the slow cooling case indicated that aggregation took place 

via DLCA or RLCA [29]. The interpretation given to the existence of TAGwoods and the 

DLCA aggregation was predicted by the modelling and the computer simulations 

(above). 

For the smallest q range P3 was either 3 (SSS) or 3.3 (PPP) for the slow cooling case 

or, 3.8 for the fast cooling case for both SSS and PPP. 

Peyronel et al. [57] also showed that the slow cooled SSS sample re-arranged over time 

to give a slope P2 = 2.0 that extended beyond the smallest q value detected by the 
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instrument. This suggests that the clusters made of TAGwoods that were originally 

uniformly distributed in space had merged into bigger aggregates, keeping in line with 

DLCA as the slope P2=2.0 was unchanged. 

 

2.7.3 Experiment 3 

The study of two pure systems was carried out by performing experiments on a single 

solid lipid: pure SSS and pure PPP [56]. This experiment was needed to understand the 

structures that come about when there is no liquid oil present in between the solid 

colloidal network. X-Ray scattering is due to a difference between the electron densities 

of at least two of the components that make the sample. Since the purity of both SSS 

and PPP was better than 99%, in order to see scattering, voids must be present in the 

solid network. From a simulation point of view, no solidification theory was explicitly 

considered [56]. The system was viewed as forming grains by following the grain-growth 

kinetics of normal coarse-grained matter, in accord with the model dynamics of Smith 

[60] and Burke [61,62] and described by Humphreys and Hatherly [63]. The simulations 

took into account that the solids were created based upon the existence of solid seeds. 

The growth kinetics took into account that the grain boundaries moved in accordance 

with forces derived from their curvatures, which were determined by the average radius 

of curvature. The structure function was computed and compared with the results from 

the experiments. Two levels of structure were detected using the Unified Fit model as 

shown in Fig. 2.10. 
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Figure 2.10 Absolute scattering intensity at room temperature (~ 24 °C) as a function of 

q in a log-log graph for 100% SSS (+) and 100% PPP (▲) prepared from the melt and 

after 22 days of storage at room temperature. P1 = 3.9 for SSS while P1 = 3.8 for 

PPP. P2 = 3 for both cases. 

 

The average volume of the nano-voids was characterized by a radius of gyration Rg1 of 

about 370 ± 20 nm for SSS and 437 ± 28 nm for PPP [56]. The P1 values of 3.9 and 3.8 

for SSS and PPP respectively gave a surface fractal dimension Ds = 6 − |P| of 2.1 and 

22. This surface fractal dimension characterizes the surface of the grain boundaries or 

the walls of the nano-voids. The structural information obtained from the radius of 

gyration was used to give an estimation of the average size of the surface that makes 

up the grain walls. The dimensions of the grain boundaries must necessarily, on 

average, correspond to those of the grains that make up the solid. Assuming that the 

shape of the “nanoo-voids” is rectangular, the sides were computed as to have lengths 

between 650 nm and 1070 nm. These numbers confirm that the “nano-voids” sizes are 

in accordance with the values obtained for CNPs’ sizes using USXAS when less than 

20% solids were present [5]. 

The second slope observed for q < 4x 10-4 Å‒1 using the Unified Fit model gave P2~-3.0. 
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This value indicates a uniform distribution of the nano-voids through-out the material, a 

result predicted by the computer simulations. The simulations predicted a broad 

localizedpeaks at q ≈ 0.32 μ− 1, where μ indicates the units used to define the simulation 

space that gave the size of the grain boundaries which matched the observed 650 nm 

and 1070 nm using USAXS. 

The models, computer simulations, computer predictions and the experiments carried 

out on the pure solids materials had shown that it is necessary to complement these two 

techniques in order to correctly interpret the meaning of the slopes. 

 

2.7.4 Experiment 4 

This section presents the results of experiments carried out on three different mixtures 

made with a combination of solid and liquid lipids. 

Three different lipid systems were studied: (1) partial hydrogenated canola oil (HPCO) 

in OOO, (2) SSS with shea butter and high oleic sunflower oil (HOSO) and (3) SSS and 

OOO with cotton seed oil [57]. The data and the fittings using the Unified Fit model for 

these three systems are shown in Fig. 2.11. Values of the radius of gyration, Rg1 for all 

three cases were in the range of ~ 230 Å to ~ 800 Å while the Rg2 were in the range 

between ~ 2000 Å and ~ 7000 Å. These values are average values that by no means 

indicated a fixed size of either a CNP or the aggregates made with these CNPs. 
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Figure 2.11 Absolute scattering intensity at room temperature (~ 24 °C) as a function of 

q in a log-log graph showing the scattering of (A) PHCO in OOO, 48 h after 

preparation, (B) 20% SSS with 16% Shea and 64% HOSO, 48 h after preparation and 

(C) 15% SSS with 51% Cotton Seed Oil and 34% OOO, 6 days after preparation. 

 

2.7.4.1 Experiment 4- Discussion of P1 Results 

To interpret the P1results, it was necessary to look not only at the computer simulation 

predictions (Table 1) but also at the TAGs making up the analyzed mixtures. 

Case (A): Fig. 2.11A - HPCO in OOO. The results of P1= 3.8 were interpreted as 

crystallites formed on the surfaces of the CNPs, making it appear rough, hence a value 

of P1 smaller than 4 (Table 2.1). The solids present in PHCO are a mixture of SSS, 

SSP, PPS and SS_C-20:0 [57]. It is believed that the SSS, which is present in the 
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highest percentage, will form the CNPs and the other solids will attach to its surface. 

The value of P1=3.8 is in accord with the computer simulation for the case in which 

solid-liquid nano-phase separation takes place due to minority materials attaching to the 

surfaces of the solid CNPs[64]. 

Case (B): Fig. 2.11B. The case of SSS with shea butter and HOSO falls into the case of 

CNPs coated with a soft deposition of TAGs, as it correlates with the predictions of the 

computer simulations [64] for a “soft” or diffuse thick layer regime (Table 1). It is then 

speculated that this soft layer was made up by the TAGs containing 2 unsaturated 

hydrocarbon chains, as there is 15% present in the mixture [57]. 

Case (C): Fig. 2.11C. The P1value for the case of SSS with OOO and cotton seed oil 

was found to be higher than 4, which suggested that the CNPs’ surfaces are at least 

partially diffuse (Table 1). Based on the computer simulations, a diffuse surface on the 

CNPs is indicative of either (1) that there is an isotropic coating on all the CNP faces or 

(2), that the coating is anisotropically distributed only on the 100 and 010 surfaces of the 

CNP. In order to decide which case is favourable, the TAGs’ composition must be 

looked at. The system study in case c contained 15% TAGs with 3 saturated 

hydrocarbon chains, 6.3% of TAGs with 1 unsaturated hydrocarbon chain, 25.3% TAGs 

with 2 unsaturated hydrocarbon chains and 49.5% TAGs with 3 unsaturated 

hydrocarbon chains. It was assumed that the TAGs with 1 unsaturated hydrocarbon 

chain bind to the CNP surface first, followed by TAGs with 2 unsaturated fatty acids, 

thus resulting in a “solid TAG” density gradient from the solid surface into the solvent 

(OOO). 

 

 

2.7.4.2 Experiment 4- Discussion of P2 Results 

The values obtained for the parameter s from the Guinier-Porod model was 1.5 for case 

(A), 1.2 to 1.0 for case (B) and 1.0 for case(C). Case (A) suggests that the system 

contains a mixture of TAGwoods and CNPs, or that the TAGwoods are in the process of 

becoming “super-platelets” by stacking side by side. This explanation would be in 

accord with the idea of having CNPs dotted with smaller crystallites that would either 
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prevent a perfect side by side aggregation or an aggregation all together. For cases (B) 

and (C) the most plausible interpretation is that coated TAGwoods are forming 1-

dimensional strings comprising TAGwoods connected end-to-end. The coated 

TAGwoods would appear since the CNPs were coated themselves as discussed 

previously for the P1 value. The results for the case (B) in Fig. 2.11 were the same ones 

obtained for samples stored for 8 months [57] at 5 °C. These two observations at 

different storage time seem to suggest that once the coated TAGwoods are formed, 

they remain in that state without any farther aggregation. 

 

2.7.4.3 Experiment 4- Discussion of P3 Results 

The slope observed for the q-region < 5x 10-4 Å showed a P3 = 4.1for the three cases 

(Fig. 2.11A, B, C). This value of P indicates a diffuse 2-dimensional surface on the 

larger scale. It was proposed that the long TAGwood attached end to end, forming 

strings that intertwined dynamically so as to look like a diffuse surface. No further 

computer simulations results were available at the time of the writing of this manuscript. 

 

2.8 Conclusions 

This article shows the importance of complementing USAXS results with computer 

modelling and simulations. The simulations where carried out by first creating the 

primary units then allowing them to aggregate by using only van der Waals interactions. 

Predictions of the intensity of the X-ray scattering were made and excellent agreement 

with the experiments was obtained. The interpretation of the USAXS experiments via 

the computer simulations suggests that the processing condition and the TAGs present 

in the material dictate the morphology of the CNPS and the patterns that emerge from 

the CNPs aggregation. 

The following general conclusions can be drawn: 

 

1- Models of SSS CNPs in OOO (liquid) oil interacting via van der Waals forces, 

predicted that the hierarchy of aggregation after long time relaxation to steady states 
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was: (i) highly anisotropic CNPs (Ds = 2) formed 1-dimensional TAGwoods (Dm = 1). 

(ii) TAGwoods aggregated via DLCA/RLCA to form structures with Dm = 1.7 to 2.1. 

(iii) these structures filled space uniformly there by exhibiting a fractal dimension, 

Dm = 3. 

2- For fast cooling experiments, the models predicted that only TAGwood formation 

(Dm = 1) would be observed, and not TAGwood aggregation, for which there would 

have been insufficient time to take place. Accordingly, the TAGwoods will be 

uniformly distributed in space with a mass fractal dimension Dm = 3. 

3- For SSS CNPs in complex oils, a multitude of aggregation structures can be realized 

depending upon whether and how nanoscale phase separation takes place on the 

surfaces of SSS CNPs. Some predictions have been made for the cases of isotropic 

uniform phase separation and non-isoptropic phase separation on (100) and (010) 

surfaces. These effects will be observed for as little as ~ 1% of the solvent oil being 

in the form of nanoscale phase separable moieties. This enables us to understand 

how small quantities of such components can have significant effects via their 

nanoscale phase separation at CNP surfaces. 

4- Using the Unified Fit model, Level-1 analysis showed that the scatterers were 2-

dimensional objects with either a smooth, a rough, or a diffuse surface. These 2-D 

objects had an average radius of gyration, Rg1, between 200 Å and 1500 Å. 

5- Level-2 Unified Fit analysis displayed values of P2 between 1 and 2, while the 

Guinier-Porod model gave values 1 ≤ s ≤ 1.5. A value of s = 1 indicated the 

presence of 1-D objects, the TAGwoods. A value of s = 1.5 indicates either a mixture 

of un-aggregated CNPs and deformed TAGwoods or incomplete side-by-side 

TAGwood aggregates. Based on the predictions from computer simulations and 

confirmed by the experiments, the TAGwoods aggregated into fractal structures with 

a mass fractal dimension 1.8 ≤ Dm2 ≤ 2.0 only when they are formed by CNPs with 

clean surfaces and after the system is given enough time to relax. These structures 

are characteristic of diffusion or reaction limited cluster-cluster aggregation 

(DLCA/RLCA). When the TAGwoods have thickly coated sides, then there seems to 

be no aggregation, even after 8 months of storage with a P2value that remains at 1. 
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6- Level-3 Unified Fit analyses showed that the aggregates: (i) could be evenly 

distributed in space, (ii) could exhibit a rough surface or (iii) could exhibit a diffuse 

surface. The evenly distributed aggregates of TAGwoods appeared when CNPs had 

clean surfaces and the system had time to relax. 

7- Fast versus slow cooling in SSS/OOO mixtures: (i) CNPs were bigger in sizes for 

slow cooling samples according to their radii of gyration, and (ii) slow cooling 

samples showed TAGwoods that aggregate as in DLCA/RLCA. (iii) The TAGwood 

aggregates were uniformly distributed in space up to 22 days after sample 

preparing. (iv) 2 years after sample preparation, the TAGwood aggregates had 

merged into even larger ones with dimensions not possible to be seen by the current 

set up of the Bonse-Hart instrument at APS. 

8- From the nanoscale phase separation simulations, the results suggested a 

mechanism whereby many-component oils undergo phase separation on a 

nanoscale so as to create a transition oil region between the surface of the CNP and 

the bulk oil phase. The TAG molecules containing the most saturated hydrocarbon 

chains will attach first to the CNP surface, followed by those containing less 

saturated hydrocarbon chains in such a way as to create a “soft” interface between 

the solid and the liquid surrounding it. 

9- Nanoscale voids (nanovoids) were observed in pure SSS and PPP. The 

observations revealed that the nanovoid wall sizes were in agreement with the 

observed CNP’s sizes for SSS and PPP. 

 

USAXS is a well-established technique that has found a new use in advancing the 

studies to characterize the nano- to micro-scale structures in edible oils. The latest 

challenge for the fat industry has been to replace unhealthy fats by new ones that can 

sustain the same functionality. However the functionality has been hampered by oils 

that leak out of the colloidal fat networks. USAXS has proven to be a powerful technique 

that enables the characterization of lipid system’s structure at a length scale where the 

oil gets trapped. With the help of models and predictions using computer simulations, an 

interpretation of the 3-D structures that emerge from the aggregation of the CNPs is 

now possible. This understanding is essential in the quest to keep the oil trapped in the 
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colloidal fat network. The results shown here will help the industry make judicious 

decisions about the correct lipid systems to be used for a desired functionality. As we 

continue to characterize new fats, a library of CNPs’ sizes and mesoscale structures will 

emerge and a replacement of one fat for an alternative will be made possible. 
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3.1 Abstract 

Ultra-small angle X-ray scattering has been used for the first time to elucidate, in situ, 

the aggregation structure of a model edible oil system. The three-dimensional nano- to 

micro-structure of tristearin solid particles in triolein solvent was investigated using 5, 

10, 15 and 20% solids. Three different sample preparation procedures were 

investigated: two slow cooling rates of 0.5 °/min, case 1 (22 days of storage at room 

temperature) and case 2 (no storage), and one fast cooling of 30°/min, case 3 (no 

storage). The length scale investigated, by using the Bonse-Hart camera at beamline 

ID-15D at the Advanced Photon Source, Argonne National Laboratory covered the 

range from 300 Å to 10µm. The unified fit and the Guinier-Porod models in the Irena 

software were used to fit the data. The former was used to fit 3 structural Levels. Level 

1 structures showed that the primary scatterers were essentially 2-dimensional objects 
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for the three cases. The scatterers possessed lateral dimensions between 1000 and 

4300 Å. This is consistent with the sizes of crystalline nanoplatelets (CNPs) present that 

were observed using cryo-TEM.  Level 2 structures were aggregates possessing radii of 

gyration, 2gR  between 1800 Å and 12000 Å and fractal dimensions of  either 12 D  for 

case 3 or 1.28.1 2  D  for case 1 and case 2. D2 = 1 is consistent with unaggregated 1-

dimensional objects. 1.8 ≤ D2 ≤ 2.1 is consistent with these 1-dimensional objects 

(below) forming structures characteristic of diffusion or reaction limited cluster-cluster 

aggregation (DLCA or RLCA). Level 3 structures showed that the spatial distribution of 

the level 2 structures was uniform, on the average, for case 1, with fractal dimension

33 D , while for case 2 and case 3 the fractal dimension was 2.23 D , which 

suggested that the large-scale distribution had not come to equilibrium. The Guinier-

Porod model showed that the structures giving rise to the aggregates with a fractal 

dimension given by 2D  in the unified fit level 2 model were cylinders described by the 

parameter 1s in the Guinier-Porod model. The size of the base of these cylinders was 

in agreement with the cryo-TEM observations as well as with the results of the level 1 

unified fit model. By estimating the size of the nanoplatelets and understanding the 

structures formed via their aggregation, it will be possible to engineer novel lipids 

systems that embody desired functional characteristics.  

 

3.2 Introduction 

The food industry uses semi-solid fats, a combination of solid fats and liquid oils, in a 

variety of products. The fats or oils are chosen according to the desired functionality. 

Dietary recommendations and the continuous search for healthier food alternatives has 

lead the food industry to experiment with new formulations of these semi-solid fats 

which, in some cases, have shown problems with oil leaking out of the food matrix. The 

2010 USA dietary recommendations1 stated that Americans should limit saturated fatty 

acid intake to less than 7 percent of calories, replacing these calories with those from 

mono- or polyunsaturated fatty acids, rather than carbohydrates, and completely avoid 
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trans fatty acids from industrial sources. Accordingly, the food industry has had to avoid 

the use of trans fats, viz. those present in traditional shortenings and certain 

margarines. Natural fats are known for having a hierarchical structure2 where, at the 

lowest level, molecules can self-assemble into nanocrystals3 or crystalline nanoplatelets 

(CNPs). These CNPs are composed of triacylglycerol (TAG) molecules comprising 

three hydrocarbon chains esterified to a glycerol group.  The CNPs are believed to 

represent the fundamental components of the crystalline fat structures for oils in which 

the CNPs are essentially insoluble. Much is known at the micrometer length scale since 

many lipids systems have been studied4 using rheology5, 6, 7, 8 and microscopy9, 10, 11. A 

lack of experimental observation at the mesoscale, however, has led to hypotheses 

concerning the aggregation of the CNPs12, but no direct measurement of the three-

dimensional mesoscale structures has been carried out. Recently, mathematical 

modelling and computer simulation has been used to predict the structures that should 

emerge when the CNPs interact with each other and aggregate to form larger 

structures13 under the assumptions that the CNPs form faster than the time-scale for 

their diffusion and that they are essentially insoluble in the solvent oil. The present work 

is the first experimental evidence of in-situ aggregation of the fundamental units (CNPs) 

for a binary lipid systems made from tristearin and triolein. 

The relation between the microstructure and mechanical properties of fat systems has 

been studied for some years5, 14, 15 . A rheological model was proposed by Van den 

Tempel16 that related the storage modulus to fat crystal structure. The model was 

modified2, 7, 17, 18, 19 to include a fractal nature of the fat crystal network that was deduced 

either via rheology or 2D microscopy. Rheological measurements carried out on a range 

of semi-solid fats have been interpreted in terms of this model6, 20. The model proposes 

that (i) the solid fat components form fractal structures in the oil and that (ii) the storage 

modulus measured can be related to the solid fat content (SFC) fraction,  , via a 

rheological fractal dimension, RD , of the structure, ( )' ~ Rf DG  . Accordingly, much effort 

has been expended on determining the values of RD . This has taken two directions: (a) 

plots of log'log vsG , identifying a linear regime and measuring the value of RD from 

the slope of the graph and (b) using box-counting methods to analyse 2-dimensional 
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images and deduce a fractal dimension D

D2 . It should be noted that the range of   

from which RD has been deduced is much less than one decade. By definition, 

10   and, in order to obtain data over one decade of   or more, one would have 

to carry out additional measurements for 1.0 . There are significant practical 

difficulties in performing such measurements. 

Vreeker and co-workers21 used light scattering to study tristearin aggregates in olive oil. 

The experiments were carried out for low solid fat content fraction, 05.0  (5% w/w), 

the so-called “strong-link” regime, where the interaction between aggregates is stronger 

than those between the subunits that compose the aggregates. With the scattering 

vector defined as  )2/sin()/4( q , the authors obtained a dependence of the 

scattering intensity, )(qI , upon q that yielded 7.1D , identified as the fractal 

dimension of the system. This value of D  is characteristic of fractal structures formed 

via diffusion limited cluster-cluster aggregation. Although Vreeker and co-workers21 

used only one decade of the wave-vector, q , the results are in accord with what is 

known about such aggregates22. The authors showed that the value of D  changed 

upon storage, giving a value 0.2D after 14 days. Vreeker and co-workers21 did not 

identify the objects that were aggregating, nor did they report on how large the 

aggregating objects were. These authors also carried out an analysis of the data of 

Pappenhuijzen23 who measured the mechanical storage modulus, G   as a function of 

 . Vreeker and co-workers21 reported that Pappenhuijzen's data is in accord with a 

fractal dimension, 0.2RD  by using the expression  𝐺′~Φ
4.3

(3−𝐷𝑅)⁄
, which is appropriate 

for the strong-link regime, which arises when there is low solid fat content. However, 

Pappenhuijzen used values of   in the range from 4% to 10%, which is more in the 

intermediate solid fat content region than the low region. This suggests that the system 

should be considered in the weak-link regime, for which the valid expression is

 RD
G




3
1

~'
. Using this expression, one obtains 7.2RD . It should be noted that, in 

common with other measurements of G  , the data of Pappenhuijzen range over less 

than a decade of  . Marangoni’s group7, 19, 24 studied samples at high values of solid 
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fat content (between 10% and ~70% w/w) using rheology. The picture that emerged 

was of weakly-interacting "flocs" (the "weak-link" regime), which were themselves 

formed from fractal aggregates of smaller units. Marangoni and Rousseau24, obtained 

values of 46.2RD  and 15.2RD  for non-interesterified and interesterified butterfat-

canola blends. The same authors8, reported a fractal value of 82.2RD  for Palm oil and 

88.2RD  for lard (for either interesterified or non-interesterified). Narine and 

Marangoni25 reported 37.2RD  for cocoa butter and 90.2RD  for Salatrim. Wright and 

co-workers6 showed that the rheological fractal dimension for milk fat changed from 

85.2RD  to 0.2RD  when the cooling rate was increased. 

It is clear that light scattering provides information about structures on restricted length 

scales determined by the wavelength of the light and for samples which are not light-

opaque.  Within the context of a particular theory, rheology can provide structural 

information.  For these reasons, neither of these methods are sufficiently general.  In 

order to study structures on a wide range of spatial scales or in light-opaque systems 

another technique is required and this is provided by small angle X-ray scattering 

(SAXS) and ultra small angle X-ray scattering (USAXS).  This make use of X-radiation 

wavelengths shorter than those used for X-ray diffraction and, by employing the range 

of wavelengths available at synchrotron sources, can probe systems on length-scales 

ranging from ~5 - 20 103 nm.  X-ray scattering yields information about the structures of 

the minority phase and, for this reason, solid fat concentrations of less than 50% w/w 

was chosen. 

The fractal dimension of an aggregate is one parameter that can be obtained from X-ray 

scattering. The mass statistical fractal dimension of an aggregate of objects is given by 

the exponent D  22 if Eq. (1) is satisfied for different values of R  

 

DRkRN 0)(             (1) 

 

Where N(R) is the number of objects inside a sphere of radius R and 0k  is a scaling 
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factor.  It should be noted22 that the fractal dimension of sufficiently large aggregates 

does not depend upon details of the structure of the aggregating particles. D  can be 

measured by X-ray scattering experiments in the Rayleigh-Gans-Debye limit26. 

If the system possesses a fractal structure over a sufficient range of 𝑞, then it has been 

found that the scattering intensity, )(qI  scales like DqqI ~)(  22, 27 , where D is the fractal 

dimension of that structure. In a region where )](log[ qI  vs )log(q  is linear, the value of 

the slope is related to the fractal dimension D . Many experiments carried out on lipid 

systems require some manipulation of the sample, either by adding solvents or 

squeezing samples between two glass slides as described above. X-ray scattering 

allows the probing of a native sample, in situ, without requiring any modification.  

The structure of tristearin polycrystalline aggregates dispersed in triolein was studied 

using a third-generation synchrotron, the Advanced Photon Source (APS) at Argonne 

National Laboratories, Argonne, IL, USA.  Blends of tristearin in triolein (5, 10, 15, 20% 

w/w) were molten at 80 °C for 15 minutes to erase any crystal memory and crystallized 

statically at 20 °C. Same samples were kept at this temperature for 24 hours and kept at 

room temperature prior to analysis, while other samples were analysed right after 

crystallization.  The temperature of 20 °C was chosen following industrial crystallization 

practices. 

In a binary system such as this, X-ray scattering allows one to directly measure the 

fractal dimension of the minority phase as well as obtain values for the sizes and 

shapes of the scatterers. This paper reports the CNP dimensions and those of their 

aggregates, and the fractal dimensions of the aggregates. These experimental results 

are compared with predictions of computer simulation13.   

 

3.3 Materials and Methods 

3.3.1 Sample preparation for USAXS analysis 

Tristearin (Sigma-Aldrich, 99% pure), a saturated triacylglycerol (TAG) molecule with 18 

carbon atoms per hydrocarbon chain and no double bonds (18:0), was combined in 

different percentages with the TAG triolein (Sigma-Aldrich, 99% pure), an un-saturated 
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oil (18:1) with one double-bond per chain.  Tristearin concentrations in triolein of 5%, 

10%, 15% and 20% w/w were prepared. Both materials were brought to a temperature 

of 80°C in an oven before mixing them. In particular, the tristearin was kept at this 

temperature for 15 minutes to erase the crystal memory. After each mixture was 

prepared, enough material was deposited in the cavity of a silicon isolator, from Grace-

Bio-Labs (1mm thick and 20mm in diameter) to which a 25 μm thick microscope glass 

cover slip was attached. After the material was allowed to crystallize at room 

temperature (between 1 and 2 minutes after pouring the material),  the isolator was 

closed with another cover slip. An arbitrary temperature of 20 °C was chosen, in line 

with industrial crystallization practices. This represents an undercooling of 50 degrees 

from the melting point of tristearin.  Some of the samples were inmediatelly analyzed at 

this temperature while others were stored for up to 22 days at room temperature (20 °C 

to 25 °C).  The isolator with the two glass windows became the sample holder. This 

sample enclosure required high energy X-rays in order to penetrate both glass windows.  

Three cases were studied: slow cooling, case 1 and case 2, and fast cooling, case 3.  

 

3.3.1.1 Slow cooling case 1  

The sample was sealed inside the insulator and kept in storage (at 22°C) over a period 

of 22 days before the X-ray scan was performed. All four concentrations of solids were 

investigated. A perforated aluminum plate, provided by beamline 15ID at the APS, was 

used to support each sample holder. A camera installed inside the hutch allowed the 

visual inspection of each sample holder in order to select the best location through 

which the X-ray beam should go. The visual inspection was necessary to avoid uneven 

surfaces, defects or air pockets in the sample. Those positions were programmed into 

the software to automatically and sequentially position the sample holder.  

 

3.3.1.2 Slow cooling case 2  

The sample was deposited inside the sample holder using the same protocol mentioned 

for case 1. Only the sample with 20% solids was investigated. A Linkam 600 cold stage 

was used to keep the sample holder at the desired temperature while exposing it to the 
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X-ray beam. The sample holder was first brought to 80°C for 15 minutes before it was 

cooled to 20°C at a rate of 0.5 °C/min.  This resulted in a waiting time of 2 h to get to the 

final temperature. X-ray scans were collected every 10 minutes as the temperature was 

decreasing, but this work focusses only on the scans performed when the temperature 

had reached 20°C.   

 

3.3.1.3 Fast cooling case 3 

The sample was deposited inside the sample holder using the same protocol mentioned 

for case 1. Only the sample with 20% solids was investigated. Again, a Linkam 600 cold 

stage was used to keep the sample holder at the desired temperature while exposing it 

to the X-ray beam. First, the temperature in the Linkam stage was brought to 80°C for 

15 minutes; then the temperature was reduced at a rate of 30 °C/min to a final 

temperature of 20°C. Two X-ray scans were carried out at the molten state and as soon 

as the 20°C was reached. Due to the fast cooling rate it was possible that the material 

had not adopted its final stable state by the time the X-ray scattering was performed28.  

 

3.4 X-ray Scattering and Data Analysis 

The X-ray scattering experiment was carried out using the Bonse-Hart camera29 located 

at ChemMatCARS beamline 15D at APS. This USAXS camera30, 31 allows the use of X-

ray energies up to 25 keV. This reduces the instrument resolution to ~ 0.0003 A-1 but  

allows one to probe microstructure sizes from a few nm to 10-20 μm.   

 Indra, an IgorPro-based software32 was used for data reduction33. The standard steps 

of (i) calibration for absolute intensity, (ii) desmearing (for one dimensional collimated 

USAXS) and (iii) removal of multiple scattering effects, were carried out33. The Irena 

IgorPro-based software32was used for data interpretation. For the latter the unified fit34, 

35 and the Guinier-Porod36 models, both implemented in Irena, were used. A brief 

description of these two models  follows. 

 

3.5 The Unified Fit and the Guinier-Porod Models 
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The unified fit model34, 35 assumes that scattering can be described as coming from one 

or more structural levels, each of which can be described by a linear combination of a 

Guinier law26 and an associated Porod power law scattering.  The unified fit 

implementation of this in the Irena package32 allows for up to five structural levels. 

Schaefer and co-wokers37 reported four levels to describe commercial precipitated silica 

while Kammler and co-workers38 were able to fit two structural Levels while studying the 

dynamics of ceramic nanoparticle growth in continuous flame reactors. 

The model returns a radius of gyration, gR , and an exponent, 𝑃, for each structural 

level, using the following fitting equation35 
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The unified fit model, represents all scattering objects as approximately spherical (Eq. 

2) as shown by the term )3/exp( 22

gRq .  The first term describes the Guinier region, 

valid for 1qq  , and the second term, the Porod power law region, is valid for 1qq  . G

and B are the Guinier and Porod scale factors respectively. G  is related to the volume 

of the scatterers, B  contains specific surface area information  and P is the Porod 

exponent that  measures the internal structure of the aggregate37. The value of P  gives 

information about the nature of the fractals formed by the scattering particles. A value of 

4P  indicates particles with smooth surfaces and a fractal dimension 2D . If  

43  P  then P6  is the surface fractal dimension ( 32  D ). When 31  P , then 

the value of P  is the  fractal dimension, .PD   However, if 4P , all that is known is 

that the surfaces of the aggregating particles are diffuse. gR  is an important 

phenomenological parameter,  obtained as the coefficient of 3/2q  in equation (2), the 

value of which emerges from fitting the Guinier regime curve to the experimental data. 
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The Guinier-Porod model36 also uses structural levels to describe scattering but each 

structural level can have multiple radii of gyration and power law slopes - as long as the 

scattering comes from one population of primary particles. This model recognizes that 

the primary particles can have shapes other than spherical, indicated by the terms 

involving 1s  and 2s   in equation (3) 
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In this model, the unknowns defining the various Levels are P , s  and gR  (Eq. 3). The 

parameter s identifies the topology of the structure that is scattering: 0s  indicates a 

spherically-symmetric scatterer, 1s  a long cylinder and 2s  a thin 2-dimensional 

structure.  

A homogeneous spherical particle ( 0s ) is described by one gR , one power law slope 

( P  ), and one scaling factor ( G  proportional to the volume), similar to the unified fit 

model. A highly asymmetric particle, such as a long cylinder ( 1s ), has two values of 

gR  representing length and base radius, with a slope between them that reflects the 

shape of the particle. Note, that this model cannot easily describe aggregation or other 

hierarchical systems where the particulate character of the structure is lost.  

 

3.6 Transmission Electron Microscopy   

The Cryogenic Transmission Electron Microscopy (cryo-TEM) Imaging Facility, at the 

University of Guelph Advanced Analysis Center was used to visualize the primary 

particles that make up the SSS/OOO material. Minor changes were done to the protocol 

developed by Acevedo and Marangoni39. The homogenization was carried out at 22 000 



54 
 
rpm instead of 30 000 rpm and for 15 minutes instead of 10 minutes. After filtration, the 

recovered solid was re-suspended in cold isobutanol at 7 °C and re-homogenized for 15 

minutes using the same rotostator (PolytronPT 1300, Kinematica AG Switzerland). Each 

of the mixtures was sonicated at 5°C for 60 min (Bransonic 1210R-DTH, Branson 

Ultrasonic Corporation, Danbury, CT, USA). In order to visualize the samples under the 

microscope, it was necessary to coat them with uranyl acetate while working at low 

temperatures (between 5°C and 10°C) to prevent fat melting. Five microliters of the 

dispersed solution with the fat was placed on a copper grid with perforated carbon film 

(Canemco-Marivac, Quebec, Canada), while maintained at an environment temperature 

of about 7°C. After 1 minute of the deposition, the excess liquid was blotted using filter 

paper.  After waiting for 7 minutes to evaporate the isobutanol, a drop of aqueous 

solution of 2% of uranyl acetate was placed on the sample. All other aspects of the 

protocol were the same as those used by Acevedo and Marangoni3. The software 

package ImageJ was used to measure the size of those CNPs that were identified as an 

individual identity. The length feature was used manually, after the corresponding 

calibration was applied. Between 10 and 15 nanoplatelets were measured on 5 different 

slides.   

 

3.7 Results and Discussions   

3.7.1 Observation of Nanoplatelets  

 



55 
 

 

Figure 3.1  Cryogenic Transmission Electron Microscopy of Tristearin CNPs.  
 

Tristearin CNPs, observed using cryo-TEM, are shown in Figs 2.1.  The CNPs range in 

length from 1700Å  to 4880 Å and 430 Å to 1250 Å in width. Using the Hildebrand 

equation40, it can be calculated that these CNPs are essentially insoluble in triolein oil 

an important aspect when a comparison with computer simulation is made. The CNPs 

are plausibly the "fundamental" unit nanocrystals that make up the solid fat structures at 

room temperature. 

 

3.7.2 X-ray Scattering. The Unified Fit Model  

The data were fitted to three hierarchical Levels as shown in Figure 3.2.   As described 

above, each Level returns values for a radius of gyration, gR , and a slope, P .  
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Figure 3.2  Corrected USAXS intensity as a function of scattering vector for 5% 

tristearin in triolein for case 1. Three structure levels are identified in the plot. The three 

levels are shown as a general case. Each structure level is defined by characteristics P  

and gR  values. 

 

3.7.3 X-ray Scattering. The Guinier-Porod Model 

The Guinier-Porod model was used in an attempt to identify the shape of the 

fundamental scatterers. 1gR  and 2gR identify different aspects of these structures. For 

example, in the case of the cylinders, 1gR was used to find the average size of the 

cylinder’s base radius ( cR ), while  1gR  and 2gR  together were used to find the average 

cylinder’s length ( L ). This model has one less parameter to fit compared with the 

unified fit model, which makes the procedure more stable. 

It was possible to identify two levels in the data, as shown in Figure 3.3, but only the first 

level was used. The value of 1P  for the Porod region was set equal to 4, to represent a 

smooth surface of the scatterer as done for the unified fit model. 
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Figure 3.3 USAXS intensity as a function of scattering vector for a sample containing 

20 % tristearin in case 1 showing the q regions used for the two-level Guinier-Porod 

fitting. 

 

 

3.7.4.1 Case 1: Unified fit 

The slope for level 1 was fixed to 41 P  to account for smooth surfaces of the CNP 

scatterers as observed using cryo-TEM (above).  Preliminary results pointed to values 

of 𝑃2  ≈ 1.9 − 2 and ~2.8 ≤  𝑃3  ≤ 3.2.  This suggested that the correct value should be 

33 P .  These were considered to be physically reasonable numbers predicted by Pink 

and co-workers13.  In order to obtain the other parameters ( 1gR and 2gR  ) a range of 

values for 2P : 1.7, 1.8, 1.9. 2.0 and 2.1 was explored and the set of parameters that 

gave 3P  as close to 3.0 as possible was chosen. The range chosen for 𝑃2 was in 

accord with aggregation via DLCA or RLCA as predicted by Pink and co-workers.  

Results for each blend made with different percentages of tristearin are shown in Figure 

3.4 and the tabulated parameters shown in Table 3.I. Two replicates for each 
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percentage were analyzed. The best fit for the power-law region in level 3 was obtained 

when a very large radius of gyration (1010 Å ) was used. This radius of gyration was not 

used to make any conclusions but rather to allow finding the slope for the power-law 

region for level 3. 

The effective radius, R , of the scatterers was computed from the radius of gyration of a 

sphere using  

gRR
3

5
                  (4) 

Table 3.1 shows the computed radius of the spheres for level 1 and level 2. 

