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ABSTRACT 

Many materials and biological systems in nature are suspensions composed of 

disks, such as clay, asphaltenes, and red blood cells. Despite their natural abundance and 

wide industrial application, disks are least studied compared to spheres and rods, due to 

the lack of model systems. In our research, disks at micro-scale were mass-produced 

with unprecedented uniformity in size and shape, and unique flexibility in the control of 

lateral size, lateral size polydispersity, shape, and aspect ratio (ξ = diameter/thickness). 

This dissertation focuses on two main areas: the study of the discotic colloidal liquid 

crystal phase transitions and the application of disk-like colloidal systems as Pickering 

emulsion and Pickering foam stabilizers. 

First, we engineered two discotic colloidal systems made from organic and 

inorganic materials. The former is made of α-eicosene, which is an alkene of 20 carbons. 

The latter is composed of nano-sheets from exfoliated zirconium phosphate (α-ZrP). 

Both discotic systems were used to experimentally investigate the liquid crystalline 

phase transitions (Isotropic-Nematic, Isotropic-Cubic and Isotropic-Columnar). Also, the 

nematic crystalline phase was studied in detail by embedding it in a translucent and 

thermo-sensitive hydrogel. This was possible since nematic textures could be formed 

instantly by ZrP nano-sheets due to their high diameter-thickness ratio. 

Second, we developed Pickering emulsions and Pickering foams stabilized by 

high-aspect-ratio nano-sheets. We have also demonstrated for the first time the 

fabrication of the thinnest amphiphilic Janus and Gemini nano-sheets, which are either 
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surface- or edge-modified plates with a thickness at atomic scale. These nano-sheets 

were obtained by exfoliating α-ZrP crystals grafted with a coupling agent of 

hydrophobic molecules on their edges and outer surfaces. Extending this work, we 

studied crucial fundamental mechanisms that allow Pickering interfacial stabilization, 

including the effect on the adsorption properties of particle aspect ratio, concentration, 

and hydrophobicity. Our study is of great interest in the scientific community due to the 

difficulty in generating a discotic colloidal system of controllable parameters. 
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CHAPTER I  

INTRODUCTION 

 

1.1 Colloids of Different Shapes 

Colloids are defined as particles or droplets dispersed in a continuous phase, 

characterized by at least one dimension in a range between 1 nm to 1 μm (Figure 1) and 

subject to thermal motion or Brownian motion. Colloids are well suitable systems for 

fundamental research and observable under microscopy. There are many examples of 

colloidal systems in nature, such as mayonnaise (oil droplets suspended in water, an 

emulsion), fog (liquid droplets suspended in a gas, an aerosol), and human blood (red 

blood cells are solid particles suspended in a liquid, a suspension). Colloidal systems are 

tunable in size, shape, interactions, and can evolve from one state to another (i.e., phase 

transitions) when changing temperature, concentration, or other factors. Colloids exist in 

a variety of shapes,
1
 such as spheres, rods, and disks. Spherical colloids can crystallize at 

relatively high particle concentrations (ϕ=0.494, for hard spheres).
2
 In contrast, rod- and 

disk-like particles, due to their anisotropy, can form a variety of lyotropic liquid 

crystalline phases at low particle concentrations as shown in Figure 2, which makes 

them particularly interesting. In addition, their interaction potential can be adjusted to 

achieve gels, glasses, liquid crystal, and crystal phases. Regardless of their natural 

abundance, studies of disks are less commonly undertaken than studies of rods.
3, 4
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Figure 1. Different length scales in the world 

 

In 1938 the first liquid crystal study of disk-like particles was reported by 

Langmuir, who studied lathlike natural hectorite clay particles (i.e., California 

bentonite).
5
 Inspired by this experiment and others, Onsager developed a theory to 

predict the capability of cylindrical objects (i.e., rods and disks) with diameter D and 

height L to evolve a liquid crystalline transition, which interact via hard-core repulsions, 

to make phase transitions.
6
 His theory was based on the excluded volume and applies for 

both rods and disks, L>>D and L<<D, respectively. In the disk case, the excluded 

volume b per real volume, vp, at thermodynamic equilibrium is b/vp ~ πD/4L. At high 

particle concentration and large aspect ratio  

( ξ = diameter/thickness = D/L ), if the particle dismisses orientational entropy, it is 

compensated by the increase in excluded volume entropy (i.e., translational entropy), 

hence stabilizing a liquid crystalline phase.
6, 7

 

Colloidal discotic liquid crystals are finding increasing potential applications in a 

large variety of fields including liquid crystal displays and nanocomposites. By 

controlling the anisotropy of the system at the colloidal scale, the self-assembly of these 
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particles have provided a powerful methodology to enhance the properties of composite 

materials. This chapter summarizes the recent significant developments in fabricating 

colloidal disks, the experimental and theoretical phase transitions, and their prospective 

usage. Colloidal disks can be obtained from natural and synthetic crystals and various 

fabrication methods. However, there is a great need for a large-scale production and 

process of synthetic disks. Furthermore, we reviewed theoretical and computational 

studies as potential predictive tools of phase transitions. These transitions are the result 

of the balance of excluded volume, electrostatic, and van der Waals interactions. The 

literature up to date has revealed the presence of various discotic liquid crystalline 

phases, projected by theoretical and computational models. Factors such as 

polydispersity, shape, external forces, and particle-particle interactions are prone to 

enrich the phase diagram. Disk-like particles and their phase transitions have become an 

emerging fundamental research area; therefore, there has been a call to develop scalable 

approach to disk production and find novel applications of these materials.  
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Figure 2. Phases for spheres, rods, and disks versus concentration. 

 

1.2 Fabrication 

1.2.1 Colloidal Disks 

There is an outstanding need for methods to fabricate discotic colloidal particles 

that can self-assemble into useful structures. Significant progress has been made in 

recent years toward particle synthesis, which has led to disk-like particle systems of 

varying compositions, aspect ratio, and functionalities. Certainly, disk-like colloidal 

particles have long been known in science. For instance, clay,
8-10

 asphaltenes,
11, 12

 

histone octamer disks in nucleosomes,
13

 and red blood cells
14

 are systems found in 

nature that are mainly composed of disks. So far, a significant amount of work has been 

carried out on making micrometer-sized platelets,
15-17

 nanometer-sized disks in clay,
18-21
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synthetic clay
22-25

 or nano-crystals,
26

 and lithographically fabricated particles.
27-29

 

However, narrow industrial applications of such similar systems have been reported due 

to the low yield, highly polydispersity in size and low shape selectivity of current 

synthesis methods. There is a critical need to establish a model system of discotic 

colloidal particles with uniform size in nanometer to a few microns.
30-36

 Current 

synthetic discotic colloidal systems often have a broad size distribution, as large as 

17%.
15, 17

 But, particle polydispersity has an important effect on the structure and phase 

transitions of the suspensions.
37, 38

 A dispersion in particle size can suppress crystallization 

in hard sphere colloids.
39

 In discotic liquid crystals, polydispersity influences both the 

isotropic-nematic
40-42

 and the nematic-smectic
43, 44

 transitions. In this section we discuss 

the recent progress made in the synthesis of discotic colloidal systems and their self-

assembly into three-dimensional structures. 



 

6 

 

 

Figure 3. Representative examples of recently synthesized colloidal disks.  α-Eicosene 

disks synthesized via shape-change of wax emulsions having an aspect ratio of (a) ~2, 

(b) ~4. (c) and (d) Lithographically designed colloidal disks. (e) Custom-shaped 

microscale pentagonal Lithoparticles. (f) Replicated hydrogel red blood cell-like discotic 

microparticles synthesized via non-wetting templates (PRINT®) technique. (g) Toroidal 

particles via solidification of a polymer solutions. (h) Red blood cell-like polymer 

particles via consolidation of charged droplets. (i) Disk-like polymer particles produced 

by seeded dispersion polymerization method of methacrylate and polystyrene seeds.  

 

1.2.1.1 Fabrication Methods  

Great effort has been dedicated to the invention of new methodologies to mass 

produce discotic colloidal systems. We summarize here the most emerging strategies for 

disk-like particles fabrication using electrospray, photolithography, microfluidic, and 

particle replication in non-wetting templates (PRINT). In addition, these techniques are 

(a) (b)

(d) (f)

(h)

(e)

(c)

(g) (i)
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also characterized of their excellent control in size, shape, composition, and surface 

chemistry. 

 

1.2.1.1.1 Wax Disks via Electrospray Emulsification 

Mason
45, 46

 pioneered the preparation of discotic wax particles via shearing hot α-

Eicosene into a highly concentrated SDS aqueous solution and lowering the temperature 

to induce the shape-change of the wax emulsions. However, his conventional 

emulsification methodology lacked to control the size and size distribution of the final 

particles. Our group synthesized for the first time uniform wax emulsions by a newly 

developed emulsification method: electrospraying melted α-eicosene at 60°C and 

collecting the emulsions in 20mM sodium dodecyl sulfate (SDS) solution  to produce 

micron-sized emulsions.
47

 Subsequently, uniform wax discotic particles were obtained 

via surface freezing and phase transition of wax molecules inside the emulsions. The 

emulsion size was controlled by varying experimental electrospray parameters, such as 

the wax flow rate, the electric conductivity, and the applied voltage. In addition, they 

found that the uniformity of the emulsions was influenced by the surface tension and the 

density of the collection liquid. Recently, they demonstrated experimentally and 

theoretically the principle to control the morphology of the discotic particles with a 

layered internal structure.
48

 Setting of the surfactant and co-surfactant concentration on 

the wax surface, biconcave and flat disks have been obtained (Figure 3a, b).  
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1.2.1.1.2  Photolithography 

Discrete monodisperse anisotropic colloidal particles of well-defined shapes and 

surface chemistry have been designed via photolithography
29, 49, 50

 and have served as 

platform to systematically study the effect of shape, surface roughness and colloidal 

interactions (e.g. depletion, van der Waals, electrostatic, etc.) on particle self-

assembly.
29, 49, 50

 Badaire et al.,
29, 49

 studied the effect of surface roughness, and colloidal 

interactions using cylindrical disk-like particles as shown in Figure 3c, that exhibited 

self-assembly of ordered structures at various aspect ratios. They found that both 

depletion and van der Waals interactions can be attenuated ~20 fold in comparison with 

calculations for smooth particle surfaces. Similarly, Zhao et al.,
51

 fabricated polymeric 

pentagonal platelets of 1.8 and 1 μm in diameter and thickness, respectively, and 

stabilized in aqueous solution by trisodium salt of triacetic acid (Figure 3d). From these 

custom-shaped micro-platelets, depletion attraction was suppressed when surface 

asperities became larger than the depletant size.
51

 Hernandez et al.,
28

 used the shape 

versatility of lithography to develop a monodispersed, microscopic and fluorescent 

colloidal alphabet particles at micro-scale. These unique anisotropic particles presented a 

strong Brownian motion similar to standard colloids, which makes them a good 

candidate to study the influence of particle shape on self-assembly and phase transitions.  

 

1.2.1.1.3 Microfluidic facilitated Lithography 

There is a tremendous call to create monodisperse anisotropic particles with a 

greater control of their shape and surface chemistry. A versatile technology commonly 
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used by scientists to produce disk-like particles is microfluidic fabrication. Microfluidic 

reactors have the capability to produce nano-meter sized droplets through channels at 

micro-scale. Eventually, these droplets can be solidified into solid particles via 

temperature cooling, solvent evaporation, chemical reaction, or thermal polymerization. 

Dendukuri et al.,
52, 53

 combined photolithography and microfluidic to mass produce 

complex shapes (e.g. triangles, cubes, platelets, etc) at the colloidal length-scale. The 

shape is defined by the channel architecture and lithographic mask. A disk-like particle 

produced via this technique is shown in Figure 3e. Although microfluidic fabrication is 

a useful tool to produce highly anisotropic particles, it is limited to polymerizable 

precursors, where the continuous phase should be chemical compatible with material 

that is used to make the microfluidic device such as poly(dimethylsiloxane) (PDMS). 

 

1.2.1.1.4  Particle Replication in Non-wetting Templates (PRINT®) 

Anisotropic discotic particles have been replicated using non-wetting templates 

(PRINT®) technique. PRINT is a template-nanofabricated process that offers cost-

effective colloidal particles. This methodology allows the fabrication of anisotropic 

particles with a unique control of shape, size, surface chemistry, and composition.
54-56

 

PRINT allows the targeting to different chemistries that enhance the cargo of drug 

delivery particles. For instance, Merkel et al.,
55

 fabricated red blood cell (RBC) –like 

particles that were characterized by a similar size, shape, and deformability (Figure 3f). 
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1.2.1.2 Polymer-discotic Colloidal Particles  

Researchers have tried to produce anisotropic particles via consolidation of 

polymer droplets. However, it is difficult to control the geometry of polymer particles 

due to the minimization of the interfacial energy between the particle and its 

surrounding, which usually is prone to produce spherical particles. As previously 

mentioned, typical methodologies to produce anisotropic particles were based on 

lithography in microfluidics via temperature cooling or photopolymerization reactions. 