 

 

Figure 3.4 USAXS intensity as a function of scattering vector for samples containing 5 

%, 10%, 15% and 20% tristearin in triolein. The dark line shows the fitting using the 

unified fit model. Values of P and gR  are shown in Table I  
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Table 3.1 Three parameters 𝑅𝑔1, Rg2,  and 𝑃2, obtained for samples containing 5 %, 

10%, 15% and 20% tristearin in triolein for case 1 fitted using the unified fit model 

shown together with the calculated radii 𝑅1 and 𝑅2, using equation (4). 
 

% Tristearin 1gR  (Å) 2gR (Å) 
22 DP   1R  (Å) 2R  (Å) 

5 1660 5050 2.1 2143 6519 

5 551 12485 1.9 711 16118 

10 636 3635 2.0 821 4693 

10 864 5206 2.0 1115 6721 

15 514 2418 1.9 664 3122 

15 418 4628 1.8 540 5975 

20 435 3166 2.0 562 4087 

20 431 3806 1.9 556 4913 

   

  Table 3.I shows that the CNPs possess radii of gyration 1gR  lying between 418 and 

864 Å, with one of 1660  Å, which are  in accord with these being the CNPs observed 

using cryo-TEM. The CNPs then aggregate, eventually giving rise to clusters, each one 

with a fractal dimension, 2D  , lying between 1.8 and 2.1. 

These numbers are greater than the fractal dimension, ~1.7, obtained from computer 

simulation of diffusion limited cluster-cluster aggregation, DLCA41 but smaller than the 

fractal dimension of 2.0-2.1 obtained from computer simulation of reaction limited 

cluster-cluster aggregation (RLCA)22.  

The sizes of these clusters are characterized by radii of gyration 2gR between 2418 and 

5206 Å with a possible outlier at 12485 Å. Note that for the case of 5% and 10% 

tristearin 22 D  suggests that aggregation via RLCA is taking place while for 15% and 

20% tristearin 9.12 D  was observed. It suggests that the aggregates are relaxing 

towards a structure characteristic of RLCA since one would expect that such relaxation 

is more rapid at lower than at higher concentrations. Finally the distribution of these 

clusters is described by a fractal dimension D3 ≈ 3 indicating that the clusters are 
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uniformly distributed, on the average, throughout space.  

 

3.7.4.2 Case 1: Guinier-Porod  

The results of the three parameters obtained for level 1 ( 1gR , 2gR , and s ) for the 4 

different samples (5%, 10%, 15% and 20% tristearin in triolein) prepared using the slow 

cooling case 1 protocol, are presented in Table 3.2 where it can be seen that 3.11  s  

The deviation from the value of 1s  is believed to be due to a shape distribution of 

long and very short cylinders. This shows that the objects aggregating into clusters with 

fractal dimensions lying between 1.8 and 2.1 obtained from the unified fit model, are 

approximately, long cylinders.  The dimensions of the long cylinders, with length L and 

base radius cR were computed using equations (5) and (6):  

 

 2

1

2

212 gg RRL                  (5) 

 

12 gc RR                     (6) 

 

Table 3.2 Guinier-Porod parameters obtained by fitting equation (3) to the data. The 

only constraint was to set 4P  for the Porod region.  
 

% Tristearin 1gR (Å) 2gR (Å) s  L   (Å) cR  (Å) 

5 693 2806 1.07 9420 980 

10 596 2228 1.12 7437 843 

15 524 1953 1.16 6517 741 

20 417 1900 1.3 6421 590 

 

It is interesting to note that the s-value increases with increasing tristearin 

concentration.  Computer simulation13 showed that, for a low-concentration of 6%, most 

of the CNPs were aggregated into cylinders or TAGwood, while for 23% tristearin many 

CNPs remained unaggregated or aggregated into very short TAGwoods.  These latter 
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would exhibit an s-value of s = 2.  It is plausible that an s-value of 1.3 reflects a 

weighted average of long TAGwoods and short TAGwoods or unaggregated CNPs.  

Columns 5 and 6 in Table II show the dimensions of the cylinders: ~8000 Å in length 

and a lateral dimension of 2x cR of ~ 1200 to 2000 Å. The latter is the approximate 

dimension of the CNPs as seen in cryo-TEM (above) and also observed by Acevedo & 

Marangoni3, 39.  

Computer simulations13 predicted that the TAGwoods formed from CNPs would initially 

aggregate via DLCA ( 80.170.1 DLCAD )41  followed by relaxation mimicking RLCA (

1.20.2 RLCAD )42.  The results obtained here are in accord with the simulation results 

which predicted that relaxation would proceed more rapidly at lower concentrations, 

leading to 1.20.2 RLCAD , and more slowly at higher concentrations where the 

aggregate would be held in a metastable state with 80.170.1 DLCAD .  

3.7.5.1 Case 2: Unified fit 

Whereas in case 1, the sample was stored at room temperature  for 22 days after 

cooling, in case 2, the sample was studied immediately upon cooling.  Figure 3.5 

compares the scattering by samples containing 20% tristearin in triolein using both 

preparation protocols. In addition, the data for case 3 is shown and the data for case 1 

has been shifted upward for clarity. It can be seen that, except for q < 2 × 10-4 Å-1, there 

is essentially no difference in the results for case 1 and case 2. As before, 41 P was 

set. The parameters obtained for case 2, using the unified fit model, were: 1700~1gR Å, 

5200~2gR  Å and 9.12 P  or 9.12 D .  For level 3, however, a value of 8.33 P  was 

obtained thus giving 2.23 D  while keeping 
10

3 10gR . The values obtained for 

21  and gg RR  are similar to those observed for the sample of slow cooling, case 1, that 

contained 5% of solids.  
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Figure 3.5 Corrected raw USAXS intensity as a function of scattering vector for 20% 

tristearin in triolein showing differences according to three different processing of the 

samples.  Intensity for case 1 has been shifted upward.  

 

The result that 2.23 D  might indicate that aggregation of the scatterers had not yet 

adopted a uniform distribution in space. The scatterers giving rise to 2.23 D are 

believed to be the aggregation of the structures with an 5200~2gR Å detected in level 1. 

The similarity of these results with the 5% samples of case 1 unified fit, seems to 

indicate that even when the 20% case 2 was under observation, the system was not yet 

in equilibrium, compared to when it was observed after 22 days of storage. It is then 

proposed that this slow cooling case 2 is an intermediate state between that obtained 

under fast cooling conditions case 3 (see below) and that obtained after 22 days of 

storage, case 1. 

 

3.7.5.2 Case 2: Guinier-Porod  

For the slow cooling case 2 the Guinier-Porod model parameters obtained for level 1 

were as follows: 1gR =780 Å, 2gR  = 2389 Å and 2.1s . When using equations (5) and 
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(6), the parameters that defined the cylinders formed were:  7822L  Å and 1103cR  Å. 

These numbers are similar to the ones obtained in case 1 for samples containing 5% 

and 10% tristearin using this same model.   

 

3.7.6.1 Case 3: Unified Fit  

The rapid quenching of the sample  to create a metastable state, was manifested by a 

scattering intensity different from that of the slow cooling cases as shown in Figure 3.5 

(broken line). Using the unified fit model and setting 41 P  as before, the parameters 

obtained, were: 2411 gR Å 18072 gR Å, 2.12 P  and 8.33 P  with 
10

3 10gR . The result 

for 2P is considerably different from that obtained from a slow cooling rate.  The value of

2P  1 over a wide range of q-values, shows that the scattering structures are 

essentially 1-dimensional as predicted by Pink and co-workers (Figure 3.5C), and are 

possibly the TAGwoods which have not yet aggregated.   

A value of 8.33 P  implies that 2.23 D  the same value as the one obtained for slow 

cooling case 2. This value is not in accord with the simulation prediction based upon a 

steady state distribution and, as in case 2, might indicate that the distribution of 1-

dimensional structures has not achieved an homogeneous steady state.   

 

3.7.6.2 Case 3: Guinier-Porod  

Setting P1 = 4, the values of the parameters obtained for the fast cooling rate were:  1gR

=203 Å, 2gR  = 687 Å and 1s . As mentioned before, the value 1s  indicates that the 

scattering objects are cylinders, as found using unified fit. When using equations 5 and 

6, the dimensions of the cylinders obtained were:  L =2274 Å and cR = 287Å. These 

values show that the size of the cylinder’s base is almost half of what was observed for 

the slow cooling case 1 20% tristearin sample, while the length of the cylinders is almost 

three times smaller. These results indicate that the fast cooling produced scatterers 

which are smaller than those obtained in either of the slow cooling cases, although they 
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maintain the smooth surfaces characteristic of nanoplatelets.  These shorter cylinders 

might be the results of the nanoplatelets not having enough time to diffuse and form 

large cylinders because the large undercooling temperature induces many nucleation 

sites. This result is in accord with the prediction by Pink and co-workers13 that, 

sufficiently soon after the creation of the CNPs and their aggregation into TAGwoods, 

the TAGwoods themselves would not have aggregated so that the scattering intensity 

should show the existence of randomly distributed TAGwoods. The  cylinders observed 

with the Guinier-Porod model would be composed of  either ~100 CNPs for the slow 

cooling cases or ~  25 CNPs for the fast cooling case, if the value of the nanoplatelet 

thickness (~ 90 Å ) of Acevedo & Marangoni3, 39 is used.  

The value of 1s  obtained from the Guinier-Porod model showed that the CNPs 

aggregated into cylinders in accord with the predictions by Pink and co-workers.  This 

interpretation was supported by the finding that the radius, 1R , of the sphere obtained 

from the  level 1, Unified Fit model was similar to the radius, cR , of the cylinders' base, 

obtained from the Guinier-Porod model (Figure 3.6A). The length of the cylinders was 

obtained from the Guinier-Porod model. It is plausible that the computed length of these 

cylinders is the average length of a cylinder made by stacking CNPs (Figure 3.6A) as 

shown in Figure 3.6B. 

   

 

Figure 3.6 A: A nanoplatelet, idealized as a disk is shown along with a black circle 

corresponding to the value of 1gR  obtained using both the unified fit model and the 
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Guinier-Porod model (black circle), was confirmed with the cryo-TEM observations.  B: 

Long cylinder (black outline) that was identified by the s -value from the Guinier-Porod 

model as the scatterer for level 2 in the  unified fit model. We propose that this cylinder 

is made of the stacking of nanoplatelets. 2gR and 1gR  from the Guinier-Porod model 

were used to compute the average lateral  dimension (2x cR ) and length of the cylinders 

( L ). The horizontal lines at the bottom show the characteristic scales.  

 

 

Figure 3.7 summarizes the interpretations given to the results obtained from the three 

Cases using both the unified fit and the Guinier-Porod models that describe the 

structures that arise in each q -region.  

 

 

Figure 3.7 Summary of the interpretation of the USAXS intensity based on the two 

models used for the fitting. At the largest q -values (smallest spatial scale), thin disk-like, 
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the CNPs, are the fundamental components. These CNPS aggregate into cylindrical 

multilayers , the TAGwoods as predicted by Pink and co-workers13, which, are seeing in 

the Unified-Fit model only during a fast cooling case (giving  12 D ). These TAGwoods 

in turn aggregate into structures with fractal dimension 1.28.1 2  D  immediately after a 

slow cool down of the sample or after 22 days of storage at room temperature.  

 

 

USAXS allows one to study a system over the sufficiently large range of q  necessary to 

interpret a linear region as indicating a fractal dimension, for which one decade of the 

length scale is generally sufficient. Rheological measurements carried out by many 

groups (above) identified a “rheological” fractal dimension, RD ,  by relating the storage 

modulus, G  , to the SFC fraction,   via )(
~' RDf

G  . Some of those experiments, were 

performed over less than one half a decade of  and it was not stated which length 

scale was being studied. On the other hand, the light scattering experiments carried out 

by Vreeker and co-workers21 identified a fractal dimension D  in a q region similar to the 

one presented in this work that corresponded to the straight line of the unified fit level 2 

model. The observations by those authors of D are in agreement with the value of 2D  

obtained in this work for both slow cooling cases.  

 

 

3.8 Conclusions  

This work is the first study of the 3-dimensional structures of in situ tristearin solids in 

triolein using Ultra Small-Angle X-ray Scattering (USAXS) complemented by cryo-TEM 

microscopy. In preparing and studying the samples the fat crystal structures were not 

perturbed by having the oil replaced, thus allowing the structures, which arise via self-

organization in situ, to be observed undisturbed.  

The results can be summarized as follow: 
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1- The primary scattering unit, the CNPs, were visualized under Cryo TEM and their 

dimensions were in accord with the values of two parameters obtained from 

USAXS: the value of the slope in the high q region (
23 102104   q Å-1 ) and 

the radius of gyration in the region 
33 104101   q  Å-1. The slope of -4, 

indicates a fractal dimension of 2, that represents a smooth surface, in accord 

with the observations of smooth CNPs under TEM. The spherical diameter 

obtained from the radius of gyration ranged between ~600 Å and 4300 Å which 

matched the sizes of the CNPs observed under TEM (430 Å to 4880 Å). 

2- The Guinier-Porod model showed the presence of cylinders or TAGwoods with a 

base the size of the CNPS.  The length of these cylinders changed with the 

processing conditions and upon the tristearin concentration. A fast cooling rate 

gave cylinder lengths of ~ 2270 Å, while samples obtained at slow cooling rates 

gave lengths ~ 950 nm.  The cylinder length was greater for 5% solids (9420 Å) 

than for 20% solids (6420 Å ) in accord with predictions13.  

3- From the intermediate q region (
44 104101   q Å-1) and using the unified fit 

model two parameters were obtained: (a) a radius of gyration 2gR  and (b) a slope 

that was either -1.2 (fast cooling case) or between -1.8 and -2.1 for the two slow 

cooling cases. The values of the slope are consistent with the predictions of the 

computer simulations.  

a. The diameter of a sphere was computed from 2gR : ~5000 Å for the fast 

cooling case and ~ 6200-13000 Å for the two slow cases. This aggregate 

is believed to be made of the cylinders detected using the Guinier-Porod 

approach. 

b. The fractal dimension, 2D  , was computed as the absolute value of the 

slope. The two fast cooling cases (case 1 and case 2) gave 2D  values of 

1.8, 1.9 or 2.0 when the concentration of solids was 10 or 20%. 2D was 1.9 

, 2.0 and 2.1 when the amount of solids was 5 or 10%.  These results 

indicate that, for the higher concentrations, (10 and 20%), the cylinders 
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had aggregated into structures characteristic of diffusion limited cluster-

cluster aggregation ( 80.170.1 DLCAD )41. For lower concentrations, the 

cylinders aggregated into structures characteristic of reaction limited 

cluster-cluster aggregation ( 1.20.2 RLCAD )42.   

The samples prepared under the fast cooling rate (case 3) showed 2D  = 

~1 indicating that the cylinders were formed but no aggregation had taken 

placed. This is in accord with predictions. 

4-The lowest q region ( 
4104 q  Å-1) had barely enough data points to detect a third 

radius of gyration but enough to compute a third slope. The fractal dimension 3D  was 

obtained from this slope value (see methods). For samples prepared under case 1, 3D

~3 , while for cases 2 and 3 3D  = 2.2. This q region looks at structures obtained when 

the aggregates made by the TAGwoods are spatially distributed in space. The value of 

3 indicates that those aggregates are uniformly distributed in space.  It is not clear if the 

value 2.2 should be viewed as a surface mass fractal dimension or as an indication that 

the system has not yet reach a steady state since Cases 2 and 3 had no storage time.  

 

This work shows that it is possible to characterize CNP aggregation in a single-

component oil and shows the first in situ results that characterize the mesoscale of a 

model binary lipid system. The combination of X-ray scattering and computer simulation 

on both the meso- and the nano-scale13, 43 offers the possibility to characterize fat 

industrial products and relate the structures formed, not only to their chemical 

composition, but also to their processing conditions. A whole new field of structural 

characterization in the fat/oil area is therefore open for the understanding, and further 

tailoring of fat nanocrystalline networks. New fats could be engineered to prevent oil 

leaking out of the fat crystal structure, by controlling values of gR and D  that are in 

accord with the ones obtained for those lipid systems that show no oil leakage.  

Experimental efforts will now focus on developing methods to prepare samples in-situ 
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under relevant industrial conditions. 
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4.1 Abstract  

We have characterized the surfaces of grain boundaries in edible oils with high solid fat 

content by combining ultra-small angle x-ray scattering (USAXS) with theoretical 

modelling and computer simulation. Our results will lead to understanding the solid 

structures formed at the time of manufacturing fats like confectionery fats, as well as 

pave the way for the engineering of new fat products. 

Edible fats are complex semi-solid materials where a solid structure entraps liquid oil.  It 

was not until USAXS combined with modelling was used that the nano- to meso-

structures for systems with less than 20% solids were understood1,2. The interpretation 

of those results utilized models of crystalline nanoplatelets represented by rigid close-

packed flat aggregates made of spheres and were allowed to aggregate using the 

Metropolis Monte Carlo technique.  Here we report on systems containing between 50% 

to 90% solids. We modelled the solid phase as being formed from seeds onto which 

solids condensed thereby giving rise to oil-filled nanospaces. The computer simulation 

predictions were used in conjunction with the USAXS observations to conclude that the 

systems studied scattered from oil-cavities with sizes between ~800 and ~16000 Å and 

possessed rough 2-dimensional walls. 
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4.2 Introduction  

Edible fats and oils are hierarchically-structured multi-component soft materials in which 

liquid oil is trapped inside a solid fat matrix. For example, a shortening will contain ~ 

30% solids at 22°C temperature, while cocoa butter contains more than 50%. These 

percentages indicate that the rest of the material is liquid oil. Even though triacylglycerol 

(TAG) molecules make up more than 95% of the material present in edible fats, the 

TAGs molecules belong to different species which makes the interpretation of the data a 

challenge. Over the years, many different techniques had been introduced to 

characterize the physical properties of these TAG systems. Some of the techniques 

require some sample manipulation, such as, for example, microscopy, and this raises 

the question as to the relevance of the results to the unmanipulated system. Ultra small 

angle x-ray scattering is a non-destructive technique that requires no sample 

manipulation. The use of USAXS to study edible fats at low concentrations was 

pioneered by our group 1,2 in 2013.  Both model and complex systems3,4 containing less 

than 20% solids were studied and the results interpreted with the aid of predictions  

carrying out computer simulation. Since USAXS yields information about the structures 

of the minority phase present, it was clear that in samples containing low concentrations 

of solids, the structures giving rise to the scattering were those of the solids. In this work 

we focus on materials containing percentages of solids higher than 50%. Our intent was 

two-fold: (1) to identify new nano- to micro-scale structures that appear only at high 

solid-content, and (2) to help the confectionery industry understand the structures that 

are generated in the nano- to meso-scale as they typically use more than 50% solids in 

their fat-products. Moreover, oil migration constitutes a major problem in confectionery 

products, leading to a chocolate blooming and softening, and generally a loss in quality, 

with important economic consequences. Even though oil migration has been extensively 

studied5–8, the exact mechanism for oil movement remains in debate9. Part of the 

problem is due to the fact that the physico-chemistry of oil binding within this 

polycrystalline matrix remains unknown. Here, we demonstrate for the first time that oil 

is trapped within nanospaces in the matrix made with tristearin (SSS) or triplamitin 

(PPP) solids in liquid triolein (OOO).  
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4.3 Model Solid Creation, Structure Function and Predictions  

We have developed a grain-growth model which gives rise to cavities bounded by grain 

boundaries.  The intent of this model is not to reproduce the results of our USAXS 

measurements.  For that we would have to simulate very large systems.  Instead, the 

model is intended to give guidelines to interpreting the data.  The model is for predicting 

key characteristics of the system so that we can understand what the data is telling us.  

To develop a grain-growth model, we assumed that the TAG system of SSS or PPP and 

OOO, when cooled to ~20°C, generated 𝑁 randomly-distributed seeds around which the 

remainder of the solid TAGs would condense.  In order to model this process, we 

defined a length scale of "units" (𝑢) in terms of which all lengths were specified. 

Wavevectors, 𝑞, were in inverse units, 𝑢−1. We defined an ℒ × ℒ × ℒ box with ℒ = 150𝑢 

and with periodic boundary conditions. We specified 𝑁 fixed randomly-distributed 

centres around which spherical accumulations of solid TAGs took place. The creation of 

non-overlapping spheres of solids followed the algorithm described by Peyronel et al.10. 

The diameters of the spheres ranged from 0 to ~10𝑢. This procedure gave rise to 

nanoscale spaces between the spheres which we called nanospaces.    

It is likely that condensation of the SSS or PPP molecules would proceed by a process 

similar to that which led to the formation of crystalline nanoplatelets (CNPs) at low 

concentration 2,11,12 so that it is likely that the solid surfaces - the grain boundaries - are 

not curved but are planar. Accordingly, we decorated the spheres with cubes, with one 

cube per sphere, with the cube centres coinciding with those of the spheres. We 

generated two extreme distributions: one in which the diameter of the sphere was equal 

to a cube edge so that the cube sides were exterior to the sphere (Exterior Cube) and 

the other in which the sphere diameter was equal to the length of the cube body 

diagonal (Interior Cube). Assuming that  the cube sizes are similar to crystalline 

nanoplatelets11 observed at low solid fat content, then the average magnitude of a unit 

is 𝑢 ≈ 102 nm. 

We considered two extreme cases (i) in which each cube face was parallel to a pair of 

faces of all other cubes (Ordered Cubes) and (ii) in which the cubes adopted random 

orientations (Randomly Oriented Cubes).We computed structure functions, 𝑆(𝑞) =
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〉|�⃗⃗�|=𝑞 , for the four solid cube cases described above, where 𝑞 is the 

magnitude of the wavevector, �⃗�. We computed 𝑆(𝑞) for the (grain boundary) interfaces 

between the solid cubes and the liquid oil-filled nanospaces. In order to understand our 

results we also analyzed two ad hoc models of nanospaces: (a) that we could represent 

a nanospace either by a close-packed rigid array of spheres forming an hcp lattice or by 

a rigid close-packed sequence of spheres with their centres lying on an axis (Figure 

4.1A slit and pipe). (b) Slits or pipes were randomly distributed, with random orientations 

and could intersect each other. We also computed the dependence of the liquid oil 

diffusion coefficient upon 𝜙. 

Figure 4.1A shows 𝑆(𝑞) for 80% solid fraction (𝜙 = 0.80), i.e. 20% concentration of slits 

and pipes, where the vectors 𝑟𝑗 ranged over the centers of the spheres defining the slits 

and pipes. This means that each 𝑟𝑗 points to the center of the sphere labelled j. We did 

not compute 𝑆(𝑞) for these model grain boundaries since they are the surfaces of close-

packed spheres. Figure 4.1A shows that the structure of the slits and pipes were 

correctly reported as 1- or 2-dimensional structures, and randomly distributed (fractal 

dimension = 3) in the solid. We know that they are randomly and uniformly distributed, 

on the average, because we created them this way. We show a slope of -4 to be 

compared with that of -3. These results enabled us to interpret the results for 𝑆(𝑞)  for 

the solid cube models of Figure 4.1B 

Figure 4.1B shows 𝑆(𝑞) for ordered or randomly distributed, interior (a) or exterior (b) 

cubes for 𝜙 = 0.70 (70% solid fat content). We see evidence that the structure of the 

nanospaces are predominantly 2-dimensional as suggested by the slope of ‒2 ‒ 

"suggested" because of the presence of a broad "Grain Boundary" peak (c). Its center is 

at 𝑞𝑚𝑎𝑥 ≈ 0.53𝑢−1 which corresponds to a nanospace (NS) length scale of 𝐿𝑁𝑆 ≈

2𝜋 𝑞𝑚𝑎𝑥 = 12𝑢⁄ . Above we identified that 𝑢 ≈ 102 nm.  This gives 𝑞𝑚𝑎𝑥 ≈ 0.53 × 10−2 

nm‒1  and 𝐿𝑁𝑆 ≈ 1.2 × 103 nm. The average size of faces of internal or external cubes is 

approximately 5 × 103 nm so that it is plausible that the length, 𝐿𝑁𝑆 ≈ 1.2 × 103 nm, 

represents the average thickness of the nanospaces. Comparing the low-q slopes of 

Figures 4.1A and 4.1B and noting their similarity, it is plausible to associate a slope of ‒

3 with the low-q region of Figure 4.1B. Accordingly, from the low-q slope of ‒3, we see 
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that the nanospaces are randomly distributed in the model solid. Inset in Figure 4.1B 

shows our interpretation of the components making up 𝑆(𝑞): a broad peak (c), a 

structure with a fractal dimension 𝐷 = 2 (d), and a low-q structure with 𝐷 = 3. The total 

𝑆(𝑞) (f) is the sum of the three components and can be compared to Figure 4.1B (a or 

b). We also predicted a diffusion coefficient for the movement of (liquid oil) tracers in the 

model nanospaces. We assumed that Brownian motion dominated movement, and 

used a Monte Carlo (MC) procedure where each MC step was equivalent to one time 

unit, 𝑡0. We used 𝑁 tracers (𝑁 ≈ 103) which moved randomly along paths, 

unrestrictedly, inside the nanospaces, and computed the end-to-end distance of their 

path length. With only one time-scale, such a model is approximately correct.  At the 

𝑚𝑡ℎ MC step, the 𝑗𝑡ℎ tracer could move in a random direction, a distance randomly 

selected from the range [0, ∆] with ∆≈ 0.01𝑢. Denote this vector by 𝑟𝑗(𝑚). Then the net 

squared distance moved after 𝑀 MC steps is 𝑟𝑗
2 = |∑ 𝑟𝑗(𝑚)𝑚 |

2
 where the sum is over 

𝑚 = 1,2, … , 𝑀.  We averaged over all tracers to obtain, 〈𝑟2〉 = [∑ 𝑟𝑗
2

𝑗 ] 𝑁⁄ , and the 

diffusion coefficient was then computed to be 𝐷 = 〈𝑟2〉 6𝑀⁄ . We considered three cases 

with different solid fat content, 𝜙, of 0.18 (18%), 0.50 (50%) and 0.70 (70%). Although 

we would have modelled the case of 18% differently than the growth of solid fat grains, 

this did provide us with a sufficiently good approximation, and the results are shown in 

Figure 4.1C. We see that, even at 70% solid fat content, the diffusion coefficient is 

predicted to decrease to approximately one half of the value at 𝜙 = 0.  

 

 

Figure 4.1.  Structure functions, 𝑆(𝑞), as functions of 𝑞.  Note that the scales for log[q] 

differ.  This is only to make the slopes of log[𝑆(𝑞)] clear.  A: Structure function for 



77 
 
random distributions of rectangular anisotropic "slits" and cylindrical "pipes" in a solid. 

The slits and pipes correctly yield 𝑆(𝑞) with slopes ‒2 and ‒1 respectively, with the 

random distribution reflected in the low-q slope of ‒3.  A slope of ‒4 is shown for 

comparison.  B: 𝑆(𝑞)for the interfaces of the grain boundaries generated as described 

here and in Peyronel et al.10 . The results for ordered or randomly oriented cubes were 

essentially identical. Interior cubes (a) and Exterior cubes (b).  Error bars are the 

thickness of the curves.  Slopes of ‒3 and ‒4 are shown.  Slopes are shown in order to 

guide the analysis of experimental data.  With kind permission from Springer Science + 

Business Media: Ultra Small Angle X-Ray Scattering for pure Tristearin and 

Tripalmitin: Model Predictions and Experimental Results, Nov 12, 2014,  Fernanda 

Peyronel, Bonnie Quinn, Alejandro G. Marangoni, David A. Pink C: Computed 

relative diffusion coefficient for tracers moving in oil as a function of solid fat content, 𝜙 

 

4.4 Experimental Materials, Methods and USAXS 

Edible fats are temperature-dependent structured materials. The system studied were 

two "solid TAGs", SSS or PPP, in the liquid TAG OOO at room temperature of ~20C. 

SSS (Sigma-Aldrich, 99% pure, Tm ≈ 72C) and PPP (Sigma-Aldrich, 99% pure, Tm ≈ 

65C) where Tm is the melting temperature.  SSS contains 18 carbon atoms per 

hydrocarbon chain and no double bonds (18:0), while PPP contains 16 carbons (16:0). 

The liquid oil, OOO (Sigma-Aldrich, 99% pure) is an un-saturated (18:1) TAG. All 

samples were prepared at the University of Guelph and transported to the APS, 

Argonne National Laboratories for USAXS analysis. Solid TAGs in a melted state were 

added to the liquid oil to prepare samples with SFC of 50%, 70%, and 90% w/w.  

Each mixture was brought to a temperature of 80°C in an oven for 15 minutes. The 

samples were then manually stirred and quickly poured into the cavity of a silicon 

isolator (Grace-Bio-Labs, Bend, Oregon, USA) 1 mm thick and 20 mm in diameter to 

which a 125 μm thick microscope glass cover slip was attached. After the material was 

allowed to crystallize at room temperature, between 1 and 2 minutes after pouring the 

material, the isolator was closed with another cover slip. A temperature of 20 °C was 

chosen, in line with industrial crystallization practices. This represents an undercooling 

http://link.springer.com/search?facet-author=%22Fernanda+Peyronel%22
http://link.springer.com/search?facet-author=%22Fernanda+Peyronel%22
http://link.springer.com/search?facet-author=%22Bonnie+Quinn%22
http://link.springer.com/search?facet-author=%22Alejandro+G.+Marangoni%22
http://link.springer.com/search?facet-author=%22David+A.+Pink%22
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of about 52 degrees from the melting point of SSS and about 45 degrees below the 

melting point of PPP. Samples were transported to the synchrotron via a commercial 

carrier. The storage temperature was between 20°C and 25°C. The analysis of the 

samples was carried out at room temperature which was about 22°C. Experiments were 

performed in duplicates for a total of 5 samples. 

USAXS at APS employs a Bonse-Hart camera and state of the art electronic equipment  

that allows the collection of a sufficient number of data points in only a few minutes to 

cover the spatial range 100 nm < 𝐿 < ~20-30 µm13. Data reduction was carried out 

using the Indra software from the APS which, after removing the instrumental scattering, 

gives the scattering data, in an absolute scale. In our previous work 2,10, we used the 

Unified Fit14,15and the Guinier-Porod16 models implemented in the Irena software17. The 

models assume that a scattering intensity can be represented as a linear combination of 

independent intensities due to different scatterer sizes. The models yield a parameter 𝑃 

which describes the internal structure of an aggregate, a parameter 𝑅𝑔 which describes 

the radius of gyration of the aggregate and a parameter s that describes the shape of 

the scatterer. If a plot of log 𝐼(𝑞) versus log 𝑞 exhibits a linear region for a sufficiently 

large range of 𝑞, then 𝑃 can identify a fractal dimension via the associated slope. 

Attempts to fit our data using Unified Fit were discarded because the linear regions in 

the log 𝐼(𝑞) vs log 𝑞 plots were less than 1/3 of a decade. We require more than ½ a 

decade in the linear region in order to make any claims about a fractal nature. The 

theoretical model and their USAXS predictions (Figure 4.1) showed that such a system 

should exhibit broad peaks in the low-q region due to the structures of the nanospaces 

and that these peaks are superimposed on a linear region which reflected the fractal 

dimension of the surfaces of grain boundaries. Accordingly, we analyzed the scattering 

intensity under the assumption that a section in the plot of log 𝐼(𝑞) versus log 𝑞  

comprised a broad peak superimpose on a slope arising from a fractal structure. The 

peak was isolated by constructing a tangent to two points of the intensity curve, 𝐼(𝑞), 

and subtracting the values of 𝐼(𝑞) which lay above the tangent line as shown in Figure 

4.2A-C. We denoted by 𝐼𝑃(𝑞) the scattering intensity after subtraction, and by 𝐼𝑇(𝑞) the 

scattering remaining after subtraction, so that 𝐼(𝑞) = 𝐼𝑃(𝑞) + 𝐼𝑇(𝑞). The tangent line was 
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selected and removed by using Prism GraphPad V5 ©. The slope was obtained 

manually by performing a linear regression on the data points selected before and after 

the peak. The values of the slope, m, and the Y intercept, b, were obtained and used to 

generate 𝐼𝑇(𝑞). We analyzed the isolated peak 𝐼𝑃(𝑞) using Prism GraphPad V5 © by 

fitting a Gaussian curve with an r2 better than 0.96.  

 

Figure 4.2 shows 𝐼(𝑞), 𝐼𝑇(𝑞) and the broad peaks 𝐼𝑃(𝑞) for three of the five cases 

studied.  

 

 

Figure 4.2 50% SFC for SSS in OOO: (A) 𝐼(𝑞) and 𝐼𝑇(𝑞) versus 𝑞; (D) isolated 𝐼𝑃(𝑞). 

70% SFC for SSS in OOO: (B) 𝐼(𝑞) and 𝐼𝑇(𝑞) versus q; (E) isolated 𝐼𝑃(𝑞). 90 % SFC for 
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PPP in OOO: (C) 𝐼(𝑞) and 𝐼𝑇(𝑞) versus 𝑞; (F) isolated 𝐼𝑃(𝑞). 𝐼𝑃(𝑞) was obtained after 

constructing the tangent line and performing the subtraction:  I(𝑞) −  𝐼𝑇(𝑞)   

 

 

The location of the peak maximum, qmax was obtained from the Gaussian fit on only the 

isolated data points. The isolated peaks for the 3 concentrations are shown beside the 

whole scattering in Figure 4.2 (D,E,F). The slope, m,  and position of the maximum, qmax 

, and an estimated value of the size of the scatterers, L, are shown in Table 4.1. 

  

Table 4.1 Parameters obtained from the analysis of 5 samples and 2 reps per sample 
(column 1). Errors were estimated to less than 5% based on multiple fittings. The 
second column shows the value of the slope as obtained using the tangent construction 
described here. Column 3 shows the q-value for which the maximum of the Gaussian 

peak (or peaks), 𝐼𝑃(𝑞), was obtained. Column 4 is an estimation of the scatterers size 
for those values of qmax using 𝐿 = 2𝜋 𝑞𝑚𝑎𝑥⁄  
 

Sample Slope, m q max (Å
-1) L (Å) 

50%PPP #1 -3.6 0.002 3142 

50%PPP #2 -3.6 0.003 ; 0.002 2094 ; 3142 

50%SSS  #1 -3.9 0.0004 15708 

50%SSS #2 -3.3 0.005 1257 

    

70% PPP #1 -3.6 0.0004 15708 

70% PPP #2 -3.7 0.0004 15708 

70% SSS #1 -3.6 0.0005 ; 0.002 12566 ; 3491 

70% SSS #2 -3.2 0.007 897 

 
90% PPP #1 

 
-3.3 

 
0.008 ; 0.001 

 
785; 6283 

90% PPP #2 -3.2 0.008 ; 0.001 785; 6283 

 

Two results should be noted. The first is the ability to fit a Gaussian function to the 

broad peak intensity, 𝐼𝑃(𝑞).  This gives us some confidence that our interpretation is 

correct. The second is the appearance of a very weak second peak for 70% SSS in 

OOO and the extent to which it seemingly has developed into a major second peak in 

the case of 90% PPP in OOO. This was also observed for 3 other samples as shown in 
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Table 4.1. The theoretical models, which corresponded to 70% solid fats, exhibit the 

suggestion of a second peak for the case of Exterior cubes (Figure 4.1B, curve b) with a 

maximum at log 𝑞𝑚𝑎𝑥2 ≈ 0. The results, which show tangent slopes lying between -3.2 

and -3.9, suggest that the surfaces of the grain boundaries are 2-dimensional and 

rough18 on wide spatial scales given approximately by the q-range, 6 × 10−4 ≤ 𝑞 ≤ 3 ×

10−2 Å‒1. Using the relationship, 𝐿 = 2𝜋 𝑞⁄ , a spatial range of approximately 2 × 102 ≤

𝐿 ≤ 104 Å was obtained.  

 

4.5 Conclusions  

We have shown the importance of combining USAXS with theoretical modelling in 

characterizing the surfaces of grain boundaries in edible oils with high solid fat content. 

Theoretical models of grain boundaries were formed from cubes which were Interior or 

Exterior to spheres used to generate solid fats condensing from a high-temperature mix 

of SSS or PPP with OOO as described by Peyronel et al.10  We found, 

 

[1] Grain boundaries possessed a fractal dimension of 𝐷 = 2. These grain boundaries 

were randomly distributed in the solid with fractal dimension, 𝐷 = 3.  

[2] A broad peak which is likely associated with the nanospaces between grain 

boundaries. The broad peak had a maximum at 𝑞𝑚𝑎𝑥 ≈ 0.53𝑢−1 in terms of the length 

units, 𝑢, of the model. If these units correspond to 𝑢 ≈ 100 nm, then 𝑞𝑚𝑎𝑥 ≈ 5.3 × 10−3 

nm‒1. For Exterior cubes, we observed a weak second peak at log 𝑞𝑚𝑎𝑥2 ≈ 0 which, with 

𝑢 ≈ 100 nm, corresponds to 𝑞𝑚𝑎𝑥2 ≈ 10−2 nm-1. 

[3] A diffusion coefficient, 𝐷(𝜙) 𝐷(0)⁄ , of tracers moving inside the nanospaces defined 

by the grain boundaries was computed and it was found to be reduced to approximately 

0.5 when 𝜙 = 0.7. 

The experimental results showed that we could not successfully explain these high 

solid-concentrations as hierarchical system where smaller scatterers aggregate to build 

bigger ones. The most plausible interpretation of our data was that 

[4] The scattering intensity can be written as 𝐼(𝑞) = 𝐼𝑇(𝑞) + 𝐼𝑃(𝑞) where 𝐼𝑃(𝑞) arises 
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from a broad peak. For some of the samples, the broad peak comprised two Gaussians 

instead of only one as in other cases. The maximum of the peaks were at different 

length scales and no trend amongst the different solid content was noted. 

[5] The scattering component 𝐼𝑇(𝑞) exhibited slopes lying between -3.2 and -3.9 which 

suggested that the surfaces of the grain boundaries are rough 2-dimensional surfaces 

on wide spatial scales given approximately by the q-range, 6 × 10−4 ≤ 𝑞 ≤ 3 × 10−2 Å‒1.  

Using the approximate relationship, 𝐿 ≈ 2𝜋 𝑞⁄ , a spatial range of approximately 2 ×

102 ≤ 𝐿 ≤ 104 Å was obtained.  

 

The results of USAXS experiments and computer simulation of the Interior/Exterior cube 

models are in essential agreement. We have demonstrated that the interpretation of 

USAXS data changes substantially when dealing with high concentration of solids 

compared with low concentrations. The presence of peaks suggest that the material has 

some order at length scales from hundreds of nanometers to a few micrometers. The 

simulations had helped understand that the scattering comes from oil-filled cavities, 

which has strong implications for the quality and stability of confectionery fats. This 

study constitutes the first evidence of the existence of oil-filled nanocavities in an 

essentially polycrystalline matrix.   
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5.1 Abstract 

Computer simulations in a 3-dimensional cubic space were carried out to (a) model the 

formation of grains of the triacylglycerols (TAGs), pure tristearin (SSS) and tripalmitin 

(PPP), and (b) compute structure functions,  𝑆(𝑞), of the resulting grain boundaries.  It 

was found that the generally-accepted process of grain creation leading to the formation 

of grain boundaries yielded results in accord with experimental data while an alternative 

procedure which created grain boundaries in an ad hoc way, did not. For the models, it 

was found that 𝑆(𝑞) exhibited a slope of approximately ‒2 for higher q-values and a 

slope of approximately ‒3 for lower values of q.  Broad localized peaks were observed 

at 𝑞 ≈ 0.32 𝑢−1, where 𝑢 indicates the units used to define the simulation space.  The 

localized peaks, indicating the characteristic dimensions of the grain boundaries, predict 

that this size is 𝑑 ≈ 11 𝑢.  Experimental studies were carried out on pure SSS and PPP, 

using Ultra Small Angle X-Ray Scattering (USAXS), in the region 1 x 10-4 Å‒1< q < 6 10-

2 Å‒1. A section of the scattering profiles observed were interpreted in terms of the 

surface fractal morphology of grain boundaries surrounding the nano-scale voids - 

nanovoids - in the material. It was observed that the average volume of the nanovoids 

were characterized by a radius of gyration 𝑅𝑔1 of about 325 ± 20 nm for SSS and 437 ± 
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28 nm for PPP when the Unified Fit software was used. Not surprisingly, the surface 

fractal dimension, 𝐷𝑠, associated with 𝑅𝑔1was similar for both SSS and PPP, giving 

𝐷𝑠(𝑆𝑆𝑆) ~ 2.1 and 𝐷𝑠(𝑃𝑃𝑃)~ 2.2. This is in accord with an interpretation that the nanovoid 

boundaries are rough 2-dimensional surfaces. A slope of approximately ‒3.0 was 

observed for the region of 1 x 10-4 Å‒1< q < 4 x 10-4 Å‒1 for both materials, indicating that 

the distribution of the grain boundary surfaces is random. These results are in complete 

accord with the predictions of the models.  We found that 1𝑢 ≈500Å so that a model 

nanovoid size of ~11𝑢 is in accord with the sizes deduced from radii of gyration. 

  

5.2 Introduction 

For the last 10 years, researchers in the area of fats and oils had been trying to help the 

food industry with the creation of new fats that are both, healthy and functional. One 

strategy that is widely used is that of trial-and-error, which in many cases had shown not 

to be effective. A more sound strategy is to understand what is at the root of the 

problem: how the edible fat molecules self assemble and the aggregation that takes 

place to form the macro–scale structures responsible, not only for the functionality of the 

fat, but also for the organoleptic properties.  Some fats perform better in certain 

applications than others, due in part to the processing conditions but, more importantly, 

because of their composition. It is well known that fats are semi-solid crystalline 

materials that display hierarchical structures. At the smallest length scale, Acevedo and 

Marangoni [1] characterized fully hydrogenated canola oil at the nanoscale and showed  

that the crystal units are anisotropic crystalline nanoplatelets (CNP). At the micro- to 

macro-scale (1 µm to 100 µm) fats have been studied in great detail using techniques 

such as polarized light microscopy [2–4], freeze- fracture electron microscopy (EM) [5–

8], scanning EM [9], confocal scanning light microscopy [10], confocal laser scanning 

microscopy [11] and transmission electron microscopy (TEM) [1,12].The observation of 

the CNPs had opened the door to study, in more detail, the structures that are being 

created when these CNPs aggregate. It is believed that the CNPs arrange into clusters, 

that interlink to form bigger aggregates which further interact, resulting in the formation 

of a possibly dynamic continuous three-dimensional crystal network.   
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The properties of fat-structured food products are highly dependent on the nano and 

meso-scale structure present in the fats [13]. Some of these macroscopic properties 

include hardness (elastic modulus), plasticity (yield stress), and oil-binding capacity (oil 

diffusivity). When traditional edible fats are replaced by “healthier ones”, such as 

unsaturated fats, it has been noticed that oil leaks out of the solid fat crystal network.  

Most healthy fats are unsaturated or poly-unsaturated which are in liquid state at room 

temperature in contrast to the solid state in which many of the saturated or trans fats are 

manifested. The removal of these “solids” results in a decrease of solids present in the 

fat crystal network which leads to the problem of losing structural material to hold the 

liquid oil. Thus, there is a pressing need to better understand how to engineer new fats 

that do not allow the liquid oil to flow out of the solid matrix. Accordingly, it is imperative 

to understand how the solids structure themselves on the nano- to the micro-scale in 

order to be able to replace them with healthier alternatives.  Oil migration through 

chocolate has been hypothesized to be closely related to the nanostructure of fat 

[14,15]. The nature and cause for this relationship has remained, however, unknown.  It 

is possible, also, that nanovoids in cocoa butter are responsible for the capillary 

movement of oil through the polycrystalline matrix.  The results of these studies have 

not definitively answered questions regarding the existence and properties of fat 

nanostructures.  The reasons for this are likely because of the complexities present in 

"real" systems (e.g. chocolate and cocoa butter) which are absent in "model" 

triacylglycerol (TAG) systems, specifically pure tristearin (SSS) and pure tripalmitin 

(PPP). Here we shall investigate two "model" systems in order to characterize the 

nanovoids, which appear in them when they are cooled. We shall then be able to extend 

our studies to "real" systems.  

Our group had pioneered the study of model lipid systems using the technique of Ultra 

Small Angle X-ray Scattering (USAXS).  USAXS is a technique well-suited to the study 

of concentrated, opaque systems or systems that are prone to structural damage during 

the preparation for microscopy experiments. X-ray scattering yields information about 

the structures of the minority phase present and allows the probing of a native in situ 

sample without requiring any preparation or modification.  

The Advanced Photon Source (APS) at the Argonne National Laboratory is one of the 
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few world-wide facilities that can carry out USAXS experiments to characterize 

structures from micrometers to nanometers in a single scan. Two parameters that can 

be obtained for fats from the scattering intensity, 𝐼(𝑞), as a function of scattering vector 

magnitude, 𝑞, are the size, via its radius of gyration, and the fractal dimension, D , of an 

aggregate. Since the scatterering intensity is converted to an absolute scale,  the fractal 

dimension is obtained from the slope of a linear region when  log 𝐼(𝑞) is plotted as a 

function of log 𝑞 [16]. Using this technique, our group has shown that oils containing 

between 5%  and 20% undissolved tristearin solids in triolein oil form particular 

aggregation patterns [17,18]. For example, at the lowest length scale which correspond 

to the Porod region ( 23 102104   q Å-1 ), CNPs were detected and shown to range 

in size between ~600 Å and 4300 Å, deduced from establishing the equivalent 

rectangular object that yielded the deduced radius of gyration. Computer simulation 

predicted the CNPs aggregation into multilayer sandwich (TAGwoods), results that was 

confirmed by the experimental data which detected long cylinders.  The presence of 

cylinders was especially noticeable for samples crystallized at fast cooling rates. These 

TAGwoods were predicted to aggregate via diffusion limited cluster-cluster aggregation 

(DLCA) and reaction limited cluster-cluster aggregation (RLCA) to form fractal 

structures and this was borne out by the observation that the cylinders detected 

aggregated to form fractal structures with dimensions characteristic of DLCA and RLCA 

in the region -144 Å104101   q . However those experiments probed only low and 

intermediate concentrations of solids as the maximum amount of solids studies was 

20% w/w. The aim of the present work is to present the experimental data obtained 

using USXAS for the range  -124 Å102101   q when no liquid oil is present as well 

as the results obtained by performing computer simulations. In this regard, different 

models of solid fats structures are examined to compute their structure functions, 𝑆(𝑞), 

which are then related to their X-ray scattering intensity. The USAXS, measurements 

were performed on both pure tristearin and pure tripalmitin.  

 

5.3 Modelling Solid Structures and Their Structure Functions 
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This work is concerned only with the solid structure that is created when a material is 

crystallized from the high temperature single-component liquid. No solidification theory 

is explicitly considered but, instead, we considered that the solid formation process 

could give rise to different scenarios. However our principal assumption, although we 

examined an alternative model, is that the process followed the grain-growth kinetics of 

normal coarse-grained matter, in accord with the model dynamics of Smith [19,20] and 

Burke [21–23] and described by Humphreys and Hatherly [24]. A good outline of grain-

growth kinetics has been given by Natter et al.[25] where the contributions of others are 

outlined. Here we are not concerned with the kinetics of grain-growth formation but are 

concerned only with representing a single-component oil comprising fats that condense 

out from a high temperature liquid phase as the temperature is lowered. In particular, 

we shall apply this to model the condensation of tristearin (SSS) or tripalmitin (PPP) 

molecules into a solid phase.  However, the resulting solid distribution should be in 

accord with the standard model time-development described above. This assumes that 

grain boundaries move in accord with forces derived from their curvatures which are 

determined by the average radius of curvature of the developing grains. We shall follow 

this approach but shall also include the existence of a relaxation process which comes 

into effect as the condensing process approaches its end-point. The result of this is to 

give rise to small grains at later times. Because of the complexity of this process, we 

used computer simulation to create the solid grains, for which we defined a three-

dimensional LLL   simulation box with periodic boundary conditions. 

Because we are interested in predicting the results of X-ray scattering using USAXS in 

order to investigate the grain boundaries [26], we employed two methods to create the 

grain boundaries. The two scenarios simulated were: (1) solids were created based 

upon the existence of solid seeds, and the growth kinetics described above were 

followed in order to create the grain boundaries, (2) defect structures were created in an 

otherwise solid system and it is this which gave rise to the interfacial grain boundaries. 

These two processes are fundamentally different. In (1) the grain boundaries arise via a 

process that is generally accepted. In (2) the grain-boundary defect structures are 

created ad hoc. Our intent here was to establish, via comparison with our USAXS 

measurements, how sensitive the grain boundary structures are to different modelling 
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algorithms and whether the formation of TAG solids via cooling follows standard grain-

growth models. We then carried out structure function computations at the grain 

boundaries formed from these distributions.   

 

5.3.1 Solid Creation.   

5.3.1.1 Solid Spheres   

We assumed that the system of tristearin or tripalmitin, when cooled to ~20°C, 

generated 𝑁 seeds around which the remainder of the solid TAGs would condense. The 

seeds are fixed in a continuum comprising the remainder of the tristearin (SSS) or 

tripalmitin (PPP) molecules. In order to model the proposed condensation, we visited 

seeds in a random order and, with a seed as centre, attempted to create a sphere of 

radius R1. This represented further condensation of the solid fat onto a seed. If a sphere 

would impinge upon or overlap another sphere already created or another seed, then 

we did not create it. When all seeds had been visited, we would have 𝑁1 (𝑁1 ≤ 𝑁) 

spheres. 

The creation of solids followed an algorithm in which (a) a sphere of radius R is created 

at a seed where no sphere existed or (b) the radius of an existing sphere of radius R0 is 

extended by creating an annulus of thickness R' where the volume of the added 

annulus, 4𝜋 3[(𝑅0 + 𝑅′)3 − 𝑅0
3] = 4𝜋 3𝑅3⁄⁄ . The latter procedure accounted for further 

condensation of solid fat onto a fat particle. We refer to a seed at which no sphere has 

been created as a "bare seed". 

In subsequent random visits to each seed, we attempted to (i) create a sphere of radius 

R2, if no sphere existed there or (ii) add to the radius of an existing sphere as described 

before. When the system was sufficiently packed so that no new volumes could be 

added, then we attempted to "top up" the solid density by moving both existing spheres 

and still-bare seeds in order to create more solid spheres. We selected a sphere or a 

bare seed randomly and attempted to move it in a randomly-selected direction by a 

small randomly-selected distance.  No energies were involved but the object moved 

was not permitted to impinge upon the space occupied by another object.  We then tried 

to increase the size of the sphere, or tried to build a sphere around a bare seed as 
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described above.  In this way we could increase the volume occupied by these spheres 

by about 10%. The entire procedure resulted in the solid faces represented by curved 

surfaces. 

 

5.3.1.2 Solid Cubes 

Having generated a distribution of non-overlapping spheres with nanovoids between 

them, we generated a different model structure by decorating the spheres with cubes, 

with one cube per sphere and the centres of the cubes coincided with the centre of the 

sphere. We argued that it was possible that condensation of the SSS or PPP molecules 

would proceed by a process similar to that which led to the formation of crystalline 

nanoplatelets (CNPs) at low concentration [1,12,17,18] and that, accordingly, we should 

allow for the possibility that the surfaces are not curved but are planar. We generated 

two such extreme distributions: one in which the diameter of the sphere was equal to a 

cube edge so that the cube sides were exterior to the sphere (Exterior Cube), the other 

in which the sphere diameter was equal to the length of the cube body diagonal (Interior 

Cube). 

 

5.3.1.3 Ordered or Randomly Oriented Cubes 

 We labelled the cubes, 𝑛 = 1,2, … and defined two axes, �̂�𝑛and �̂�𝑛, perpendicular to two 

of the mutually-orthogonal cube faces. We considered two cases (i) in which all �̂�𝑛 axes 

and all �̂�𝑛 axes were parallel (Ordered Cubes) and (ii) in which the axes took on random 

directions (Randomly Oriented Cubes). For convenience we chose the �̂�𝑛 axes to be 

parallel to the 𝑧 −axis of the simulation volume. 

 

5.3.2 ad hoc Grain Boundary Creation 

5.3.2.1 Sphere- or Cube-Generated Grain Boundaries 

We generated a Gaussian distribution of spheres and distributed them randomly in a 

simulation volume with the condition that they did not overlap each other. What this 

model says is that, if we attempt to fill entirely the volumes between grain boundaries 
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with large spheres of radius 𝑟𝑚𝑎𝑥, such that the spheres are in contact with the surfaces 

of the grain boundaries, then we would find that relatively few large spheres could be 

accommodated.  We would then choose spheres with radius 𝑟𝑚𝑎𝑥−1 <  𝑟𝑚𝑎𝑥  and 

attempt to fill entirely the remaining space with each spheres in contact with grain 

boundaries.  When no further spheres could be added we would choose smaller 

spheres with  𝑟𝑚𝑎𝑥−2 <  𝑟𝑚𝑎𝑥−1  and attempt to fill the remaining volume as before.  One 

could argue that this procedure could result in a  monotonically-increasing number-

distribution of spheres, {𝑛(𝑟𝑗)} such that 𝑛(𝑟1) > 𝑛(𝑟2) if 𝑟1 <  𝑟2.  The Gaussian 

distribution would give rise to voids with smooth sides, since the most probable radius of 

spheres is greater than zero, compared to the alternative algorithm which would give 

rise to void surfaces with roughness on all spatial scales.    

We also generated two other models in which we decorated the spheres with exterior or 

interior cubes as described in 5.3.1.2. These structures represented the grain 

boundaries and not solids as used in section 5.3.1. 

 

5.3.3 Static Structure Functions and Fractal Dimensions. 

The structure function, (�⃗�) , is the fourier transform of a pair correlation function and 

contains information about the static characteristics of structures, specifically of the 

surfaces  and of the voids in the models.  We defined it as,   

 

𝑆(�⃗�) =
1

𝑁
|∑ 𝑒𝑥𝑝(𝑖�⃗� ∙ 𝑟𝑗)𝑗 |

2
                                                                                   (1) 

 

The sum is over a  sets of points each defined by a vector, 𝑟𝑗, to point 𝑗, (1 ≤ 𝑗 ≤ 𝑁) on 

the surfaces  or throughout the volumes of the various structures.  If we wish to model a 

system which is not oriented, then we can average over all directions of �⃗� to obtain (𝑞) , 

 

𝑆(�⃗�) = 〈𝑆(�⃗�)〉|�⃗⃗�|=𝑞                          (2) 

 

If the system possesses a structure characterized by, for example, a (statistical) volume 

fractal dimension 𝐷, then it can be shown, by integrating over the structure, that  
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𝑆(�⃗�) = 4𝜋𝑓(𝑞𝑅, 𝐷)𝑞−𝐷 [16,27], where 𝑓(𝑞𝑅, 𝐷) is an integral which depends upon 𝑞𝑅 

and 𝐷, and 𝑅 is the radial size of the structure.  We then obtain, 

 

𝑙𝑜𝑔(𝑆(𝑞)) = 𝑙𝑜𝑔(4𝜋𝑓(𝑞𝑅, 𝐷)) − 𝐷 log (𝑞)                     (3)                                                                               

 

If one is analysing the results of computer simulation, then equation (3) should be 

required to hold over a sufficient range of 𝑞. A "sufficient range of 𝑞" is an open 

question, but one often requires at least one decade of 𝑞-values.  If we let 𝑅 → ∞with 𝑞 

finite, then 

 

𝑙𝑜𝑔(𝑆(𝑞)) = 𝑙𝑜𝑔(4𝜋𝑓(∞, 𝐷)) − 𝐷 log (𝑞)                 (4) 

 

which is linear in 𝑙𝑜𝑔(𝑞). 

  

5.4 Experimental: Materials and Methods 

5.4.1 Materials 

Two solids triacylglycerol (TAG) molecule were used: tristearin (Sigma-Aldrich, ≥99% 

pure) denoted by SSS, and tripalmitin (Sigma-Aldrich, ≥99% pure) denoted as PPP. 

SSS contains 18 carbon atoms per hydrocarbon chain and no double bonds (18:0), 

while PPP contains 16 carbons and no double bonds (16:0).  

 

5.4.2 Sample Preparation and Crystallization Protocol 

All samples were prepared in the laboratory at the University of Guelph and transported 

to the APS facility for USAXS analysis. Each material was brought to a temperature of 

80°C in an oven for 15 minutes to erase any crystal memory. After this time, the 

samples were manually stirred and quickly poured into the cavity of a silicon isolator  

(Grace-Bio-Labs, Bend, Oregon, USA) 1 mm thick and 20 mm in diameter to which a 

125 μm thick microscope glass cover slip was attached. After the material was allowed 

to crystallize at room temperature, 20 °C  (between 1 and 2 minutes after pouring the 
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material),  the isolator was closed with another cover slip. The arbitrary temperature of 

20 °C was chosen in line with industrial crystallization practices. This represents an 

undercooling of about 50 degrees from the melting point of tristearin and 40 degrees 

from the melting point of tripalmitin. Samples were transported to the synchrotron via a 

commercial carrier. The storage temperature was between 20°C and 25°C. The 

analysis of the samples at APS was carried out at room temperature which was about 

22°C. 

 

5.5 Ultra Small Angle X-Ray Scattering (USAXS)   

5.5.1 USAXS Experimental 

USAXS experiments were performed 12 days after preparation. The prepared sample 

isolator holders were mounted on a perforated aluminum plate provided by beamline 

15ID that permitted 20 samples to be mounted together. A real-time X-ray transmission 

radiography camera was used to visually select the best location through which the X-

ray beam should go. The selected area covered the X-ray beam size of 1 mm high x 2 

mm wide with  the positions selected to be free of uneven surfaces, defects or air 

pockets. These positions were programmed into the software to automatically and 

sequentially position the sample holder.  

The X-ray scattering experiment was carried out using the Bonse-Hart camera [28,29] 

located at ChemMatCARS beamline 15ID. The one-dimensional (1-D)-collimated 

USAXS mode was used [30]. The camera uses a set of crystals before and after the 

sample to manipulate the X-ray. Since the analyzer crystals collimates the scattering 

only in the vertical direction, the 1-D  geometry introduces smearing along the horizontal 

axis, which means that the data requires a numerical desmearing procedure [31] to 

recover the differential scattering cross section. Instrument control and Data acquisition 

was performed using the spec software for diffraction experiments. Indra, an IgorPro-

based software [32] was used for data reduction, removal of multiple scattering and to 

obtain the absolute intensity [30]. The Irena IgorPro-based software [32] was used for 

data interpretation. 

Two repetitions for each material were analyzed. The best fit was selected as the one 
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that gave the smallest χ2  when 3 to 6 fits were taken into account for each data set. 

Parameters are given with the error reported by the Irena software, which were used to 

performed a t-test in order to obtain statistical differences. 

 

5.5.2 USAXS Analysis 

For the data analysis, the Unified fit [33,34] and the Guinier-Porod [35] models were 

used with both of them implemented in the Irena software. 

In USAXS experiments the scattering intensity is measured as a function of the 

scattering vector 𝑞, defined as 𝑞 =
4𝜋

𝜆
sin (

𝜃

2
) where 𝜃 is the scattering angle and 𝜆 the 

wavelength of the incident X-ray.  

The length scale, 𝐿,  of the material analyzed can be computed by 𝐿 = 2𝜋/𝑞 . It is 

interesting to note that the Bonse-Hart system  permits the collection of a sufficient 

number of data points in only a few minutes to cover the range ~10 µm < L < ~100 nm. 

The scattering patterns were analyzed to find I(q) vs. q regions that either follow Guinier 

scattering or Porod-power law scattering. When there is only one level, i , of scattering, 

Guinier scattering is related to the average particle radius of gyration, 𝑅𝑔𝑖 [36] which is 

extracted from the curvature of the scattering profile. Typically, the intensity in the 

Guinier region is given by [36,37] 
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Where G , the Guinier prefactor, is related to the electron scattering cross section, the 

particle number density, the electron density difference between  both phases, and the 

scatterer volume, and 𝑅𝑔𝑖 is the radius of gyration for level i. If the system shows 

hierarchical aggregation, then a Guinier and power law region appears for each 

structural level [18,38,39].The principle underlying the Unified Fit approach includes a 

second level with a radius of gyration from previous levels as well as the exponent 

associated with the slope in the particular level [33,34].  

The exponent P in the power law is related to the scattering intensity by  
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where B , is the Porod scale factor that  contains specific surface area information, P is 

the Porod exponent that  contains information about the nature of the particles given 

rise to the scattering [38], 𝑅𝑔𝑖and 𝑅𝑔𝑖−1 are the radii of gyration for Ievels i and i-1 

respectably.  

The χ2  was smaller when 2 levels were used compared with 3 levels. Unified Fit was 

used to find 2 slopes and the radius of gyration for the fitting in level level 1 only, as the 

few data points in level 2 only allowed to set the radius of gyration bigger than 1010 Å. 

 

For an ideal two-phase system, Porod’s law predicts [40]  that I(q) decreases as ∼q−4 

for large q. Other values of P had been interpreted using fractal geometry [38,41]. For 

example, If  43  P  then P6  is the surface fractal dimension ( 32  sD ). When 

31  P , then the value of P  is a mass fractal dimension, .PDm   However, if 4P , 

all that is known is that the surfaces of the aggregating particles are diffuse.  

 

5.6 Results and Discussion 

5.6.1 Solid and ad hoc Grain Boundary Creation Models 

We defined a length scale of "units" (𝑢) in terms of which all lengths were specified for 

the computer simulations. Wavevectors, 𝑞, were in inverse units, 𝑢−1. We utilized cubic 

simulation volumes of linear dimensions 𝐿 = 50𝑢, 𝐿 = 100𝑢 or 𝐿 = 150𝑢 with periodic 

boundary conditions. This means that a point at position 𝑟 is equivalent to a point 𝑟 + 𝐿𝑣  

where  𝑣 is a unit vector along one of the three cubic axes of the simulation volume.  

The diameters of the spheres ranged from 0 to ~10𝑢. We computed structure functions 

from points randomly distributed at the interfaces. The number of such points were up to 

~103 for the largest spheres or for each face of the largest cubes. The structure function 
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for each q-value were computed from averages over at least 103 wavevectors. We have 

found that this procedure was sufficient to obtain structure functions that did not change 

significantly if we chose more spatial points or more wavectors. The error bars 

associated with these procedures were less than the widths of the values of the 

structure functions shown in the figures obtained from the simulations. We generated 

solids using the algorithm of section 2.1.1. We were able to generate non-overlapping 

spheres in which the sphere volume as a percentage of the cubic simulation volume 

was up to 74%. We refer to this as the "concentration" of solids or spheres though in 

this paper we are concerned with a single-component liquid TAGs. We assumed that 

the condensation of SSS and PPP followed the standard model of grain-growth kinetics 

of normal coarse-grained matter referred to at the beginning of section 5.3.1. 

 

5.6.2 Spheres. Figure 5.1 shows 𝑆(𝑞) computed from points on the surfaces of the 

spheres, for solid concentrations of 18% (a), 65% (b) and 74% (c) together with slopes 

of ‒1.9 and ‒3.0.  It can be seen that, at the highest concentration of solids, there is a 

suggestion that, for the smallest 𝑞, the slope is approximately equal to ‒3.0 indicting that 

the surfaces are randomly distributed in space.  A slope of approximately −1.9 has been 

associated with the relaxation of aggregates from DLCA to RLCA [42].  However, the 

model used here is not an aggregation model so that the slope of approximately ‒1.9 

suggests that we are observing a locally 2-dimensional rough surface. The intent of 

computing the structure function for 18% was that one can see the development of 

slopes of approximately −1.9 and 3.0 as the concentration is increased to 74%, which 

are not apparent in the case of 18%.   
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Figure 5.1. Structure function of grain boundary interfaces.  log[𝑆(𝑞)] versus log [𝑞] for 

concentrations of 18% (a), 65% (b) and 74% (c) solids represented by spheres grown 

according to the algorithm of 5.3.1.1. Error bars are the width of the curves which were 

obtained by averaging over 10 simulations. 

 

    

Figure 5.2 Structure function for a random distribution of point objects uniformly filling 

the volumes between grain boundaries log[𝑆(𝑞)] versus log [𝑞] for 74% solids 

concentration represented by spheres grown according to the algorithm of 5.3.1.1. The 

straight line indicates a slope of ‒3.0 and the arrow indicates a broad peak centered at 

𝑞 ≈ 0.527 𝑢−1. 
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Figure 5.2  exhibits a slope of approximately ‒3.0 reflecting the essentially random 

distribution of points occupying the volumes of space between the grain boundaries.  

The broad peak centred at ≈ 0.527, corresponds to a spatial length scale of 

approximately 11.9 𝑢.  This reflects the approximate average dimension of the grain 

boundary volume structure that arises between the spheres created, as described in 

section 2.1.1, to form the solid structure. 

 

5.6.3 Cubes. Figure 5.3 shows the structure functions obtained for the four cases of 

cubes decorating the distribution of spheres generated by the algorithms of section 

2.1.1 and 2.1.2.  The concentration of spheres was 70% and the results show Cubes 

interior to their spheres (Interior cubes) (a) and cubes exterior to their spheres (Exterior 

cubes) (b).  Ordered cubes and randomly-oriented cubes yielded essentially identical 

results. Error bars are the width of the curves. Also shown are slopes of ‒2 and ‒3, as 

well as a broad peak (c). These results are similar to those of Figure 5.1 in that we 

observe a high-𝑞 slope of approximately ‒2.0 and a low-q slope of -3.0, more apparent 

here than in Figure 5.1. A schematic analysis of the curves is shown as an insert. There 

it can be seen that a higher-q structure with fractal dimension ~2 (a), a lower-q structure 

with fractal dimension 3 (b), and a localized peak (c) associated with the sizes of the 

cubic structures can be combined linearly to yield a total structure function similar to that 

computed. The total scattering intensity is shown by the thick dashed curve (d).   
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Figure 5.3 Structure function for the cases of cubes distributed according to the 

algorithms of sections 5.3.1.1 and 5.3.1.2. The sphere concentration was 70% and 

𝐿 = 150𝑢.  Cubes interior to their spheres (Interior cubes) (a) and cubes exterior to their 

spheres (Exterior cubes) (b). Ordered cubes and randomly-oriented cubes yielded 

essentially identical results. Error bars are the width of the curves which were obtained 

by averaging over 10 simulations. Also shown are slopes of ‒2 and ‒3, as well as a 

broad peak (c).  Inset:  A schematic analysis of the curves into a higher-q structure with 

fractal dimension ~2 (a), a lower-q structure with fractal dimension 3 (b), and a localized 

peak (c) associated with the sizes of the cubic structures. The total scattering intensity 

is shown by the thick dashed curve (d). 

 

The use of spheres or cubes with a range of sizes would lead to grain boundaries which 

are geometrically flat on a small scale, s, thereby exhibiting a fractal dimension of 2.0. 

However, on that scale, the much smaller spheres or cubes would make otherwise 

geometrically-flat surfaces appear rough. 

 

5.6.4 Sphere-Generated ad hoc Grain Boundaries. We computed the structure 

function of a random distribution of spheres taken to represent the voids between grain 

boundaries described in section 5.3.2. We chose the sphere volumes to possess a 
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Gaussian distribution and this choice has been discussed in section 5.3.2.  We found 

that it exhibited slopes of approximately ‒1 at high 𝑞-values and ‒3 at lower values of 𝑞. 

There was no sign of a slope approximately equal to ‒ 2. This result was not in accord 

with our experimental data, and we concluded that this model, which generated grain 

boundaries that were not created in accord with the algorithm that most resembled the 

accepted model of grain boundary formation [20,23,24] did not represent the structure 

of the pure solid fats. Accordingly we did not consider this model further. 

5.7 Experimental Results  

 

 

Figure 5.4 USAXS intensity (absolute scale) as a function of scattering vector, q, for (A) 

tristearin (SSS) and (B) tripalmitin (PPP). The dark line shows the fitting using the 
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Unified Fit model. Values for the parameters shown in Table 5.I. 

 

A log-log plot of the absolute intensities for pure SSS and pure PPP as functions of the 

scattering vector are shown in Figure 5.4. The standard model of grain-growth when 

single-component fluids condense as they are cooled, involves the formation of grain 

boundaries, which leads to nanovoids between the grains. Then the minority phase 

present in the two samples studied are the interfaces giving rise to the nanovoids 

between grains. It is not new to think that when a single-component fluid lipid 

condenses into a solid as the temperature is lowered, it contains nanovoids. Lencki and 

Craven [43]  have shown that negative pressure effects during trilaurin (LLL) 

crystallization most likely creates a porous material. The authors speculated that when 

the trilaurin concentration “increases to the point where the crystals reach their 

maximum packing density, further crystal formation results in the depletion of liquid 

within the channels, and the creation of cavities”. This result might be extended to SSS 

or PPP, molecules that differ from LLL in having either 6 or 4 more carbons for each 

fatty acid respectively.  

Previously, we observed that at low concentration of solids, between 5% and 20% w/w 

[18]  the scattering observed in USAXS experiments gave a slope of -4 in the Porod 

region (5 x 10-3 Å-1 <q < 2 x 10-2 Å-1  ). This slope was attributed to the scattering from 2-

dimensional crystalline nanoplatelet (CNP) surfaces, that possessed radii of gyration 

between 400Å and  900Å.  

However, as shown in Figure 5.4, a slope of ~ -3.9 for SSS and -3.8 for PPP, 

associated with a radius of gyration 𝑅𝑔1~ 400 nm for both materials, was observed for q-

values lying between 10−3 Å-1 and 10−2 Å-1. A t-test showed that, when the errors in the 

measurements are taken into account, the values of 3.9 and 3.8 are statistically different 

from 4 as shown by a value of p < 0.01.  This result seems to indicate that the smooth 

surfaces observed in our previous work are not present here. The slopes gave fractal 

dimensions, 𝐷𝑠(𝑆𝑆𝑆)~ 2.1 and 𝐷𝑠(𝑃𝑃𝑃)~2.2. We believe that we are observing walls or 

grain boundaries that define a nanovoid in the material and that the values observed are 

an indication that the grain boundaries are not smooth, but rather they present a rough 

fractal morphology.  These results support the model that was devised to generate the 
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solid structures and the grain boundaries associated with them. 

A slope of -3 was observed for both SSS and PPP for the smallest q-values. Our 

interpretation is that, at larger length scales, the distribution of the surfaces of these 

grain boundaries are randomly distributed in the solid.   

 

Table 5.I. The parameters, 1gR , slope 𝑃 and fractal dimension 𝐷 , obtained for the SSS 

and PPP samples using Unified Fit for the scattering patterns shown in Figure 5.4.  

 

 

Table 5.I shows values obtained for the radii of gyration, 𝑅𝑔.  Since we have interpreted 

the fractal dimensions as reflecting the surface structures of solid fat "grains", these 

values of 𝑅𝑔 will be related to the average dimensions of the grain boundaries. The 

dimensions of the grain boundaries must necessarilly approximately correspond to 

those of the TAG grains since it is these grains which create the grain boundaries. For a 

cubic void, the relation between 𝑅𝑔 and the cube edge length, 𝛿 is, 𝛿 = 2𝑅𝑔. 

Accordingly, grain boundaries of a cube would possess edge lengths of 6500 Å (SSS) 

and 8750 Å (PPP). If these nanovoids were thin rectangles, then, 𝛿 = √6𝑅𝑔 and the 

edge lengths of the grain boundaries would be approximately 8000 Å (SSS) and 10700 

Å (PPP).  Although these results are for cubes or thin rectangles, they serve to give an 

idea of the dimensions of the nanovoids bounded by grain boundaries. These 

dimensions are somewhat larger, yet within the same range, as the dimensions of 

CNPs reported elsewhere[1,18,44]. We believe that this is not fortuitous.  Nor do we 

believe that the grains studied here are aggregates of CNPs, similar to the TAGwoods 

Sample 1gR  (Å) 𝑃1 𝑃2 
𝐷𝑠1  

𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑓𝑟𝑎𝑐𝑡𝑎𝑙 

𝐷𝑉 

𝑚𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑎𝑙 

SSS 

 

3252 ± 

196 

3.87 ± 

0.01 
3.07 ± 0.05 

|6 − 3.87 | = 2.13 

 
~ 3 

PPP 

 

4372 ± 

283 

3.80 ± 

0.01 
3.1 ± 0.1 

|6 − 3.8 | = 2.2 

 
~ 3 
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studied elsewhere [17,18]. Rather, it is plausible that these grains, which would give rise 

to CNPs via the disruptive action of centrifugation, would necessarily exhibit linear 

dimensions similar to those of CNPs. 