As a breakthrough, Weitz lab generated toroidal particles (Figure 3g) via solidification 

of different polymer solutions of poly(ether sulfone) (PES), polysulfone (PSF), 

poly(methyl methacrylate) (PMMA), and poly(vinylidene fluoride) (PVDF) inside a 

micro-channel.
57

 A glass device was utilized to produce polymer emulsions dissolved in 

dimethylformamide (DMF) and dispersed in PDMS. Monodisperse toroidal particles are 

created during polymer drop solidification in a range of 6-120 μm. Similarly, Park et 

al.,
58

 synthesized polyurethane monodispersed toroidal particles by varying the 

surrounding temperature, solvent characteristics, and polymer concentration (Figure 

3h). Remarkably, the monodispersed charged droplets produced by electrospray 

solidified into a torus structure above a critical droplet size to induce the asymmetry 

diffusivities.
58

  

In another approach, similar particles have been recently produced by seeded 

dispersion polymerization method of various methacrylates using polystyrene seeds of 

1.57 μm (Figure 3i).
59

 Also, polyethylene (PE) nano-platelets were successfully 

synthesized under mild conditions (15 ˚C) via nickel-catalyzed polymerizations in 
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aqueous solution. These reactions resulted in nano-platelets of 12 and 6 nm in radius and 

thickness, respectively.
60

 

 

Figure 4. Colloidal disk-like systems. (a) γ-Al(OH)3, (b) Co, (c) Ni(OH)2, (d)LaF3, (e) 

Ag-SO, and (f) Cu2S colloidal nano-platelets 

 

1.2.1.3 Controlled Crystal Growth Plate-like Particles 

Nowadays, the synthesis of colloidal nanoparticles with well-defined size, shape, 

composition, and structure, underpins a gamut of applications and fundamental science 

research.
61

 The goal of this section is to present a brief review of recent research 

progress that center on the disk-like shape-controlled synthesis possessing great 

applicability in the field of mineral liquid crystals. Inorganic discotic particles have 

caught good attention due to several unique properties such as rigid structure, high 

thermal stability, and high aqueous and non-aqueous suspension stability. A typical 

synthesis of inorganic disk-like particles consists in nucleation, nuclei evolution into 

(c)(a) (b)

(d) (f)(e)
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seeds, and seed-growth into nanoparticles. To date the following are some examples of 

nanoplatelets that have been reported in literature: γ-Al(OH)3,
62

 Ni(OH)2,
63-65

 Co,
66

 Ag-

SO,
67

 LaF3,
68

 Cu2S,
69

 CuS,
70

 Ni3S4,
70

 In2S3,
71

 and CdSe, CdS, and CdTe nanoplatelets.
72

 

Figure 4 shows some examples of inorganic nanoplatelets. They are characterized by 

their hexagonal, pentagonal, and triangular shapes. Gibbsites (γ-Al(OH)3) nanoplatelets 

is the most recognized model of disk-like colloidal system to study liquid crystal phase 

transitions (Figure 4a). Hexagonal nanoplatelets of 150-200 nm with a polydispersity of 

~25% can be obtained by heating a solution of aluminum alkoxide.
62

 Colloidal gibbsites 

can be coated with silica
73, 74

 and the size polydispersity enhanced via seed-growth.
75

 In 

addition to gibbsite disk-like particles, similar systems have been recently reported. 

Puntes et al.,
66

 reported the fabrication of hcp-Co nanodisks from the rapid 

decomposition of cobalt carbonyl in the presence of surfactants and susceptible to a 

magnetic field (Figure 4b). Surfactants played a significant role in the enhancement of 

the shape control, size polydispersity, and particle stability. By introducing a magnetic 

field, the disks spontaneously self-assembled into stacks. Ithurria et al.,
72

 synthesized 

highly anisotropic two-dimensional colloidal nanoplatelets of SnSe composed of about 

4-11 monolayers. Brown et al.,
63, 64

 developed  Ni(OH)2 platelets of 180 nm and 10 nm 

in diameter and thickness, respectively (Figure 4c). Finally, the crystal morphology of 

Cu2S disk-like particles of 14–20 nm and 5 nm in diameter and thickness, respectively, 

was controlled by tailoring the face-surface-reactivity of the seeds as shown in Figure 

4f. In general, the aforementioned platelet colloidal systems self-assembled into columns 

of platelets and most of them served to study the discotic liquid crystal phase diagram. 
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1.2.2 Monolayers from Inorganic Lamellar Crystals 

The family of lamellar compounds has been found to be the most valuable source 

of two-dimensional systems. Lamellar crystals are mainly composed of atomically flat 

two-dimensional nano-sheets hold together by attraction due to van der Waals, 

electrostatic interactions, or hydrogen bonds. They can be inorganic crystals, such as 

clay
76
, α-zirconium phosphates (α-ZrP),

77-80
 niobates,

81-83
 titanates,

84-86
 or organic 

crystals, such as graphite, which is made of stacks of graphene layers.
87

 These layers are 

valuable for energy storage, electronics, and catalytic applications. Lamellar crystals are 

characterized by their weak interactions between their layers, therefore, can go through 

exfoliation by guest species to obtain single nano-sheets (e.g., molecules, ions, solvents, 

polymers, etc).
77, 80, 88-91

 A wide variety of mineral crystals have been exfoliated, such as 

layered double hydroxides,
92

 niobates,
81-83, 93-98

 phosphates,
81, 82, 99-101

 titanium oxides,
81, 

84
 and metal chalcogenides (e.g., MoS2, WS2, etc.).

102-104
 After exfoliation, stable nano-

sheet suspensions can be obtained due to countercations presented on the particle 

surface. In nature, these materials exist in a great variety of specific surface areas, 

surface chemistries, and compositions. Inorganic nano-sheets are commonly used for 

several industrial applications such as rheological modifiers for drilling fluids, 

cosmetics, pharmaceutical products, and paints,
10, 105

 and polymer fillers.
106-109

 For 

fundamental science, due to the high anisotropic character of the nano-sheets, they are 

currently being exploited as lyotropic model systems to study the discotic liquid crystal 

phase diagram. A review regarding the recent application of these highly anisotropic 

nano-sheets on the study of liquid crystals will be discussed in Section 1.4. 
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1.2.2.1 Natural Clay 

Clay minerals are commonly classified under silicates. However, their chemical 

formula contains more oxygen compared to other elements such as silicon, aluminium, 

or magnesium and can be considered as hydroxides as well. Clay minerals are composed 

of tetrahedral and octahedral nano-sheets. In the tetrahedral nano-sheets, each silicon 

atom is enclosed by four oxygen atoms, and the tetrahedral silicon unit is linked to one 

another one through shared oxygen. The shared oxygen atoms form a basal plane. On the 

other hand, the octahedral nano-sheets have aluminum and magnesium cations 

covalently linked and coordinated with six oxygens or hydroxyls. The tetrahedral and 

octahedral nano-sheets are covalently linked through tetrahedral oxygen atoms. 

Depending of their substitution on the tetrahedral or octahedral nano-sheets, natural clay 

can be classified as kaolin-serpetine, pyrophyllite-talc, smectite, vermiculite, illite, 

palygorskite-sepiolite, chlorite, and mica. Amongst them, smectites have become the 

most chemically interesting for surface modification and application. In the following 

liquid crystal section, we will focus on liquid crystals reported using smectite natural 

clay with tetrahedral (beidellite and saponite) and octahedral (montmorillonite and 

hectorite) substitutions. We will also mention liquid crystal phases formed of nontronite 

system, another well-known iron-rich smectite mineral.  

 

1.2.2.2 Synthetic Clay 

In the literature it is possible to find a myriad of smectite-type layered inorganic 

materials such as silicates, phosphates, oxides, niobates, chalcogenides, and sulfides. 
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They have received a tremendous attention due to their great potential on catalysis, ion 

exchange applications, and liquid crystal formation. One of the advantages of these 

materials relies on crystal exfoliation due to guest accommodation inside the inter-

galleries, increasing the inter-lamellar spacing and decreasing the van der Waals 

interactions between the nano-sheets. One good example among these various layered 

inorganic materials is the crystalline α-zirconium (IV) phosphate (α-ZrP) with chemical 

formulas Zr(HPO4)2·H2O. The α-ZrP crystal layer is composed of a ZrO6 sheet 

coordinated with HPO4
2-

 tetrahedrons forming a covalent network.
79, 110

 The thickness of 

a monolayer of α-ZrP is about 0.66 nm
89

. The obtained mono-layers have excellent 

mechanical properties and are chemically stable in acid and basic conditions. Layered 

crystals of α-ZrP can be synthesized at varying crystal size and size polydispersity. Shuai 

et al.,
111

 reported the tailoring of these parameters by varying phosphoric acid 

concentration, reaction time, and reaction temperature.  

Another type of synthetic clay materials are layered double hydroxide (LDHs), metal 

oxides, and metal chalcogenides. LDHs consist of positively charged layers containing 

hydroxides of two different metal cations. LDHs can be synthesized in the laboratory via 

coprecipitation and hydrothermal treatment of an aqueous solution having salts of two 

metal ions and a base.
112

 Xu et al.,
112

 reported that LDH particles between 40 and 300 

nm can be synthesized by adjusting the hydrothermal treatment conditions. Layered 

metal oxides such as niobates have been utilized to study the liquid crystalline 

transitions. These materials can be prepared by a solid-state reaction by mixing starting 

material powders. Layered metal chalcogenides have called remarkable attention due to 
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the fascinating structural and physical properties of these quasi two-dimensional 

inorganic materials. Examples of metal chalcogenides are MoS2, WS2, MoTe2, TaSe2, 

NiTe2, BN, and Bi2Te3. Similar to phosphates and oxides, the weak interaction between 

the nano-sheets enables crystal exfoliation.
102-104

 

 

1.2.2.3 Graphene and Graphene Oxide 

Graphene and graphene oxide nano-sheets are rising materials commonly applied 

in soft condensed matter physics. However, graphene nano-sheets are not easy to obtain. 

Highly anisotropic graphene nano-sheets were first obtained by graphite exfoliation via 

scotch tape method.
113, 114

 Later, single layers of graphene have been obtained by a 

spontaneous exfoliation using chlorosulfonic acid solution.
115, 116

 Graphene is a new 

class of material having thickness of single layer of atoms (2D crystal) and possesses 

tremendous potential applications. In contrast, graphene oxide is commonly obtained 

from chemical oxidation of graphene via chemical oxidation and water dispersion. 

Recently, both graphene and graphene oxide have been applied to the study of the 

discotic liquid crystalline phase diagram.
115-118

 

 

1.3 Discotic Liquid Crystals 

Self-organization of colloids has attracted interest due to the intriguing lyotropic 

liquid crystalline phases and crystals that can be produced. At the beginning, scientists 

focused on experiments and simulation from spherical-like particles having a hard-core 

repulsion.
119-121

 In the last decades, the study of liquid crystals has extended to 

anisotropic colloidal particles, such as rods and disks (Table 1).
1, 122

 The study of liquid 



 

17 

 

crystalline dispersions of anisotropic particles is of great interest due to the possibility to 

fabricate photonic crystals and integrated photonic circuits. It is well-know that highly 

anisotropic particles are capable to enter in a liquid crystalline phase transition at low 

concentrations. Recently, the study of these transitions has been extended to a variety of 

colloidal interactions.
123

 The self-assembly of these structures is possible by the 

engineering of the attraction (depletion,
45, 124-126

 van der Waals,
127, 128

 or Coulomb
127, 129

) 

and/or repulsion(steric
130

 or Coulomb
131

)  inter-particle forces. In the past, attraction and 

repulsion forces have been applied to manipulate the self-assembly of complementary 

shapes
132

 and DNA strands.
133-136

 

Langmuir and Onsager were pioneers in the study of the liquid crystal phase 

formation in disk-like colloidal suspensions.
5, 6

 In this section, we summarize 

theoretical,
137, 138

 computer simulations,
139

 and experimental work,
15

  developed to 

comprehend the discotic phase diagram. As we discuss in this section, the ability of a 

given discotic colloidal system to induce self-assembly and transfer into a liquid crystal 

phase depends on both inter-particle interactions and aspect ratio (ξ = diameter / 

thickness).
80, 139
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Table 1. The history of self-assembly disk-shaped colloids 
Year Autor Description 

1938 Langmuir Nematic phase observation from a clay suspension 

1949 Onsager Theoretical prediction of cylindrical objects at the I-N transition 

1977 Chandrasekhar Physical treatment of disk-shaped molecule phase transitions  

1992 Frenkel et al. Discotic phase diagram from Monte Carlo simulations 

1998 Lekkerkerker et al. Observation of columnar phase at relatively low polydispersity 

2000 Lekkerkerker et al. Nematic-to-columnar and nematic-to-smectic phase sequence 

2002 Mason Columnar stack of wax disks via depletion forces 

2009 Sun et al. Smectic phase of polydisperse colloidal platelets with identical 

thickness 

2010 Behabtu et al. Graphene liquid crystals 

2010 Mejia et al. Mass production and self-assembly of uniform wax disks 

2011 Gao and Xu Graphene oxide chiral liquid crystals and macroscopic assembled fibers 

2011 Ruzicka et al. Empty liquid and equilibrium gels from a colloidal clay suspension 

 

1.3.1 Theoretical Approximations 

Theoretical and computer simulation work of discotic systems is perhaps one of 

the most significant approaches as it allows the prediction of different states of matter 

and properties. This section reviews most of the works published in the last decades 

related to the discotic liquid crystalline phases. The possibility of anisometric colloidal 

systems to present a first-order isotropic-nematic transition was first reported by 

Onsager
6
. Based on his work, the third- and higher-body correlations cannot be ignored 

for rods of relatively small thickness-to-diameter ratio (i.e., disks). Therefore, it is 

anticipated that the second-virial coefficient treatment will present better results.
7
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Simulations of infinitely thin disks reported by Eppenga et al.,
140

 stated that ϕI and ϕN 

are smaller and the coexistence region (∆ϕI-N = ϕN - ϕI) narrower than predicted by 

Onsager.
6
 By increasing the disk-shaped particle concentration, the nematic phase can 

evolve into a columnar order, distinguished by a 2D hexagonal organization of disk 

stacks. At the nematic-to-columnar (N-C) transition, the system loses configurational 

entropy but gains translational entropy. Attempts to improve Onsager’s theory on 

platelet dispersions has been reported.
141

 Density functional theory approaches have 

been developed for isotropic fluids,
142, 143

 models with parallel or restricted 

orientation,
144

 and vanishing thickness.
145, 146

 An approach of a discotic colloidal system 

presenting liquid crystalline order was made utilizing shaped hard convex bodies.
147

 

High-body virial term correlations of disk-like colloidal systems can only be performed 

via computer simulation.
148

 In the case of cut spheres, eight virial terms have been 

calculated for both isotropic and nematic phases.
149, 150

 However, an inaccurately 

description of states at higher concentrations (e.g., nematic and columnar) was obtained. 