Researchers in other fields have used fractality to explain the X-ray scattering observed 

in porous materials. For example Sen et al. [45] studied a three-dimensional coal 

porous solid. This group proposed that the slopes obtained for the scattering in the  

region  2 x 10-2 Å-1 < q < 2 x 10-1 Å-1  reflects the surface fractal morphology of the pore 

coal interface with surface fractal dimension that changed from -2.8 to -2.3 as the 

pressure imposed on the coal changed. We conclude that our values of 𝐷𝑠1 are in 

agreement with the idea that the surface fractal obtained indicates the morphology of 

the grain boundary. 

We also attempted to use the Guinier-Porod fitting program [35] to assist us in our data 

analysis. We found, however, that we were unable to obtain a fit in accord with 

physically-realistc parameters. This suggested that our samples were not predominantly 

composed of spheres, 2-dimensional platelets or 1-dimensional rods.  

 

5.8 Conclusions  

We have modelled and carried out USAXS studies on samples of pure SSS and PPP 

after they were undercooled well below the crystallization temperature.  We modelled 

the material as a distribution of TAG grains with the nanovoids between them defined by 

the grain boundary surfaces. We have predicted the fractal dimensions associated with 

the grain boundary structure. We also compared the predictions of this model with one 

in which we generated grain boundaries arising in an ad hoc way rather than as a 

consequence of the growth of solid structures.  We found: 

[1] The ad hoc model of generating grain boundaries directly without regard to the 

formation of TAG grains gives results for structure functions not in accord with our 

experimental data. 

[2] The algorithms used to create TAG grains were in accord with generally-accepted 

models, thereby forming grain boundaries as the solids increased in size. These 

structures yielded two fractal dimensions: 𝐷 ≈ 2  for larger magnitudes of scattering 
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vector, q and 𝐷 = 3 for smaller values of q. The first value is indicative of, possibly 

rough, locally flat, grain boundaries. The value of 𝐷 = 3  for a larger spatial scale 

indicates that the grain boundaries are uniformly distributed, on the average, in the 

solid. 

[3] To the best of our knowledge, this is the first time that USAXS has been carried out 

on pure lipid systems.  Surface fractal dimensions of   𝐷𝑠 ≈ 2.1 − 2.2  were obtained with 

the Unified Fit software. The values suggest that the TAG grains possess flat rough 

surfaces.  A mass fractal dimension of  𝐷𝑉 ≈ 3  for the highest q indicates that the rough 

surfaces are uniformly distributed, on the average, in the solid. 

[4] Analysis of our USAXS data showed that the structures defined by the grain 

boundaries exhibited radii of gyration of approximately 3250 Å (SSS) and 4370 Å (PPP).  

The dimensions of the grain boundaries must necessarily, on the average, correspond 

to those of the grains.  Depending upon the geometrical shape of these structures, 

these numbers convert to regular shapes possessing edge lengths of between 

approximately 6500 Å and 10700 Å.  These dimensions are similar to those found for 

crystalline nanoplatelets (CNPs)[1,18,44] . 

[5] Finally, we can relate the results of the simulations to the experimental data.  From 

Figure 5.4 we see that the change from a slope of approximately ‒3.8 to that of 

approximately ‒3.0 takes place at 𝑞 ≈ 6.5 × 10−4 Å-1.  From Figure 5.3, the analogous 

change from a slope of approximately ‒2 to ‒3 occurs at 𝑞 ≈ 0.32 𝑢−1.  This yields the 

approximate relation that 1 𝑢 ≈ 500 Å.  From this, we can predict that the characteristic 

size of the nanovoids bounded by the grain boundaries, which we deduce from the 

broad peaks of Figures 5.1 and 5.3 to be approximately11 𝑢, should appear 

experimentally to be approximately 5500 Å.  This is in accord with what we have 

observed. 

Here we have demonstrated the existence of TAG nanovoids at the grain boundaries 

and characterized them for two single lipids. We have obtained nanovoid dimensions as 

well as the grain surface morphology as predicted by computer simulation and seen 

with USAXS. The understanding and characterization of nanovoids  is of great 

importance since it might help understand the factors determining the stability of 

structured multi-fat systems. Our work is the first step in understanding complex 
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systems, which involve more than the one component explored in this paper. We 

believe that the fractal morphology of the grain boundaries and the nanovoid 

dimensions will have an influence on the ability of a lipid to bind to other materials.  In 

this regard, we are in the process of studying binary and ternary lipid system. 
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6.1 Abstract 

Ultra-small angle X-ray scattering (USAXS) has been used to elucidate, in situ, the 

aggregation structure of unsheared model edible oils. Each system comprised one or 

two solid lipids and a combination of liquid lipids. The three-dimensional nano- to micro-

structures of each system were characterized. The length scale investigated, using the 

Bonse-Hart camera at beamline ID-15D at the Advanced Photon Source, ANL, ranged 

from 300 Å to 10µm. Using the Unified Fit model, Level-1 analysis showed that the 

scatterers were 2-dimensional objects with either a smooth, a rough, or a diffuse 

surface. These 2-D objects had an average radius of gyration, 𝑅𝑔1, between 200 Å to 

1500 Å.  Level-2 analysis displayed a slope between -1 and -2. Use of the Guinier-

Porod model gave s ≈ 1 thus showing that it was cylinders (TAGwoods) aggregating 

with fractal dimension 1 ≤ D2 ≤ 2.  D2 = 1 is consistent with 1-dimensional structures 

formed from TAGwoods, while D2  = 2 implies that the TAGwoods had formed structures 

characteristic of diffusion or reaction limited cluster-cluster aggregation (DLCA/RLCA). 

These aggregates exhibited radii of gyration, 𝑅𝑔2, between 2500 Å and 6500 Å. Level-3 

analyses showed diffuse surfaces, for most of the systems.  These interpretations are in 

accord with theoretical models which studied crystalline nano-platelets (CNPs) coated 

with nano-scale layers arising from phase separation at the CNP surfaces.  These 

layers could be due to either liquid-liquid phase separation with the CNPs coated, 
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uniformly or non-uniformly, by a diffuse layer of TAGs, or solid-liquid phase separation 

with the CNPs coated by a rough layer of crystallites. 

A fundamental understanding of the self-organizing structures arising in these systems  

helps advance the characterization of fat crystal networks from nanometers to 

micrometers. This research can be used to design novel fat structures that use healthier 

fats via nano- and meso-scale structural engineering. 

 

6.2 Introduction  

Triacylglyceride (TAGs) molecules encompass more than 95% of all edible fats. Edible 

fats are composed of solid crystal networks, formed as TAG molecules crystallize from 

the melt  trapping complex liquid oils. Crystalline nano-platelets (CNPs) have been 

found to be stable basic components of these solid crystal networks. The crystal 

network structures created in an edible fat are determined by: the cooling and share 

rate, the undercooling temperature, the storage time and the storage temperature. 

Dietary recommendations and the search for healthier food alternatives has led the food 

industry to experiment with new formulations of materials made with different fats and 

oils while attempting to maintain the same functionality. However, some of the new 

formulations encountered problems such as oil leakage from the crystal network 

structures in the food matrix.  In order to understand why the oil is not being trapped in 

the new formulation, our group decided to study the original crystal network structures 

on as large a range of spatial scales as possible. The large length-scales are necessary 

as it is on this spatial scale that the solid and oil interfaces are studied.    

 

A technique suited to carry out this kind of measurement is ultra small angle X-ray 

scattering (USAXS).This technique allows one to study in-situ systems on length scales 

between 300 Å and 10µm [1,2]. This technique has the advantage for example 

transmission electron microscopy (TEM) in that requires no sample manipulation prioir 

to its analysis. 

 

The models most widely used to interpret USAXS data, are based upon the behaviour 
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of the scattering intensity, 𝐼(𝑞), as a function of scattering vector magnitude, 𝑞, in the 

limits , for example 𝑞 → 0 and 𝑞 → ∞ .  These models are the basis for the Unified Fit 

and Guinier-Porod software at the Advanced Photon Source (APS), Argonne National 

Laboratory, and implemented in the Igor-Pro based IRENA software.  Three parameters 

were analyzed and reported here  (i) a variable, P, which can describe the structure of 

the fundamental scatterers and identify fractal aggregates, (ii) a variable, 𝑅𝑔, the radius 

of gyration of a sphere equivalent to the scattering structure, and (iii) a variable, s, which 

identifies the shape of the scatterers. In particular, the variable P can be related to  

fractal structures since such structures are reflected in a range of q for which the 

scattering intensity depends upon q via 𝐼(𝑞)  ∝  𝑞−𝐷, where D is the fractal dimension.    

 

Our previous work using USAXS focused on two systems: (1) binary model lipid 

systems containing solids amounting between 5% and 20%, and (2) single component 

solid systems. In the first system, the solids formed in the Porod region (

23 102104   q Å-1) were  crystalline nanoplatelets (CNPs), ranging in size between 

~60 nm and ~430 nm for tristearin (SSS) molecules immersed in triolein (OOO). These 

CNPs then formed cylindrical aggregates (TAGwoods) that were especially noticeable 

for samples crystallized at fast cooling rates. TAGwoods then aggregated to form fractal 

structures that showed mass fractal dimension values between 1.8 and 2.1. Both the 

TAGwoods and the fractal structures were in accord with the predictions of modelling 

and computer simulations [1,3]. It was also shown that these aggregates were either 

uniformly distributed in space or that they formed structures that presented a surface 

fractal dimension of 2.2 in the region 4104 q  Å-1. 

 

The second system, focused on pure SSS and pure tripalmitin (PPP). USAXS results as 

well as computer simulation revealed the presence of nano-scale grain boundaries 

(nano-voids) between grains of solids. The average volume of the nano-voids were 

characterized by a radius of gyration 𝑅𝑔1 of about 370 ± 20 nm for SSS and 437 ± 28 

nm for PPP. The surface fractal dimension, 𝐷𝑠 that characterized the surface of grain 

boundaries was between 2.1 and 2.2 for both materials, indicating a rough surface. 
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Structural information on nano-voids can be used to give an estimation of the average 

size of the surface that makes up the grain walls. The observed nano-void sizes were in 

accord with the values obtained for CNPs using USXAS when less than 20% solids 

were present  [1]. The P-values of ~3.0, observed in the region for  q < 4 x 10-4 Å‒1, 

indicated that the nano-voids were, on average, uniformly distributed in the solid 

structure.  

 

This paper is concerned with our third stage of our work to understand the molecular 

basis of functionality and oil binding capacity: a system in which both the minority solid 

phase and the majority liquid oil phase comprise more than one TAG.  Before we 

proceed with this, however, it is useful to outline why this should be pursued. 

 

Atomic scale molecular dynamics computer simulations were recently used [4] to study 

OOO oil between two parallel CNP surfaces separated by a distance, d. It was found 

that the average number density of the OOO molecules decreased as d decreased, i.e. 

any oil between them would be expelled into the surrounding oil. However, this work 

also showed that, if the surface was "soft", then the OOO molecules would remain 

between the two surfaces. Simulations were also performed to discover if phase 

separation on a nano-scale would take place when a 2-component (liquid) oil was in 

contact with a CNP[4]. The two oils were a mixtures of OOO and a second oil that 

contained one or two saturated fatty acids (SFA). It was shown that phase separation 

on a nanoscale took place.  These results suggested that oil binding capacity might be 

related to the ability of a particular TAG to adhere to the surfaces of CNPs, thus 

enabling the confinement of a liquid oil, such as OOO or an equivalent, between a pair 

of CNPs, and, by implication, in a solid matrix. The results suggested a mechanism 

whereby many-component oils undergo phase separation on a nanoscale so as to 

create a "transition oil region" between the surface of the CNP and the bulk oil phase. 

 

  

The latest simulation [5] was carried out on a model system containing 3.35% solid fat 

immersed in a mixture of two oils: OOO and a set of minority components, chosen so 
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that these minority components contributed TAGs which could phase separate on a 

nanoscale at the surfaces of the CNPs thereby coating them with a permanent 

impenetrable layer. In that paper, three types of coating were considered: isotropic 

coating with CNPs uniformly coated, isotropic coating via the deposition of solid 

crystallites on both the large (001) surface, and on the, (100) and (010) smaller side 

surfaces, and anisotropic coating in which only the (100) and (010) surfaces were 

coated by a liquid or solid crystallites.   

 

This paper is concerned with studying systems more closely related to systems used in 

food products than the simple model systems described above, and which can be 

identified with the systems simulated [5]. The solid or semi-solid components used 

included SSS, hydrogenated canola oil, and shea butter while triolein, cotton seed oil 

and high oleic sunflower oil were used as the liquid oils.  The results shown here should 

help the fat industry understand that the TAGs in the liquid state play a role as every bit 

as important as the TAGs components that make the solid structure.  

 

6.3 Materials and Methods  

Tristearin (Sigma-Aldrich, purity ≥ 99%), a saturated TAG molecule with 18 carbon 

atoms per hydrocarbon chain and no double bonds (18:0) was used as one of the 

solids. The second solid used was a hydrogenated canola oil (Bunge, Toronto, 

Canada). The analysis of this fat showed the presence of SOS (stearin-olein-stearin) 

which indicates that the hydrogenation was only partial, hence, the abbreviation PHCO 

(partially hydrogenated canola oil). Details of its composition can be found in Table 6.1. 

A third material used as a solid was shea butter (Saffire blue, Toronto, Canada). Triolein 

(OOO, Sigma-Aldrich, purity ≥ 99%) an un-saturated TAG oil (18:1) with one double-

bond per chain was used as one of the liquid oils. The second liquid oil used was cotton 

seed oil (Botanic Planet, Canada Inc.) possessing an index of refraction (IR) of 1.46559 

±0.0 at 40°C,  measured using a J357 Rudolph Research refractometer. High oleic 

sunflower oil (HOSO, Acatris, Toronto, Canada) was the third liquid oil used. 

 Table 6.1 shows the principal TAGs present in the materials used in this work.  
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Table 6.1 Composition of triacylglycerol (%) present in materials used for this study as 
obtained from the literature. Notation: O, oleic acid; L, Linoleic acid; P, palmitic acid; S, 
stearic acid. 
  

TAG % Cotton 

Seed1 

Liquid 

% Shea 

Butter2 

Solid 

% PHCO3 

Solid 

% HOSO3 

Liquid 

SOO 4.8 29.8   

PPS  0.3 1.2 ± 0.1  

SPS  1.2   

SOS  29.6 5.1 ± 0.1  

PSS  0.4   

SSP   9.4 ± 0.1  

SSS  1.8 79.0± 0.1  

SS-C-20:0*   2.8 ± 0.1  

LLO 6.4   2.1 ± 0.1 

MLP    1.3 ± 0.2 

PLO  0.4  4.4 ± 0.1 

OOL 4.1   27.0 ± 0.2 

OOO  7.4  49.4 ± 0.3 

OPO  0.3  5.5 ± 0.3 

PPP    2.8 ± 0.1 

OSO 4.5   2.8 ± 0.1 

SLS 12.4    

SOL 9.4 2.2   

SLO 8.4 4.0   

SLL 22.5    

LOL 6.5    

LLL 13    

PPO  0.1   
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SPS  1.2   

POS  6.4   

POP  0.5   

PSO  0.2   

SPO  1.1   

SSO  1.7   

POO  3.2   

SLP  0.8   

POL  0.3   

Others 8 8.5 2.5 4.7 

* Distearoyl-arachidic acid 

1 O’Brien et al. 1964 [6] 

2 The Lipid  Handbook [7] 

3 Ahmadi et al. 2008 [8] 

 

The four systems studied were,(I) SSS in OOO, (II) PHCO in OOO, (III) SSS in cotton 

seed oil and OOO and (IV) SSS and shea butter with HOSO. Table 6.2 shows the 

percentage of each material used for the particular sample studied.  . 
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Table 6.2  Percentage of each material (wt%) used to make the different samples 

analyzed.   

System Sample 

number 

SSS 

(wt%) 

Cotton 

seed 

(wt%) 

OOO 

(wt%) 

PHCO 

(wt%) 

Shea 

(wt%) 

HOSO 

(wt%) 

I I.1 10  90    

II II.1   80 20   

III III.1 20    16 64 

 III.2 20    8 72 

IV IV.3 5 57 38    

 IV.4 15 51 34    

 IV.5 5 19 76    

 IV.6 15 17 68    

 

 

6.3.1 Sample Preparation 

All samples were prepared in the laboratory at the University of Guelph and transported 

to the Advanced Photon Source (APS), at Argonne National Laboratory (ANL), USA  

facility for USAXS analysis. Both fat and oil were brought to a temperature of 80°C in an 

oven before mixing them. In particular, the tristearin, which has a melting point over 

65°C, was kept at this temperature for 15 minutes to erase the crystal memory. After 

each mixture was prepared, enough material was deposited in a circular silicon isolator 

1 mm deep cavity, from Grace-Bio-Labs (Oregon, USA) 13 mm or 9 mm in diameter to 

which a 125 μm thick microscope glass cover slip was attached. The crystallization at 

approximately 20°C, in accord with industrial crystallization practices, took place 

between 1 and 5 minutes after pouring the material. A second cover slip was used to 

seal the sample inside. The isolator with the two glass windows became the sample 

holder. Samples were transported to the synchrotron via a commercial carrier using a 

storage temperature between 20°C and 25°C. The analysis of the samples at the APS 
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was carried out at room temperature, approximately 22°C, and the samples were 

analyzed using USXAS, 48 hours or 12 days  after they were prepared as well as 8 

months and 2 years after preparation. The control, sample I.1 for System I, was 

analyzed both, after 12 days at 20°C and again after two years of storage at 5°C. 

 

6.4 Data Collection and Data Analysis  

The prepared isolator sample holders were mounted on a perforated plastic plate 

provided by beamline 15ID that permitted many samples to be mounted together, 

depending on the size of the insolator used. A real-time X-ray transmission radiography 

camera was used to visually select the best location through which the X-ray beam 

should go. The selected area accommodated the X-ray beam cross section of 1 mm 

high x 2 mm wide with the positions selected to be free of uneven surfaces, defects or 

air pockets. These positions were programmed into the software to automatically and 

sequentially position the sample plate holder.  

The X-ray scattering experiments were carried out using the Bonse-Hart camera [9,10] 

located at ChemMatCARS beamline 15ID. The one-dimensional (1-D)-collimated 

USAXS mode was used [11]. The Bonse-Hart instrument is unique in using SAXS 

geometry which utilizes multiple crystal reflections to provide ultra high resolution in one 

direction. Since the analyzer crystals collimate the scattering only in the vertical 

direction, the 1-D  geometry introduces smearing along the horizontal axis, which 

means that the data requires a numerical desmearing procedure [12] to recover the 

differential scattering cross section. The slit smeared setup on this instrument was set 

with a slit length of 0.025A-1. This makes for a q-resolution that is very high in the 

vertical direction but poor in the horizontal one. This USAXS camera allows the use of 

X-ray energies up to 25 keV and  allows one to probe microstructure sizes from a few 

nm to 10-30 μm.   

Instrument control and Data acquisition were performed using the Spec software for 

diffraction experiments. Each data point is one measurement for either 0.5, 1, or 2 

seconds, as one goes from lower to higher q. Indra, an IgorPro-based software [13] was 

used for data reduction, removal of multiple scattering and to obtain the absolute 
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intensity [11]. The absolute intensity requires the measurement of an empty sample 

holder. For details about how this is performed, see references [9] and [10]. The Irena 

IgorPro-based software [13] was used for data interpretation using both the Unified fit 

[14,15] and the Guinier-Porod models [16]. Both models employed a non-linear 

regression analysis to find the best parameters. Two repetitions for each mixture were 

analyzed. Errors reported are the ones given by Unified Fit for the data set that was 

considered the “best”. We had a priori no expectations of the values for the slopes, but 

we knew that the structures of CNPs for SSS, as seen by TEM in [1], should show a 

Slope 1 = -4,. Accordingly, for those samples,, we set this slope to that value, since the 

uncertainty of the data points at high q causes the fitting to deviate from this value.  For 

systems containing other solids beside SSS, we chose as the best fit the one that 

showed the smallest error for  both, Slope 1 and Slope 2 as given by the IRENA 

software. 

 

6.5 USAXS Analysis  

In USAXS experiments the scattering intensity is measured as a function of the 

scattering vector 𝑞, defined as 𝑞 =
4𝜋

𝜆
sin (

𝜃

2
) where 𝜃 is the scattering angle and 𝜆 the 

wavelength of the incident X-ray. An estimation of the length scale, 𝐿,  of the material 

probed  can be obtained   from the relation 𝐿 = 2𝜋/𝑞. It is relevant to note that the 

Bonse-Hart system  permits the collection of a sufficient number of data points in only a 

few minutes to cover the range ~100 nm < L < 10-30 µm. The scattering patterns were 

analyzed to find I(q) vs. q regions that either follow Guinier scattering or Porod-power 

law scattering. When there is only one level of scattering, Guinier scattering is related to 

the average particle radius of gyration, 𝑅𝑔 [17] which is extracted from the curvature of 

the scattering profile. The intensity in the Guinier region is given by [17,18] 

 

𝐼(𝑞) = 𝐺𝑒
[

−𝑞2𝑅𝑔
2

3
]
                                                                                                              (1) 

 

Where G , the Guinier prefactor, is related to the electron scattering cross section, the 
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particle number density, the electron density difference between both phases and the 

scatterer volume. If the system shows hierarchical aggregation, then a Guinier and 

power law region appears for each structural level [1,19,20]. The principle underlying 

the Unified Fit approach includes a second term in eq.(1) with a radius of gyration from 

previous levels as well as the exponent associated with the slope in the particular level 

[14,15].  

The exponent 𝑃𝑖 in the power law is related to the scattering intensity, 𝐼𝑖(𝑞), for level i by  

 

       

𝐼𝑖(𝑞) =  
𝐵𝑖

𝑞𝑃𝑖
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3𝑃𝑖

                                                                              (2) 

 

where, for level i, 𝐵𝑖, is the Porod scale factor that  contains specific surface area 

information and 𝑃𝑖 is the Porod exponent that  contains information about the nature of 

the particles given rise to the scattering [19], and 𝑅𝑔𝑖and 𝑅𝑔𝑖−1 are the radii of gyration 

for Ievels i and i-1 respectively.  

Unified Fit was used to find a maximum of 3 slopes and two radii of gyration for level 1 

and level 2. The software has a device whereby the radius of gyration can be set to a 

large number (1010 Å) when there is not enough data, though this number is not 

reported.  

The Guinier-Porod model was used to analyze the shape of the monomers present. 

This model [16] also uses structural levels to describe scattering but each structural 

level can have multiple radii of gyration and power law slopes, as long as the scattering 

comes from one population of primary particles. This model recognizes that the primary 

particles can have shapes other than spherical, indicated by the terms involving 1s  and 2s  

in equation (3) 
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In this model, the unknowns defining the various Levels are P , s  and gR  (eq. 3). The 

parameter s identifies the shape of the structure that is scattering: 0s  indicates a 

spherically-symmetric scatterer, 1s  a long cylinder and 2s  a thin 2-dimensional 

structure.  

A homogeneous spherical particle ( 0s ) is described by one gR , one power law slope 

( P  ), and one scaling factor, G  proportional to the volume, similar to the Unified Fit 

model. A highly asymmetric particle, such as a long cylinder ( 1s ), has two values of 

gR  representing length and base radius, with a slope between them that reflects the 

shape of the particle. Note, that this model cannot easily describe aggregation or other 

hierarchical systems where the particulate character of the structure is lost.  

For an ideal two-phase system with a well define interface, Porod’s law predicts [21]  

that I(q) decreases as q−4 for large q, where the value of -4 for the slope represents the 

2-dimensional surface of a smooth object. Other values of P have been interpreted 

using fractal geometry [19,22]. Thus, if  43  P  then P6  is the surface fractal 

dimension, sD  ( 32  sD ). When 31  P , then the value of P  is a mass fractal 

dimension, .PDm   However, if 4P , all that is known is that the surfaces of the 

aggregating particles are diffuse. The name P  

or ‘Slope’ will be used interchangeable through this paper. 

The Unified Fit model was used to deduce values of Rg and slopes, while the Guinier-

Porod model was used to find values of s.  

 

6.6 Results and Discussion  

The data is presented in order, from the simplest cases to the more complex ones. 
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These experiments envisaged that the mixtures obtained with different oils could result 

in CNP surfaces modified either by the adsorption of a coating of nano-phase separated 

TAGs, or by the deposition of a coating of small crystallites formed from the 

components of a minority phase. The existence of these coatings were justified by 

appealing to the results of MacDougall et al [4].  These models of coated CNPs were 

introduced and studied by Quinn et al [5].  Figure 6.1 illustrates them, both for CNPs 

(Figure 6.1a, b, c, d) and their 1-dimensional aggregates, TAGwoods (Figure 6.1e, f).  

Previously  [5] it was shown that, if the entire CNP is thickly coated then they would not 

aggregate into TAGwoods. If, however, only the (100) and (010) surfaces were coated, 

with the (001) surface essentially free, then, although TAGwoods could be formed, the 

coating on their sides would inhibit TAGwood aggregation. In that paper we pointed out 

that a "thick coating" could be achieved with as little as a ~1 wt% concentration of 

appropriate minority components in the oil which remained liquid at the temperature of 

CNP creation. It was pointed out that the possible structures which could arise showed 

a complexity that was not achievable in the presence of a single-component liquid oil.  It 

is in light of these considerations that we shall interpret our USAXS results.    
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Figure 6.1  CNPs with labelled surfaces and TAGwoods [5]. Models of CNPs: An 

uncoated CNP (a), liquid-liquid phase separation with a CNP exhibiting all surfaces 

coated with an oil (b), liquid-liquid phase separation with non-uniform coating of a CNP 

with only the (100) and (010) surfaces coated with oils (c), solid-liquid phase separation 

with a CNP exhibiting all surfaces coated  with small crystallites. A TAGwood formed in 

the absence of any CNP coating (e) and a TAGwood formed from CNPs coated as in 

(c) thereby forming a TAGwood coated except for its ends or where (001) surfaces are 

partially exposed (f). 

 

 

Up to three levels were successfully fitted to all the data using the Unified Fit model. 

The slopes and the radius of gyrations are referred in accord to each of these levels. 

Level 1 refers to the largest q values, ~2 x10-3 < q < 1x 10-2 Å-1, while level 3 is the 

smallest q value region, ~ 5 x10-5 < q < 4 x10-4 Å-1. Level 2 is refers to intermediate q 

values, ~4 x10-4 < q < 2 x10-3 Å-1. These three regions coincide with the ones found at 

low concentrations of SSS in OOO [1]. 
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6.6.1 System I: SSS and OOO 

The case of 10% SSS in OOO (sample I.1 ) was analyzed 12 days after a slow cooling 

preparation and the same samples were run again 2 years later.  The scattering 

patterns obtained for both cases are presented in Figure 6.2. 

 

 

Figure 6.2  Absolute Scattering intensity as a function of q in a log-log graph showing 

the scattering of 10% SSS in OOO (sample I.1) measured 12 days  after preparation (A) 

and 2  years later, after storage at 5°C (B) with slopes values obtained using Unified Fit.   
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Figure 6.2A was obtained at low resolution compared with high resolution for Figure 

6.2B. In USAXS, a higher resolution is achieved by measuring “closer” to the main 

beam. Effectively, the size of the slit which is used to detect the signal must be reduced 

and the X-ray energy increased. Therefore for a smaller slit results in ten times fewer 

photons being collected at each point causing the signal-to-noise ratio to increase. Low 

resolution is typically measured with a 17KeV X-ray beam, while for higher resolution, 

24 Kev is used [9]. 

 

Level 1 in Figure 6.A (2 x 10-3 Å-1 < q < 4 x 10-2 Å-1 ), was interpreted as showing the 

anisotropic crystalline nano-platelets (CNPs), with an average radius of gyration 𝑅𝑔1 = 

1466 ± 49 Å.  Slope 1= -4 was fixed at this value to be consistent with previous TEM 

observations of this material [1]. The CNPs are envisioned as having a thin lateral 

thickness corresponding to the stacking of many lamellae. The lamellae are TAG 

bilayers well characterized for many fats by the (001) Bragg peak observed in small 

angle x-ray scattering (SAXS) [24,25]. The total lateral thickness of the CNPs is referred 

to as the “domain size”, which can be obtained using the Scherrer equation on the 

analysis of symmetrical Bragg peaks observed in the SAXS region [26,27]. If the CNP is 

envisioned as a rectangular prism, with thin sides, then this dimension can be described 

by the (100) or (010) Miller indices. The face of the prism with the largest surface area, 

the (001) face is the one observed by Slope 1 = -4. 

For the structural level 2 (2 x 10-3 Å-1 < q < 4 x 10-2 Å-1 ), the Unified model yielded a 

radius of gyration 𝑅𝑔2 = 11600 ± 750 Å. Since the Guinier-Porod model gave a value of 

s = 1, this showed that 1-dimensional long cylinders were formed (TAGwoods). This 

result, combined with Slope 2 = -2.02 ± 0.01 obtained from the Unified fit, was 

interpreted as indicating the formation of an aggregate via RLCA [1,3]  made by these 

TAGwoods and having mass fractal with dimension 𝐷𝑚2 ~2. These TAGwoods are 

believed to be made of CNPs stacked via their (001) faces, and predicted before [3].  

Slope 3 = -2.8 ± 0.3  indicating that this value is close to 3, a value that when interpreted 

from a mass fractal dimension says  that the aggregates given by Slope 2 are uniformly 

distributed in space at this length scale, as predicted by modelling and computer 

simulations [3]. It should be noted that previous experimental work on the same system 
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but under different cooling conditions [1] gave a Slope 3 = -3.8, which was interpreted 

as the system not yet being in thermal equilibrium.  

Figure 6.2B shows the X-ray scattering pattern obtained on the same sample, two years 

later. Slope 1= -4 was fixed in accord with previous observations of CNPs. The radius of 

gyration 𝑅𝑔1 = 1619 ± 142 Å is similar to the one obtained 2 years earlier. Slope 2 = -

2.03 ± 0.05 says that the mass fractal dimension is  𝐷𝑚2 = 2 , a value that  also agrees 

with the observations from 2 years earlier. It is interesting to observe the absence of a 

second Guinier region for this scattering pattern. It suggests that, over time, the 

uniformly distributed RLCA aggregates formed from TAGwoods have merged into 

clusters larger than the length scales probed by USAXS in this experiment.  

 

6.6.2 System II: PHCO and OOO 

A more complex sample was made using PHCO instead of SSS (sample II.1). This 

material comprises ~ 80% SSS, with the remainder a mixture of 4 other molecules 

(Table 6.1) which could solidify at the temperatures used in this study. SOS is listed as 

one of the molecules in the hydrogenated canola oil which indicates that the 

hydrogenation was only partial, hence, the name PHCO instead of fully hydrogenated 

canola oil (FHCO). Table 6.3 shows the percentage of TAGs containing either 3 

saturated hydrocarbon chains (e.g. SSP, PPS, SS-C-20:0) or 1 unsaturated chain (e.g. 

SOS), 2 (none), or 3 (e.g. OOO) unsaturated hydrocarbon chains.  Figure 6.3 shows the 

x-ray scattering obtained for a sample made approximately 48 hours after preparation. 

 

 

Table 6.3 Percentage of TAGs containing either 3 saturated or 1, 2 and 3 unsaturated 
hydrocarbon chains in the sample made with 20 wt% PHCO in 80 wt% OOO 

OOO 
(wt%) 

PHCO 
(wt%) 

wt% 
TAGs 

3 
saturated 

wt% 
TAGs 

1 unsat. 

wt% 
TAGs 

2 unsat. 

wt% 
TAGs 

3 unsat. 

80 20 18.5 1.0 - 80.0 
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Figure 6.3 Absolute scattering intensity as a function of q in a log-log graph showing the 

scattering from 20% PHCO in OOO approximately 48 hours after preparation, with 

slopes obtained using Unified Fit. Errors for the values of the slopes are quoted in the 

text which are less than 5%. 

 

 

A comparison of Tables 6.1 and 6.3 shows that approximately 15% of the sample is 

SSS and thus likely to form CNPs. The remaining 3.5%, the minority components, are 

solid at the temperature used in this experiment (22°C). Unless these non-SSS solids 

insert themselves into the SSS CNPs, then this system might be as shown in Figure 

6.1d. This is discussed below. Furthermore, these minority solids could coat the CNP 

surfaces substantially, as shown elsewhere [5], so that the sample could be in the rough 

thick layer regime. Predictions for this system suggest that there must be a substantial 

number of unaggregated CNPs and that if there are any TAGwoods formed, then they 

are unlikely to aggregate into DLCA or RLCA clusters. 

The parameters obtained from the fitting using the Unified Fit model for 20% PHCO in 

OOO for level 1 (4 x 10-3 Å-1 < q < 3 x 10-2 Å-1 ), were Slope 1= -4.0 ± 0.2 and radius of 

gyration 𝑅𝑔1 = 455 ± 60 Å. The value of Rg1 is in accord with previous observations of 
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CNPS for 20% SSS in OOO [1].  

In order to understand the results, it is imperative to look at the TAGs that make up the 

sample. It is conceivable that TAGs made from three saturated hydrocarbon chains 

others than SSS, crystallize on the surface of the SSS-CNPs (Figure 6.1d), and these 

crystallites will make the (001) face of the CNP appear rough. Computer simulations 

showed  [28] that two flat crystal surfaces immerse in OOO will eventually squeeze out 

the OOO and come in contact. We believed that Slope 1 allows for the interpretation 

that the surface of the CNPs is not as smooth as for the case observed in SSS (when 

one considers that Slope 1 could be larger than -4, as the result observed was -4.0 ± 

0.2). Computer simulations that allow the CNPs to have rough surfaces predicted 

values for a slope larger than -4.0. We can then suggest that this might be the case for 

PHCO where the 1% of TAGs with only one unsaturated might had been deposited onto 

the CNP surface making it look rough. This would imply that the SSS nanoplatelets 

possess rough surfaces due to crystallites formed by the minority phase 

The 𝑅𝑔1 = 455 ±60 Å is slightly greater than the value obtained for 20% SSS in OOO [1], 

value that could be justified if the (001) CNPs’s surface is in fact rough. 

A Slope 2 = -1.5 ± 0.1 was obtained for the structural level 2. This slope does not agree 

with the interpretation observed previously that explained the formation and aggregation 

of TAGwoods due to DLCA or RLCA. The surface roughness on the CNPs could 

however have an effect on the CNPs aggregation when they stack one on top of each 

other in an attempt to form TAGwoods, leading to a Slope value larger than the 

expected 1 value for TAGwoods 

The Guinier-Porod model gave a value of s=1.5 which suggests that there are neither 

rods (s=1) nor platelets (s=2). Following the predictions from Quinn et al. [5] it seems 

that System II is consistent with CNPs that are covered with small crystallites that 

prevent the ordered stacking of CNPs, which in turn yields imperfect TAGwoods, hence 

s=1.5.  An 𝑅𝑔2 of ~ 5500 ± 400Å was observed for structural level 2 which is almost 

75% bigger than the one observed for 20% SSS in OOO [1]. This difference in size is in 

accord with simulations Pink et al, [3]which shows that longer TAGwoods are formed for 

lower concentrations of SSS.  

Level 3 fitted to the Unified Fit model gave a Slope 3 = -4.1 ± 0.2, indicating a diffuse 
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interface [15]. This is a different results compare with the case of SSS in OOO, where 

the slope was either -3 for a system in thermal equilibrium, or -3.8 for a system not in 

thermal equilibrium [1]. Other researchers have also observed these slopes in USAXS 

experiments. Xu et al. [29] reported slopes of -4.32 and -4.0 for the same q region when 

studying Nafion ionomer particles and Pt/C catalyst aggregates in liquid media using 

USAXS. Xu et al. couldn’t explain the origin of this value for their systems.    