Scaled particle theory (SPT) has been used as an alternative methodology to introduce 

higher virial terms. Although good results were obtained for thin disk-like particles,
151

 

poor predictions at the isotropic-to-nematic (I-N) transition were obtained at higher 

inversed aspect ratios (ξ* = thickness / diameter). One popular methodology to account 

high-virial term is the Parson-Lee (PL) approximation.
152-154

 This approach has been 

used for short hard spherocylinders,
3, 155

 disk-like hard cylinders,
137

 and disk mixtures.
156

 

The hard cylinder phase diagram is in good agreement with computer simulations.
139, 157-

160
 The values of ϕI and ϕN are the same as the ones predicted by Onsager’s second virial 
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theory at ξ* ~ 0
161

 and increase with ξ*. The nematic-columnar (N-C) transition stays 

constant at varying ξ. The triple point (I-N-C) position occurs at ξ* = 0.175 in 

comparison to other simulations, which occurs at ξ* ~ 0.126
162, 163

 and ξ* ~ 0.14.
139, 164

 

Recently, an accurate analytical form of the equation of state was developed by 

introducing an extra term to incorporate contributions at high particle concentration and 

compared with simulation data.
165

 In recent publications, our group in collaboration with 

others has carefully studied the effect of polydispersity, aspect ratio, and soft interactions 

on the I-N and N-S transitions using DFT calculations with Zwanzig approximation.
166-

168
  

 

1.3.2 Computer Simulations 

The configuration of stable clusters possesses significant importance in both 

colloidal and biological sciences.
169, 170

 Discotic colloidal systems are useful models to 

comprehend colloidal aggregation into 3D structures. Although numerous publications 

about theoretical and computer simulations can be found in literature, it is still little in 

contrast to the abundance of experimental studies. Previous studies have utilized 

ellipsoidal core models.
171-175

 In early 1990s, Veerman and Frenkel introduced the hard 

cut sphere (CS) model.
139

 Interestingly, the reported discotic liquid crystalline phase 

diagram showcased nematic and columnar states, which were dependent on the particle 

aspect ratio. Recently, the phase diagram of oblate hard spherocylinder (OHSC) has 

been established via direct simulations
159, 176, 177

 and free energy calculations.
160

 We 

discuss here the discotic liquid crystalline phase transitions for cut spheres using 

different kinds of Monte Carlo (MC) simulations such as NVT-Gibbs ensemble,
139

 NPT-
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Gibbs ensemble (GE),
157

 and umbrella sampling (US).
158

  We also study the liquid 

crystalline phase transitions reported for hard cylinders
137

 and oblate hard sphero-

cylinders (OHSC).
159, 160, 176, 177

 

 

1.3.2.1 Isotropic-Nematic and Nematic-Columnar Transitions 

Hard cut spheres suspensions, depending on their aspect ratio, are known to 

exhibit isotropic, nematic, columnar, and crystalline solid states. Particularly, the I-N 

transition has been extensively studied at various aspect ratios and different simulation 

conditions. The pioneer work from Veerman et al.,
139

 introduced the cut sphere phase 

diagram using NVT-MC simulations for inversed aspect ratios of 0.1, 0.2, and 0.3 and a 

system size of 256 and 288 particles. Using NPT-GEMC simulations, Piñeiro et al.,
157

 

studied the phase diagram at ξ* = 0.1 for a system size of 1500 and 3000. Piñeiro’s I-N 

transition densities
157

 were in agreement with Veerman and Frenkel’s data.
139

 Recently, 

Fartaria et al.,
158

 using NPT-USMC simulations, analyzed the low inversed aspect ratio 

region at ξ* = 0.001, 0.01, 0.04, 0.07, and 0.1 for a system size of 288 and 2048. 

Interestingly, Fartaria et al.,
158

 reported a constant I-N biphasic gap occurred at inversed 

aspect ratios lower than 0.04. Both simulations of Veerman et al.,
139

 and Fartaria et 

al.,
158

 found that the nematic phase formation considerably reduced at ξ* ≥ 0.1, where a 

columnar organization is preferred.
158

 

In the literature is possible to find studies at inversed aspect ratios smaller than
158, 

164
 or larger than 0.1.

139, 157, 178
 The study of the I-N transition first-order behavior has 

been elusive via computer simulations and some efforts have been done by increasing 
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the system size, where a weak first order I-N transition has been observed ξ* = 0.1.
139

 

Both cut sphere phase diagrams presented a nematic-to-columnar transition at ξ* = 0.1. 

Similarly to cut spheres, Bates et al.,
164

 reported for hard cylinders a first-order nematic-

to-columnar transition for infinitely thin disks (i.e., ξ* ~ 0). 

A colloidal system consisting of oblate hard spherocylinders particles has been 

broadly studied as well.
159, 160, 176, 177, 179

 The liquid crystalline phase diagram has been 

calculated by Monte Carlo simulations.
159, 160

 Similar to the cut spheres,
139, 157, 158

 the 

liquid crystal states of the OHSC phase diagram is mainly dependent on particle aspect 

ratio.
159, 160

 The nematic state is favored at ξ* ≤ 0.1. The similarity in the I-N transition is 

attributed to the circular face shape of the particles. Bates et al.,
180

 reported that the I-N 

transition width is constant at various non-circular shapes (e.g., regular hexagons, 

pentagons, squares, triangles, ellipses, rectangles, etc.) and decreases in concentration if 

the shape differs from circular. It is worth to mention the manifest of the first-order I-N 

transition at ξ* = 0.1, in comparison to the neglectable one for cut spheres.
157

 

Similarly to cut spheres, OHSCs present nematic-to-columnar transition in an 

inversed aspect ratio range of 0 ≤ ξ* ≤ 0.12. Marechal et al.,
160

 explained the presence of 

nematic state due to the low inversed aspect ratio of the particles, which does not favor 

edge disk interactions. However, as inversed aspect ratio increments, the edge-surface-

area becomes significant to that of the face-surface-area at a fixed particle concentration, 

thereby allowing the disks to pack in bundles and crystallize laterally.
179

  

Martinez-Haya et al.,
176

 performed computer simulations of spherocylinder and 

ellipsoidal discotic suspensions having an inversed aspect ratio of 0.2. A variation of the 
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dispersive interactions was induced to test the stability of the columnar phase. Robust 

hexatic columnar phases from these discotic systems were observed. Interestingly, the 

formation of a nematic state is dominant with respect to columnar state at ξ* = 0.2.
139

 

The nematic state becomes stable if weak edge-to-edge interactions are larger than face-

to-face interactions.
176

 By inducing strong face-to-face or edge-to-edge interactions the 

columnar state is favored. In the case of ellipsoidal disk-like particles, the nematic state 

happens to be stable even if face-to-face interactions are induced.
176

 Thus, 

spherocylinder and ellipsoidal discotic suspensions differ in the phase diagram 

configuration. Finally, in a recent paper, Morales-Anda et al.,
181

 simulated a thin and 

charged colloidal plate-like system and predicted the formation of a novel columnar 

nematic phase composed of interpenetrating columns. 

 

1.3.2.2 Isotropic-Columnar Transition 

Veerman et al.,
139

 reported isotropic-to-columnar transitions at a range between 

ξ* = 0.15-0.3. Cuetos et al.,
159

 explored the discotic phase diagram of hard 

spherocylinder suspensions via Monte Carlo simulations for inversed aspect ratios 

within 0.2-0.5. Interestingly, three columnar phases were found, namely, a hexatic 

interdigitated phase (Dhi), a hexatic ordered phase (Dho), and a hexatic disordered phase 

(Dhd), where the columns are fluid-like.
159

 Due to their shape difference, hard 

spherocylinder particles can arrange either into columnar variations in a range of 0.1 ≤ 

ξ* ≤ 0.5. Similarly, Marechal et al.,
160, 182

  investigated the phase behavior of OHSCs 

and compared the results to the cut sphere and the hard spherocylinder phase diagrams. 
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Isotropic-to-columnar transitions at a range of 0.13 ≤ ξ* ≤ 0.3 were observed. 

Surprisingly, OHSCs differ with hard spherocylinders at the columnar state (0.3 ≤ ξ* ≤ 

0.5). Although similar phases were observed, Marechal et al.,
160

 described these three 

columnar phases from Cuetos et al.,
159

 as variants of the OHSC crystal phases. 

 

1.3.2.3 Isotropic-Cubic and Cubic-Columnar Transitions 

The isotropic-cubic and cubic-columnar transition were first predicted by 

Veerman and Frenkel using a hard cut-sphere model with Monte Carlo simulations.
139

 In 

the cubic phase, the particles aggregate into short stacks of disks and align along three 

perpendicular axes. This cubic orientational order phase is characterized by not having 

translational order.
139

 Blaak et al.,
183

 investigated the possibility of cylinders of inversed 

aspect ratio equal to 0.9 to exhibit a cubic state. Although theoretical arguments state 

that a cubic state might occur, computer simulations could not find it. The cubic phase 

has not been extensively studied. The stability of the cubic phase is under current 

investigation.
149, 160, 183-185

 Veerman et al.,
139

 focused on inversed aspect ratios of 0.1, 

0.2, and 0.3. Duncan et al.,
149

 extended the study to inversed aspect ratios of 0.15 and 

0.25 and found the cubic phase at ξ* = 0.15-0.3. By performing long runs and increasing 

the high-order virial expansion to the eighth term, the stability of the cubic phase was 

studied. In good agreement with theoretical results, at ξ* = 0.1, the cubic was found to 

be metastable, however, at ξ* = 0.15, the cubic phase dominated over the nematic 

phase.
149

 Interestingly, at ξ* = 0.2, even after extremely long runs the cubic phase did 

not convert into columnar or vice versa. Recently, Marechal et al.,
160, 186

 reported a 
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transient cubic phase using three model of hard platelets. Structures of locally 

perpendicular-oriented particle stacks neglect the formation of columnar phase. 

Surprisingly, the cubic phase lifetime is strongly dependent to the particle confinement 

that leads geometric frustration.
186

  

 

Figure 5. Discotic liquid crystalline phase diagram and states. (a) Discotic phase 

diagram predicted by Veerman and Frenkel
139

 (b) Schematic representation of nematic, 

columnar, and smectic states for plate-like particles (c) ZrP I-N transition (d) Gibbsite 

plate-like suspensions present  I-N, N-C and C textures (e) White and crossed polarized 

light of a gibbsite platelet suspension presenting a triphasic (I-N-C) transition via ion 

screening and sedimentation (f) Representation of OHSC particles at the cubic phase (g) 

Cubic phase of nickel hydroxide platelets (h) Columnar phase ordering of nickel 

hydroxide platelets (i) Copper sulfide nanodisks stacked in a columnar state. 
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1.3.3 Experimental Work 

1.3.3.1 Isotropic-Nematic Transition 

In 1938, Langmuir first demonstrated the isotropic-to-nematic transition in disk-

like clay suspensions.
5
 However, clay suspensions present a singular challenge due to 

gelation, which makes them difficult to present a reproducible I-N phase transition.
187-191

 

Recently, scientists have reported the presence of nematic states for natural and synthetic 

clays on specific conditions.
187, 192, 193

 Early attempts focused on the structure of the 

electric double layer 
194-196

 or around a single platelet.
197

 The I-N transition has gained 

interest during the last 25 years
122, 198, 199

 and is now the most studied liquid crystalline 

phase transition.
15, 16, 122, 168, 192, 200

 Lekkerkerker et al.,
16, 193, 201

 reported liquid crystalline 

states using suspensions of polydisperse gibbsite platelets of around 170 nm and 15 nm 

in diameter and thickness, respectively (Figure 5b and d). These platelets were 

sterically stabilized in toluene
16

 and electrostatically stabilized in water.
193, 201

 Similarly, 

discotic nematic liquid crystals have been obtained from Mg/Al layered double 

hydroxides (LDH) aqueous
202

 and toluene
203

 suspensions. 

Gabriel et al.,
101

 rediscovered the ability of mineral nano-sheet suspensions of 

layered phosphate (K3Sb3P2O14) to give liquid crystalline states. From this breakthrough, 

inorganic layers suspensions with a thickness of several nanometers obtained from 

exfoliation of layered crystals gained attention due to their high anisotropy.
122, 198, 199, 204

 

We have recently investigated the I-N transition at low inversed aspect ratios (ξ* << 0.1) 

and different polydispersities using layers of α-zirconium phosphate (ZrP) as shown in 

Figure 5c. The aspect ratio of ZrP nano-sheets was controlled in an extensive range
79, 80, 
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110, 111
 by fabricating crystals of varying lateral dimensions with subsequent exfoliation 

using tetrabutylammonium cations (TBA
+
).

88
 We found that the transition volume 

fractions scale with aspect ratio I,N=m(ξ*)
1.36 ± 0.07

, where the prefactor m strongly 

depends on size polydispersity for N, but does not depend on size polydispersity for 

I.
80, 167

 The effect on the I-N coexistence might be due to a particle demixing 

mechanism
44, 80, 167

. Martinez-Raton and Velasco explained these results using a density 

functional model for hard board-like platelets with Zwanzig approximation.
167

 The huge 

I-N coexistence gap of the ZrP nano-sheet suspensions could be explained by 

considering a bimodal size distribution in the lateral size, which may not be apparent 

through a direct visual observation.
167

  

Lateral and thickness size polydispersity can highly affect the behavior of the 

discotic suspensions in the coexistence region (I-N).
167

 For instance, van der Kooij et 

al.,
42

 observed for gibbsite plate-like suspensions a phase separation having an isotropic 

and a nematic phase at the bottom and at the top of the sample, respectively. This 

behavior was attributed to fractionation caused by platelet thickness polydispersity. 

Wensink et al.,
205

 studied the phase behavior of a binary mixture containing thin and 

thick hard platelets using Onsager’s theory. In agreement with van der Kooij et al.,
42

 

their calculations confirmed a significant fractionation that caused the inversion of the 

isotropic and nematic phases. 

Metal oxides such as exfoliated niobate and titanate colloidal suspensions have 

been previously utilized to study the I-N region.
81, 84, 97

 Miyamoto et al.,
206

 studied the 

aspect ratio dependence on the I-N transition of low inversed aspect ratio niobate 
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(K4Nb6O17) nano-sheets ranging from 0.0015 to 0.0035 for highly polydisperse 

suspensions using a well-defined sonication procedure. Nakato et al.,
207

 reported liquid 

crystal suspensions of exfoliated HNb3O8 and HTiNbO5 that can behave as hydrogels 

depending on pH.
207, 208

 Very recently, graphene and graphene oxide colloidal systems 

have revealed Schlieren nematic textures.
116-118, 209, 210

  Graphene oxide nano-sheet 

systems are able to enter into a nematic state at low isotropic volume fraction transitions 

at extremely low inversed aspect ratios,
209

 reproduce a fully I-N transition,
210

 and present 

novel liquid crystalline states (i.e., chiral liquid crystal).
118

  

 

1.3.3.2 Isotropic- and Nematic-Columnar Transitions 

By increasing the particle volume fraction, discotic colloidal suspensions can 

present an orientational and two-dimensional (2D) positional ordered structure called 

columnar phase. Based on the disk aspect ratio, suspensions can transfer into a columnar 

state from isotropic or nematic states (Figure 5a).
43

 Brown et al.,
63

 and Saunders et al.,
26

 

reported the I-C transition that resulted in a hexagonal columnar state using nickel 

hydroxide (Ni(OH)2) and copper sulfide (CuS) disk-like particles (Figure 5h and i), 

respectively. In both studies, the structure of the columnar phase was analyzed using 

small-angle x-ray scattering (SAXS). van der Kooij et al.,
15

 reported the I-N and N-C 

transitions for relatively low polydisperse sterically stabilized gibbsite platelets (Figure 

5b and d). Additionally, the high-density liquid-crystalline phase was presumably 

described as a hexagonal columnar phase in agreement with Brown et al.,
63

 

Lekkerkerker et al.,
211-213

 confirmed this observation from large and oriented domains of 
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columnar phase, which were analyzed using high-resolution SAXS. Lateral size 

polydispersity also has a disruptive effect on the columnar phase crystallization. van der 

Kooij et al.,
15

 nicely illustrated that the two-dimensional crystallization (i.e., columnar 

phase) nucleated for a lateral size polydispersity of up to 25%. The columnar state was 

also reported for charged gibbsites aqueous suspensions.
193

 Interestingly, the effective 

platelet aspect ratio was adjusted by tailoring the ionic strength via salt addition. As 

expected from Figure 5a, I-N and N-C transitions were observed for low and large 

particle inversed aspect ratios, respectively. The nucleation of the columnar phase has 

been studied in droplets.
214

 Additionally, charged gibbsite colloidal systems at varying 

salt concentrations possess the ability to transfer from a nematic to a columnar nematic 

state with a subsequent evolution into hexagonal columnar or repulsive gel.
215

  

 

1.3.3.3 Nematic-Smectic Transition 

When liquid crystalline phases present a one-dimensional (1D) long-range 

positional order structure is called smectic phase. This phase has been rarely observed in 

discotic suspensions and has received much less attention than nematic and columnar 

states. A smectic-like crystalline state is expected for relatively high polydispersities (σ 

> 17%) and high volume fractions.
40, 41, 168, 216

 van der Kooij et al.,
15

 reported a smectic-

like structure from polydisperse in diameter and thickness gibbsite plate-like suspensions 

at high volume fractions. Long-range interacting colloidal plate-like systems have led to 

the formation of interesting liquid crystalline phases. Charged colloidal plate-like 

suspensions have demonstrated to present not only a I-N-C transition, but also a lamellar 
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phase.
101, 118, 168

 Our group reported a nematic-to-smectic (N-S) transition in colloidal 

suspension of ZrP monolayers.
168

 Suspensions of exfoliated ZrP nano-sheets are 

characterized by a strong lateral-dimension polydispersity but identical thickness (i.e., 

2.68 nm). The spatial ordering of the nano-sheets was characterized using x-ray 

diffraction (XRD).
168

 Very recently, the smectic B (SmB) was first reported by 

Kleshchanok et al.,
217

 in charged colloidal gibbsite plate-like particles stabilized in 

dimethylsulfoxide (DMSO). SmB can be described as a phase composed of hexagonally 

ordered plate-like particles oriented along the particle layer’s normal and was only 

observed in thermotropic rod-like liquid crystal suspensions.
217

 Interestingly, the 

Coulombic repulsion long-range forces are attributed to the formation of the layered 

crystalline state.  Finally, Yamaguchi et al.,
218

 published the evolution of niobate plate-

like colloidal system from the nematic into the smectic-layered structure by varying the 

nano-sheet aspect ratio and the nano-sheet volume fraction using x-ray scattering data. 

 

1.3.3.4 Other Phases 

1.3.3.4.1 Cubic 

As previously mentioned, the discotic liquid crystal phase diagram predicted by 

Veerman and Frenkel
139

 present a remarkable cubic phase. This liquid crystalline state is 

characterized by small disk stacks aligned perpendicular to each other. Although 

computer simulations have disputed the stability of the cubic phase  (Figure 5f),
149, 160, 

183-185
 Qazi et al.,

184
 gave a first evidence in Ni(OH)2 plate-like suspensions apparently in 

the dynamical arrested state as shown in Figure 5g. 
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1.3.3.4.2 Chiral 

Chiral liquid crystals of 2D colloids have not been explored extensively. 

Chirality is frequently expressed in biology as the molecule helical assembly. Xu et 

al.,
118

 reported for the first time the presence of a chiral liquid crystal in a twist-grain-

boundary phase-like model with lamellar ordering using 2D nano-sheet suspensions of 

graphene oxide at a particle volume fraction of 0.39%. This liquid crystal phase has only 

been observed for molecular liquid crystals and is commonly known as the cholesteric 

phase. The graphene oxide nano-sheets were characterized by having a particle diameter 

and thickness of ~0.81 μm and 0.8 nm, respectively. 

 

1.3.3.4.3 Gel and Glass 

Arrested states for highly anisotropic suspensions are one of the central interests 

for condensed matter physics and many industrial applications. These states such as gel 

and glasses are basically a difficulty in the study of the discotic liquid crystalline phase 

transitions. They have commonly been observed in charged colloidal systems and evolve 

in time.
187, 188, 201

 The most known example of an arrested state (i.e., gelation) during a 

liquid crystalline phase transition was observed by Irvine Langmuir
5
. Although scientists 

have observed the presence of nematic textures for selected natural and synthetic 

clays,
187, 192, 193

 little work has been dedicated to understand the factors (e.g., ionic 

strength) that influence an arrested phase. Interestingly, recent studies have revealed the 

presence of large nematic order parameters in kinetic arrested phases.
21, 188, 189, 191

 

Particle configuration in a kinetic-arrested colloidal system have been explained in terms 
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of house of cards and glass-like structures and can be induced via several ways.
23

 For 

instance, gels can be created through attractive interactions at low particle concentration. 

On the other hand, repulsive or attractive glasses are formed at high particle 

concentration via electric repulsions or short-ranged attractive and repulsive interactions, 

respectively.
219, 220

 Common routes to induce arrested states are via depletion 

attraction
221, 222

 or charge screening.
91, 221, 222

  

In our lab, we have recently developed a detailed study to elucidate gelation of 

ZrP nano-sheet suspensions that usually result into liquid crystal suspensions at normal 

conditions.
91

 We found that the phase behavior of charged discotic suspensions displays 

a strong dependence on ionic strengths that resulted in liquid crystal, glasses, and gel 

states. Interestingly, the nano-sheet ion exchange capacity controlled the inter-particle 

interaction that resulted in isotropic- and nematic-gel and nematic states.
91

 The particle 

surface electrical charge is great importance due to the influence of the ionic strength on 

the suspension properties
187

. Nakato et al.,
207, 208

 revealed that layered niobate 

suspensons can exhibit a pH-induced gelation. Wijnhoven et al.,
223

 demonstrated that 

sedimentation and particle size can also play a crucial role on the gel formation. 

Attractive glass was produced in a gibbsite plate-like system via short-range depletion 

attraction caused by silica spheres.
221

 At enough sphere concentration, the platelet 

colloidal suspension could not enter into a liquid crystalline state and glass formation 

occurred. Surprisingly, after several months the upper phase evolved into I-C phase on 

top of the glass phase.
222

 Kinetically arrested glass has been formed from the same 

colloidal suspension at high particle concentration and salt concentrations of 10
-2

 M. 
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Devitrification of the glassy state occurred, where iridescent grains of hexagonal 

columnar phase were created in a period between months and years.
224

  

 

1.3.3.5 The Effect of Gravity  

Gravitational compression plays a crucial role in addition to the shape-dependent 

thermodynamic force on colloidal suspensions.
225

 Although anisotropic particles such as 

rods and disks show a richer phase behavior compared to spheres, experiments are 

greatly limited. The effect of gravity has permitted the existence of more than two liquid 

crystalline states simultaneously. van der Beek et al.,
163

 reported on an I-N biphasic 

sample of sterically stabilized gibbsite plate-like suspension that developed a columnar 

phase on the bottom after a year. This observation was in agreement with an osmotic 

compression model obtained using the equation of state for cut spheres (ξ* = 1/15).
163

 As 

an extension of the previous study, Van der Beek et al.,
193

 also elucidated the effect of 

gravity and aspect ratio through variation of the ionic strength. Similarly, an I-N biphasic 

suspension became triphasic (I-N-C) after several months. Wijnhoven et al.,
223

 analyzed 

the competition between sedimentation, gelation and liquid crystal formation in gibbsite 

platelet suspensions for five different platelet size and three different ionic strengths. For 

the final macroscopic appearance, sedimentation is the most decisive factor for large 

platelets, whereas for small particles phase separation occurs first and sedimentation has 

a lower influence.
223

 Very recently, Kleshchanok et al.,
222

 observed for gibbsite platelet 

suspensions subjected to depletion attraction by silica spheres that sedimentation after 

several months could induce liquid crystal formation. Surprisingly, this sedimentation 
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conducted to a highly organized columnar state, which was confirmed via x-ray 

diffraction. 

 

Figure 6. Applications of discotic colloidal systems. (a) Optical micrograph of a 

Pickering emulsion stabilized by Janus and Gemini nano-sheets of ZrP. (b) SEM image 

of a Pickering foam stabilized by amphiphilic and high-aspect-ratio ZrP nano-sheets. (c) 

TEM micrograph of an epoxy/α-ZrP nanocomposite. (d) Magnetic-field-induced 

birefringence in the isotropic phase of a gibbsite platelet suspension at horizontal 

magnetic fields of 0, 0.5, 1, 1.5, and 2 T, respectively. (e) SEM image (top view) of an 

uniform and well-packed deposit composed of highly-oriented nano-sheets made by 

filtration of an MFI nano-sheet suspension through an anodized alumina membrane 

(pore size of ~200 nm). 