 

6.6.3 System III: SSS in Shea and HOSO 

In this case, the two materials used, beside SSS contain 15 other molecules.  The 

unsaturated FA are mainly oleic acid (one double bond). Table 6.4 shows the 

percentage of TAGs containing either 3 saturated or 1, 2 and 3 unsaturated 

hydrocarbon chains for each of the samples studied in system III.  Illustrative examples 

of TAGs with 3 saturated, and 1, 2 and 3 unsaturated chains are listed before Table 6.3 

(above).   

 

Table 6.4 Percentage (wt%) of TAGs containing either 3 saturated or 1, 2 and 3 
unsaturated hydrocarbon chains in the SSS, shea butter and HOSO samples studied. 

Sample SSS 
(%) 

Shea 
(wt%) 

HOSO 
(wt%) 

wt% 
3 saturated 

wt% 
1 

unsat. 

wt% 
2 unsat. 

wt% 
3 unsat. 

III.1 20 16 64 22.6 6.5 15.4 51.4 

III.2 20 8 72 22.4 3.2 13.3 57.1 

 

 

Table 6.4 shows that the samples in system III contain high amounts of TAGs with 2 

unsaturated fatty acids, a significant difference from Systems I and II and that the 

percentage of TAGs with only 1 unsaturated is 3 to 6 times more abundant than those in 

System II.  This suggests that the CNPs could be coated with a "soft" coating comprised 

of TAGs with 2 unsaturated chains, as depicted in the cartoon CNP with sizes similar to 

the ones in Figure 6.1b or c.  They would thus be in the "soft" or diffuse thick layer 

regime, as previously modelled [5]. Depending on whether they were coated 

isotropically or anisotropically, only on the (100) and (010) surfaces, they could remain 
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as unaggregated coated CNPs or aggregated to form coated TAGwoods. In the latter 

case, the TAGwoods would be unlikely to form clusters via DLCA/RLCA but could form 

1-dimensional "strings" of TAGwoods.  

The parameters obtained from the Unified Fit and the Guinier-Porod models were the 

same for both concentrations studied so only the results for III.2 are shown in Figure 

6.4. The fitting for Figure 6.4B was unambiguous while the one for Figure 6.4A, due to 

large uncertainy in the data points, gave a range of values for Slope 1. Figure 6.4 shows 

the data and the fitting using the Unified Fit model for sample III.2 (A) after 48 hours of 

preparation and (B) after 8 months of storage at 5°C. This last experiment is relevant to 

the fat industry as it is well known that the atomic distances (polymorphism) of some 

fats can change over time and with the storage temperature. We are showing here  that 

the meso-scale structure was not affected in this samples for the time and storage 

conditions mentioned.  
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Figure 6.4 Absolute scattering intensity taken at room temperature (~24°C) as a 

function of q in a log-log graph showing the scattering of 20% SSS with 16% Shea and 

64% HOSO (sample 3) (A) after 48 hours of preparation (B) after 8 months of storage at 

5 °C with slopes values obtained using Unified Fit. Errors for the slope values are 

quoted on the text but are all close to  5%. 

 

 
The fitting using Unified Fit gave a Slope 1 = -4.0 ± 0.3 for level 1 for both cases  and 

level 2 gave a Slope 2 = -1.1 ± 0.2 (Figure 6.4B)  to -1.2 ± 0.2 (Figure 6.4A). The lack of 

change in the slopes indicates that the system was stable from 48 hours after 

preparation and up to 8 months.  It was found that 𝑅𝑔1 =  350 ± 100 Å (Figure 6.4A) and 

280 ± 50 Å (Figure 6.4B), which together with the -4 value of Slope 1 indicates the 
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presence CNPs with a sizes similar to the ones observed for 20% SSS in OOO [2].The 

Guinier-Porod model gave a value of s=1.2 for Figure 6.3A and s=1 for Figure 6.3B. 

These values of s indicate the presence of thin long rods, the TAGwoods, that even 

after 8 months are present. The Slope 2 = -1.1 to -1.2 obtained from Unified Fit, 

however, indicates that there is no DLCA/RLCA aggregation as previously observed for 

the case of SSS in OOO but that, instead the TAGwoods have aggregated into 

structures with a fractal dimension of 1, i.e. TAGwood strings. It is plausible that the 

TAGwoods have not aggregated via DLCA/RLCA as did SSS TAGwoods in OOO, 

because they are coated with the 1 unsaturated FA and 2 unsaturated hydrocarbon 

chains in the TAGs present in Shea and HOSO. This could be interpreted as TAGs with 

1 unsaturated hydrocarbon chains would bind to the CNP surface first, followed by 

TAGs with 2 unsaturated fatty acids, thus resulting in a  “solid TAG” density gradient 

from the solid surface into the solvent (OOO). These results were predicted by 

computer simulation [5], where the anisotropic coating of the (100) or (010) CNP faces, 

and not of the large (001) face (Figure 6.1c) was responsible for the formation of coated 

TAGwoods (Figure 6.1f). This coating would thus inhibit any lateral aggregation, but 

would not prevent the formation of end-to-end strings. As previously discussed, at ~22%  

solids in a system containing about 20% TAGs with either 1 unsaturated hydrocarbon 

chains or 2 unsaturated hydrocarbon chains, is sufficient to coat the TAGwoods’ sides 

with a thick "diffuse" layer of partially crystalline material (Figure 6.1f). The 𝑅𝑔2 =  ~ 2200 

± 300 Å (Figure 6.4A) and ~6000 ± 500 Å  (Figure 6.4B). Level 3 gave a Slope 3 = -4.10 

± 0.04 (Figure 6.4A) and -4.00 ± 0.04 (Figure 6.4B), indicating that there is a diffuse 

surface.  

 

 

6.6.4 System IV: SSS and Cotton Seed Oil with OOO 

This system contains more than 10 other molecules beside OOO and SSS. Many of the 

TAGs present in cotton seed oil contain linoleic hydrocarbon chains which contains  two 

double bonds, instead of only one as was the case for Shea Butter. Four samples were 

analyzed containing either 5% or 15 % SSS, each mixed with two different percentages 
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of OOO and Cotton Seed oil. (Table 6.1, Table 6.5). Table 6.5 shows the percentage 

TAGs containing either 3 saturated or 1, 2 and 3 unsaturated hydrocarbon chains for 

each of the samples studied in system IV.   

 

Table 6.5 Percentage (wt%) of TAGs containing either 3 saturated or 1, 2 and 3 
unsaturated hydrocarbon chains in the SSS, Cotton Seed Oil and OOO samples studied 
here.  

Sample SSS 
(wt%) 

Cotton 
Seed Oil 

(wt%) 

OOO(wt%) wt% 
3 

saturated 

wt% 
1 

unsat. 

wt% 
2 

unsat. 

wt% 
3 

unsat. 

IV.1 5 57 38 5 7.1 28.3 55.1 

IV.2 15 51 34 15 6.3 25.3 49.3 

IV.3 5 19 76 5 2.4 9.4 81.7 

IV.4 15 17 68 15 2.1 8.4 73.1 

 

 

This system is complex because it exhibits characteristics of both systems II and III.  In 

addition to 5% or 15% SSS which will form CNPs, systems IV.1 and IV.2 possess only 

~50% of unambiguously liquid oil at room temperature together with ~7% components 

which are likely solid and ~27% of components which might be solid or liquid. In the 

cases of samples IV.3 and IV.4, there is ~76% liquid oil, ~2% solid minority component 

and ~9% which could be either solid or liquid.The X-ray scattering patterns were fitted 

using both, the Unifed Fit model and the Guinier-Porod model. Multiple fittings to the 

same data set gave identical results so that it was unnecessary to perform an F-test 

Results of these fits are presented in Table 6.6. 

 

Table 6.6 Slopes, from the Unified Fit model, and s value, from Guinier-Porod model, 
obtained on the 4 concentrations studied for SSS in Cotton Seed Oil and OOO . The s 
value was used to interpreted the shape of the scatterer 

Sample 

number 

SSS 

(wt%) 

Cotton 

seed 

(wt%) 

OOO 

(wt%) 

|Slope 1| |Slope 2| |Slope 3| s value from 

Guinier-

Porod fit 

IV.1 5 57 38 4.3 1.0 4.0 1 
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TAGwoods 

IV.2 15 51 34 4.3 1.0 4.0 1  

TAGwoods 

IV.3 5 19 76 4.3 1.0 4.17 0.9 

TAGwoods 

IV.4 15 17 68 4.15 1.05  0.7 

TAGwoods 

IV.2 8 months later 4.1 1.0 4.0; 3.6 1 

TAGwoods 

IV.4 8 months later 4.2 1.1 4.3 1 

TAGwoods 

 

 

Figure 6.5 shows the results for sample IV.2 after 6 days and after 8 months from 

preparation.  It can be seen that the results for these four mixtures are essentially 

identical. 
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Figure 6.5 Absolute scattering intensity taken at room temperature (~24°C) as a 

function of q in a log-log graph showing the scattering of 15% SSS with 51% Cotton 

Seed Oil and 34 % OOO (sample IV.2) (A) after 6 days of preparation (B) after 8 

months of storage at 5 °C with slopes values obtained using Unified Fit. Errors for the 

slope values are quoted in the text but are all close to  5%. 
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The slope for level 1 obtained from Unified Fit, was, once again, used to identify the 

nature of the surface of the CNPs. A value of Slope 1 = -4.3 ± 0.3 for Figure 6.5A and -

4.1 ± 0.1 for Figure 6.5B suggests that the CNPs surfaces are at least partially diffuse. 

This interpretation is in accord with what we know about the composition of the system 

(Table 6.5).  

For all the samples in System IV, the results of using the Guinier-Porod model to 

analyze the data identifies structures in level 2 as thin long rods (s=1), the TAGwoods. 

Even after 8 month of storage, these TAGwoods are still present showing no signs of 

aggregation. It was predicted by Quinn et al. [5] that a region with a slope of -1 should 

be observed when CNPs are coated with a layer of oil in the (100) or (010) faces, 

creating TAGwoods that are coated on their side as seen in Figure 6.5b. The seemingly 

diffuse surface observed for all of the mixtures studied in System IV, level 1, seems to 

be more pronounced than for the case of System III. This is probably due to the 

presence of linoleic acid in many of the cotton seed oil TAGs.  

Slope 2 = -1.0 ± 0.3 for Figure 6.5A and -1.05 ± 0.05 for Figure 6.5B, confirming the 

presence of TAGwoods  even after 8 months of storage. Slope 3 = -4.1 ± 0.3 (Figure 

6.5A) and -4.0 ± 0.3 (Figure 6.5B). 

𝑅𝑔1 =  460 ± 56 Å(Figure 6.5A) and 720 ± 150 Å (Figure 6.5B), while 𝑅𝑔2 =  5450 ± 1100 

Å (Figure 6.5A) and 𝑅𝑔2 =  6600 ± 1300 Å (Figure 6.5B). 

 

6.7 Discussion of Slope 3 

The results for the region q < 3x 10-4 Å-1 are remarkably simple when one considers the 

molecular complexity of the oils. Because slope 3 is greater than 4 for q < 5 x 10-4 Å this 

points to diffuse 2 –dimensional surfaces on the larger scale. Could it be that s =  1.5 

(System II PHCO with OOO) suggests that TAGwoods are in the process of becoming 

"super-platelets" by means of side-to-side aggregation? It is not possible to predict a 

priori whether, and to what extent, the large (001) CNP surfaces (Figure 6.1a) are 

coated with other TAGs.  However, if the CNPs are coated only on their (100) and (010) 

surfaces, as the value of |Slope| = 4.1-4.3 for Systems III and IV, this seems to be close 

to a "clean-surface" or a value of |Slope| = 4.0. It was observed that the TAGwoods are 
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being formed (reflected in a value of s=1), which possesses coated sides, which would 

inhibit aggregation. With clean (001) surfaces, however, these TAGwoods could form 

end to end connected 1-dimensional strings. It is possible that such strings might be the 

predominant form, on length scales of 102 microns and larger.  If this is so, then one can 

ask, "into what larger structures might such 1-dimensional strings aggregate?". This 

would appear as quite different from DLCA/RLCA clusters randomly distributed in 

space. However, it could be conjecture that these larger structures might be aggregates 

of 1-dimensional strings formed from TAGwoods aggregating end-to-end. Such 

structures would be dynamical entangled TAGwood strings which exhibit large-scale 

motion, changing their shape so that, on the average, the entire entaglement looks like 

a sphere with a diffuse surface.  Such structures could promote high oil binding 

capacity. Since no radius of gyration is available for level 3, no comments can be made 

about the size of these “entanglements”. We are working on addressing these 

questions. 

 

 

6.8 Conclusions  

A maximum of three structural levels were obtained as a result of fitting the X-ray 

scattering data using the Unified Fit and Guinier-Porod models. Each of those structural 

regions gives information concerning the shape of the scatterers and their aggregation.   

Table 6.7 summarises the values obtained for the slopes and the radii of gyration for 

each of samples analyzed in this work. 
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Table 6.7 Slopes and radii of gyration obtained using the Unified Fit model for the 
samples analyzed in this work.  

Material Slope 1 𝑹𝒈𝟏 (Å) Slope 2 𝑹𝒈𝟐 (Å) Slope 3 

SSS and OOO -4 (fixed) 1466 ± 49 -2.02 ± 

0.01 

11600 ± 

750 

-2.8 ± 0.3 

SSS and OOO 

2 years later 

-4 (fixed) 1619 ± 

142 

-2.03 ± 

0.05 

N/A  

PHCO + OOO -4.0 ± 

0.2 

455 ± 60 -1.5 ± 0.1 5500± 400 -4.1 ± 0.2 

SSS, Shea,  

HOSO (48 

hours) 

-4.0 ± 

0.3 

350±100 -1.1 ± 0.2 2200±300 -4.10 ± 0.04 

SSS, Shea,  

HOSO (8 

months) 

-4.0 ± 

0.3 

280 ± 50 -1.2±0.2 6000 ± 500 -4.00 ± 0.04 

SSS, Cotton 

Seed Oil,  

OOO 

(48 hours) 

-4.3 ± 

0.3 

460 ± 56 -1.0 ± 0.3 5450 ± 

1100 

-4.1 ± 0.3 

SSS, Cotton 

Seed Oil,  

OOO 

(8 months) 

-4.1 ± 

0.1 

720 ± 150 -1.05 ± 

0.05 

6600 ± 

1300 

-4.0 ± 0.3 

 

Our conclusions are based not only on the results summarized in Table 6.7, but also  on 

the TAG composition as well as the computer simulation predictions. 

 (1) The surfaces of the CNPs, observed on the structural level 1,  are either smooth, 

rough or diffuse. Because of the large 001 surface, the comments here pertain largely to 

this surface. Smooth surfaces were found for: System I, SSS in OOO, and for System 

III, SSS in Shea and OOO. A rough surface was found for System II, PHCO in OOO. A 
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diffuse surface was obtained for System IV, SSS with cotton seed oil and OOO.  

 

(2) The high q region also provides an estimate of the size of the CNPs size via the 

radius of gyration Rg1 deduced using the Unified Fit model.  It was found that CNPs 

exhibited a range of sizes from ~1400-1600 Å (System I, 10% SSS in OOO) to ~400 Å 

(Systems II, 20% PHCO in OOO and III, more than 15% SSS in Shea and OOO), and 

~200-800 Å (System IV SSS in cotton seed oil and OOO). 

 

(3) The presence of TAGwoods in a system was deduced from  the  parameter s=1,  

obtained from the Guinier-Porod model. CNPs aggregated into TAGwoods in Systems I, 

III and IV, but not unambiguously in System II.  This was possibly because, for Systems 

III and IV, the (100) and (010) surfaces of the CNPs were covered with a “soft” layer of 

TAGs, but not the large (001) surface, thereby giving rise to TAGwoods coated on their 

sides.  In the case of System II, all surfaces could be covered by crystallites forged from 

solid minority components which could lead to inhibiting the formation of TAGwoods. 

 

(4)  On the intermediate length scale ~5 × 10−4 ≤ 𝑞 ≤ 5 × 10−3Å‒1, which is denoted as 

level 2 it was found that, whereas TAGwoods formed DLCA/RLCA structures for 

System I, their aggregates were ambiguous in the case of System II. This suggests  

either a mixture of TAGwood and CNP aggregation or that TAGwoods are in the 

process of  becoming “super-platelets” by TAGwoods  side by side aggregation. For 

Systems III and IV, the most plausible interpretation is that coated TAGwoods are 

forming 1-dimensional strings comprising TAGwoods connected end-to-end. 

 

(5)  On the largest length scale it was found that System I was composed of 

DLCA/RLCA clusters of TAGwoods, on average filling space uniformly. For the 

remainder of the systems studied, the Unified Fit model suggested the presence of a 

diffuse surface. Here we proposed that the long TAGwood strings intertwined 

dynamically so as to look like a diffuse surface. 
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7.1 Summary 

One challenge the fat industry is currently experiencing involves finding healthy fat-

replacers that do not compromise the functionality of the product been made with them. 

For the past three years crystalline nanoplatelets (CNPs) have been reported as the 

smallest crystal unit in different edible fat systems. This paper summarizes the latest 

understanding in the area of CNP aggregation and the structures that emerge from their 

aggregation when using the techniques of ultra small angle X-ray scattering and 

modelling with computer simulation. The understanding of how these CNPs aggregate 

should allow the engineering of new healthy fat-replacers. 

 

7.2 Hierarchical Structures in Edible Fats 

Edibles fats are semisolid hierarchical materials manufactured by the fat industry. To 

produce them it is necessary to process the raw material which typically involves 

melting, shearing, crystallizing and the storage temperature as well as the length of time 

stored. As the temperature of the melt is lowered, triacylglycerol (TAG) molecules self-

assemble to form lamellar structures. These lamellae stack epitaxially to form a primary 

unit crystal or crystalline nanoplatelet (CNP) as seen by transmission electron 
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microscopy (TEM)[1]. The CNPs, formed primarily of high melting TAGs, aggregate to 

form a solid non-continuous fat crystal structure, while low melting TAGs remain trapped 

in the liquid state. The number of hierarchical levels that these fat crystal structures can 

display depends on two important controls: the TAG composition and the processing 

conditions. It has always been thought that a hierarchical material can be made 

multifunctional by tailoring just one particular level. It is then of fundamental importance 

to understand what the structures are that make up each hierarchal level in the fat 

crystal network, how these levels can be altered, and the consequences of altering 

them. One might ask the question: which are the structural levels that need to be kept 

similar in order to be able to replace one system by another without compromising the 

functionality?  

This replacement of a fat system comes from two fronts: on one side, finding new 

cheaper raw materials is crucial from a manufacturer’s financial viewpoint, while on the 

other side, the consumer demands for healthier fat-products cannot be ignored. 

A new approach in the quest of finding a fat-replacer involves examining the structures 

that CNPs form when they aggregate. It is the hope that by understanding these 

aggregated structures from the nano- to the macro- scale, the engineering of new, 

healthy fats will be possible. An approach to study the aggregates is to examine the 

structures that CNPs form when they aggregate.  A technique that can do this, in-situ, is 

X-ray scattering.  

 

7.3 X-ray Scattering 

Modern X-ray scattering explores length scales, L, ranging from atomic distances to 

microns. The scattering intensity, I(q), is plotted as a function of q, the scattering wave 

vector. L and q are related via 𝐿 = 2𝜋 𝑞⁄ .  

Atomic length scales are explored in the q-region from 1 to 5 Å-1 , the wide angle x-ray 

scattering region (WAXS), to characterize polymorphism, while the longitudinal packing 

of TAG molecules is studied in the q-region from 0.05 to 1 Å-1, the small angle X-ray 

scattering region (SAXS).  The morphology and sizes of CNPs in edible fat systems, 

and the structures arising from their aggregation, was characterized for the first time by 
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Peyronel et al.[2] The q-range studied, from 5x10-5 Å-1 to 0.1 Å-1, is the ultra small angle 

X-ray scattering region (USAXS). The information obtained includes the values of 

parameters obtained by fitting the data to two mathematical models: the Unified Fit 

model and the Guinier-Porod model. The former yields a set of radii of gyration, 𝑅𝑔,  and  

associated exponents, 𝑃,  which describe the CNPs and their aggregates, while the 

latter yields a  parameters, s, which characterizes the shape of the aggregates.  

SAXS and WAXS can be studied using small angle x-ray scattering and X-ray powder 

diffractometry respectively, while USAXS experiments are carried out at synchrotron 

facilities which supply the energies and X-ray beam collimation required. The Advanced 

Photon Source synchrotron at Argonne National Laboratory is equipped to study 

USAXS, SAXS and WAXS where structural characterization of an in-situ material can 

take less than 20 minutes.   

Our group uses modelling with computer simulation to study the mechanisms of 

aggregation and predict the structures that arise. 

 

7.4 Modelling and Computer Simulations 

Models which predict or identify aggregating structures can help in interpretation data.  

Pink and his group [3,5,8] modelled the structures which could arise via CNP 

aggregation.  They employed coarse-grained models which assumed (a) that CNPs 

formed by cooling were essentially insoluble in the liquid oils.  CNPs were modelled as 

rigid anisotropic structures of constant size and shape, composed of closely-packed 

spheres, and mimicked those observed by Acevedo and Marangoni [1]. Spheres 

belonging to different CNPs interacted via van der Waals interactions.  A second 

assumption (b) took into account that the condensation of fats into CNPs took place at a 

much faster rate than CNP diffusion.  All modelled CNPs were assumed to be present 

at the start of the simulation. The final assumption (c) was that the van der Waals 

interaction between spheres belonging to different model CNPs reflected what was 

known about the interactions between triacylglycerol molecules. Computer simulations 

of this model were performed using the Metropolis Monte Carlo technique at a 

temperature of 30°C.  Movement of the CNPs involved random translations of the 
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centre of mass and random rotations around randomly-chosen axes passing through it.  

The surfaces of the spheres comprising the CNPs could be modified to represent 

isotropic or anisotropic coatings to reflect different scenarios that might arise if the 

majority solvent oil contained minority components which could coat the CNPs as the 

system was cooled.  

In cases for which the solvent oil comprised a single component, it was predicted that 

uncoated CNPs (Figure 7.1-A) would aggregate into 1-dimensional cylinders, named 

TAGwoods (Figure 7.1-B). When ~20% solids or less were present in the sample, it was 

predicted that TAGwoods would aggregate, via diffusion limited cluster-cluster 

aggregation (DLCA), into clusters with mass fractal dimension of 1.7-1.8. As the 

simulations continued to run, the DLCA aggregates were found to relax with the mass 

fractal dimension increasing to 2.0-2.1 (Figure 7.1-C), characteristic of reaction limited 

cluster-cluster aggregation (RLCA). These clusters were found to be isotropically 

distributed in space with a fractal dimension of 3 (Figure 7.1-D). Bearing in mind the key 

assumptions (a) - (c), the hierarchy of CNP aggregation was predicted to be as shown 

in Figure 7.1 [3] and was confirmed by USAXS [2].  Relaxation of these assumptions 

was found to give rise to a wide range of other aggregation scenarios.  Thus, if the 

model CNPs could be coated with minority components of the solvent oil, then coated 

TAGwoods could be formed which would lead to aggregates different from those of 

Figure 7.1-C. 
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Figure 7.1  Interpretation of the predictions made by computer simulation  of uncoated 

CNPs: A: Uncoated CNPs.  B: TAGwoods.  C: DLCA → RLCA clusters.  D: uniformly-

distributed TAGwood clusters.  The horizontal black line indicates the same length 

(approximately 1000 nm) on the different length scales. Reproduced with permission 

from Pink, et al. J. Applied Phys., 2013, 114,  234901. Copyright 2013, AIP Publishing 

LLC. 

 

7.4 How Many Structural Levels do Edible Fats Display? 

We describe the edible fat structure in terms of structural levels obtained from our 

observations and characterized by the different length scales covered by X-ray 

techniques. Figure 7.2 shows the X-ray scattering intensity for a sample of 20 % 

tristearin (SSS) in 80 % triolein (OOO). The straight lines shown in Figure 7.2 indicate 

the slopes in that q-region from which, using a fractal interpretation, information about 

the morphology or internal structure of the scatterer is obtained via the 𝑃 exponents.  
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Figure 7.2  X-ray scattering of 20 % SSS in OOO showing the X-ray structural levels. 

The region q<~ 0.1 Å-1 corresponds to USAXS (Structural levels 3 to 6). The region 

~0.05  Å-1 < q < ~1 Å-1 corresponds to SAXS (Structural level 2). The region q > ~1Å-1 

corresponds to WAXS (Structural level 1) and the sample is in the β polymorphic form. 

Inset:  Fitted USAXS data for a sample of 10% SSS in 90% OOO using the Unified Fit 

model from Irena. Four structural levels are shown. The knee observed at each level 

provides the information for computing the size of the scatterer at that level.  

 

 

 

 

Structural level 1: (0.02-1 nm)  

The first level is the “atomic” level that provides information about the packing and 

polymorphism of a crystalline material. It can be observed in the WAXS region. 

 

Structural Level 2:  (1-10 nm)  

This level characterizes the longitudinal packing arrangement of TAG molecules in a 

crystal which can be observed in the SAXS region.  
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Structural Level 3: (10-700 nm). 

This level identifies the sizes and morphologies of the CNPs.  Following a fractal 

interpretation, the morphology of the CNPs is given by the slope of log [I(q)] versus log 

[q] in this region. The knee observed in this level gives information about the average 

size of the CNPs via a radius of gyration, 𝑅𝑔1. Using a combination of modelling, 

USAXS observations and a fractal interpretation [4], our group concluded that CNPs 

can have different morphologies [3,5]: smooth surfaces, rough surfaces or “diffuse” 

surfaces, obtained when  liquid oils or minority solids coat the CNP surfaces.  

  

Structural Level 4: (~500-2,000 nm) 

This is a level observed only if TAGwoods are formed by the aggregation of CNPs. The 

existence of TAGwoods is given by the parameter s=1 in the Guinier-Porod model. 

Using this model one can also obtain the length of the TAGwoods [2,3]. Notice that this 

level could superimpose with levels 3 and 5. 

 

Structural Level 5: (~1 -5  µm)  

This structural level shows the aggregation of TAGwoods or other CNP structures if no 

TAGwoods were formed due to CNP morphology [5,7]. The structures detected at this 

level are quantified by a mass fractal dimension computed from the slope observed 

using the Unified Fit model. The average size of the aggregates is given by a second 

radius of gyration 𝑅𝑔2. 

 

 

Structural Level 6:  (Greater than 5 µm) 

This is the last structural level observable by USAXS at present. This level appears only 

in some edible fat systems. The aggregates observed at this level present either a mass 

fractal [2, 3,6] or a surface fractal [5,7]. 

 

7.6 How to Modify an Individual Structural Level in the USAXS Region 



148 
 
Structural Level 1 and 2: Shear rate, cooling rate, undercooling temperature, storage 

temperature and the length of time stored can affect both the polymorphism and how 

the TAG molecules pack to form lamellae.  

 

Structural Level 3: Using USAXS Peyronel et al. [2,6] showed that the average sizes of 

the CNPs can be modified by altering the cooling rate and the initial ratio of solids to 

liquid. They also showed that the average size of the CNPs does not change over 8 

months for a sample of 20% SSS with 16% shea butter and 64% high oleic sunflower 

oil, or over 2 years for a sample of 15% SSS with 51% cotton seed oil and 34 % OOO.   

Changes in the morphology of the CNPs were observed when using different edible 

fats, but not when the cooling rate was changed for SSS in OOO [2].  

 

Structural Level 4: TAGwoods were detected when CNPs had rough or smooth surfaces 

or were partially coated with oils [6].  TAGwoods were particularly noticeable when the 

system was formed rapidly by fast cooling from the melt [2,7] and USAXS carried out 

immediately. It was observed that the length of the TAGwoods can be modified, in the 

case of SSS in OOO, by changing the ratio of solids to liquids or by changing the 

cooling rate [2].  

 

Structural Levels : Results from modelling [5,8] and experimental observations [6] found 

that changes to structural level 5,  depend on the solids and oils used, not only on 

changes to the processing conditions. For example, samples with less than 20% SSS in 

OOO gave a mass fractal dimension structure according to DLCA which relaxed to give 

a mass fractal dimension according to RLCA [2,3]. However the following three systems 

studied showed a mass fractal dimension between 1.0 and 1.5: (1) SSS in shea butter 

and high oleic sunflower oil, (2) SSS in cotton seed oil and OOO and (3) hydrogenated 

canola oil in OOO. How to modify the  𝑅𝑔2 value in this structural level remains unclear. 

 

Structural Level 6:  SSS in OOO showed a mass fractal value of 3 [2] for a sample  

stored for 22 days at 20°C, but after 2 years of storage, this structural level was not 

detected [6]. When the sample was rapidly cooled, a surface fractal value of 2.2 was 



149 
 
observed [2].  In the case of a multiple component systems, the fractal value obtained 

for this level was ~ 4.1, indicating a diffuse surface. This value was maintained even 

after 8 months of storage, [6]. 

 

7.7 Selected Examples for Edible Fats Using the USAXS Technique 

Analysis of four different samples are shown in Figure 7.3 which is divided into two 

cases based on the amount of solid fat content (SFC) measured.  Milk fat (Figure 7.3-A) 

and palm olein (Figure 7.3-B) had similar SFCs, ~ 10%, at room temperature. Cocoa 

butter (Figure 7.3-C) and a hydrogenated palm kernel oil (PKO) based fat (Figure 7.3-D) 

displayed SFCs of ~ 55 % at room temperature. Tables 7.1 and 7.2 show the values of 

the parameters obtained after analyzing the data with the Unified Fit model. Also 

included in the table is the interpretation. 

 

 

 

 

Figure 7.3 USAXS pattern for a sample of milk fat (A), palm olein (B),  cocoa butter (C) 

and a hydrogenated PKO based fat(D) 
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Table 7.1  Values of the parameters obtained after fitting the data using the Unified Fit 
model in the Irena software for milk fat and a palm olein. Also shown is the 
interpretation.  

Sample Structural Level 3 

Morphology of CNPs 

Structural Level 3 

CNP 𝑹𝒈𝟏 (nm) 

Structural Level 5 

Mass fractal 

dimension 

Milk fat 3.94 ± 0.11 

smooth surface 

~ 142 ± 7 𝐷 = 1.8 ± 0.2 

DLCA aggregation 

Palm olein 

 

4.01 ± 0.2 

smooth surface 

~ 118  ± 21 

 

𝐷 = 2.16  ± 0.2 

RLCA aggregation 

 

 

Table 7.2  Values of the parameters obtained from fitting the data using the Unified Fit 
model in the Irena software for cocoa butter and a hydrogenated PKO based fat. Also 
shown is the interpretation.  

Sample Structural 

level 3 

Morphology 

of CNPs 

Structural 

level 3 

CNP 

𝑹𝒈𝟏(nm) 

Structural 

level 5 

Mass Fractal 

dimension 

Structural 

level 5 

Aggregate 

𝑹𝒈𝟐(nm) 

Structural level 6 

Fractal dimension 

Cocoa 

butter 

3.7 ± 0.1 

rough surface 

106 ± 58 2.7 ± 0.3 650 ± 80 4.4 ± 0.2 

Diffuse surface 

Hyd. PKO 

based fat 

3.6 ± 0.2 

rough surface 

72 ± 9 2.4 ± 0.2 700 ± 200 4.2 ± 0.1 

Diffuse surface 

 

 

 

Although, it appears that USAXS intensities for milk fat and palm olein (Figure 7.3-A and 

B) are similar, differences are observed in the data-fitting parameters. After errors are 

taken into account, although the CNPs for both materials possess smooth surfaces, the 

𝑅𝑔 values indicate that milk fat has the larger CNPs. No TAGwoods were detected. Both 

materials show that structural level 5 is formed by either DLCA or RLCA. The latter 

yields  a more compact structure than does DLCA.  

The functionality of these systems was studied with a uniaxial two-cycle compression 
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test, which reported the hardness at 50% strain using a speed of 1 mm/s. Results from 

that test showed a hardness of 26 ± 6 N for milk fat and 5 ± 2 N for palm olein. These 

results showed that the two materials might not be suitable for the same functionality. 

Due to the lack of agreement at structural levels 3 and 5 as shown in Table 7.1, it will be 

difficult to replace one fat with the other.  

 

Cocoa butter was compared with a hydrogenated PKO based fat. Cocoa butter was 

analyzed 12 days after crystallizing at 22°C from the melt.  Taking into account the error 

in each of the parameters, the results shown in Table 7.2 suggest that the two materials 

are similar at all structural levels. Level 4 is not mentioned as no TAGwoods were 

detected. The functionality of these two materials was explored by performing the same 

hardness test as for the previous case. The compression tests yielded a hardness of 

109 ± 15 N for cocoa butter and 89 ± 8N for the hydrogenated PKO based fat. A t-test 

showed that the mean values were not significantly different (P<0.05).  

Based on the similarities at all structural levels and the functional analysis, it would 

seem that cocoa butter could potentially be replaced with the hydrogenated PKO based 

fat.  

The two examples presented here provide an insight into the importance of knowing the 

size and morphology of each structure present in the material in order to be able 

replace one fat by another.   

 

7.8 Conclusions 

The combination of USAXS and mathematical modelling  can be used to characterize 

edible fat/oil systems utilizing the concept of structural levels in order to be able to 

effectively replace a fat with an alternative whilst maintain some or all of its functionality. 

Even though USAXS needs to be performed at synchrotron facilities, the power of this 

technique makes such experiments well worth the trip. In few minutes one can have in-

situ information of an edible fat and cover the length scale from a few nanometers to 

several micrometers. 
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Chapter 8: Conclusions and Future Work 

 

8.1 Goals Reached 

The research described in this thesis demonstrates that ultra-small angle x-ray 

scattering (USAXS), can be used successfully to characterize edible fats at length 

scales from hundreds of nanometers to tenths of micrometers. The combination of 

USAXS experimental results with mathematical modelling and their ‘structure function’ 

computer simulation predictions allow us to understand the “nature” of the structures 

formed on length scales from 40 nm to ~2 µm. There are many reports in the literature 

of the existence of crystalline nanoplatelets, CNPs1–4  but none concerning their 

aggregation. This thesis reports on the structures that form via the aggregation of the 

CNPs and subsequent larger-scale aggregation.  

 

The instrument used at the beamline 15ID located in the Advanced Photon (Argonne 

National Laboratory), which allowed us to collect in situ x-ray scattering data for 6 

structural levels per sample, (as defined in chapter 7) in less than 20 minutes. This 

means that in one “snapshot”, the structure of an edible fat ranging from atomic 

distance to few micrometers can be observed. This is a remarkable achievement as the 

same samples can be “observed” without any alteration at all of these structural levels. 

There has been much work concerning Structural Levels 1 and 2 but that was not the 

concern of this work. In this thesis we present results for different systems regarding 

Structural Levels 3 to 6, which correspond to the USAXS region. 

 

We were able to interpret the  scattering patterns with the use of  of models for the 

primary scattering unit and the computer simulation predictions. The X-ray scattering 

data can easily be fitted to different analytical models but without a sound 

understanding of the system, the results cannot be easily explained. Since in the the 

USAXS results is minority phase the one causing the scattering, oOur approach to 

understanding the data was based on the amount of solids present in the samples 

studied: for low concentration, it was the solid phase scattering, while for high 
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concentrations it was the liquid pahse, or the boundaries of the cavity that conatin the 

liquid (nanospaces or nanovoids). Different computer models were put forward 

according to the amount of solids present in the samples. We separated the analysis 

into three cases: (1) low to intermediate concentrations of solids, (below 20%), (2) high 

concentrations (between 50% and 90%) and, (3) neat systems (one pure material). 