 

1.4 Applications of Discotic Colloids 

1.4.1 Interfacial Stabilizers 

There is a renewed interest of Pickering stabilized systems in recent years. 

Pickering systems such as emulsions and foams are solely stabilized by solid particles. 

The ability of solid particles to stabilize gas-liquid and liquid-liquid interfaces has been 

(a) (b)

5 μm 30 μm

(c)

(d) (e)

0.2 μm
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fully investigated during the last decades.
226

 Interfacial stabilization is achieved once the 

energy of the system is reduced as solid particles are adsorbed onto the liquid-liquid or 

the air-liquid interface. The high desorption energy and the resulting capillary effects of 

solid particles have been recently explained.
227-229

 Pickering stabilization is indeed 

influenced on size,
230, 231

 shape,
232, 233

 aspect ratio,
234

 concentration, 
235-238

 and 

hydrophobicity
238-241

 of particles at the interface.
234, 242-245

 Previous theoretical studies 

have demonstrated that spherical,
246

 rod-like,
246

 and discotic
247

 particles can be utilized 

as Pickering stabilizers. Particularly, discotic particles having a high aspect ratio (ξ = 

2Rd/h) can be good interfacial stabilizers.
234, 248

  Amphiphilic nano-sheets were 

fabricated from block-copolymer cross-linking,
249, 250

 graphite exfoliation,
251, 252

 block-

copolymer graphene modification,
253, 254

 and crushing of inorganic
255, 256

 and polymer-

inorganic
257

 hollow silica spheres. These type of particles have been applied to emulsify 

immiscible liquids,
251, 255, 258

 and to develop polymer composites.
258

 Recently, we 

successfully stabilized oil- and air-water interfaces (Figure 6a,b) using amphiphilic 

nano-sheets obtained from the exfoliation of ZrP crystals.
259, 260

 Suspensions of ZrP 

nano-sheets are not able to stabilize air-water or liquid-liquid interfaces, since these 

highly anisotropic particles are extremely hydrophilic due to the presence of hydroxyl (–

OH) groups on the particle surface.
78

 In our work, Pickering foams and emulsions were 

stabilized using surface-functionalized nano-sheets with propylamine (C3H7NH2, PA)
259

 

and octadecyl-isocyanate
260

 as shown in Figure 6b and Figure 6a, respectively. In the 

former study, we found that using low and high aspect ratio nano-sheets having a high 

and an intermediate degree of hydrophobicity, respectively, is the successful formula to 
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obtain high foam stability. Highly stable Pickering aqueous foams have been previously 

obtained from suspensions containing plate-like Laponite particles and nonionic
261

  and 

cationic  surfactants.
232, 262

 The effect of laponite hydrophobicity was studied using short 

chain amphiphile molecules like sodium butyrate on LDH
263

 and hexylamine on 

Laponite.
264

 

Lagaly et al.,
265, 266

  revealed that highly anisotropic plate-like clay particles 

along with nonionic surfactants could be used as stabilizers for Pickering emulsions by 

creating a mechanical barrier to prevent coalescence. In the same way, Laponite only
267

 

and along with amines and surfactants
232, 261, 262, 264

 and layered double hydroxides 

(LDH) modified with sodium butyrate,
263

 have served as interfacial stabilizers. 

Interestingly, phase inversion has also been observed.
268

 Laponite suspensions have also 

been applied to fabricate latex via Pickering miniemulsion polymerization.
269, 270

 These 

latex particles were obtained from microcapsules composed of a coagulated particle shell 

that resulted from Pickering stabilization, also called colloidosomes.
271-274

 

 

1.4.2 Polymer Composite Nanofillers  

Polymer nanocomposites filled with inorganic layered materials at nano-scale 

have received enormous research attention due to the potential improvement of the 

polymer properties such as permeability,
275

 mechanical and structural properties,
276

 and 

electrical and thermal conductivity.
277

 Whilst the polymer light weight is typically 

maintained by using little nanofiller amounts (~1-3%),
106-109

 optimal cost and 

reinforcement efficiency is of great importance. Although several layered materials can 
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be found in literature (e.g., Laponite,
76

 LDHs,
92

 niobates,
81-83, 93-98

 phosphates,
81, 82, 99-101

 

titanium oxides,
81, 84

 and metal chalcogenides,
102-104

 etc) scientists have commonly 

embedded exfoliated layered silicate crystals on a wide variety of polymer matrix.
278-282

 

For instance, layered materials have been utilized to fabricate biodegradable polymer 

composites.
283, 284

 Synthetic clay has also been applied to obtain polymer 

nanocomposites. Compounds such as epoxy-ZrP nanocomposites (Figure 6c)
285, 286

 have 

been fabricated, where the mechanical properties have been characterized
287-289

 and the 

effect of nano-sheet aspect ratio was elucidated.
290

 The useful properties of graphene and 

its derivatives have been utilized to produce functional composites. Some applications 

can be highlighted such as the Li-ion batteries, supercapacitors, fuel cells, 

photocatalysis,
291

 paper,
292

 and photovoltaic devices.
293

 

 

1.4.3 Rheological Modifiers 

As previously mentioned, clay is commonly known as a great family of minerals 

composed of elements such as magnesium, aluminum, silicon, and oxygen arranged in a 

sheet-like structure. In the oil and gas industry, clay is mined from surface pits and 

utilized in drilling fluids.
294

 A common clay material used as additive to increase the 

density of drilling muds for oil extraction is sodium montmorillonite (i.e., bentonite).
105, 

295
 Due to its plate-like shape, bentonite suspensions behave differently compared to 

sphere suspensions.
296, 297

 In fact, due to difficult interactions between highly anisotropic 

colloidal particles, suspensions can evolve into sol-gel transitions. For instance, as the 

nano-sheet concentration increases, the particles present a rotation reduction due to their 
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large excluded volume interactions as well as long inter-particle forces. Namely, for 

large aspect ratio nano-sheets the excluded volume is greater that the physical volume. 

Therefore, particle motion is geometrically constrained at reduced volume fractions.
296

 

In addition electrostatic interactions play an important role in the sol-gel transition. 

Mourchid et al.,
187

 reported the phase diagram of plate-like charged colloidal dispersions 

in terms of particle concentration and ionic strengths and shear rheology was applied to 

localize the sol-gel phase transition. Finally, Paineau et al.,
298

 presented a systematic 

study to assess in depth the static and dynamic rheological behavior of aqueous 

suspensions to analyze the repulsion influence on the mechanical properties. 

Interestingly, they found a better orientation of clay particles for stronger repulsive 

orientations and a sol-gel transition dependency on particle size.  

 

1.4.4 Manipulation of Liquid Crystals Using External Forces  

There is a renewed considerable attention in mineral colloidal liquid crystals 

because of their remarkable optical properties and potential applications. External forces 

such as shear,
299-304

 magnetic,
305, 306

 and electric
295, 307

 forces have been utilized to re-

orient nano-sheet suspensions due to their high susceptibility. Shear flow aligning can be 

initiated by shaking a suspension of highly anisotropic nano-sheets. During this process, 

a transient birefringence from a temporal ordering of these anisotropic nano-sheets has 

been visualized through crossed polarizers for isotropic montmorillonite
299, 300

, 

hectoritepoly (ethyleneoxide),
301-303

 and montmorillonite-polybutadiene systems
304
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suspensions.  Eventually, the birefringence vanishes after a certain period of time (i.e., 

relaxation time), which is proportional to nano-sheet concentration.  

During the I-N transition, a gain in the orientational order is expected; therefore 

the influence of an external-aligning force along with the anisotropic morphology of the 

nano-sheets will positively influence on the phase transition. A system hard colloidal 

plate-like gibbsites were magnetically-induced from the isotropic into a paranematic 

state, shifting the I-N transition to lower volume fractions (Figure 6d).
305, 306

 

Interestingly, a nematic single domain was obtained using a rotating field.
306

 Liquid 

crystals of nano-sheet suspensions have also been aligned at various magnetic fields and 

times. For instance, suspensions of V2O5
308-310

, nontronite/Fe,
21, 311

 H3Sb3P2O14,
101

 

fluorohectorite,
312

 and niobates.
313

 This birefringent alignment can also be enhanced by 

doping the nano-sheets with magnetic molecules. Kim et al.,
314

 presented a magnetic-

aligned colloidal suspension of surface-modified niobate nano-sheets with magnetic 

nanoparticles.  

Using electric fields, liquid crystals of nano-sheet suspensions have also been 

investigated. Dozov et al.,
315

 and Nakato et al.,
316

 studied the electro-optic response of 

beidellite and niobate nano-sheet suspensions, respectively. Paineau et al.,
317

 also 

aligned beidellite plate-like suspensions by applying electric fields and obtained an 

increase in the nematic order parameter of about 0.8. An interesting point for niobate 

suspensions was that the larger lateral-dimension (i.e., large anisotropy) nano-sheets 

presented a greater response compared to the smaller ones. Also, by switching the 
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electric field on and off several times, the growth of a large crystalline domain was 

induced.  

 

1.4.5 Catalytic Frameworks 

Tsapatsis et al.,
318-320

 have introduced a highly-selective and -crystalline set of 

frameworks with tailored properties made from orthogonally-linked zeolite nano-sheets 

(Figure 6e). The synthesis of these materials applies the house-of-cards described in an 

earlier section to allow them to pack into mesoporous supports.
319

 Microporous 

structures have gained great attention due to their gamut of applications such as 

adsorption, catalysis, and ion exchange. These novel materials are characterized of an 

extremely large external surface area and reduced pore diffusion length in comparison to 

conventional MFI zeolites that allows an easy access to chemical catalysts.
320, 321

 We 

believe that branching zeolites nano-sheets via twinning or intergrowth processes is a 

low-cost approach to produce hierarchical materials with an interconnected microporous 

structure.
320

 

 

1.5 Summary and Conclusions 

We have reviewed the recent progress on synthesis, liquid crystals states, and 

current applications of discotic colloidal suspensions. The recent explosion of discotic 

systems at colloidal scale has resulted in the study of the previous predicted self-

assembled structures. Due to their two-dimensional morphology and tailored colloidal 

interactions, these systems are versatile in a myriad of applications. 
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1.6 Outline of the Dissertation 

The central aim of this dissertation was originally motivated to experimentally 

investigate the effects of particle aspect ratio and size polydispersity on the phase 

diagram of discotic colloids. We also demonstrated the development of the thinnest 

amphiphilic disk-like particle reported in literature called Janus and Gemini, which were 

eventually used to stabilize long-lasting Pickering emulsions. Similarly, amphiphilic 

nano-sheets were utilized to produce Pickering foams. The different studies reported in 

this dissertation have been triggered off by the motivation to mass-produce novel 

discotic colloids with well-controlled uniformity in size, shape, and aspect ratio.  

This dissertation is organized as follows: 

In Chapter II, we deal with the synthetic and theoretical principle to control the 

disk morphology of uniform wax discotic particle fabricated by inducing an 

intermolecular phase transition of wax molecules inside the emulsion droplets.  

Subsequently, in Chapter III, we investigate the strong dependency of the I-N 

transition of discotic suspensions on the aspect ratio via control of the sizes of pristine 

zirconium phosphate (ZrP) layered crystals and subsequent exfoliation to monolayers. 

Also, a new temperature-responsive discotic nematic hydrogel was synthesized using 

extremely large aspect ratio ZrP nano-sheets embedded into a polymer network.  

In Chapter IV, we develop Pickering emulsions and foams stabilized by high-

aspect-ratio nano-sheets. We also demonstrate the fabrication of Janus and Gemini nano-

sheets, which are either surface- or edge-modified plates with a thickness at atomic 

scale. In addition to the generation of amphiphilic and high aspect ratio nano-sheets, 
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crucial fundamental mechanisms that allow Pickering interfacial stabilization are also 

investigated, including the effect on the adsorption properties of particle aspect ratio, 

concentration, and hydrophobicity. Our study is of great interest in the scientific 

community due to the difficulty in generating a discotic colloidal system of controllable 

parameters that allows a systematic study in this regard.  

Finally, in Chapter V we present the main conclusions, ongoing projects and 

future work of this dissertation.  
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CHAPTER II 

LOW ASPECT RATIO COLLOIDAL DISKS

 

 

2.1 Synopsis 

We present here a novel colloidal discotic system: the formation and self-

assembling of wax microdisks with a narrow size distribution. Uniform wax emulsions 

are first fabricated by electrospraying of melt α-eicosene. The size of the emulsions can 

be flexibly tailored by varying the flow rate of the discontinuous phase, its electric 

conductivity, and the applied voltage. The process of entrainment of wax droplets, vital 

for obtaining uniform emulsions, is facilitated by the reduction of air-water surface 

tension and the density of the continuous phase. Then uniform wax discotic particles are 

produced via phase transition, during which the formation of a layered structure of the 

rotator phase of wax converts the droplets, one by one, into oblate particles. The time 

span for the conversion from spherical emulsions to disk particles is linearly dependent 

on the size of droplets in the emulsion, indicating the growth of a rotator phase 

from surface to the center is the limiting step in the shape transition. Using polarized 

light microscopy, the self-assembling of wax disks is observed by increasing disk 

concentration and inducing depletion attraction among disks, where several phases, such 

                                                 


 Reprinted with permission from “Uniform discotic wax particles via electrospray emulsification” by A. 