 

It was concluded that for low concentrations, the CNPs aggregated into long thin 

cylinders, TAGwoods. Depending on the composition of the edible fat, TAGwoods 

remained un-aggregated or they aggregated into fractal structures with a mass fractal 

dimension 1.8 < Dm <2.1. These values fall into the ranges of diffusion limited cluster-

cluster aggregation (DLCA) and reaction limited cluster-cluster aggregation (RLCA).  In 

some of the systems studied, DLCA was obtained soon after crystallization, giving rise 

to an RLCA structure over time. One advantage of using X-ray scattering is that the q-

region is well known, which means that the length scale, 𝐿, of the material giving rise to 

the scattering can be easily computed via the approximation, 𝐿 ≈ 2𝜋 𝑞⁄ . The CNPs were 

observed in the region ~1 x 10-3 Å-1 <q < 5 x 10-2 Å-1. DLCA, or RLCA structures, 

together with long TAGwoods were observed in the region from 2 x 10-4 Å-1 <q < 3 x 10-

3 Å-1 with the occasional extension to 5 x 10-5 Å-1.  

 

When the systems analyzed contained more than 50% solids, we dealt with nanovoids 

and nanospaces (voids filled with oil), instead of dealing with CNPs. These nanovoids 

and nanospaces were predicted by the computer simulations using models and were 

observed experimentally with USAXS. With no oils present in the crystallized fat, 

nanovoids of ~4000 Å gave rise to the x-ray scattering. In cases where oil was mixed 

with a high percentage of solids, nanospaces were detected. These oil cavities had 

sizes between ~800 and ~16000 Å and possessed rough 2-dimensional walls.  

 

In summary, the work in this thesis has been successful in establishing the foundation 

for how to study edible fat systems using the USAXS technique. 

 

What follows is a summary of the results. Here, the convention given in Appendix 1 on 



155 
 
how to name the Unified Fit Levels is maintained.  The Structural Levels refer to those 

defined in Chapter 7.  

 

8.2 Triacylglycerol Systems With Less than 20% solids 

USAXS data was collected and the data plotted as log I(q) vs log q was fitted using the 

Unified Fit and the Guinier-Porod models. The systems analysed were: (1) 5%, 10%, 

15% and 20% SSS in OOO and 20% PPP in OOO (2) partially hydrogenated canola oil 

in OOO, (3) Shea butter with SSS in high oleic sunflower oil (4) SSS and cotton seed oil 

in OOO. 

CNPs were modeled and the ‘structure function’ computed using computer simulations 

along with those models. This was performed on systems containing not more than 26% 

solids.  

The predictions obtained from the computer simulations were compared to the 

experimental data in order to draw conclusions. Up to four different Structural Levels 

were identified for materials containing less than 30% solids. The findings were as 

follows: 

  

8.2.1 Structural Level 3: This Level covers length scales on the order of 10-700 nm. 

The name ‘Structural Level 3’ was adopted following that Structural Level 1 covers 

atomic length scales and Structural Level 2 covers the molecular packing length scale 

(as presented in chapter 6). 

Two parameters were obtained from Structural Level 3: 

 

8.2.1.1 The morphology of the CNP. This information was obtained from the 

first slope observed in the USAXS intensity for the highest q-region when Level 1 in the 

Unified Fit model was used. It was shown that the scatterers were 2-dimensional 

objects with smooth, rough, or diffuse surfaces. A smooth surface was understood as a 

surface to which nothing was attached, while a diffuse surface could be one to which 

TAG molecules, forming a minor component of the edible fat, attached to a clean 

smooth CNP surface. Those TAG molecules could be present on either all faces of the 
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CNP or only on some of them, such as the (100) or (010). It was concluded that the 

morphology of the CNP depended on the TAGs that made up the edible fat.  

 

8.2.1.1.1 CNP with smooth clean surfaces: this morphology was 

observed for the case in which two TAGs were present and the TAG that was 

solid was insoluble in the other one (solvent):  SSS or PPP in OOO.   

 

8.2.1.1.2 CNP with rough surfaces: this morphology was observed for 

the case of partial hydrogenated canola oil in OOO, believed to be due to the 

minor components present in the system, such as SSP or PPS and for many of 

the commercial fats analysed. 

 

8.2.1.1.3 CNP with smooth surfaces covered with oil:  this was 

observed for two systems: (1) Shea butter, SSS and high oleic sunflower oil, (2) 

SSS, cotton seed oil and OOO. The interpretation was that TAGs with 1 

unsaturated hydrocarbon chain would bind to the CNP surface first, followed by 

TAGs with 2 unsaturated fatty acids, thus resulting in a  “semi-solid TAG” density 

gradient from the solid surface into the solvent (OOO). It was also argued that in 

case (2) the CNP was covered only on the shorter sides. 

 

 8.2.1.2 An Average size for the CNP. This information was obtained from first 

“knee”, or curve observed in the USAXS intensity using Level 1 in the Unified Fit model. 

The numbers are reported in Appendix 3 for each case. 

 

8.2.2 Structural Level 4: covers length scales on the order of ~500nm to 2,000 nm. 

This Structural Level gives the dimension of the cylinders, or TAGwoods, that get 

formed when the CNPs stack on each other via the larger 001 surfaces. This Structural 

Level was identified using the Guinier-Porod model. 

 

8.2.3 Structural Level 5: covers length scales ~1 ‒ 5  µm. As in the case of Structural 

Level 3, two parameters could be obtained from the USAXS results.  



157 
 
 

8.2.3.1 The internal structure of an aggregate. This information was obtained 

from the second slope observed in the USAXS intensity using Level 2 in the Unified Fit 

model, together with the modelling and computer simulation predictions. It was shown 

that the slope in this Structural Level gave information about the mass fractal 

aggregation, and the units aggregating could be CNPs, TAGwoods or both. Values for 

the slopes and the corresponding mass fractal dimensions for the different systems are 

reported in Appendix 3.  It is important to mention that when 20% SSS or 20% PPP in 

OOO was crystallized using a fast cooling rate, a mass fractal value of  𝐷𝑚~1, 

characteristic of long unaggregated cylinders, was observed. However, when the 

systems were cooled slowly, mass fractal values of Dm with 1.8 < 𝐷𝑚 < 2.1, indicating 

the aggregation of TAGwoods via DLCA and RLCA, were observed. 

 

8.2.3.2 An Average size of the aggregate. A radius of gyration was obtained 

from the second knee observed in the USAXS intensity, which represents an average 

aggregate size. Level 2 in the Unified Fit model was used to find those numbers, and 

are reported in Appendix 3 for each case. 

 

8.2.4 Structural Level 6:  This is the last Structural Level presently observable by 

USAXS. It shows aggregates greater than 5 µm. The aggregates observed at this Level 

displayed  a mass fractal value with a fractal dimension ~3, values between 2.1 and 2.4, 

or a diffuse surface fractal with values of the slope smaller than -4.1. 

 

8.3 Binary Triacylglycerol Systems With 50% to 90% Solids 

In mixtures containing 50%, 70%  and 90% solids of  SSS and PPP in OOO, the data  

was analyzed using an alternative to the Unified Fit or Guinier-Porod method, since the 

information obtained from USAXS pertains to the minority phase. Computer simulations 

modeled the solid phase as forming from seeds onto which solids condensed thereby 

giving rise to oil-filled nanospaces. This predicted that a broad peak superimposed upon 

scattering from 2-dimensional structures should be observed.  It was found that the 
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USAXS data could not be analyzed using the Unified Fit model. Instead, the data was 

analyzed under the assumption that a section in the plot of log 𝐼(𝑞) versus log 𝑞  

comprised a broad peak superimposed on a slope arising from a fractal structure. 

Following the convention from Chapter 7, a surface fractal dimension in the range of 3.2 

to 3.9 was observed in a region that covers Structural Levels 3 to 5 combined. A broad 

peak was also found in this region and showed that the oil-cavities displayed 

characteristic length scales between ~800 and ~16000 Å.  

 

8.4 Neat  Triacylglycerol Systems With 100% solids 

The study of SSS and PPP in the absence of oil showed the existence of TAG 

nanovoids. Structural Level 3 showed a surface fractal dimensions of   𝐷𝑠 ≈ 2.1 − 2.2, 

attributed to the walls that makes up the nanovoid. A mass fractal dimension of  𝐷𝑚 ≈ 3  

was obtained for Structural Level 5 and 6 combined, indicating that the rough surfaces 

were uniformly distributed, on average, in the solid. The observations were supported 

by the modelling and computer simulation (chapter 5). 

 

8.5 Commercial Edible Fats 

USAXS experiments on cocoa butter, milk fat, palm olein and a fat based on 

hydrogenated palm kernel oil were carried out.  

 

These systems were analyzed following the description in 8.2. Surface fractal 

dimensions were obtained at Structural Level 3 which either show that the CNP had 

clean smooth surfaces or that the surfaces were rough, probably due to the presence of 

minor components. The values obtained in Structural Level 3 and 5 for milk fat and palm 

olein were similar to the case studied for tristearin (SSS) in triolein (OOO), showing a 

mass fractal dimension ~2.0. On the other hand, the hydrogenated palm kernel based 

fat and the cocoa butter did not show the formation of TAGwoods and Structural Level 5 

showed a mass fractal dimension  𝐷𝑚 = 2.7 and 2.4. Similar values were observed for 

other processed shortenings (Appendix 3). These are interesting results which merit 
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further work in order to understand what is happening to the system.    

 

 

8.6 Suggested Future Work  

Throughout this thesis the CNPs average sizes and morphologies in different systems 

were characterized. The size of the aggregates that the CNPs formed when they 

aggregated as well as the structures that they formed were also characterized. But 

there remains work to be done in order to accurately predict which oils are best suited 

for which applications without compromising the functionality of each edible fat. 

 

For example, to explain the results, we used the concept that CNP can be coated by 

TAGs displaying either one, two or three saturated aliphatic chains. This is likely the 

determining factor when judging the suitable substitution of one oil for another, which 

merits further investigation. The study of systems made with just three or even four 

TAGs, appropriately selected to have certain numbers of saturated aliphatic chains, 

might help clarify if certain TAGs are prone to attach to the CNP surface or not. Such 

experiments will help on two fronts: to determine the morphology of the CNPs and to 

see how well an oil will bind to a certain solid matrix.  

 

Rheology is technique widely used to study fats and oils. Our group has characterized 

different edible fats using a fractal dimension5–10 obtained from small deformation 

rheological measurements and interpreted using the fractal model11–13. Correlating 

those rheological fractal values with the ones observed with USAXS will help clarify the 

length scale at which rheology is acting. It is not clear if the fractal dimension observed 

at Structural Level 5 or Structural Level 6 should be correlated to the observed 

rheological fractal dimensions. One of the present limitations with the USAXS 

instrument is that it cannot reach length scales much bigger than ~10  micrometers 

which jeopardizes accurate measurement for Structural Level 6. Without this 

information, it is difficult to make accurate correlations.   
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We tabulated in Appendix 3 the fractal values for Structural Levels 3 and 5 for some 

commercial shortenings and few commercial fats. A shortening is a mixture of solid and 

liquid TAGs and minor components like an emualsifier (monoacyglycerol or diacylglyerol 

to name a few). Shortenings manufacturers do not disclaim the ingredients or the 

processing conditions used by them. This makes it difficult for us to claim what is the 

cause of the observed values. The fractal dimension reported for those systems  in 

Structural Level 5 are larger than those reported for the model TAG systems. Exploring 

the resaons for the discrepancy will certainly help in understanding  those systems and 

how to manufacture them if one desires to change any of the ingredient. Some 

questions come to mind:  Would the addition of emulsifiers to the simpler cleaner 

systems change the structures in such a way that the results could resemble the 

structure of the shortenings? Or is the fractal value observed in those shortenings the 

result of a combination of processing conditions? The systems studied in this thesis 

involved changes in two processing conditions: cooling rate to a fixed crystallization 

temperature and storage time. We have not explorer other processing conditions 

changes yet. Perhaps the incorporation of shearing, tempering and changes in the final 

crystallization temperature might play an important role that will contribute to significant 

changes in the observed fractal dimension for those commercial shortenings and fats.  

 

For decades, the fat industry has used the polymorphism of fats as an indicator of the 

functionality of the fat manufactured. The quest for the use of healthier fat-replacements 

and their associated problems led us to the investigations presented in this thesis. With 

this new insight into the meso-structural levels we can now ask the questions: How 

does polymorphism relate to the USAXS observations? Is it the polymorphism which 

affects the functionality of the fat or is it one of the meso-structural levels? Answering 

these questions will also lead us to the study of functional aspects for the fat. Is the 

functionality of the fat related to Structural Level 1 (polymorphism) or is it better related 

to Structural Levels 3 or 5 or even higher structural levels? Of course, answering these 

questions is not simple. Experiments, in which the functional characteristics of the  the 

edible fat,, like hardness, and small and large deformation rheology, are observed, can 

be correlated with characterization using X-ray scattering and covering Structural Levels 
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1, 2, 3, 5 and maybe in the future, even higher levels.  

 

USAXS provides interesting and promising results regarding the nature of the structures 

that are present in the nanoscale to mesoscale in edible fats. These findings have great 

potential for use  as an indication of what to look at when trying to replace one fat with 

another. 
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Appendix 1: X-ray Scattering  

 

A1.1 X-rays 

X-rays have been used for decades to elucidate the structure of matter, from the atomic 

length scale to the nano length scale and most recently to the microscopic length scale. 

X-rays are part of the electromagnetic (EM) spectrum of radiation and they can be 

described as either particles (photons) or waves. When studying x-rays scattered by 

matter from a classical point of view, the X-rays are considered as waves. In this case, 

the x-ray scattered intensity is viewed as the square of the amplitude of the scattered 

wave. On the other hand, when dealing with a quantum description, the  X-ray beam is 

considered to be made up of photons, or quanta of energy, such that the beam intensity  

is given by the number of photons passing through a given area per unit time.  

 A photon is a discrete packet of energy having zero mass, zero electric charge and a 

unit spin. In empty space, the photon moves at the speed of light, c. The energy of a 

photon is given by 𝐸 = ℏ𝜔 = ℎ𝜈 = ℎ 𝑐 𝜆⁄  where ℏ = ℎ/(2𝜋) and ℎ  is plank constant, 𝜔 

is the angular frequency, 𝜈 is the frequency of the radiation and 𝜆  is the wavelength. 

The energy ranges from ~102 eV (soft X-rays) to ~105 eV (hard X-rays) where eV = 

electron volts.  For comparison, a photon of visible light possesses a wavelength of ~1 

μm and the energy is ~1 eV.  The wavelengths of X-rays are in the range ~10 nm to 

~0.01 nm.  The frequency of X-rays waves in air, 𝜐 = 𝑐 𝜆⁄ , ranges from ~3 x 1016 Hz to 

~3 x 1019 Hz.   

X-ray scattering experiments are separated into ‘x-ray diffraction’ and ‘small angle x-ray 

scattering’. One of the differences between these two techniques is the scattering angle 

2θ that they survey. Scattering angles  2θ > 10 deg are used in diffraction experiments 

and cover length scales in the material ranging from few angstroms (Å) to about 100 Å, 

a region widely used in crystallography. Diffraction experiments falls into the wide angle 

X-ray scattering region (WAXS). This technique is used to study lattice spacings, or 

atomic distances. Diffraction experiments are important because the x-rays are 

considered to be scattered from a family of atomic planes that are separated by a 

distance d. Using a geometrical explanation and the concept of constructive 
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interference of coherent waves, the Bragg Law1 is derived by taking into account the 

direction in which the X-ray waves propagate before and after the scattering event. The 

relation between the distance between the atomic planes, the wavelength and the 

scattering angle θ is d = nλ (2 sinθ)⁄ 2,3,1. Diffraction experiments are used to 

characterize the polymorphism of lipid crystals.  

Small angle x-ray scattering (SAXS) is a well-established technique. It allows the 

measurement of large structural spacings such as macromolecular assemblies formed 

from polymers, colloids and proteins. This technique makes use of pinhole cameras and 

‘area detectors’ that can be mounted to change the sample-to-detector distance. SAXS 

experiments measure intensities for scattering angles not more than two degrees 

outside the primary beam. The length scales observed using this technique range from 

tens to thousands of angstroms. In the last decade the region that can be covered by 

SAXS has been extended to even smaller angles. Ultra small angle X-ray scattering 

(USAXS) can now be used to investigate length scales of up to ~15µm. The structures 

observed at these larger length scales are fundamentally different from those observed  

at atomic scales. Atomic scale structures are characterized by high degrees of order, 

i.e. crystals, and relatively simple and uniform building blocks, i.e. atoms or molecules. 

On the nano- to micro scale, as seen by USAXS, matter is composed of more complex 

and non-uniform building blocks. Table A1.1 shows the length scale covered by the 

different techniques. 

 

Table A1.1 Length scales that are covered by the different X-ray techniques  
 

Scales inside 

the material 

Length Scale or 

‘d’ spacing [Å] 

q range 

[Å-1] 

Technique for 

observation 

Atomic 1 - 10 6 - 0.6 Diffraction or WAXS 

Molecular 10 -100 0.6 - 0.06 SAXS 

Nano 100 - 5000 0.06 -0.007 SAXS / USAXS 

Micro 1 µm – 20 µm 6x10-4 – 3x10-5 USAXS 
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A1.2 X-ray Scattering 

X-ray scattering is an area of study where theoretical and experimental physics meet in 

an elegant way. It is the domain of quantum mechanics to study a process taking place 

at the atomic or nuclear scale. X-ray scattering involves tracking the evolution of the 

wave function associated with the incident photons under the influence of its interaction 

with the electrons in the sample. The quantum mechanical approach requires finding 

the probability of constructive interference of the waves that are scattered by all of the 

electrons in the sample. 

What follows is a brief description of an X-ray experiment and the basic theory needed 

to understand it. 

 

The experiment consists of directing a collimated X-ray beam into a target or sample 

and observing the out-coming X-ray beam by means of a detector positioned at the 

appropriate angle (Figure 1) so as to reveal the sample length scale of interest. An X-

ray beam is a collection of photons which can be described by the wave vector 𝒌, which 

indicates the direction of propagation and the wavelength of the photons. The wave 

number is given by 𝑘 = |𝒌| =  2𝜋 𝜆⁄ , where the momentum vector 𝒑 is given by 𝒑 =  ℏ𝒌. 

 

Assuming that a photon interacting with the sample has a momentum ℏ𝒌𝒊  and the 

photon leaving the sample has a momentum ℏ𝒌𝒔, then the  scattering vector q is given 

by, 

 

𝒒 = 𝒌𝒔 − 𝒌𝒊                 (1) 

  

The magnitude and direction of the scattering vector (inset in Figure A1.1) accounts for 

the angle dependent phase difference of interfering scattered waves. 
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 Figure A1.1 Basic schematic representation of a scattering experiment  

 

 

Elastic scattering is characterized by zero energy transfer which indicates that the 

magnitude of incident and scattered wave vectors are the same 

 

 |𝒌𝒊| = |𝒌𝒔| = 2𝜋 𝜆⁄                   (2) 

 

The magnitude of the q vector is defined, based on the drawing in Figure A1.1, as 

 

𝑞 = |𝒌𝒔 − 𝒌𝒊| =  
4𝜋 𝑠𝑖𝑛𝜃

𝜆
                  (3) 

 

The modulus of the scattering vector 𝒒 has units of length-1, hence it is said to belong to 

the reciprocal space.  q-1 represents the length scale of interest, 𝐿 in the system under 

study  where 

 

𝐿 =
2 𝜋

𝑞
                  (4) 

 

For example a large value of q-1 like 2 Å-1 indicates atomic distances, while q-1= 4 x 10-5 

Å-1 indicates distances in the order of ~15 µm.  
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A1.3 Differential Scattering Cross Section  

Theoretically, the intensity of X-rays scattered by an electron can be derived from the 

Maxwell’s equations for electromagnetic fields. The number of photons scattered as a 

function of the scattering angle (2θ) is measured in relation to the number of photons 

that struck the sample. The Scattering Cross Section, 𝜎, is the ratio of the scattered 

energy to the incident energy per unit area.  

 

The Differential Scattering Cross Section, 𝑑𝜎
𝑑Ω⁄   is 𝜎 per unit solid angle, Ω and it 

characterizes the interaction between the incident photons and the scattering medium 

within the sample. This quantity can be defined as the ratio of the flux of scattered 

photons per solid angle per unit time (Figure 1) to the flux of photons arriving at the 

sample per unit area per unit time.  

 

𝑑𝜎

𝑑Ω
(

𝑐𝑚2

𝑠𝑟
) =

Js

Ji
=  

detected photons 
unit solid angle second⁄

incident photons
unit area second

⁄
          (5) 

     

From the theoretical point of view, elementary elastic potential scattering theory 4,5,2 

shows that, 

 

𝑑𝜎(𝒌𝒔,𝒌𝒊)

𝑑Ω
~|𝑓(𝒌𝒔, 𝒌𝒊)|2 ~ 𝐼(𝒒)                      (6) 

   

where the incident and scattered wave vectors are 𝒌𝒔  and 𝒌𝒊 respectively with 𝐸 =

ℏ2𝑘𝑖
2 2 𝑚 = ℏ2𝑘𝑠

2 2 𝑚⁄⁄   and m  is the reduced mass of the 2-body scattering system 

(incoming X-ray photon and electron in the target sample). 𝐼(𝒒) is the measured 

intensity in the scattering experiment.  

 

A1.4 Scattering Amplitude 
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The quantity 𝑓(𝒌𝒔, 𝒌𝒊), is the Scattering Amplitude. This quantity describes the 

“scattering efficiency” of a given “scatterer” (whether it is an electron, an atom, a 

molecule or a larger aggregate) in a given direction as shown in equation 6. Only a 

proportionality sign is used for the intensity I(q) because the volume of the sample has 

not been included. 

The scattering amplitude for one “object” as given by the first Born approximation 5  for 

one particular q vector given by 𝒌𝒊 and 𝒌𝒔 is  

 

𝑓(𝒌𝒔, 𝒌𝒊)~∫
𝑉𝑡

𝑉(𝒓′)𝑒𝑖(𝒒⋅𝐫′)𝑑3𝒓′             (7) 

 

The integral is over the volume of space  𝑉𝑡 in which the interaction potential, 𝑉(𝒓’), is 

non-zero. 𝑉(𝒓’) is the interaction potential or Coulumbic interaction between the 

electrons in the target and the incoming photons. Here it is important to keep in mind 

that this is a quantum approach, not a classical one. As such, the evolution of the wave 

function associated with the incident particle under the influence of the interaction 

potential should be followed.  It is not the intent of this appendix to explain this theory, 

but just to state the basics.  𝑒𝑖(𝒒⋅𝐫′) is the phase factor between the two wave vectors 

(𝒌𝒔, 𝒌𝒊). Equation (7) shows that:  

(i) 𝑓(𝒌𝒔, 𝒌𝒊)  depends linearly upon the scattering potential, and 

(ii) the scattering amplitude is the fourier transform of the scattering potential.   

If the interaction is of finite range (which eliminates the Coulomb interaction in free 

space) then 𝑉(𝒓’) = 0  for ar   and the detector is farther from the scatterer than the 

distance a . 𝑉(𝒓’)  is proportional to the density of electrons, 𝜌(𝑟), in the target zone of 

interest, which invariable takes into account the solvent and solute.  

 

A1.5 Contrast 

Since x-rays are scattered by electrons, it is the electron densities within the sample 

that provides “contrast”, in a similar way as one has a contrast with vision. If the 

particles have the same electron density as the solvent, they are ‘invisible’ and give only 
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forward (q = 0) x-ray scattering. That is to say that when one is looking at particles 

“embedded” in a solvent then the contrast length density (∆𝜌 = 𝜌𝑝 − 𝜌𝑠) is the relevant 

parameter that determines the scattering power4. When dealing with diffraction 

experiments, the atoms are embedded in a vacuum so the solvent is taken to have  

𝜌𝑠 = 0 but when dealing with SAXS and USAXS, the contrast between solid and liquid 

governs the scattering experiment. Equation (7) is then written as 

 

𝑓(𝒌𝒔, 𝒌𝒊) = 𝑓(𝒒)~∫
𝑉𝑡

∆𝜌(𝒓′)𝑈(𝒓′)𝑒𝑖(𝒒⋅𝐫′)𝑑3𝒓′            (8) 

 

where 𝑉(𝒓′) = ∆𝜌(𝒓′)𝑈(𝒓′).  

  

A1.6 Form Factor 

Let us assume that the target is only one particular shape or scatterer, then the 

scattering coming from this “form” is made up of the contribution from each electron 

inside this scatterer or “form”. The form factor is the scattering amplitude when the 

integral in Equation (8) is carried out for a well defined shape, or particular “form”.  If 

there are many such (identical) "forms" which have aggregated into some "structure", 

then the scattering intensity, 𝑓(𝒒), can, in most cases, be written as a product of the 

form factor and a term describing the structure of the aggregate known as the scattering 

structure. 

 

For example, the Atomic Form Factor has been computed for different atoms and 

tabulated in tables.  As the word suggests, this Form Factor has to do with each atom 

that is considered. The scattering potential is proportional to the electron density 𝜌(𝒓) 

for the particular atom given by 

 

𝐹(𝒒) = ∭ 𝜌(𝒓)𝑒𝑖(𝒒⋅𝐫′)𝑑3𝒓′              (9) 

 

Tables of atomic form factors as a function of the scattering vector q, the wavelength 



169 
 
and the number of electrons can be found in the literature6,Appendix A. 

 

The Form Factor for the case of a spherical object of radius R,  with a constant 

scattering potential 𝜌0  (constant electron density) is 7 

 

 𝐹(𝒒) =  
4 𝜋𝜌𝑜

(𝑅𝑞)3
[sin(𝑞𝑅) − 𝑞𝑅𝑐𝑜𝑠(𝑞𝑅)]          (10) 

 

A1.7 Scattering Structure 

Using the concept of form factor for a complicated system helps to simplify the 

integration of Equation (8). Let us assume that the volume 𝑉𝑡 is made of similar smaller 

“forms” so 𝑉𝑡 = 𝑁 𝑉𝑡𝑜 where there are N “forms” of volume  𝑉𝑡𝑜. Denoting the center of 

masses of each of these forms relative to an arbitrary origin by Rj , and denoting by r 

the position of each electron inside the “form”, relative to position Rj, then Equation (8) 

can be written as  

 

𝑓(𝒌𝒔, 𝒌𝒊)~∫
𝑉𝑡

∆𝜌(𝒓′)𝑒𝑖(𝒒⋅(𝐑+𝐫))𝑑3𝒓′ = ∑ 𝑒𝑖(𝒒⋅𝑹𝒋)𝑁
𝑗=1 ∫

𝑉𝑡0
∆𝜌(𝒓)𝑒𝑖(𝒒⋅𝐫)𝑑3𝒓       (11) 

 

where the integral over the volume 𝑉𝑡0 of one of the N identical "forms".  The sum over 

the larger structure identified by the position vectors, 𝑅𝑗, identifies the Scattering 

Structure, 𝕤(𝑞), while the integral defines the form factor. 

Since the integral is independent of the summation, Equation (11) can be written as the 

product of the two quantities, scattering structure and form factor 

 

 𝑓(𝒌𝒔, 𝒌𝒊) ~ 𝕤(𝒒)𝐹(𝒒)             (12) 

 

Keeping in mind that the scattering amplitude 𝑓(𝒌𝒔, 𝒌𝒊) is not what is measured in an x-

ray scattering  experiment, but rather the square of it, then to predict experimental 

intensities it is necessary to get an expression for 
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 |𝐹(𝒒) 𝕤(𝒒)|2 =  |𝕤(𝒒)|2|𝐹(𝒒)|2           (13) 

 

If one is interested in the structure which is scattering the x-rays without taking into 

account any form factor, then the focus lies solely on computing  |𝕤(𝒒)|2 .  

 

A1.8 Structure Function  

This expression |𝕤(𝒒)|2 in Equation (13) is called the Structure Function and can be 

written as 

 

𝑆(𝒒) =
1

𝑁
|𝕤(𝒒)|2 =

1

𝑁
|∑ 𝑒(𝑖(𝒒⋅𝐫𝒋))

𝑗 |
2

=
1

𝑁
∑ 𝑒(𝑖(𝒒⋅𝒓𝑗))

𝑗 ∑ 𝑒(−𝑖(𝒒⋅𝒓𝑘))
𝑘      (14) 

 

Where N is the number of scatterers. 

 

 A1.9 Structure Function Used in the Simulations  

For computational methods, the summation in equation 14 is simplified. The square of 

the sums from equation 14 are combined since the elements in each sum are 

independent of each other  

 

𝑆(𝒒) =  
1

𝑁
∑ ∑ 𝑒𝑖(𝒒⋅(𝒓𝑗−𝒓𝑘))

𝑘𝑗              (15) 

Since one needs the average over all orientation for the same fixed-magnitude wave-

vector 𝒒 

𝑞 =  |𝒒|  then it is necessary to do an average  

   

𝑆(𝑞) =  〈𝑆(𝒒)〉|𝒒|=𝑞              (16) 

 

This 𝑆(𝑞) is the form of the structure function used in the simulations included in some 

of the papers in this thesis. 
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A1.10 X-ray Diffraction  

The biggest differences between diffraction and USAXS is the characteristic distances 

between the scattering structures. Thus, for diffraction the characteristic structures are 

hydrocarbon chains and the distances are atomic distances measured in angstroms 

while for USAXS the structures are large aggregates with distances from a few 

nanometers to few micrometers. 

To obtain an expression of the structure function for diffraction, one starts with the 

definition shown in Equation (15) (𝑆(𝒒) =  
1

𝑁
∑ ∑ 𝑒𝑖(𝒒⋅(𝒓𝑗−𝒓𝑘))

𝑘𝑗 ) and defines   

 

 𝒓𝑗 − 𝒓𝑘 = 𝒓𝑗𝑘             (17) 

 

where 𝒓𝑗𝑘 is a vector connecting two atoms in the crystal lattice. This is to say that if the 

vector doesn’t fall into the exact position of an atom in the lattice of the crystal, then 

there is no scattering.  With this requirement, then  

 

𝑆(𝒒) =  
1

𝑁
∑ ∑ 𝑒𝑖(𝒒⋅𝒓𝑗𝑘)

𝑘𝑗               (18) 

 

This sum is non-zero for particular values of 𝒒 =  (2𝜋 𝜆⁄ )𝑠𝑖𝑛 𝜃 = 2𝜋/𝑞  where 𝜃 is half of 

the scattering angle. This gives the Bragg condition for scattering. Diffraction makes use 

of the fact that there is a well define positional relationship. One knows that there is a 

crystal in which the position of the atoms is well defined, so then coherent interference 

can be explained geometrical. The consideration of a periodic molecular unit cell and  

parallel atomic planes helps to make the concept clear.    

For a simple explanation of diffraction with the application of unit cell and crystalline 

lattice considerations, see Idziak, 20128. For a more complete explanation see books 

like Cullity & Stock or Pecharsky & Zavalij 1,3 

 

A1.11 Structure Function over a Fractal  

 

From the definition of a fractal, the total amount of matter, M, as a function of distance 
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from the centre, r, is 

 

𝑀(𝑟) ~ 𝑟𝐷             (19) 

 

where D is the fractal dimension.  

It can be shown that the in a spherical coordinate systems the 3-dimensional 

infinitesimal volume for a fractal structure possessing fractal dimension D is 

𝑟𝐷−1𝑑𝑟 sin 𝜃𝑑𝜃𝑑𝜑  (Pink, private communication ). 

Accordingly, using this expression and computing the structure function as per equation 

(15) one obtains the structure function 10 

 

𝑆(𝑞)~𝑞−𝐷               (20) 

 

This equation says that if the system is fractal, then for some range of 𝑞 one should 

observe a straight line when plotting    log[𝑆(𝑞)]  vs  log[𝑞]  with a slope of – 𝐷  

 

Notice that the inverse is not always true. The observation of a seemingly straight line 

after performing the experiments is no guarantee that the system is fractal 

A1.12 Scattering Limits 

The X-ray scattering is typically studied by fitting the experimental data to two extreme 

cases: either when 𝑞 → 0 or 𝑞 → ∞.  

 

A1.12.1 Guinier Law 

This describes scattering from a system in the limit 𝒒 → 0.  The expression can be 

obtained via a series expansion of the  𝑒𝑖(𝒒⋅𝐫) term in the equation for the scattering 

amplitude 

 

𝑒𝑖(𝒒⋅𝐫) = 1 + 𝑖 (𝒒 ⋅ 𝐫) +
(−𝑖)2

2!
(𝒒 ⋅ 𝐫)𝟐 + ⋯           (21) 
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When replaced in equation (11) this gives 

 

𝐹(𝒒) = ∭ ∆𝜌 𝑑3𝒓′ + 𝑖 ∭ ∆𝜌 (𝒒 ⋅ 𝐫)𝑑3𝒓′ −
1

2
∭ ∆𝜌 (𝒒 ⋅ 𝐫)𝟐𝑑3𝒓 + ⋯       (22) 

 

The first term is simply the integral over the volume while the second integral gives zero 

because it integrates over an odd function.  Hence, 

 

𝐹(𝒒) = ∆𝜌 𝑉 −
1

2!
∭ ∆𝜌(𝒓)(𝒒 ⋅ 𝐫)𝟐𝑑3𝒓           (23) 

 

(𝒒 ⋅ 𝐫)𝟐 =  (𝑞𝑥 𝑥 + 𝑞𝑦 𝑦 + 𝑞𝑧 𝑧)
2

= (𝑞𝑥 𝑥)2 + (𝑞𝑦 𝑦)
2

+ (𝑞𝑧 𝑧)2 + 2𝑞𝑥 𝑥𝑞𝑦 𝑦 + 2𝑞𝑦 𝑦𝑞𝑧 𝑧 +

2𝑞𝑧 𝑧𝑞𝑥 𝑥      (24) 

And using 

 

∫
𝑉𝑡

∆𝜌 𝑎𝑏 𝑑3𝒓 = 𝑎𝑏∆𝜌𝑉              (25) 

 

Then  

𝐹(𝒒) = ∆𝜌 𝑉 −
∆𝜌 𝑉

2!
 [(𝑞𝑥 𝑥)2 + (𝑞𝑦 𝑦)

2
+ (𝑞𝑧 𝑧)2 + 2𝑞𝑥 𝑥𝑞𝑦 𝑦 + 2𝑞𝑦 𝑦𝑞𝑧 𝑧 + 2𝑞𝑧 𝑧𝑞𝑥 𝑥]    (26) 

 

It is common to assume that the particles are isotropic spheres and that we can replace 

x2, y2 and z2  by their average values which leads to 

 

 𝑎𝑣𝑒𝑟𝑎𝑔𝑒  (𝑥)2 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒  (𝑦)2 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 (𝑧)2 =  
𝑅𝑔

2

3
         (27) 

 

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑥𝑦 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑦𝑧 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑧𝑥 = 0           (28) 

 

(due to the equal numbers of negative and positives values)     

    

When the system does not consists of spheres, then  𝑎𝑣𝑒𝑟𝑎𝑔𝑒  (𝑥)2 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒  (𝑦)2 ≠

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 (𝑧)2 is used 11.   
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Using equations (26), (27) and (28) the form factor, to the first order in q2, can be written 

as  

 

 [𝐹(𝒒)]2 = (∆𝜌 𝑉 −
∆𝜌 𝑉

2

𝑞2𝑅𝑔
2

3
)

2

=  (∆𝜌 𝑉 )2 (1 −
𝑞2𝑅𝑔

2

6
)

2

=  (∆𝜌 𝑉 )2 (1 −
𝑞2𝑅𝑔

2

3
)  ∝ 𝑒

‒𝑞2𝑅𝑔
2

3   (29) 

 

The proportionality is achieved by using the inverse of expression (21) and this 

constitute Gunier’s law. 

It is common to write the intensity due solely to the Guinier-law 12 as  

 

𝐼(𝑞) = 𝐺𝑒
−(𝑞𝑅𝑔)

2

3               (30) 

 

Where 𝑅𝑔 is the radius of gyration. 

The approximation in equation (30) is valid only for 𝑞 ≪  1
𝑅𝑔

⁄  (which is the leading term 

in q
2

) and is widely used in small angle scattering for determining 𝑅𝑔 
from the ln I(q) vs 

q
2 

plot.  