F. Mejia, P. He, D. Luo, M. Marquez and Z. Cheng, 2009. Journal of Colloid and Interface Science, 334, 

22-28, Copyright 2009 by Elsevier. 

 

Reprinted with permission from “Surface-controlled shape design of discotic micro-particles” by A. F. 

Mejia, P. He, M. Netemeyer, D. Luo, M. Marquez and Z. Cheng, 2010. Soft Matter, 6, 4885-4894, 

Copyright 2010 by The Royal Society of Chemistry. 
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as isotropic, condensed, columnar stacking, and self-assembly of columnar rods are 

present sequentially during solvent evaporation of a suspension drop. 

We also demonstrated experimentally and theoretically the principle to control 

the discotic morphology of particles with a layered internal structure. The packing of 

surfactants tailored the curvature and set the shape of the elastic membrane produced as 

the surface of the emulsions crystallized via surface freezing. Using these membranes as 

the nuclei, emulsions crystallized from the surface to the centre, forming a layered 

structure. The final shape of the disks could be either biconcave or flat circular 

depending on the defect structures of the layers. We confirmed that the final aspect ratio 

of these disks could be controlled varying co-surfactant concentration on the surface. We 

also showed that the morphology of anisotropic particles is vital to their self-assembling 

behaviours. This surface controlled organization of molecules and colloids offers novel 

routes for soft material design, fabrication, and utilization at micro-scales. 

 

2.2 Uniform Discotic Wax Particle Synthesis by Electrospray Emulsification 

2.2.1 Introduction 

Wax emulsions find wide applications in cosmetics,
322

 waterproof paints,
323, 324

 

adhesives,
325

 oil well fracturing,
326

 self-polishing emulsions for floor care,
327

 and fruit 

preservatives.
328

 They are also good model systems to investigate crystal nucleation and 

the growth of hydrocarbons, polymers, surfactants, and lipids.
329-332

 

Here, however, we are interested in the shape transition of wax emulsions
45, 46

 to 

fabricate discotic colloids. Colloids exist in a variety of shapes,
1
 such as spheres, rods, 
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and disks. Disks are the least studied despite of their significance in research in 

petroleum (asphaltenes in the heavy oil are nano-disks),
11

 biology (red blood cells are 

micro-platelets),
14

 and agriculture (soils are aggregations of nano-disks).
8, 333

 Estimating 

the amount of research on spheres, rods, and disks, Lekkerkerker 

(http://www.engr.udel.edu/Colloids2007/plenary.html and private communications) 

found that spheres account for about four times the amount of research as rods, and 

about 80 times the amount as disks. Research has been conducted on micrometer-sized 

platelets,
15-17

 nanometer-sized disks in clay ,
18-21

 synthetic clay 
22-25

 or nano-crystals,
26

 and 

lithographically fabricated particles 
27-29

; however, there is a critical need to establish a 

model system of discotic colloidal particles with uniform size in a few microns.
30-36

 

Current synthetic discotic colloidal systems often have a size distribution, as large as 

17%.
15, 17

 Particle polydispersity, which is a collection of particles in a broad range of size 

dimensions, affects phase transitions of suspensions.
37, 38

 For an example, a dispersion in 

particle size can suppress crystallization in hard sphere colloids.
39

 As for liquid crystals, 

polydispersity influences both the isotropic-nematic 
40, 41

 and the nematic-smectic 
43, 44

 

transitions. Recent experiments demonstrated a fractionation in the thickness of platelets 

between the coexisting phases, where the thicker platelets accumulated in the isotropic 

phase.
42

 Therefore, the insight into the dependence of liquid-crystalline phases on the 

polydispersity in diameter and thickness of disks requires further study through 

experiments,
17

 theories, and simulations.
205, 334, 335

 The pioneering work of preparing 

discotic wax particles was done by Mason
45

 via shearing hot α-eicosene into a highly 

concentrated aqueous solution of sodium dodecyl sulfate (SDS) and lowering the 
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temperature to induce the shape-change of the wax emulsions. It was difficult, however, 

to control the size and size distribution of the final particles obtained with this 

conventional emulsification method. Here, we seek ways to produce uniform wax 

emulsions with the aid of the electric field, thereby creating uniform colloidal disks. 

The production of monodisperse aerosols using electrospray has been thoroughly 

studied
336-344

 and extensively applied.
343, 345-354

 Loscertales and Barrero et al.,
355

 have 

demonstrated the production of stable electrospray in insulator baths with potential 

application in microencapsulation 
352, 356

 and the possibility of scale-up using multiple 

nozzles. 
356

 When a high electric field is applied to a liquid in a capillary, the liquid 

forms a conical meniscus through which a fine liquid ligament is ejected. The liquid 

ligament further breaks into a spray of droplets downstream. The production of fine 

droplets is governed by the voltage applied to the capillary, the liquid flow rate and 

electric conductivity, surface tension, viscosity, and dielectric constant of the liquid.
357-

360
 

We produce uniform wax emulsions using electrospray.  The process sequence is 

droplet formation via electrospray, suspension formation via droplet entrainment (drop 

entering into the collection fluid) into the continuous phase, and emulsion stabilization in 

mixed ethanol and water solutions. The emulsion droplets are further converted into 

disks by lowering the temperature to solidify the wax. The shape-changing kinetics from 

emulsions to disks are characterized by dynamic light scattering. Finally, self-

assembling of microdisks is achieved by solvent evaporation from a droplet of the 

suspensions.  
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2.2.2 Materials and Methods 

2.2.2.1 Discontinuous Phase Preparation 

The wax of α-eicosene (Sigma-Aldrich, St. Louis) was used as received, with 1% 

(w/w) of Stadis-450 
337

 (Octel Starreon, Newark, Delaware) added to increase electrical 

conductivity.  

 

2.2.2.2 Continuous Phase Preparation 

A mixture of 200 mL of ethanol and water (80/20 w/w) was prepared, to which 

0.005 wt% of Tergitol 15-S-9 (Sigma-Aldrich) and 20 mM of sodium dodecyl sulfate 

(SDS) was added. This mixture was used to collect the wax droplets in a 500-mL beaker, 

as illustrated in Figure 7(a).  

 

2.2.2.3 Electrospray Setup 

Liquid wax was introduced through a metallic needle using a syringe pump. An 

electric heater was used to maintain the temperature of α-eicosene above its melting 

point (26˚C). A digital signal generator (Model DS345, Stanford Research System, 

Sunnyvale, Calif.) and a high-voltage amplifier (Model 609E-6, Trek, Inc. Medina, 

N.Y.) provided the required high electric voltage. The positive electrode was connected 

to the top end of the needle, beneath which was a grounded circular wire. The distance 

between the tip of the needle and the surface of the collection solution was kept constant 

at 7 cm. The solution was heated to adjust the density and surface tension of the 

collection fluids. A magnetic stirrer was used to homogenize the resulted emulsions. A 
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stable Taylor cone was observed (Figure 7 (b)) with a voltage range from 2.6 to 2.9 kV 

using a fast camera Phantom V4.2 (Vision Research, Wayne, N.J.). For α-eicosene flow 

rate ranging from 1 ml/hr to 30 ml/hr, the jetting liquid from the cone broke into fine 

droplets with a fairly narrow size distribution. 

 

Figure 7. Electrospray emulsification. (a) Schematic setup. A strong electric field is 

generated between a capillary needle and a ground wire-ring. The collection fluid is 

heated to tune the density and surface tension, and stirred to facilitate drop entrainment. 

(b) Micrograph showing a stable cone-jet mode of electrospray captured by a fast 

camera. 

 

2.2.2.4 Emulsion Preparation 

Ethanol was added to the collection solution to match the density of wax, and 

was later evaporated at room temperature to reduce the solubility of α-eicosene. Before 

the evaporation of ethanol, another 160 mL of water was added to prevent aggregation 

arising from the increase of SDS concentration after evaporation. (SDS micelles will 
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introduce depletion attraction between wax droplets
45

.) By controlling the surfactant 

concentration, we were able to obtain stable emulsions. The sample was kept at low 

temperature (4C), and checked frequently for morphological changes of wax particles 

using polarizing optical microscopy (TE-2000U, Nikon). The dynamic light scattering 

(DLS) measurement was performed on a ZetaPALS zeta potential analyzer (Brookhaven 

Instrumentation Corporation, Holtsville, N.Y.). 

 

2.2.3 Results and Discussion 

2.2.3.1 Conductivity, Flow Rate and Applied Voltage of the Disperse Phase 

In electrospray, the droplet size is controlled predominantly by the liquid flow 

rate and secondarily by the applied voltage (Figure 8), but is independent of the 

capillary size.
337

 The power law fit shows the dependence of the wax droplet size on the 

flow rate. The final droplet size increases with the flow rate. The data also shows that the 

final size of the emulsions can be flexibly manipulated. For a given liquid, the Taylor 

cone can only be established in a certain range of liquid flow rates and voltages, which 

depend on the electrical conductivity of the liquid. As the conductivity increases, the 

range shifts toward smaller flow rates, and smaller droplets are generated in the spray.
337

 

The electrical conductivity of wax is linearly dependent on the concentration of the 

added Stadis-450. In our experiments, the desired conductivity (4.1 x 10
-8 

S·m-1) is
 

achieved at 1 wt.% of Stadis-450 concentration.  
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Figure 8. Size control of emulsions with flow rate. Data are plotted for size variation of 

wax droplets by flow rate from 1 ml/h to 30 ml/h. The line is the power law fitting to the 

data, 03.038.0)2.01.2(  Qd . 
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Figure 9. Polydisperse wax emulsions when the density and the surface tension of wax 

mismatch that of the continuous phase. (a) Size polydispersity is evidenced when wax 

droplets are collected in solution. (b) Droplet size distribution. The polydispersity is 

estimated as high as 25%. The collection fluid is 20 mM SDS aqueous solution. The 

flow rate is 4 ml/h and the applied voltage is 2.8 kV. 

 

2.2.3.2 Characterization of α-Eicosene Droplets 

The micrographs captured by the fast camera, as shown in Figure 8, demonstrate 

the uniform wax droplets produced in electrospray. We measure the size distributions of 

the wax droplets using optic microscopy after cooling the emulsions to room 

temperature. Figure 9 shows the particles collected using pure water, with no ethanol 

added. The polydispersity in size was evident (Figure 9(b)). When particles rise to the 

water-air interface due to buoyancy force, they coalesce with the incoming newly 

produced droplets from electrospray, as indicated by the chunks of wax found on the air-

water interface. Using an ethanol-water solution and optimizing collection temperature, 

we were able to reduce the mismatch in density and surface tension. The droplets enter 

the solution immediately after they touch the solution surface.
20

 We found that surface 

aggregation of the droplets was prevented by using 80/20 w/w ethanol/water solution 
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with density close to that of the α-eicosene. At 40˚C, the density of water is 0.992 kg/m
3
; 

ethanol, 0.773 kg/m
3
; α-eicosene, 0.795 kg/m

3
; and 80/20 w/w ethanol/water solution, 

0.817 kg/m
3
.
361

 

Drop entrainment is also complicated due to the finite difference in interfacial tension 

between air-water and air-wax droplets. Experiment by Li and Wang showed that the 

falling drops of wax often spread on the surface rather than entering the water. Due to 

the hydrophobic nature of wax, a positive spreading coefficient S is obtained by the 

following definition,
362

 

 )(2 pcpS    (1) 

Where 323.5 10 /c N m    is the surface tension of ethanol/water solution
361

 at 80/20 

and 329 10 /p N m    is the α-eicosene surface tension,
363

 both at 40°C. When the 

surface tension of water is greater than the wax droplet, the spreading coefficient is 

positive, causing the droplet to spread out. The spreading coefficient must be made 

negative to allow the droplets to enter the water intact. This requirement can be met by 

reducing the surface tension of water using ethanol and surfactants. We add Tergitol 15-

S-9, a nonionic secondary ethoxylated alcohol to the collection liquid, which controls the 

surface tension effectively.
364
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Figure 10. Monodisperse wax emulsions produced with a collection solution of 80 %wt. 

ethanol, 20 %wt. water, 0.005 %wt. of Tergitol 15-S-9 and 20mM SDS. The flow rate is 

4 ml/h and the voltage is 2.8 kV. (a) Micrograph of the hexagonal lattices of emulsion 

droplets confirms size uniformity. (b) Droplet size distribution measured by dynamic 

light scattering. The diameter of the droplets is 1.02±0.03 μm, and the polydispersity is 

2.7±0.1% (Standard deviation of the size distribution divided by the mean size). 

 

Figure 10 shows the DLS measurement and an optical image of wax droplets 

collected using 80/20 (w/w) ethanol/water mixture and 0.005% Tergitol surfactant. The 

spherical wax droplets were 1.02±0.03 μm in diameter, according to the DLS 

measurement. The polydispersity was 2.7±0.1% (Figure 10(b)). Ordered lattice 

structures were observed by increasing the concentration of droplets using evaporation, 

which confirms the narrow size distribution of the droplets (Figure 10(a)). We can 

fabricate monodisperse wax emulsions (which later transform into monodisperse discotic 

particle suspensions) ranging from 1 μm to 5 μm by varying the flow rate. Sub-micron 

emulsions can be produced by further reducing the flow rate and increasing conductivity. 

We have obtained some 0.5 μm emulsions. 
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Table 2. Comparison of different methods for the production of emulsions and colloids 

 Microfluidics 

Heating and 

shear mixing 

Inorganic 

Crystal growth 

Membrane 

Emulsification 

Emulsification 

in Viscoelastic 

Media 

Electrospray 

(This work) 

Typical 

Production 

Rates 

≤  10,000 

particles per 

second 

Mass production 

~ 500 grams per 

batch 

Mass production 

~ 10 grams per 

batch 

Continuous but 

low production 

~60 kg/(m
2
*h) 

~ 0.1 g/batch 

Mass production 

0.03 – 15 ml/h 

Size 33 - 55 μm 1 – 100 μm ~ 0.2 μm 4.25 – 12.3 μm 1 – 30 μm 0.5 - 10 μm 

Polydispersity 2% 25% 17 - 25% 37-65% 5% 2.7% 
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2.2.3.3  Electrospray Method Compared to Other Emulsification Techniques 

We compare the various emulsification techniques in Table 2. The electrospray 

emulsification method can mass produce particle suspensions (mass flux ~ 0.03–15 

ml/h), and can control the size and polydispersity by tailoring the physical properties of 

the materials involved or parameters of the process. By contrast, the emulsification in 

viscoelastic media
365

 and the flow focusing microfluidic methods can achieved a good 

control of the particles size but they cannot mass produce particles as electrospray does. 

Other methods, such as the heating-shear mixing method
45

 and the inorganic crystal 

growth produced by Lekkerkerker et al.,
16

 are lack of controlling the polydispersity of 

the particles in the suspensions. Finally, the membrane emulsification method
366

 is not 

quite good at controlling polydispersity and the particle flux rate is limited. 

 

 

Figure 11. Time sequential optical microscopy images of wax particles after 36 hour-

storage at 4°C. The disks (No. 1, 2, 3, 5 and 6) are uniform and have the same inversed 

aspect ratio of about 1:2. Some of the particles (No. 4 and 7) were still in a spherical 

shape. Time interval between two consecutive images is 2 seconds. 

 

2.2.3.4 Phase Changing of Wax Emulsions 

The samples are kept at low temperature (4
o
C), and checked frequently for 

morphological changes of the emulsions/particles using polarizing light microscopy. 

After 1 day, the shape change of wax emulsions to discotic particles with an inversed 
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aspect ratio of 0.5 (thickness/diameter) was observed. Depending on time, some wax 

droplets switch into disks while some others remain as spheres, as shown in Figure 11.  

No separation procedure of spheres from disks (as done by Mason
45

) are 

performed. The conversion from spheres to disks requires several days for large-sized 

droplets, and the percentage of conversion increases with time. We use DLS to monitor 

the change of the apparent size, which increases as the emulsions solidify (Figure 12(a)) 

from spheres into disks. An ultrasonic emulsification method is used to produce the 

small-sized emulsions. Figure 12(b) shows that the shape-changing time depends on the 

size of the initial emulsions. Due to the surface freezing of α-eicosene,
363

 the phase 

transition initiates (i.e., nucleates) at the surface, and grows inward to the center to 

complete. The linear dependence (power law fit to the data in Figure 12(b) gives

0.330.75 n  ) on size demonstrates that growth process is the time-limiting step. If 

nucleation of the rotator phase at the surface is the limited step, the power-law exponent 

n  should be approximately equal to 2. 
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Figure 12. The dependence of shape changing time as a function on the initial size of 

emulsions. (a) Apparent size of the disks measure by DLS in the course of shape 

changing. The solid line is the exponential growth fit to the data:













52.028.1
exp)5.102.61()8.45.341(


D . (b) Shape changing time as a function of 

initial emulsion size. 

 

 

 

Figure 13. Columnar morphology of rods that are stacked from the wax disks. (a)(b) 

Rods from polydisperse disks fabricated by emulsification with variation in flow rates. 

(c)(d) Rods from uniform disks fabricated by emulsification with the same flow rate (4 

ml/h). 
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2.2.3.5  Uniform Discotic Wax Particles  

Starting from emulsions of uniform volume, a suspension of uniform disks in 

diameter and thickness is resulted after the shape change. The straight columnar 

morphology of the rods from the stacking of the disks and the monodispersity of the 

columnar width observed in Figure 13(c) and (d) demonstrates the narrow size 

distribution of the discotic particles that are transformed from the monodisperse wax 

droplets. The structure of rods is similar to the stacking of red blood cells in the 

rouleaux.
29, 367, 368

 As a further demonstration of monodispersity in disk diameters, we 

contrast the micrographs of rods formed from polydisperse disks and uniform disks. 

Figure 13(a) and (b) shows the width variation of rods comprising polydisperse disks 

fabricated by emulsification varying the flow rate. Rods of higher polydisperse disks can 

be found in 
45

. Figure 13(c) and (d) shows rods made from uniform disks fabricated by 

emulsification keeping the same flow rate (4 ml/h). The polydisperse-disk-rods are less 

straight with apparent breaks along the rod.  

By observation, the disks can be approximated as short circular cylinders.
45

 

Consistent with the structure of the rotator phase is the fact that the α-eicosene molecules 

are perpendicular to the faces as the molecules form layers which stack on each other. 

The free rotation of the α-eicosene in the molecular layer leads to a two-dimensional 

symmetry in the layer; hence, the circular faces of the cylinders. Therefore, let us assume 

two phenomenological surface tensions between α-eicosene molecules and water, σ1 and 

σ2, being the surface tensions for the circular faces and the edge of the cylinder, 

respectively. 
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The total surface energy of the disk is,  

21

2 22  rlrETOTAL   (2) 

where, l  is the thickness and r is the radius of the disk. Assuming a constant volume, V , 

for each disk, we have, 

2r

V
l


 . (3) 

Minimization of TOTALE  via the variation of r leads to 

3

1

2

2

V
r  . (4) 

Therefore, the inversed aspect ratio of the disk is 

2

1

2
*




 

r

l
. (5) 

This is to say, the physical properties of the rotator phase of α-eicosene determine the 

aspect ratio of the disks via the surface tensions (
1 ,

2 ). Hence, all disks should have 

the same aspect ratio. The uniform emulsions produced by electrospray will produce a 

uniform suspension of disks. Equation (5) shows that the inversed aspect ratio becomes 

smaller with decreasing 
1 .  
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Figure 14. Self-assembling of micro wax disks observed by evaporating a droplet. (a) A 

droplet of homogeneous suspension was deposited on a glass slide under observation of 

a polarized optic microscope. Solvent-evaporation starts once the drop is placed on the 

slide. (b) Influenced by Marangoni’s effect, the colloidal disks are taken into the center 

of the droplet by convection as indicated on the top panel. (c) The evaporation of the 

droplet continues and the concentration of disks and SDS become higher. Depletion 

attraction between disks due to the high concentration of SDS micelle leads to the 

formation of a condensed phase. (d) The disks start to self-assemble into rods inside the 

condensed phase and flow out. (e) Rods suspension is finally formed toward the end of 

the evaporation. Pictures below the schematics are cross-polarization optical 

microscopic images near the top center of the drop. 

 

2.2.3.6 Discotic Liquid Crystalline Phases of Micro Wax Disks via Droplet Solvent-

evaporation 

The self-assembling of the wax disks is briefly studied by polarizing optical 

microscopy using solvent-evaporation method from a drop of suspension. At the 

beginning of this process, the suspension is in the isotropic phase (Figure 14(a)). As the 

solvent evaporates,
369

 the concentrations of the wax disks and SDS increase, the latter 

introduces depletion attraction between disks (Figure 14(b)) and a condensed fluid 

phase is obtained (Figure 14(c)). In the simulation 
43

 and the experiments on Gibbsites, 

15
 this condensed phase was not observed due to the absence of attraction. Then, a 

columnar stacking of disks is formed flowing out from the condensed phase. (Figure 

14(d)). Finally, the self-assembly of columnar rods is observed (Figure 14(a)) as 

previously reported.
45
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We are able to mass-produce discotic particle suspensions at the rate of a few 

milliliters per hour (between 0.03 ml/h to 15 ml/h). This new emulsification method is a 

natural extension to the microfluidic emulsification to produce monodisperse emulsion 

droplets of tens of microns.
341, 370, 371

 It opens doors to further characterization of discotic 

colloids, one of the least studied type of colloids, such as their phase transitions and 

rheology.
18, 22, 26, 28

  

 

2.2.4 Summary 

We have established a new model system of discotic colloids via electrospray of 

melted wax and demonstrated the phase transitions of the produced suspensions. Using a 

stable cone-jet mode, spherical droplets of α-eicosene with uniform size are obtained. By 

tuning the flow rate and conductivity, suspensions of monodisperse wax emulsions with 

sizes ranging from 0.5μm to 5μm are obtained. The emulsions can be mass produced at 

rate between 0.03 ml/h to 15 ml/h. We find that the properties of collection solution, 

such as density and surface tension, are crucial to the formation of monodisperse 

suspensions. When the density and the surface tension of wax mismatch that of the 

continuous phase, the wax particles spread on the air-water interface, producing 

aggregates of wax and increase the polydispersity of the final emulsions. The formation 

of the rotator phase of wax converts the emulsions into oblate disks with an aspect ratio 

determined by the surface tension anisotropy, and the growth of the rotator phase from 

the surface to the center is the rate determining step in the shape transition. The self-

assembling of wax disk is observed by solvent evaporation to induce depletion 
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attraction. Along with evaporation, phases such as isotropic, condensed, columnar 

stacking, and self-assembly of columnar rods are revealed. The advantage of producing 

anisotropic particles in a wide range of sizes with a narrow size distribution will initiate 

novel routines to the understanding of colloidal behaviors. We anticipate that the novel 

emulsification method we elaborated here can be also used in biomaterial development 

and drug delivery. 

 

2.3 Surface-controlled Shape Design of Discotic Micro-particles 

2.3.1 Introduction 

Surfactants can tailor interfaces essential to many chemical, physical, and 

biological processes.
372

 For example, they are used as stabilizers for foam and 

emulsions, size-controllers for droplets made in microfluidics,
373

 adjustors for the 

organization of liquid crystals,
374

 growth-regulators for nano particles,
375

 and area-

maintainers for drop evaporation to make DNA chips.
376

 Here, we use surfactants as a 

shape transformer for emulsions. 

  Alkenes crystallize via anomalous surface freezing
377

 and formation of a rotator 

phase. The rotator phase is a layered crystalline phase that lacks rotational order about 

the molecular axis.
363

 Colloidal particles of the rotator phase are then composed of 

equidistant layers. Decreased temperatures cause surface freezing of the alkene droplets. 

Surfactant adsorption exert forces that shape the solidifying alkene droplets into 

colloidal disks. When surface freezing establishes an elastic shell for the emulsion 

droplets, we have found that a mixture of surfactant and co-surfactant can prescribe the 
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spontaneous curvature of this shell, which in turn leads to the defect structure of the 

produced micro-disks after the interior of the emulsion crystallizes. Depending on the 

defect type, the shape of the disks is either flat-circular or biconcave with dimples on 

their circular faces. The surfactants also set the magnitude of surface-tension anisotropy; 

hence, the aspect ratio of the produced micro-disks. 

Anisotropic particles are models for the study of liquid crystals.
15, 124

 

Conventionally, they are either taken directly from nature, such as filamentous 

viruses,
378

 DNA,
379

 microtubles,
380

 and minerals,
122

 or they are synthesized in the form 

of inorganic crystals,
381

 polymeric colloids,
382

 and lithographic particles.
28

 Colloidal 

disks are one of the least studied anisotropic particles due to the lack of model systems. 

Although many examples of platelike particles at the colloidal scale can be found in the 

literature,
29, 383, 384

 biconcave particles small enough to experience Brownian motion, as 

we fabricated here, have not been demonstrated so far.
385

 In addition, self-assembly 

configuration of the anisotropic particles is determined by their geometric shape and 

inter-particle interactions; hence, our capability to control their surface roughness and 

anisotropy dimensions can provide excellent tools for investigation.
1, 45, 49

 Colloidal 

disks with controllable aspect ratio and polydispersity are vital to the understanding of 

discotic liquid crystals. Therefore, our results can help to establish a better 

comprehension of the self-assembly mechanisms in systems of non-spherical colloidal 

particles such as red blood cells, soils, and asphaltenes.  