 

A1.12.2 Radius of Gyration 

 
𝑅𝑔

2 =
∫𝑉𝑟

𝜌(𝑟)𝑟2𝑑𝑟

∫𝑉𝑟
𝜌(𝑟)𝑑𝑟

             (31) 

 

This is the quadratic mean of distances to the center of mass weighted by the electron 

density. 𝑅𝑔 can be viewed as an index of non-sphericity. For example, the radius of a 

sphere is given by 

 

𝑅 = √
5

3
𝑅𝑔               (32) 
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A1.12.3 Porod Region 

Porod’s law is considered when 𝑞 → ∞ or when 𝑞 ≫ 1
𝑅𝑔

⁄  .This is the case when the 

scattering probes the “interface” between the solid particle and the medium. 

The ideal two phase system with sharp boundaries was first studied by Porod13. The 

limiting behaviour for large q values predicts a decrease in intensity that is proportional 

to the inverse of a power of q raised to a certain power.  

For the case of homogeneous particles with an average surface area given by S and for 

a system with a well defined interface, the intensity is given by 4,14 

 

𝐼(𝑞) = 2𝜋 𝑁 ∆𝜌2𝑆𝑞−4            (33) 

 

Through the years, Porod's law has been adapted based on experimental observations.  

It is now accepted that the exponent of q can have values other than -4 to allow for the 

fact that the surface S may be a function of q. This indicates that the scattering intensity 

can be written more generally as 

𝐼(𝑞) ∝ 𝑞−𝑃              (34) 

Table A1.2 summarizes the possible values of 𝑃 15 and the interpretation that has been 

given to the exponents in relation to the fractal dimensions 16–18 . 

 

Table A1.2  P values and its fractal interpretation 15,18 

P Value Surface fractal 

𝑷 = 𝟒 Sharp interface  smooth surface 

𝐷𝑠 = 2 

𝟑 ≤ |𝑷| < 𝟒 𝐷𝑠 = 6 − |𝑃| 

2 ≤ 𝐷𝑠 < 3 

𝟏 ≤ |𝑷| < 𝟑 𝐷𝑠 = 𝑝 

1 ≤ 𝐷𝑠 < 3 

|𝑷| > 𝟒 surfaces of the aggregating particles are 

diffuse 
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A1.13 Porod and Guinier  Used in Multiple Levels 

It has been shown that the Guinier and Porod approaches can be used for analyzing 

data as linear combinations of multiple levels19–22. This is the approach followed in this 

thesis and an example is shown in Figure 5. Three levels are displayed. Each level 

contains either a Porod (shown with the red slope) and/or a Guinier region (shown with 

the blue arc). 

 

Figure A1.2 USAXS data showing three Levels from the Unified Fit model.   
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Appendix 2: USAXS Protocol and Methodology 

 

A2.1 Synchrotron Facility 

The National Laboratories are institutions open to researchers (user) free of charge. 

Different facilities provide different equipment and experts. Users have many options as 

to where to go based on what they want to study. At Argonne National Laboratory, one 

has the option to choose between ~45 different beam lines and multiple 

instruments/techniques.  The decision as which beam line to propose experiment to is 

made usually after discussion with APS staff. Proposals are reviewed and graded by 

independent review committee and if accepted, the user is given a maximum amount of 

shifts (one shift= 8 hours) to be spent at the facility during the validity of the proposal 

(usually 2 years). The facility has dedicated scientists in charge of each of the beam 

line.  Arrangements are made between the user and the beam line scientist for 

necessary equipment. APS provides many tools and materials but some experiments 

require that the user brings their own equipment. Since the synchrotron is running 6 

days per week, 24 hours per day, the user might get shifts at night or on weekends. 

Having more than one person to run the experiments is necessary, with 4 being ideal. 

Careful planning and prioritization of the samples will make the time at APS less 

stressful. APS has excellent guidelines on how the process of application for beam time 

takes place. 

 

A2.2 Sample Preparation 

All samples for this thesis were prepared in the laboratory at the University of Guelph 

and transported to the APS facility for USAXS analysis using a commercial carrier as 

the samples needed to cross the border. 

Samples were deposited into a cavity of a silicon isolator (Grace-Bio-Labs, Bend, 

Oregon, USA) 1 mm thick and either 9 mm or 13 mm or 20 mm in diameter to which two 

25 μm thick microscope glass cover slip are attached at the bottom and on the top 

(Figure A2.1) 
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Figure A2.1  Silicon insulatorsome used as samples holders showing some fat inside 

and with microscope slide already attached.  

 

 

Two kinds of samples were studied that required different preparation. The first ones 

were commercial samples that were deposited in the cavity of the isolator using a 

spatula and gently pressing them down. The second kind of samples studied were the 

model TAGs, that require mixing of particular amounts of each of the TAGs that made 

the particular mixture. Samples were prepared inside a beaker at the desired w/w ratio 

using an analytical balance.  The beakers were brought to a temperature of 80°C in an 

oven for 15 minutes to erase any crystal memory. The material was manually stirred 

and quickly poured into the cavity of the silicon isolator to which 125 μm thick 

microscope glass cover slip was attached at the bottom. The isolator with the bottom 

glass where deposited inside the oven for some minutes before the material was poured 

inside it. The isolators come in different sizes, which allow the user to choose the right 

size of the cavity based on the desire experiment to be performed at APS. For example 

room temperature measurements can be done more efficiently with the smaller size 

cavity in the isolators, 9 mm,  (not shown in Figure A.1) as more of them can be fitted in 

the instrument sample holder, while if the Linkam heating/cooling stage is used, then a 

bigger isolator is preferable. Once the samples were inside the cavity, the materials was 

allowed to crystallize at room temperature,~ 20 °C (between 1 and 2 minutes after 
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pouring the material) and the isolator was closed with another cover slip. The arbitrary 

temperature of 20 °C was chosen in line with industrial crystallization practices.  

The storage temperature was between 20°C and 25°C. The analysis of the samples at 

APS was carried out at room temperature which was about 22°C. Some samples were 

analyzed inside a Linkam THMS 600 heating/cooling stage. The Linkam stage allows 

the analysis of only one sample at a time but it has the advantage that the cooling rate 

can be controled. Some of the cooling rates used were 1 deg/min, 30 and 50 deg/min. 

 

A2.3 USAXS Equipment 

The experiments were carried out at ChemMatCARS beamline 15D at the Advanced 

Photon Source (APS), Argonne National Laboratory. The USAXS experiments are 

performed using a Bonse-Hart instrument, or camera 1. This USAXS camera 2,3 was 

developed over the last 25 years with the latest version implemented in 2012, the fifth 

generation 1, which allows the use of X-ray energies up to 25 keV. This reduced the 

instrument resolution to ~ 0.00002 A-1 which allowes one to probe microstructure sizes 

from a few nm to 10-20 μm.  The angular range of the instrument can be extended by 

use of short, 500mm long, pinhole SAXS camera (“pinSAXS”) and 200mm long wide 

angle scattering camera (“WAXS”). PinSAXS extends the small sizes range to about 5A 

with WAXS camera extending it to below 1A. Combined this instrument provides access 

to over 5 decades in sizes of scattering features.  

For the edible fat experiments, the 1D-collimated USAXS mode was used 4 and is 

shown schematically in Figure A2.2. This instrument uses two sets of crystals pairs; the 

collimating pair is located on the beam path before the sample, while the analyzer pair 

is located after the sample before the photodiode detector (Figure A2.2). Bonse-Hart 

instrument has a wavelength distribution of less than 10-4 (Jan Ilavsky, personal 

communication). The minimum value of q that can be reached is fixed by the angular 

acceptance of the crystals pair, and not by the geometric conditions as the beam stop 

size in 2D cameras. Instead of few radians, one can then measure a signal at few 

micro-radians from the center of the beam: the very high selectivity of the analyser 

crystal and detector with dynamic intensity range of more than 8 decades allows to 
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measure the scattered intensity through the direct beam. For details of the operation of 

the instrument, see references mentioned above. 

 

 

 

 

 

Figure A2.2  Schematic of the USAXS 1-D collimation beamline 15 ID at the Advanced 

Photon Source adapted from Ilavsky et al. 3   

  

The length scale, 𝐿,  of the material probed by a given value of q can be computed from 

𝐿 = 2𝜋/𝑞 . 

The first pair of crystals is used to collimate the beam through the multiple (2,4,6) 

reflections. The analysing pair is used to select out a single angular band of the 

scattered radiation. By rotating the analyser crystals using small steps, the scattered 

intensity at various angles can be measured with an extremely high angular precision or 

resolution. Two modes of operation are now available at APS: fly scan and step scan. In 

this thesis, the step scan was used. In this mode, the analyzer and the detector are 

moved together for a certain angle, and wait for short time (~0.1 sec) to stabilize 

the system. The count takes place for a length of time of  0.5 sec for low-q 

points, 1 sec for mid-q points and 2 sec for high-q points.  
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The 1-D geometry arrangement 4 introduces smearing along the horizontal axis, which 

means that the data requires a numerical desmearing procedure 5 to recover the 

differential scattering cross section or scattering intensity I(q). This enabled a q-

resolution that is very high in the vertical direction but poor in the horizontal one. The 

Bonse-Hart system permits the collection of a sufficient number of data points in only a 

few minutes to cover the range 100 nm < L < 10-30 µm.  

 

A2.4 Data Collection and Software for Data Reduction 

The instrument control and data acquisition at APS are performed using the Spec 

software (http://www.certif.com) for diffraction experiments. The prepared sample 

isolator holders were mounted either on a perforated aluminum plate or on a plastic one 

provided by beamline 15ID that permitted either 20 or almost 80 samples to be mounted 

together (Figure A.3). 

 

   

 

 

Figure A2.3 Sample holders already mounted on two different “mounting plates” used  

at beamline 15D at APS.   

http://www.certif.com/
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A real-time X-ray transmission radiography camera was used to visually select the best 

location through which the X-ray beam should go. The selected area covered the X-ray 

beam size of up to 1 mm high x 2 mm wide with the positions selected to be free of 

uneven surfaces, defects or air pockets. These positions were programmed into the 

software to automatically and sequentially position the sample holder in order to do all 

the mounted samples without the need to go inside the hutch to change samples. 

If USAXS experiments are combined with pinSAXS and WAXS, then each detector is 

moved in front of the X-ray beam one after another in the sequence: USAXS, pinSAXS, 

and WAXS. 

 

The reduction of data obtained on the USAXS instrument at 15ID beamline needs a 

number of steps. Indra is a data reduction code package developed at APS6,7 and is 

composed of number of interconnected macros for Igor Pro 6.0 from Wavemetrics  

Inc.  It reduces, corrects for multiple scattering and obtains the absolute intensity 4 in a 

semi-automatic away. Another Igor-Pro code, Nika is used to process SAXS and WAXS 

data.  

The raw scattering intensity 𝑅(𝑞) in photons s-1 measured in the detector, subtending a 

solid angle Ω at the sample is proportional to the absolute intensity, expressed as 

differential cross-section per unit sample volume per unit solid angle  

𝑅(𝑞) = I𝑜(q) Ω 𝑡 𝑇𝑠

𝑑Σ

𝑑Ω
(𝑞) 

Where I𝑜 is the incident flux in photons s-1 area-1 iluminating a unit area of the the 

sample of uniform thickness t and transmission 𝑇𝑠 . 𝑑Σ 𝑑Ω(𝑞)⁄  is the differential 

scattering cross section per unit volume per unit solid angle. The scattering is assumed 

to be coherent and it is also asummed that there is either a single scattering event or 

none occurs.  

 

Details about the absolute intensity  can be found in 4,2,1,3. All the information needed for 

the data reduction is captured at the time of the data adquisition so the user is only 

concern in selecting  the right empty-beam curve for the corresponding set of data to 

http://www.wavemetrics.com/
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analyze. The measurements are carried out in a sequence such that an associated 

empty-beam measurement is made either immediately preceding or immediately 

following a scattering measurement. This empty-beam measurement is needed to 

remove the instrumentation signal from the sample.  The data reduction removes the 

instrumental scattering (including the windows used in the sample holder) and gets the 

scattering intensity in an absolute scale. The data is corrected by the software and 

provided to the user on an absolute scale suitable for modelling of microstructures 

In this work, the name intensity and the nomenclature 𝐼(𝑞) are used to symbolize 

absolute intensity or scattering cross section. 

The practically on how to use the software to “reduce the data” is shown in a video 

made by Dr. Ilavsky 

http://usaxs.xray.aps.anl.gov/staff/ilavsky/IndraHelpMovies/USAX_Data_reduction.mp4 

 

A2.5 Models Used for Data Fitting  

Throughout this thesis, two analytical models are used to fit  the data:  the Unified Fit 

model8,9 and the Guinier-Porod model 10. Both models employ a non-linear regression 

analysis to find the best parameters. The analysis proceeds by identifying a number of 

“levels” that appear at different regions of q. This is where the challenge is: How many 

levels are present? What are the physical interpretations of those levels? The papers 

presented in this thesis deal with different cases for edible fats and offer an explanation 

to the results based on modelling and computer simulations predictions. 

In general, it can be said that the Unified Fit model was used with a maximum of 3 

levels. Each level provided up to two kinds of information when looking at a log-log 

graph: a straight line and a curved area. The information obtained from the straight line 

informs on the structure of the scatterers, while the curvature is concerned with the size 

of the scatterers.  

The Guinier-Porod model was used to analyze the shape of the scatterers. For a 

description of the models, see both Chapter 2 and Appendix 1. 

 

http://usaxs.xray.aps.anl.gov/staff/ilavsky/IndraHelpMovies/USAX_Data_reduction.mp4
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A2.6 Fitting the Data for Samples With Low Concentration of Solids 

The Irena, Igor Pro-based software 11, was used to carry out the fittings. This software 

includes the Unified Fit and Guinier-Porod models. Irena comes with a manual that 

describes in detail how to use each model. What follows are the steps that I performed 

when using these two models. 

1- Decide on the number of levels. The data most often displays sections of straight 

lines indicating how many levels are present.  Otherwise it is necessary to start 

the fitting and add or subtract levels as the fit either converges or not.  

2- Select the initial q-values for each section, starting with the slope for level 1, 

followed by the corresponding knee, and then the slope for level 2 and so on. 

There are up to four parameters to be fitted per section and the option to to have 

limits on those parameters.  

3- Decide if the back ground must be fitted or maintained constant at one of the 

highest values of q. The background affects the high q values. 

4- Check the box for the cut off for Rg in level 2 and level 3 since it is assumed that 

the edible fat systems are hierarchical in nature.  

5- Allow the fit to proceed 

The software uses a non-linear analysis to find the parameters that best fit the model, 

for either the Unified Fit or Guinier-Porod model. 

Even when the software shows convergence, one is not sure if this is the best result. Dr. 

Ilavsky had advised to use the feature in Irena software that analyses the uncertainty for 

each parameter. One can then select “Anal. Uncertainty” to find a better value for the 

parameter. It is my experience that the parameter’s ‘stability’ is not always achieved. 

Each level requires a maximum of 4 parameters to be fitted and the selection of the 

initial q-points is crucial. Often it is not clear which points belong to one level or the next 

one.  

 

I developed the following criteria to analyze the data: 

1- Find results for which the result converges 

2- Look at the error values reported 
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a. If the errors are bigger than the value, then this solution is wrong.  

i. Repeat the fitting by changing slightly the initial q-points selected 

ii. Or repeat the fitting by fixing one parameter.  After this fitting, repeat it 

again but this time leave the parameter free. More than once this trick 

helped to reduce the errors associated with the parameters. 

b. If the error bars are acceptable, then keep results. Create a table with the 

values for each parameter of interest together with the errors. 

3- Repeat the fitting 2 to 5 more times, depending on how different the parameters 

come to be each time. 

4- We adopted the criteria to record the value of the parameter and the error and 

chose the parameter that gives the smallest error. We looked at two parameters of 

interest: Rg and P so this criteria might not apply when someone wants to learn 

about a greater number of parameters. 

5- In some cases, we also generated an average and standard deviation for each 

parameter from the table. 

 

When in doubt about the number of levels I chose two cases and if there was 

convergence, then I generated the ASCII file for each case.  Next I used an F test to 

figure out which of the two fitted set represented the data more accurately.  

The F-test was performed as follows: 

Let’s assume that data fitted #1 is the more complicated case- the one with more 

parameters to fit (less degrees of freedom)--and data fitted #2 is the simpler case.  

SS = is the sum of  the residual squared 

DF = degree of freedom (data points – number of parameters) 

There is a SS1 and DF1 for “data fitted #1” and SS2 and DF2 for “data fitted #2” and 

based on 12 

F=

(𝑆𝑆1 − 𝑆𝑆2)
(𝐷𝐹1 − 𝐷𝐹2)⁄

𝑆𝑆2
𝐷𝐹2⁄

 

If F ~ 1, then the simpler model is correct, the fitted #2. 

If F > 1, then there could be two solutions: (1) the fitted model #1 is correct or (2) If the 
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P value is low, then fit #2 is better than #1. 

 

NOTE: the small-angle analysis is model-based.  The physical meaning of the models is 

critically important for a good analysis since it is possible to get a great fit on the data 

with a model which yields no physical meaning. Therefore, even after one gets the 

reassurance that one fit represents the data better than another one, if the parameters 

don’t have a physical meaning, then the fit may still be wrong. Either other experiments 

are necessary to corroborate the claims from the fits or modelling and computer 

simulation predictions are necessary to properly understand the story that the USAXS 

patterns convey.   

.    

A2.7 Fitting the Data for Samples With High Concentration of Solids  

Chapter 3 deals with the case when high concentrations of solids are used. These 

cases were associated with a broad peak “sitting” on a straight line (when the data was 

plotted as log I(q) vs log (q)). Graph Pad Prism © V5.0 was used to do a linear 

regression among those points. To do that, the following steps were followed 
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Figure A2.4 An example showing log I(q)-log (q) for a pattern for 50% PPP in OOO and 
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the background obtained in order to isolate the “broad peak”. 

1- Enough points were selected before (zone A) and after the broad peak (zone  B) 

as shown in Figure A2.4.   

2- A linear regression was performed using GraphPad to obtain the parameters m 

and b and to construct a linear background. The linear regression was accepted 

only when r2 was =1 or 0.999. Otherwise, it was taken as an indication that the 

points selected were not correct and new points were selected.   

3- The background was subtracted from each data point using Excel by computing  

the difference log I(q) – log Ynew (q) between zone A and B and where 

 Ynew = l(q) . m + b . 

4- The peak was then plotted (Figure A2.5). 
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Figure A2.5 Data points shown in Figure A2.4 between points A and B with the straight 

line removed. The maximum of this peak is reported as the size of the cavities causing 

the scattering. For this example, the maximum was obtained at around  log q = -2.7  q 

=0.0019 Å-1  

 

5- GraphPad Prism was used to fit a Gaussian through the data points to obtain the 

log (q) position associated with the maximum.  

6- The q value was used to obtain the associated length scale as 𝐿 =  (2𝜋) 𝑞⁄  
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Appendix 3: Nanostructure Characteristics of Selected TAGs and Fats 

 

Table A3.1 Length scales and the corresponding structural unit. 
 

Scales in 

the material 

Length Scale or ‘d’ 

spacing 

Structural unit 

Atomic 1 - 10 Å Subcell 

Molecular 10 -100 Å Lamellae 

Nano 10 - 1000 nm CNPs and TAGwoods 

or nanovoids 

and nanospaces 

Micro 1 – 20 µm Aggregation of CNPs/TAGwoods 

and nanospaces 

Macro Bigger than 

20 µm 

Distribution of aggregates 

 

 

 

Figure A3.1 Structural levels indicated on a sample made with 10%SSS in OOO. P and 

Rg values are obtained from the Unified Fit models. The slopes associated with each P-

value are negative. For fittings and discussion purposes, P is presented as a positive 

number. For a more detail explanation refer to chapter 7. 
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Table A3.2 Explanation of the values of P for each structural level as shown in Figure A3.1. The s value comes from the 
fitting using the Guinier-Porod model and is associated with structural level 4. 
 

 Low Concentrations of Solids High Concentration of 

Solids 

 

P1 

4 
CNP with smooth 

clean surfaces 

< 4 

CNP with Rough 

surface 

> 4 

CNP coated on 

sides by oils 

< 4 

CNP with Rough 

surface 

3< P1 < 4 

Rough walls of nanovoids or 

nanospaces 

 

P2 

1.7 to 1.9: DLCA;  
2.0-2.1: 
RLCA;  

both aggregation of 
TAGwoods 

1 
Presence of 
TAGwoods 

~1.5 

Imperfect 

TAGwoods 

 

 

~1.2 

TAGwoods that are 

coated on the sides 

or in between 

CNPs too 

 

2 < P2< 3 

 

=3 

Uniformly distribution of 

nanovoids or nanospaces 

 

s 

1 
TAGwoods 

 

1.5 

Mixtures of rods 

and platelets 

1.0 to  1.2 

TAGwoods 

1.5 to 2.5 

 

- 

 

P3 

Slow cooling 
3 

Mass Uniformly 
distributed in space 

Fast cooling 
=3.8 

4.1 
Diffuse interface 

4.1 
Diffuse interface 

4.1 to 4.3 
Diffuse interface 

- 
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Table A3.3 USAXS results for neat and binary TAGs systems prepared under different cooling rates or under different 
storage conditions 
 

Material Cooling 

rate 

Storage P1 P2 P3 D1 

Surf 

D2 

Mass 

D3 ( Surf 

or Mass) 

Rg1 (Å) Rg2 S SFC 

10%SSS/ 
OOO5 

5 °/min 12 d  
22°C 

4 
(fixed) 

2.02 ± 
0.01 

2.8 
± 

0.3 

2 2.0 ~3 1466 11600 1 10* 

10%SSS 
/OOO5 

 

5 °/min 2 Years 
5°C 

4 
(fixed) 

2.03 ± 
0.05 

N/A 2 2.0 N/A 1619 - - 10* 

5%SSS/ 
OOO2 

5 °/min 22 d  
22°C 

4 
(fixed) 

2.1 
1.9 

~3 2 2.1 
1.9 

3 1660 
551 

5050 
12485 

1 5* 

10%SSS/ 
OOO2 

5 °/min 22 d  
22°C 

4 
(fixed) 

2.0 ~3 2 2.0 3 636 
864 

3635 
5206 

1.1 10* 

15%SSS/ 
OOO2 

5 °/min 22 d  
22°C 

4 
(fixed) 

1.9 
1.8 

~3 2 1.9 
1.8 

3 514 
418 

2418 
4628 

1.2 15* 

20%SSS/ 
OOO2 

5 °/min 22 d  
22°C 

4 
(fixed) 

2.0 
1.9 

~3 2 2.0 
1.9 

3 435 
431 

3166 
3806 

1.3 20* 

20%SSS/ 
OOO2 

0.5 
°/min 

0 min 4 
(fixed) 

1.9 3.8 2 1.9 2.2 1700 5200 1.2 20* 

20%SSS/ 
OOO2 

30 °/min 0 min 4 
(fixed) 

1.2 3.8 2 1.2 2.2 241 1807 1 20* 

20%PPP/ 
OOO1 

0.5 
°/min 

0 min 4 2.1 3.3 2 2.1 2.7 430 - 1.8 20* 

20%PPP/ 
OOO1 

30 °/min 0 min 4 1.0 3.8 2 1.0 2.2 240 - 1.1 20* 

50%, 70%, 
90% SSS in 

OOO3 

5 °/min 22 d 
22°C 

3.2 to 
3.9 

- - 2.1 to 
2.8 

- - 900150
00 

NANOSPACE 

- - 50*, 
70*, 
90* 



193 
 

50%, 70%, 
90% SSS in 

OOO3 

5 °/min 22 d  
22°C 

3.2 to 
3.7 

- - 2.3 to 
2.8 

- - 800150
00 

NANOSPACE 

- - 50*, 
70*, 
90* 

100% SSS4 5 °/min 22 d  
22°C 

3.9 3.07±0.
05 

- 2.1 ~3 - 3252±19
6 

NANOVOID 

- - 100* 

100% PPP4 5 °/min 22 d 
22°C 

3.8 3.1±0.1 - 2.2 ~3 - 4372±28
3 

NANOVOID 

- - 100* 

Superscript numbers 2,3,4 etc referred to the chapter in the thesis. * indicates weight of solid material at time of 
preparation. Errors quoted as ± indicate a STD from multiple fittings. All other reported values were selected as the value 
with the smallest error given by the software at the time of the fitting. The errors for P1, P2, P3 were less than 2.5%. Errors 
for the Rg1 and Rg2 were less than 10%. s value error was less than 3% based on STD of multiple fittings. Repetitions are 
reported as two numbers separated by ‘;’. 
Abbreviation d= days, Y= years, min=minutes, h= hours 
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Table A3.4 USAXS results for complex mixtures of TAGs as specified by the name prepared under different cooling rates 
or under different storage conditions  

Material Cooling 

rate 

Storage P1 P2 P3 D1 

Surf 

D2 

Mass 

D3 (Surf 

or Mass) 

Rg1 (Å) Rg2(Å) s SFC 

20%PHCO/ 
OOO5 

5 °/min 48 h 
22°C 

4.0 ± 
0.2 

1.5 ± 
0.1 

4.1 ± 
0.1 

<4 
Based on 

P2 & s 

1.5 4.1 455±60 5500± 
400 

1.5 18** 

20%SSS, 8% 
or 16%Shea,  

HOSO5 

5 °/min 48 h 
22°C 

4.0 ± 
0.3 

1.1 ± 
0.2 

4.1 ± 
0.1 

~2 
Based on 

P2 &s 

1.1 4.1 350 ± 
100 

2200±3
00 

1.2 22** 

20%SSS, 8% 
or16%Shea,  

HOSO5 

5 °/min 8 
months 

5°C 

4.0 ± 
0.3 

1.2 ± 
0.2 

4.0 ± 
0.1 

~2 
Based on 

P2 & s 

1.2 2? 280 ± 
50 

6000±5
00 

1 22** 

5%SSS, 19% 
or 57% 

Cotton Seed 
Oil,  OOO5 

5 °/min 48 h 
22°C 

4.3 ± 
0.3 

1.0 ± 
0.3 

4.0; 
4.2 

> 4 
Based on 

P2 &s 

1.0 4.0; 
4.2 

375 5450± 
1100 

1.0 
0.9 

5** 

15%SSS, 
17% or 51% 
Cotton Seed 
Oil,  OOO5 

5 °/min 48hs 
22°C 

4.3± 
0.3; 
4.2 

1.0± 
0.3; 
1.1± 
0.1 

4.0; > 4 
Based on 

P2 &s 

1.0 4.0 460 ± 
56 

700 1; 
0.7 

15** 

15%SSS, 
17% or 51% 
Cotton Seed 
Oil,  OOO5 

5 °/min 8 
months 

5°C 

4.1± 
0.3; 
4.2 

1.0; 
1.1 

4.0± 
0.3; 
4.3± 
0.3 

> 4 
Based on 

P2 &s 

1.0 4.0 720 ± 
150 

6600 ± 
1300 

1; 
1 

15** 

Superscript numbers 2,3,4 etc referred to the chapter in the thesis. ** indicates percentage of solids computed from 
composition and weights measured at time of preparation. Errors quoted as ± indicate a STD from multiple fittings. All 
other reported values were selected as the value with the smallest error given by the software at the time of the fitting. 
The errors for P1, P2, P3 were less than 2.5%. Errors for the Rg1 and Rg2 were less than 10%. s value error was less than 
3% based on STD of multiple fittings. Repetitions are reported as two numbers separated by ‘;’. 
Abbreviation d= days, Y= years, min=minutes, h= hours 
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Table A3.5 USAXS results for commercially available fats and shortening store for different times  

Material Cooling 
rate 

Storage P1 P2 P3 D1 

Surf 
D2 

Mass 
D3 (Surf 

or Mass) 
Rg1 (Å) Rg2(Å) s SFC 

Milk fat6 not 
known 

6 
months 

5°C 

3.94 ± 
0.11 

 

1.8 ± 
0.2 

- ~2 1.8  1420 ± 
70 

- >2 11***(23°C) 

Palm olein 6 

 
not 

known 
12 

months 
5°C 

4.01 ± 
0.2 

 

2.16 
± 0.2 

- ~2 2.1  1180  ± 
210 

- >2 9***(23°C) 

Cocoa butter6 not 
known 

12 
months 

5°C 

3.7 ± 
0.1 

2.7 ± 
0.3 

4.4 ± 
0.2 

2.3 2.7 >4  1060 ± 
580 

6500 ± 
800 

>2 56***(23°C) 

Hydrogenated 
PKO based 

fat6 

not 
 known 

27 
months 

5°C 

3.6 ± 
0.2 

 

2.4 ± 
0.2 

4.2 ± 
0.1 

 

2.4 2.4 >4 720 ± 
90 

7000 ± 
2000 

1.5 52***(23°C) 

Palm oil 
based fat 

 

not 
 known 

15 
months 

5°C 

3.6 1.5 - 2.4 1.5  1531 6783 1.5 11*** (22°C) 

Palm oil 
based fat 

 

not 
 known 

27 
months 

5°C 

3.8 ± 
0.2 

 

2.7; 
2.3 

- 2.2 2.7; 
2.3 

 1327 ± 
200 

- 
18345 

2.4  

Palm Stearin I 
based fat 

 

not 
 known 

15 
months 

5°C 

4.0 1.9 - 2 1.9  1059 14238 - 27*** (22°C) 

Palm Stearin I 
based fat 

 

not 
 known 

27 
months 

5°C 

3.9; 
3.8 

1.9; 
2.0 

- 2.1 1.9, 
2.0 

 1100 - 2.0  

Palm Stearin 
II based fat 

 

not 
 known 

27 
months 

5°C 

3.5 2.2; 
2.3 

- 2.5 2.2; 
2.3 

 4500 - 2.1  

Interesterified not 15 3.8 2.6; - 2.2 2.6;  800 7000 1.8 28*** (22°C) 
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Palm based 
fat 

known months 
5°C 

2.7 2.7 

Interesterified 
Palm based 

fat 

not 
 known 

27 
months 

5°C 

3.8 2.4 - 2.2 2.4  1000 - 2.2  

Palm and 
PKO based 

fat 

not 
 known 

15 
months 

5°C 

3.8 2.5 - 2.2 2.5  554 8522 - 23*** (22°C) 

Palm and 
PKO based 

fat 

not 
 known 

27 
months 

5°C 

3.6; 
3.8 

2.2 ; 
2.4 

- 2.4 2.2 ; 
2.4 

 851; 
623 

- 2.5  

Palm Olein 
based fat 

not 
 known 

15 
months 

5°C 

4.3; 
4.6 

1.9; 
2.0 

- <4 1.9; 
2.0 

 1432; 
1304 

3000; 
- 

1.5 11*** (22°C) 

Palm Olein 
based fat 

not 
 known 

27 
months 

5°C 

3.9 2.1; 
2.2 

- 2.1 2.1; 
2.2 

 12443; 
1280 

- 2.1  

Hydrogenated 
Palm oil 

based fat 

not 
 known 

15 
months 

5°C 

4.0 1.4 - 2 1.4  1137 2747 1.5 24*** (22°C) 

Hydrogenated 
Palm oil 

based fat 

not 
 known 

27 
months 

5°C 

4.0 2.2 - 2 2.2  834 14293 2.1  

Superscript numbers 2,3,4 etc referred to the chapter in the thesis. *** indicates percentage of solids measured using 
NMR (errors of 1% from 3 reps). Errors quoted as ± indicate a STD from multiple fittings. All other reported values were 
selected as the value with the smallest error given by the software at the time of the fitting. The errors for P1, P2, P3 were 
less than 2.5%. Errors for the Rg1 and Rg2 were less than 10%. s value error was less than 3% based on STD of multiple 
fittings. Repetitions are reported as two numbers separated by ‘;’. 
Abbreviation d= days, Y= years, min=minutes, h= hours 
 



197 
 

Appendix 4: Edible Oil Structures at Low and Intermediate Concentrations:  I.  
Modeling, Computer Simulation and Predictions for X-ray Scattering 
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A4.1 Abstract 

Triacylglycerols (TAGs) are biologically important molecules which form the recently-

discovered highly-anisotropic crystalline nanoplatelets (CNPs) and, ultimately, the large-

scale fat crystal networks in edible oils.  Identifying the hierarchies of these networks 

and how they spontaneously self-assemble is important to understanding their 

functionality and oil binding capacity.  We have modelled CNPs and studied how they 

aggregate under the assumption that all CNPs  are present before aggregation begins 

and that their solubility in the liquid oil is very low.  We represented CNPs as rigid planar 

arrays of spheres with diameter ≈ 50 nm and defined the interaction between spheres in 

terms of a Hamaker coefficient, 𝐴, and a binding energy,VB.  We studied three cases: 

Weak binding, |VB|/kBT << 1, physically-realistic binding, VB = Vd(R,Δ) , so that |VB|/kBT 

≈ 1, and Strong binding  with |VB|/kBT >> 1.  We divided the concentration of CNPs, 𝜙, 

with 0 ≤ 𝜙 = 10-2(Solid Fat Content) ≤ 1, into two regions: Low and Intermediate 

concentrations with 0 <  𝜙 <  0.25 and High concentrations with 0.25 <  𝜙 and 

considered only the first case.  We employed Monte Carlo computer simulation to model 

CNP aggregation and analyzed them using static structure functions,  qS .  We found 

that Strong binding cases formed aggregates with fractal dimension, 𝐷, 1.7 ≤  𝐷 ≤  1.8, 

in accord with diffusion limited cluster-cluster aggregation (DLCA) and Weak binding 

formed aggregates with 𝐷 =  3 indicating a random distribution of CNPs.  We found that 
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models with physically-realistic Intermediate binding energies formed linear multilayer 

stacks of CNPs (TAGwoods) with fractal dimension 𝐷 =  1 for 𝜙 = 0.06, 0.13 and 0.22.  

TAGwood lengths were greater at lower 𝜙 than at higher 𝜙, where some of the 

aggregates appeared as thick CNPs.  We increased the spatial scale and modelled the 

TAGwoods as rigid linear arrays of spheres of diameter ≈ 500 nm, interacting  via the 

attractive van der Waals interaction.   We found that TAGwoods aggregated via DLCA 

into clusters with fractal dimension 𝐷 =  1.7 − 1.8.  As the simulations were run further, 

TAGwoods relaxed their positions in order to maximize the attractive interaction making 

the process look like RLCA with the fractal dimension increasing to 𝐷 =  2.0 − 2.1.  For  

higher concentrations of CNPs, many TAGwood clusters were formed and, because of 

their weak interactions, were distributed randomly with 𝐷 =  3.0.  We summarize the 

hierarchy of structures and make predictions for X-ray scattering. 

 

A4.2  Introduction 

Triacylglycerols (TAGs) are biologically important molecules.  As food, TAGs have the 

highest caloric density (9kcal/g), provide efficient thermal insulation, and are the main 

structuring material in foods such as chocolate, butter and cream. A high fat content in 

many foods is associated with succulence and quality, such as marbling in beef and 

creaminess in ice cream.  However, this engrained love for TAGs is also responsible for 

several pathologies of the modern age - obesity, type-II diabetes hyperlipidemia, 

metabolic syndrome. TAGs are efficiently stored in adipose tissue and several maladies 

are associated with TAG accumulation in the body, such as fatty liver disease, where 

livers can accumulate up to 10% TAGs (w/w). Storing excessive amounts of visceral fat 

and epicardial fat is not recommended.  On the other hand, subcutaneous fat allows 

bears and other mammals to survive cold winters, providing much needed 

insulation.  Thus, the study of TAGs is important from biological, physiological and 

industrial perspectives.  

When cooled below their melting temperature, TAGs will crystallize.  Crystallized TAGs 

are polycrystalline materials and their polymorphism and crystal habit (defined as the 

mesoscale appearance/morphology) are key factors associated with functionality.  
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Examples include the importance of proper tempering of cocoa butter, the main 

structuring material in chocolate.  Small, needle-like crystals with melting points around 

31-34°C are necessary in order to make a high quality chocolate.  Crystallization of 

biodiesel (oils or their fatty acid methyl esters) in fuel lines is one of the main factors 

preventing their use in temperate regions of the world. 

TAG "crystals" display a rich and complex morphology, and it was not until 2010 that the 

nature of a TAG single crystal was established1.  At the basis of the complex 

supramolecular structural hierarchy in TAG crystal networks we find a 

nanoplatelet.  Nanoplatelet dimensions and shapes are system-dependent.  Because of 

this, it is plausible that they are the basis for the variety of system-dependent micro- and 

milli-scale morphologies observed such as needles, spherulites, flocs and spheres2.  

The understanding of how these structures spontaneously self-assemble is of 

fundamental importance for TAG applications and essential in determining the ability of 

edible fat products to bind liquid oils.  It is thus important to address the question of 

what are the key factors that determine "oil binding capacity" for the answer to this will 

open the door to understanding what determines "functionality" of edible oils. In these 

systems of solid fats particles in oil, it is likely that the hierarchies of fat crystal networks 

are ultimately responsible for their macroscopic properties such as oil binding capacity 

and viscoelasticity. 

Oils and solid fats are composed of a variety of TAG molecules.  Accordingly, the 

possibility that separation of their components into many coexisting phases – possibly 

micro- and even nano-phases, depending upon the environment and involving 

interfaces of different characteristics and complexities, cannot be ignored. Indeed it is 

possible that it is exactly phenomena such as this which determines functionality3, 4, 5, 6, 

7. It is plausible that the CNPs1, 8, 9, 10, 11  represent fundamental components of fat 

crystal networks at room temperatures. These are highly anisotropic crystalline 

structures, with dimensions ~102 − 103 nm along two, approximately perpendicular 

axes and are ~20 − 80 nm thick. The question of what structures arise from the 

interaction of CNPs with each other and with the oils in which they are embedded, and, 

more generally, the self-assembly of structures, from the nano- to the sub-milli-scale,  is 

essentially unresolved.  From observations using cryo-transmission electron microscopy 
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(cryo-TEM) to investigate the nanoscale10 , and polarized light microscopy12 to study 

structures from the microscale up to the sub-millimeter scale, there is a range of 

structures with length scales that vary over orders of magnitude and this paper will 

model the process which gives rise to some of them.   

 Fat crystal networks have been characterized in terms of the solid fat content (SFC), 𝜙, 

with 0 ≤ 𝜙 ≤ 1.    Using polymer theory13 to understand the results of rheological 

measurements on fat crystal networks14, two regions were identified: the strong-link (low 

solid fat concentrations) and the weak-link (high solid fat concentrations) regimes.  In 

this paper, we distinguish between low to intermediate SFC and high SFC. To identify 

these regions we appealed to percolation theory. The off-lattice percolation limit, 𝜙𝑐, for 

hard spheres in 3-dimensions is 𝜙𝑐 = 0.29015. For 𝜙 > 𝜙𝑐, the mechanical properties of 

the system are different from those when 𝜙 < 𝜙𝑐. If instead of spheres we use randomly 

oriented hard cubes, which might better reflect aggregation of anisotropic objects, the 

percolation limit is even smaller: 𝜙𝑐 = 0.21716, 17. We shall use a concentration of 

𝜙 = 0.25  as the value of the SFC separating high SFC from intermediate and low SFC.  

Vreeker and co-workers18 used light scattering  to study tristearin aggregates in olive oil, 

which is predominantly composed of triolein, and deduced that, when the temperature 

was lowered so that the tristearin crystallized, the solids formed fractal structures with 

dimension D = 1.7. With time the fractal dimension increased to D = 2.0 which they 

attributed to sample aging. The value of D = 1.7 is characteristic of diffusion limited 

cluster-cluster aggregation (DLCA). They did not, however identify the objects that were 

aggregating, nor did they report on how large were the aggregating objects. Vreeker 

and co-workers also carried out an analysis of the data of Pappenhuijzen19 who 

measured the mechanical storage modulus, G   as a function of the solid fat content, .  

They reported that Pappenhuijzen's data was in accord with a fractal dimension, D = 

2.0.  It should be noted that, in common with other measurements of 𝐺′, the data of 

Pappenhuijzen range over less than a decade of 𝜙. 

The first attempt to make models of the rheological process relating stress and strain in 

edible oils was by van den Tempel20 but it was not until the work of the Marangoni 

group21, 22, 23, 24, 25, 26, 27, 28 that the fractal structure of aggregation was substantially 
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modelled and related to rheological properties. They studied samples at high SFC 

values (> 70% by weight) and reported values ranging from 𝐷 = 2.00 to 𝐷 = 2.90.   
In this paper, we develop a theory for the aggregation of aliphatic nanoplatelets in 

organic media and demonstrate using Monte Carlo simulations how different 

morphologies/crystal habits can be achieved depending on the strength of interaction 

between them and the mass fraction of crystalline material present.  We shall begin with 

individual CNPs and investigate what aggregation structures could arise as they interact 

with each other. In this we shall use the fact that the interactions between CNPs are 

predominantly van der Waals.  We shall then model these larger structures, and 

investigate how they, in turn, aggregate into yet larger structures, and examine their 

characteristics.  It must be made clear that we are modelling CNPs that have very low 

solubilities at the temperature of the liquid oils in which they are immersed. This 

restriction is reflected in the fact that we assume all CNPs have been formed before 

aggregation begins and that the CNPs are unchanging structures. 

We shall model interacting CNPs using coarse grained models29, 30  In addition to light 

scattering, x-ray scattering can obtain information on the size and 3-dimensional 

aggregation characteristics of interacting structures31.  In order to help understand and 

guide scattering experiments geared towards structural characterization31, 32of these 

systems, we shall compute static structure functions, 𝑆(𝑞), as functions of wave vector 

magnitude q for the different morphologies that emerge from our simulations,  and 

predict the results of small and ultra-small angle X-ray scattering (SAXS and USAXS).   

 

A4.3  Theory and Modelling 

 

A4.3.1  Modelling Rigid Anisotropic Structures 

It is plausible that CNP aggregation and larger structures deriving therefrom are driven 

by the van der Waals dispersion interaction33, 34 and here we consider structurally-

anisotropic rigid objects which interact via this force. Because of the spatial scale of 

hundreds of nanometers, we used a 3-dimensional continuum solid shape as a 
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"fundamental unit" to represent many crystalline-phase TAG molecules, and 

represented the flat nanocrystals by a close-packed rigid lattice of these solid 

"fundamental unit" structures.   

Bearing in mind the symmetries of TAG polymorphism, the "fundamental unit" could be, 

for example, rhombohedral or orthorhombic structures, each representing a volume of 

TAG molecules in their extended chain states and packing densities characteristic of a 

crystalline phase.  Each CNP would then be composed of a close packed array of such 

structures. However, to our knowledge, no analytical expression exists for the attractive 

dispersion interaction between rhombohedral or orthorhombic structures for arbitrary 

relative orientations and a given centre-of-mass (COM) separation. However, the 

attractive part of the dispersion interaction between spheres has been established33, 34 

and, accordingly, we represented each CNP as a close-packed structure of spheres.  

Each sphere, possessed radius R , and Figure A4.1A shows representations of a CNP.    

After we had completed this work we found that such a model was used by Glotzer and 

co-workers35 and Shim and McDaniel36. We have extended our approach to larger 

scales and shall represent all objects as close packed aggregates of spheres, another 

example of which is shown in Figure A4.1B. 

We calculated the total van der Waals interaction between two objects of arbitrary 

shape and arbitrary orientation as the sum of the interactions between all pairs of 

spheres making them up. Figure A4.1C shows the form of the interaction between a pair 

of spheres, each of radius R while Figure A4.1D shows one of the pairwise interactions 

between spheres belonging to different objects. 
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Figure A4.1  A: Model of a crystalline nanoplatelet (CNP).  They are defined by the set 

of  integers {𝑚, 𝑛, ℓ} specifying the number of spheres in each row (m) and column (n) of 

a lateral plane and the number of  planes (ℓ ).  Here m = 10 and n = 6.  B: Model of a 

structure with cylindrical symmetry, for which m=n = 1 and ℓ = 6.  C: The van der Waals 

potential , 𝑉𝑑(𝑅, 𝑟), between two spheres belonging to different model CNPs.  The 

spheres are a centre-to-centre distance, r , apart and  R2 where R is the radius 

of the spheres and   is a small distance.  When  Rr 2  the spheres become bound 

with an energy 0BV  with two examples shown.  We define the "physically-realistic" 

value of 𝑉𝐵 to be 𝑉𝐵 = 𝑉𝑑(𝑅, ∆).  D: Illustration of the interaction between CNPs.  The 

total interaction between the two CNPs shown is the sum of all pairwise interactions, 

𝑉𝑑(𝑅, 𝑟). 

 

A4.3.2  Interaction Energy between Spheres 

We write the interaction between two identical homogeneous spheres, each of radius R
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, a centre-to-centre distance, r , apart as 

 

   rRVrV d ,   r               (1) 

  BVrV     r               (2) 

 

where  R2  and 𝑉𝐵 < 0.  The distance δ is the separation between two spheres 

when they are "in contact" with each other. The interaction free energy,  rRVd , ,  is 

given by Parsegian 33, 34 (Table S.3, p155) as 
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where A is the Hamaker coefficient. We observe that "binding" takes place, by 

definition, when two surfaces are sufficiently close.  

 

Here 𝐴 ≈ 10−20 J since the two spheres are immersed in triolein oil. In air or vacuum, 

𝐴 ≈ 5 × 10−20 J37.   The parameter 𝛿 2⁄  is the width of a boundary layer at the surface of 

a sphere and represents the minimum in the van der Waals potential (3) and a short-

range repulsive potential.  We shall be studying the structures which arise using Monte 

Carlo simulation38, 39. There are three relevant cases defined by the absolute 

temperature, 𝑇, and the number of Monte Carlo steps, M, and the ratio |𝑉𝐵| 𝑘𝐵𝑇⁄  where 

Bk  represents Boltzmann’s constant. (a) Weak interaction, |𝑉𝐵| 𝑘𝐵𝑇⁄ ≪ 1 so that 

aggregation energies are dominated by thermal effects and aggregates are easily 

broken up. (b) The "physically-realistic" interaction with the value of 𝑉𝐵 ≡ 𝑉𝑑(𝑅, ∆) having 

a value determined by the Hamaker coefficient appropriate to CNP-CNP interactions. 

This results in |𝑉𝐵| 𝑘𝐵𝑇⁄ ≈ 1. This case allows aggregation structures to relax in order to 

minimize the free energy and, as we shall see, can result in structures characteristic of 

reaction limited cluster-cluster aggregation40, 41. In this case M must be sufficiently large 

that relaxation of aggregates leading to structural change can take place. (c) The Strong 
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interaction case, |𝑉𝐵| 𝑘𝐵𝑇⁄ ≫ 1, which is an approximation to the infinitely-strong 

interaction for which |𝑉𝐵| 𝑘𝐵𝑇⁄ → ∞. This case corresponds to diffusion limited cluster-

cluster aggregation42, 43 because the aggregate will be trapped in the configuration of 

"first contact" between the aggregating objects. The fractal dimensions associated with 

each of the resulting structures are (a) ~3.0, (b) ~2.0-2.1 and (c) ~1.7-1.8 respectively in 

3 dimensions43, 44, 45.   

 

 

A4.3.3  Computer Simulation 

We used an LLL   simulation box with periodic boundary conditions to model 

aggregation of CNPs and larger structures. One Monte Carlo Step (MCS) involves 

attempting translation and rotation of CNPs or other structures derived from them, and 

translating and rotating clusters.  We allowed translation and rotation with respect to 

their centres of mass, and let the system come to thermal equilibrium or a steady state, 

which could be a metastable state that does not change during further simulation.  We 

permitted movement of all clusters with the translational step size as well as the angle 

of rotation around a randomly-chosen axis through the centre of mass, to be 

proportional to 𝑀𝐶𝐿
−1 2⁄

 where 𝑀𝐶𝐿 is the mass of the cluster and was taken to be 

proportional to the number of spheres in that cluster.  We made no attempt to model the 

hydrodynamic forces between a cluster and the surrounding liquid oil, which would enter 

depending upon the shape of the cluster.    The parameter   which specifies the width 

of the potential minimum, was initially chosen to be either 𝛿 = 0.05 or 𝛿 = 0.2 and we 

found no dependence of results upon our choice.  In subsequent simulations we 

chose 𝛿 = 0.1.   

 

 

A4.3.4  X-ray scattering, Static Structure Function  and Fractal dimensions 

The X-ray scattering intensity of a system as a function of scattering vector, �⃗�, 𝐼(�⃗�), is 

proportional to the Fourier transform of the electron autocorrelation function. 

 A powder pattern, obtained when scattering arises from crystals which are randomly 
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oriented with respect to the X-ray beam, can be reproduced by considering a crystal to 

be fixed and averaging over random orientations of the scattering vector, �⃗�, 

 

𝐼(𝑞) = 〈𝐼(�⃗�)〉|�⃗⃗�|=𝑞                                                                                           (4) 

 

This can be written as 𝐼(𝑞) ∼ 𝐹(𝑞)𝑆(𝑞)where 𝐹(𝑞) is the form factor and 𝑆(𝑞) is the 

structure function.  Since we represented solid fat structures as rigid aggregates of 

spheres, we defined the latter as, 

 

𝑆(�⃗�) =
1

𝑁
|∑ 𝑓(𝑟𝑗)𝑗 𝑒𝑥𝑝(𝑖�⃗� ∙ 𝑟�⃗⃗⃗�)|

2
                                                                         (5) 

 

𝑆(𝑞) = 〈𝑆(�⃗�)〉|�⃗⃗�|=𝑞                           (6) 

 

where 𝑟�⃗⃗⃗� is a vector to the centre of the sphere labeled 𝑗, (1 ≤ 𝑗 ≤ 𝑁), 𝑓(𝑟�⃗⃗⃗�) is some 

function associated with that sphere and 𝑁 is the total number of spheres.  Here we 

shall use 𝑓(𝑟�⃗⃗⃗�) = 1 for all spheres.  If the system possesses a fractal structure over a 

sufficient range of 𝑞, then it has been found that 𝑆(𝑄) ~ 𝑞−𝐷 31, 43  where D is the fractal 

dimension of that structure. 

 

A4.4  Results 

 

A4.4.1  Aggregation of CNPs 

We chose the radius of the spheres making up the CNPs to be 5.0R  in arbitrary units.  

For simplicity we chose CNPs to be of size 1mm   with 𝑚 = 10 and a total of 

8000N , 16000 or 24000 spheres which yielded 80, 160 or 240 CNPs.  We used 

spaces of dimensions 50 × 50 × 50 with periodic boundary conditions.  For the weak 

interaction case (a), we chose the Hamaker coefficient 𝐴 = 0 and found, as expected, 

that the distribution of CNPs possessed a fractal dimension of 3.  We did not consider 
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this case further.  For cases (b) ("realistic" intermediate interaction strength) and (c) 

(strong interaction), we chose values for the Hamaker coefficient (equations (4) and 

(5)): 𝐴 = 0.75 and 𝐴 = 750, both in units of 10−20 J.  The first choice, the intermediate 

interaction case which we refer to as the  "realistic" case, is in accord with what one 

knows about the Hamaker coefficient34, 37, 46, while the second was chosen to be much 

stronger in order to check that our simulations of the strong binding cases are correct.  

For both these cases we chose 𝑉𝐵 =  𝑉𝑑(𝑅, ∆),   For the strong interaction case we also 

considered cases in which the Hamaker coefficient was "realistic" but the value of 𝑉𝐵 

was effectively −∞.  The total number of spheres, 𝑁, corresponded to CNP solid fat 

content (mass concentrations) of 𝜙 = 0.06, 𝜙 = 0.13 and 𝜙 = 0.22 respectively.  Figure 

A4.2A shows typical steady state configurations for the "realistic" interaction case 

(Figure A4.2A) and the structure function (Figure A4.2B), while Figure A4.2C shows 

final configurations for the strong interaction case (Figure A4.2C) and the associated 

structure functions (Figure A4.2D).   

  

 

Figure A4.2  CNP size  11010   with the radius of the spheres, 5.0R  in spaces with 

dimensions (50)3 and periodic boundary conditions.  A and B: CNP aggregation for the 

"realistic" intermediate interaction case using a value for the Hamaker coefficient 

characteristic of the interaction between solid TAGs.  The solid fat content (mass 
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concentrations = 0.01 mass %) were 𝜙 = 0.06, 𝜙 = 0.13 and 𝜙 = 0.22.  A: 

representative configurations of CNPs with Hamaker coefficient 0.75 × 10−20 J.  B: 

Corresponding structure functions for mass concentrations 𝜙 = 0.06 (a, black), 𝜙 = 

0.13 (b, pale grey) and 𝜙 = 0.22 (c, dark grey).  C and D: CNP aggregation for the 

strong interaction case with the Hamaker coefficient 1000 times larger than in A and 

with the same mass concentrations.  C: sample final configurations.  D: Structure 

functions for mass concentrations 𝜙 = 0.06 (a, black), 𝜙 = 0.13 (b, pale grey) and 𝜙 = 

0.22 (c, dark grey).  Solid black lines show slopes.  B: ‒1.0 and ‒3.0.  D:  ‒1.7 and ‒1.8. 

 

 

Three things can be seen. (i) in the "realistic" (intermediate) interaction case, the CNPs 

form "TAGwoods", multi-layer triacylglycerol (TAG) CNP sandwiches (Figure A4.2A) 

analogous to Dagwood multilayer sandwiches. These, in turn, form structures uniformly 

filling the simulation space.  The existence of TAGwoods is shown in Figure A4.2B 

where a slope of approximately –1 appears when log[q] 5.0  and the larger-scale 

space-filling distribution is shown by the slope of –3 for –0.6 < log[q] < 0.3.  (ii) the 

strong binding case exhibits a fractal dimension of 75.1D  for –0.6 < log[q] < 0.6, 

characteristic of diffusion limited cluster-cluster aggregation (DLCA)40, 42.  (iii) these 

observations are essentially independent of the CNP concentration as shown by the 

similarity of the   qSlog  curves for different concentrations.  Finally, if our CNP of 10 

units on a side corresponds to a length of 𝑙 = 5 × 102 nm1 then this means that, in 

Figure A4.2, log[q] = 1.0 corresponds to 𝑞 = 2𝜋 𝑙 = 1.26 × 10−2⁄   nm‒1. 

We also considered the case in which the CNP sizes followed a Gaussian distribution, 

 1mm , with average, 10 m , and variance, 52  .  We found the same results 

as described above. 

 

A4.4.2  TAGwood aggregation 

The discovery that the model CNPs would aggregate, in the realistic intermediate 

interaction case, into multi-layer sandwiches or TAGwoods led us to model the 

aggregation of the TAGwoods themselves.  We did not model the strong interaction 
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case with TAGwoods: we carried out this case for CNPs and for spheres, and found that 

fractals with dimension 𝐷 ≈ 1.7 − 1.8 were formed, in accord with DLCA.  We expect the 

same result for TAGwoods since the result should be independent of the shape of the 

aggregating objects47.  Accordingly we considered only the intermediate interaction 

case with a physically-realistic value of the Hamaker coefficient, and we assumed that 

the CNPs are rapidly formed and aggregate to form TAGwoods on a much faster 

timescale than the diffusion timescale of the TAGwoods.  Accordingly, we assumed 

that, at the beginning of the simulation, all TAGwoods had already been formed and we 

permitted them to diffuse and aggregate. 

We considered 4 mass concentrations, i.e. solid fat content 𝜙, of TAGwoods: 𝜙 = 0.13 

and 𝜙 = 0.06, 𝜙 =  0.001 (sparse) and 𝜙 = 0.0005 (super-sparse).  The last two were 

carried out in order to obtain results in a reasonable length of time for the largest 

systems.  We averaged over 8 or 27 replicas of some of the systems in order to obtain 

good averaging of the data. 

In order to reduce the number of interactions, we represented the TAGwoods by rigid 

columns (1 × 1 × ℓ) of spheres of radius 0.5 units, as shown in Figures A4.1B and A4.3.  

In Figure A4.3A we see the TAGwood of Figure A4.2A (0.06), composed of ~40 CNPs, 

and represented by 4 rigidly-attached spheres (Figure A4.3B).  The diameter of  these 

spheres reflect the  lateral dimensions of the anisotropic CNPs and could be ~500 

nm1,48.  Again the sphere-sphere interaction has the same analytical form as that of 

equation (3).  An example is shown in Figure A4.3C of a TAGwood of base width ~500 

nm and, accordingly, length ~3 μm.  We modelled TAGwoods of length ℓ = 2, ℓ = 5, ℓ = 

10 and ℓ = 20. 
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Figure A4.3  A: Side view of the TAGwood taken from Figure A4.2A (0.06).  B: A 

TAGwood represented by a 1 × 1 × 4 rigid structure (compare Figure A4.1B).  C: A 1 × 

1 × 6 structure.   

 

 

We carried out MC simulations of these TAGwoods in cubic 𝐿 × 𝐿 × 𝐿 spaces with 

𝐿 = 100, 200 and 300 units and periodic boundary conditions.  We followed the 

aggregation processes as functions of MC step and identified two regimes: an initial 

aggregation regime and a long-time aggregation regime. 

 

 

Figure A4.4  A and B.  Initial TAGwood aggregation process shown by 𝑙𝑜𝑔[𝑆(𝑞)] vs 

𝑙𝑜𝑔[𝑞].  A: 𝜙 = 0.0005 (SFC = 0.05%) for ℓ = 2 in (100)3 space averaged over 27 replica 

simulations.  Initial distribution (a), intermediate distribution (b, 600 MC steps), all 80 

TAGwoods in one cluster (c, 6.6 × 104 MC steps).  B: 𝜙 = 0.001 (SFC = 0.1%) of ℓ = 5 

in a (300)3 space from 1 simulation.  Initial distribution (a), all 1728 TAGwoods in one 
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cluster (b, 1.116 × 106 MC steps).  Structure functions for the intermediate cases are 

shown as thin solid lines.  C: Longer-time TAGwood aggregation shown by 𝑙𝑜𝑔[𝑆(𝑞)] vs 

𝑙𝑜𝑔[𝑞] when the attractive interaction energy is made weaker.  Simulations were carried 

out in a (100)3 space for TAGwood concentrations of 𝜙 = 0.001 (SFC = 0.1%) .  a: ℓ = 2.  

b: ℓ = 5.   

 

Figure A4.4A and B show results for 𝑆(𝑞) for low concentrations of TAGwoods with 

𝜙 = 0.0005 (SFC = 0.05%) for ℓ = 2, and 𝜙 = 0.001 (SFC = 0.1%) for ℓ = 5 in spaces 

with 𝐿 = 100 and 𝐿 = 300 respectively and periodic boundary conditions.  It is clear that, 

initially (curves a), 𝑙𝑜𝑔[𝑆(𝑞)]  exhibits a linear segment around 𝑙𝑜𝑔[𝑞] = 0 with a slope of 

approximately −1.0.  It is this region that shows 1-dimensional TAGwood existence.  

That this region of 𝑞 is smaller for ℓ = 2 than ℓ = 5 reflects the different lengths of the 

TAGwoods. It can be seen that, as the simulation proceeds, 𝑙𝑜𝑔[𝑆(𝑞)] rises until there is 

a region possessing a slope of approximately −1.7.  This was interpreted as indicating 

that the TAGwoods had aggregated into fractal structures with 𝐷 ≈ 1.7 characteristic of 

DLCA.  We realized, however, that this was unlikely to be the final structure of the 

aggregation. We expected that, because the interaction between spheres is in the 

intermediate interaction (physically realistic) regime and therefore finite, further 

aggregation via reaction limited cluster-cluster aggregation (RCLA) could take place.  

Unfortunately, the magnitude of the physical interaction is such that it would be very 

time-consuming to attempt to simulate further relaxation. Because of the procedures for 

sampling states, our system would experience the problem of simulating polymers in 

which the polymer can find itself trapped in a conformation from which it has an exit via 

a rare event. This dilemma had been resolved by the invention of the bond-stretching 

method49 to enable polymers to sample conformations enabling them to avoid becoming 

locked in.  Here, we did not want to employ a strategy that altered TAGwood lengths, or 

a process by which they were semi-flexible. Instead, we monitored when all the 

TAGwoods had aggregated into one cluster and the system had come to a steady state 

with aggregates exhibiting a fractal dimension of 𝐷 = 1.7 − 1.8.  We then reduced the 

strength of the attractive van der Waals energy thus effectively increasing the probability 

that unlikely configurations would be accessed, and continued the simulation.  
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Simulations were carried out in (100)3 space for TAGwood concentrations of 𝜙 = 0.001 

(SFC = 0.1%) for TAGwood lengths ℓ = 2 and ℓ = 5, and the results are shown in Figure 

A4.4C.  There we see that the initial TAGwood aggregation, such as those shown in 

Figure A4.4A and B, would relax further if the system could explore phase space by 

having the simulation run for many more MC steps.  The resulting relaxation changes 

the process of DLCA  to RLCA  which should exhibit a fractal dimension of 𝐷 = 2.0 −

2.1.  Figure A4.4C shows that TAGwoods for which ℓ = 2 (a) exhibits a slope of −2.0 

while that with ℓ = 5 exhibits a slope of −1.8 for the same number of MC steps.  This is 

not surprising: the longer the TAGwoods, the more one would expect that they would 

have to move in order to relax.   

We also ran simulations for 𝜙 = 0.03 (SFC = 3%), and 𝜙 = 0.06 (SFC = 6%) for ℓ = 2 

and ℓ = 5, and found similar results: an initial uniform distribution of TAGwoods 

interacting via an attractive van der Waals interaction, forms a cluster following DLCA 

thereby yielding a fractal dimension of 𝐷 = 1.7 − 1.8, and eventually, relaxes to an 

RLCA structure with a fractal dimension of 𝐷 = 2.0 − 2.1. 

 

A4.5  Discussion 

Figure A4.5 shows a summary of our results together with predictions of what one 

should observe using SAXS and USAXS.  The results of the previous sections show 

that (i) highly anisotropic CNPs aggregate into TAGwoods - multilayer sandwiches 

which can involve possibly tens of layers of CNPs at low concentrations.  These linear 

structures (Figure A4.2A) possess a fractal dimension 𝐷 = 1.0 but likely exhibited over a 

relatively small range of 𝑞  compared to the larger aggregation structures.  (ii) On a 

short time scale (Figure A4.5A, curve b), the majority of the TAGwoods, each exhibiting 

a slope of −1.0, will be randomly distributed in space and, for low q-values, USAXS 

should report a fractal dimension 𝐷 = 3.0.  (iii) As time increases the TAGwoods should 

aggregate into large structures via diffusion limited cluster-cluster aggregation (DLCA) 

and exhibit a fractal dimension of 𝐷 = 1.7 − 1.8 (Figure A4.5A, curve a).  (iv) These 

structures can relax with rates depending upon the aspect ratio of the TAGwoods giving 
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rise to aggregates characteristic of reaction limited cluster-cluster aggregation (RLCA) 

with a fractal dimension 𝐷 = 2.0 − 2.1.  Although TAGwoods with low-aspect ratios are 

likely to relax their relative orientations more rapidly than those with higher aspect 

ratios, the TAGwood density will play a role.  These results support those of Vreeker et 

al.18 who reported values of  𝐷 = 1.7 which relaxed to 𝐷 = 2.0.  We can now identify the 

objects which are aggregating as the TAGwoods arising from CNP aggregation.  (v) The 

large DLCA or RLCA aggregates interact via a weak average van der Waals interaction 

and do not, themselves aggregate further.  Instead, they fill space with a uniform 

average density, which exhibits a fractal dimension 𝐷 = 3.0.  The reason for the likely-

weak interaction between DLCA/RLCA clusters is as follows: if we represent a fractal 

cluster as a sphere of radius 𝑅, the density of monomers of which the cluster is 

composed (in this case TAGwoods) is proportional to 𝑅𝐷−3.  The average thickness of a 

CNP is ~50 nm1.  If the average long dimension of a TAGwood is 𝐿 (in nm), and, if there 

are 𝑁3 TAGwoods in a cluster of fractal dimension, 𝐷, then the effective radius of such 

a cluster is ~𝑁𝐿, so that the mass density is ~(𝑁𝐿)𝐷−3.  Thus, if, e.g., 𝑁 ≈ 10 and if 

𝐿 ≈ 20 × 50 = 103, then the average surface density of matter, compared to that of a 

structure with fractal dimension, 𝐷 = 3, is  ~10−4 nm‒2.    Because of this low density of 

TAGwoods on the surfaces of clusters, the average attractive van der Waals interaction 

between two such clusters would be very weak, compared to the interaction between 

two neighbouring TAGwoods of a cluster.     
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Figure A4.5  Schematic plots of the general structure function, 𝑆(𝑞), equation (5) and 

Figure A4.4, and X-ray scattering intensity, 𝐼(𝑞) with slopes as indicated.  A: 𝑙𝑜𝑔[𝑆(𝑞)] 

versus 𝑙𝑜𝑔(𝑞).  Longer time (a, solid line) and short time (b, grey line).  B: Predicted X-

ray scattering at longer time after cooling.  𝑙𝑜𝑔[𝐼(𝑞)] versus 𝑙𝑜𝑔[𝑞] fit to a combination of 

Guinier functions Porod 𝑞−4 functions, and linear segments.  C:  Predicted initial 

scattering soon after fast cooling.  𝑙𝑜𝑔[𝐼(𝑞)] versus 𝑙𝑜𝑔[𝑞] fit to a combination of Guinier 

functions, Porod 𝑞−4 functions, and linear segments. 

 

 

The schematic USAXS curves, 𝐼(𝑞), of Figure A4.5B and 5C are what we would expect 

to see if longer time (5B) and short time (5C) experimental data were fitted by 

software50, 51, 52, 53, 54.  For the longer time curve (5B) we draw attention to the small 

range of 𝑞 over which a slope of −1.0 is predicted.  Unless experimental data is very 

clean with sufficiently small fluctuations, then this region might be hidden in the noise of 

the data points. 

  

Figure 5 suggests an X-ray experiment: A sample could be fast-cooled from the high-

temperature liquid state so that the CNPs and the TAGwoods are formed rapidly.  
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However, TAGwood diffusion should be much slower than the CNP diffusion which 

gives rise to TAGwoods.  Accordingly, the sample should be in the fast-cooled, initial 

scattering regime of Figure A4.5C.  A slope of −4.0  , due to scattering from smooth 

surfaces of quasi-2-dimensional CNPs, should be observed at the highest 𝑞-values, 

followed by a slope of  −1.0 for lower 𝑞, with a slope of −3.0 appearing at the lowest 

values of 𝑞 .  If the sample is then allowed to relax, one should be able to observe the 

formation of TAGwood aggregation structures as shown in Figure A4.5B. 

Figure A4.6 summarizes the hierarchy of aggregates that we predict to occur for low 

and intermediate SFC for cases where the solid fat is effectively insoluble in the liquid 

oil and the CNPs are formed rapidly compared to their diffusion.  The black bars at the 

bottom of the panels show the approximate relative scales.  Figure A4.6A illustrates the 

insoluble CNP structures which appear to be the fundamental units at room temperature 

as reported by Heertje and Leunis8 and the Marangoni group1, 9, 10, 11, 48.  We predict that 

these will aggregate into TAGwoods (Figure A4.2A).  These structures possess fractal 

dimensions of 𝐷 = 1.0.  The TAGwood will then aggregate via DLCA into structures with 

fractal dimensions 𝐷 = 1.7 − 1.8 which then relax into more compact structures 

exhibiting fractal dimensions 𝐷 = 2.0 − 2.1 (Figure A4.6C).  It is likely that, as the SFC, 

𝜙, increases, the average length of the TAGwoods decreases.  This was suggested by 

our simulations shown in Figure A4.2A.  Finally, because of their weak attractive 

interaction, these fractal clusters will be distributed uniformly on the average in space, 

Figure A4.6D, with a fractal dimension 𝐷 = 3.0. 
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Figure A4.6  Schematic diagram of the hierarchy of aggregation structures predicted 

from Monte Carlo simulations for low and intermediate solid fat content.  The 

approximate relative spatial scales are indicated by the horizontal bars at the bottom of 

the panels.  A: Fundamental CNPs.  B: TAGwoods.  C: DLCA or RLCA aggregates 

formed from TAGwoods.  D: Aggregates of C distributed uniformly, on the average, in 

space. 

   

The aggregation of TAGwoods, could partially explain the “observed” percolation 

threshold of fats, which is approximately 𝜙 = 0.1 − 0.15.  Although this is less than the 

predicted value of ~ 0.2 for spheres, the difference is most probably due to rough 

interfaces and the generally-elongated nature of the clusters. 

 

 

A4.6  Conclusions 

The intention of this paper has been to understand which structures can be created in 

certain edible oils and how they come about.  We have made models of solid fats 

involving (1) crystalline nanoplatelets (CNPs) and (2) linear aggregates of CNPs 

(TAGwoods) and have studied how they aggregate.  We assumed that (a) all solid fat 

CNP structures were formed sufficiently quickly so that they were present before 

aggregation began and (b) the solubility of the CNPs in the liquid oil at the relevant 

temperature was very low.  We defined a binding energy, BV , and studied (a) Weak 

binding, |𝑉𝐵| 𝑘𝐵𝑇⁄ ≪ 1, (b) Intermediate binding with |𝑉𝐵| 𝑘𝐵𝑇⁄ ≈ 1 with a physically-

realistic value of the Hamaker coefficient, 𝐴, and (c) Strong binding  for which 
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|𝑉𝐵| 𝑘𝐵𝑇⁄ ≫ 1 so that, effectively, |𝑉𝐵| → ∞.   We restricted our attention to the Low and 

Intermediate concentration regions for which the solid fat concentration is 𝜙 < 0.25.   

From the results of Monte Carlo computer simulation of highly anisotropic interacting 

10 × 10 × 1 CNPs, we found that: 

[1] All models with the Strong binding energy formed fractal aggregates with fractal 

dimension, D , where 1.7 ≤ 𝐷 ≤ 1.8.  This is in accord with diffusion limited cluster-

cluster aggregation. 

[2]  Models with Weak binding energies ultimately exhibited fractal structures with 3D  

indicating that the attraction was too weak to overcome thermal disordering and that the 

CNPs were distributed randomly in space.  We did not further consider this case. 

[3]  CNP models with physically-realistic Intermediate binding energies exhibited the 

formation of structures with fractal dimension, 𝐷 = 1.  Inspection of instantaneous 

configurations for 𝜙 = 0.06, 𝜙 = 0.13 and 𝜙 = 0.22 showed that CNPs formed linear 

multi-layer sandwiches, TAGwoods (Fig. 2A, 6B).    TAGwood lengths were greater at 

lower SFC than at higher SFC.  At higher values of 𝜙, such aggregates can involve only 

a few CNPs so that the distribution involves aggregates with a range of TAGwood 

lengths, some appearing as thick CNPs. 

[4]  We also studied CNP aggregation using a Gaussian distribution of CNP sizes and 

found results the same as those found for CNPs of a single size. 

We modeled a TAGwood as a 1 × 1 × ℓ rigid linear array of spheres, with the diameter 

of the spheres being the lateral dimensions of the CNPs.  We studied TAGwood 

aggregation for ℓ = 2, ℓ = 5, ℓ = 10 and ℓ = 20.    From the results of Monte Carlo 

computer simulation we found that: 

[5] For physically-realistic Hamaker coefficients, TAGwoods aggregated via DLCA into 

clusters with fractal dimension 𝐷 = 1.7 − 1.8. As the simulations were run further for 

some of the cases, TAGwoods relaxed their positions in order to maximize the attractive 

interaction making the process look like RLCA with the fractal dimension increasing to 

𝐷 = 2.0 − 2.1.  We predict the USAXS scattering intensity (Figure A4.5B,C) to be 

expected for long times. 

[6]  We predict that fast-cooling a sample might enable us to detect TAGwoods before 

they aggregate.  The initial scattering intensity (Figure A4.5C) will relax to the long-time 



218 
 
distribution as described in [5].  

[7]  For a sufficiently high concentration of CNPs, many TAGwood clusters are formed 

and, because of their weak interaction, are distributed randomly in space thus exhibiting 

a fractal dimension of 𝐷 = 3.0. 
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