Our research is closely related to liquid crystal dispersions due to the internal 

layered structure of our particles. To date, the majority of research in liquid crystal 
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dispersions has been  on nematic droplets,
386-388

 the shape of which is still close to 

spherical due to the bipolar structure with two defects anchored on the surface.
389

 

Though defect structures of smectic liquid crystals in confinement have long been 

studied,
390-397

 systematic study on the smectic emulsions has not been performed.
398

 

However, faceted droplets of smectic liquid crystals
399-402

 and  the laminar (layered) 

phase of diblock copolymers
403

 are observed on solid substrates. Smectic phase growth 

in the isotropic phase has been studied experimentally
404, 405

 and theoretically.
406-408

  

 

Figure 15. Biconcave α-eicosene disks. Dimples are visible on the circular faces of the 

disks, indicated by the arrows. Short stacks of the disks are observed as well. (See 

supplementary Figure A1a for the Brownian motion of a disk.) These disks have an 

aspect ratio ξ about 2, with ξ = diameter/thickness, and a single defect of a focal conic 

domain (FCD). See Figure 17c and supplementary Figure A2 for the defect 

configurations of a layered structure.) The micrograph was taken at room temperature 

using a Nikon microscope TE-2000U with magnification 60×. 
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2.3.2 Experimental 

We fabricated uniform alkene (α-eicosene, a wax) emulsions by a newly 

developed emulsification method: electrospraying melted α-eicosene at 60°C and 

collecting the emulsions in 20mM sodium dodecyl sulfate (SDS) solution producing 

micron-sized emulsions.
47

  

The emulsions were cooled down to room temperature and kept at 4⁰C in a 

refrigerator. Alkenes go through surface freezing that their surfaces crystallize at 

temperature right above their bulk melting temperature.
409

 At the melting temperature of 

α-eicosene 26⁰C, surface freezing created a crystalline monolayer around our wax 

droplets that would act as the nuclei of the rotator phase as temperature decreased. Then 

rotator phase grew from the surface towards the center, fabricating the disks. The surface 

freezing process took place at the early stage of the cooling, where the temperature was 

higher than 20⁰C; hence, the Krafft temperature, which is about 15⁰C, did not affect the 

surface freezing. 
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Figure 16. Biconcave α-eicosene disks. (a) Confocal micrographs. Biconcave disks 

coated with nile red are displayed as rings. Magnification 60x. (b) Confocal reflective 

image at the same position as (a). (c) The spindle torus that represents the surface 

coating of the nile red dye on the disks. The dimples of the torus appear as a black dots 

on the circular faces in Figure 15. (d) Sequential confocal images cutting through a 

single disk. Magnification150 . (d´) Regenerated image slices using Matlab from a tiled 

spindle torus as illustrated in (c), where gray stripes stand for imaging slices. (a),(b) and 

(d) were taken at room temperature using a Leica confocal microscope TCS SP5. 

 

The disks were imaged under  polarizing optical microscopy (TE-2000U, Nikon) 

at room temperature. (See Supplement Figure A1.) The obtained solidified particles 
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exhibited a morphology that remarkably resembles that of red blood cells (RBCs) as 

shown in Figure 15. Dimples were obvious on the circular faces of the disks 

(Supplementary Figure A1a). They manifest in the torus structure as molecular layers of 

the rotator phase (Figure 16c and Figure 17c). Figure 16d shows slides of confocal 

images when the laser scanned through a single disk as illustrated in Figure 16c. Since 

the nile red dye coated only the surface, the middle slices were rings (Figure 16a), while 

the slices near the top and bottom were partially filled rings due to the tilt of the disk 

with respect to the laser scanning plane. Images regenerated (Figure 16d´) from a tilted 

spindle torus using Matlab reproduced well the experimental 3D image stack (Figure 

16d). To our knowledge, this is the first observation of solid colloidal particles with a 

biconcave shape. 

Using the Langmuir isotherm of SDS adsorption to self-assembled monolayers 

(SAMs),
410

 we estimated the surface adsorption density of SDS to be about 10mM =  0.71 

molecules/nm
2
 with 10mM SDS aqueous solution. This value is about 27% of the 

density of dehydrated SDS crystalline packing. Therefore, our experiment indicates that 

27% mixing of SDS into α-eicosene at the surface is not a high enough concentration to 

make flat surface disks. 

Elevating the concentration of SDS to 60mM introduced a stronger depletion 

attraction between alkene emulsions due to the increase of SDS micelle concentration.
411

 

Increasing and decreasing the temperature of the suspensions several times caused 

coalescence of the dimmer aggregates (Figure 17a). The surface area decreased by 21% 

when two spherical droplets coalesced into one. Assuming the adsorbed SDS molecules 
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did not re-dissolve into the solvent, the SDS density on the surface became about 0.89 

molecules/nm
2
, so the SDS occupied about 35% of the surface. To our surprise, these 

disks showed two flat circular surfaces instead of dimples on both faces. (Figure 17b, 

d). 

 

Figure 17. Coalescence of two biconcave colloidal disks into a flat disk. (a) The disks 

were attracted to each other at high sample SDS concentrations. Temperature was raised 

and lowered for several times between 20
 o
C and 60 

o
C, cycling above and below the 

melting point of α-eicosene (Tm=26°C). This procedure produced disks of a larger 

volume with a larger aspect ratio, ξ= 4, than the original biconcave disks with ξ= 2. (b) 

Disk obtained after temperature oscillations. Images were taken of a single disk at 

different times to examine the shape from various view angles. The first two images are 

optic micrographs, and the third image is a polarizing microscope micrograph. Images 

were taken at room temperature using 20  lens. (c) Illustration of the FCD defect of the 

layered structure of a biconcave disk. Molecules in the rotator phase pack into layers, in 

which they rotate freely. (d) Illustration of the +π edge disclination loop defect of the flat 

disk. 
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Figure 18. Flat disks. Disks have an aspect ratio of ξ = 4. (a) Disks begin to stack into 

rods at relatively dilute concentration comparing to the biconcave disks. Magnification 

60x. (b) AutoCAD illustration of disk stacking. Disks are brighter due to their inclination 

at the end of the stack as observed in (a). (c) Confocal micrograph of rods formed at a 

high disk concentration. Magnification: 60 .  Figure 18a and Figure 18c were taken at 

room temperature. Figure 18a and Figure 18c were taken using confocal microscopy 

(TCS SP5, Leica). 
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From this experiment, we realized that the high surface concentration or dense 

packing of surfactantshence low surface tensionis required to fabricate flat disks. 

Therefore, we used a co-surfactant, decanol, to tune the organization of molecules at the 

wax-water interface. It is known that decanol increases the surfactant molecular packing 

density at the interface and lowers the curvature of the surfactant monolayer.
412, 413

 In a 

previous work, it was used to induce dewetting to modify the shape of solidifying 

droplets.
414

 Using mixtures of decanol and SDS at a weight ratio of 1 to 10 in a 10mM 

SDS aqueous solution, flat-surfaced disks quickly emerged in the emulsions in less than 

12 hours at 4C, as shown in Figure 18. 

 

2.3.3 Discussion 

2.3.3.1 Morphology of the Disks 

Therefore, two distinct kinds of disks can be obtained by varying the composition 

of surfactant and co-surfactant (Figure 19). Hydrocarbons have particular physical 

properties, such as the formation of a rotator phase and surface freezing.
415, 416

 Surface 

freezing appears a few degrees above the melting temperature creating a crystalline 

monolayer at the surface, usually of a rotator phase that is in equilibrium with the bulk 

liquid.
417

 Colloidal particles of the rotator phase are composed of equidistant layers, 

topologically equivalent to a sphere of concentric layers. Crystallization converts wax 

emulsions themselves into disks in a two-step process. Surface freezing
363

 first forms an 

elastic membrane at the alkene-water interface. This membrane then serves as the 

nucleus of the rotator phase. However, the final shape of the disk is dictated by elastic 

deformation of this membrane and defects of the rotator phase, satisfying global free 
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energy minimization. The role of the co-surfactant decanol is to achieve a high 

surfactant concentration to form a condensed phase at the alkene-water interface, which 

in turn leads to an enhanced surface freezing.
377

 The rotator phase propagates from the 

alkene-water interface to the center of the emulsions to form the final disk shape.  

As described below in detail, the shape of the disks is determined by the surfactants 

through two specific control parameters, the spontaneous curvature, c0, and the 

anchoring or orientation of the alkene molecules at the alkene-water interface. c0 

determines the defect type of the resultant disks by selecting the shape of the elastic 

membrane, either flat at small c0 or biconcave at large c0. The biconcave membrane can 

create a single FCD defect during the rotator phase growth, which acts to form the 

emulsion into red-blood-cell-like (RBC-like) shape. The flat membrane, though, creates 

a +π edge disclination to connect the top layers to the bottom layers form the emulsion 

into flat disks. (Defects of the layered structure are illustrated in supplement Figure A2). 

On the other hand, the anchoring sets the aspect ratio of the resulted disks. 

 

2.3.3.1.1 Disk Morphology Selection by the Spontaneous Curvature of the Surface 

Membrane 

Spontaneous curvature, c0, plays an important role as a shape selector of the 

elastic membrane. It varies with the surfactants pack in a monolayer on the surface. 

When only SDS is used, c0 is large, and a biconcave membrane will be obtained. 

However, if the mixture of decanol and SDS reduces c0 to a critical value. c0*, a flat 
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membrane can be achieved. Here we establish the theoretical considerations for this c0 

induced disk morphology transition. 

 

2.3.3.1.1.1 Shape of the Elastic Membrane 

For an elastic membrane of surface area A enclosing a fixed volume V , the free 

energy
418

 is: 

 
2

1 2

1
.

2
membrane oE k c c c dA pdV dA        ,  (6) 

where membranek  is the elastic modulus, c0 is its spontaneous curvature, c1 and c2 are the 

two principle curvatures of the membrane. Minimization of this free energy leads to a 

second-order differential equation for the rotation-symmetric shape of the membrane:
419
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 (7) 

Since a cylindrical coordinate system was used, rc /sin1   is the curvature along 

the parallels and drdc /sin2   is that along the meridian, where   is the angle made by 

the surface tangent and the r axis, and r is the distance to the z axis. In Eq. (7), C is an 

integration constant (C = 2c0). 

We can assume δp = 0 since there is no material transport across the membrane 

during surface freezing. Let us consider λ = 0 since area are created favorably during 

surface freezing. An analytic solution for Eq. (7) under such conditions is:
419
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rrcRr oo ln/sin  ,        (8) 

which describes the shape of the membrane, where 
oR  is a constant.  

When only SDS is used as surfactant, it is well known that  the spontaneous 

curvature c0 of the interface is relatively large due to the large size of the charged head 

group compared to the relatively small hydrophobic chain, giving the surfactant 

molecule a conical shape.
420

 Even at a low decanol concentration, the surfactant packing 

is still not tight and the surfactant mixture still produces a wax-water interface with a 

relatively large spontaneous curvature c0. For a non zero c0,  Eq. (8) gives a biconcave 

shape of the membrane. An example with 8.1oc  and 1oR  is shown in Figure 20a.  

As decanol/SDS weight ratio increases, the enhanced surfactant molecular 

packing at the wax-water interface reduces the curvature of the membrane.
421

 At the 

limit of, c  = 0, there are two solutions for the membrane
419

: the sphere with sin = r/R 

with Ro as the radius and the flat plane with sin = 0. Obviously, the flat plane has lower 

free energy than the sphere. However, the flat membrane needs to have a curved edge to 

connect the top to the bottom portion of the membrane, as shown in Figure 20c. 

  

2.3.3.1.1.2 Influence of c0 on Final Shape of the Disk after Emulsion 

Crystallization 

Even a biconcave membrane, which is formed at non-zero c0, might lead to the 

formation of a flat disk due to the competition of surface and bulk deformation. It is 

instructive to compare the free energy for both the biconcave (FCD) and the flat disks 

(Figure 20). Ignoring here the surface tension contribution in Eqs, 9 and 10 as they 
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should cancel out in Eq. 11 due to roughly the same surface area for both cases, the free 

energy for the biconcave disk can be expressed as 
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Where Egd is the energy of the +π disclination located on the edge of the disk (Figure 

20d and supplementary Figure A2g), the second term corresponds to the elastic free 

energy of the membrane (Figure 20b), and third term corresponds to the enclosed 

rotator phase (Figure 20d). cr1, cr2 and krotator are the curvatures of the rotator phase and 

its modulus, respectively.  

 

The free energy of a flat disk is (Figure 20c and Figure 20e) 
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Assuming the same thickness t and lateral size, the free energy difference is 
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Letting H be the mean curvature of the surface membrane, i.e., H = -(c1 + c2)/2, 

integrating Eq. (11), we obtain:
422

 

22 21 1
(2 ) .

2 2
membrane o o rotatorE k H c c a k a     

 
  (12) 

Where a  is the size of the torus defect (Region I). Since a  is smaller than  1/ H , let 

 / /a H R      with 1 ; R  is the lateral radius of the disk; and 2 /R t   is the 

aspect ratio.  

Setting 0E  to obtain c0
*
, which is the critical spontaneous curvature for the 

transition between biconcave and the flat disk: 

*2 21 1
4 4 0

2 2
membrane o rotatork H Hc a k a   

 
,  (13) 

  
  

  

 
 

 

  

        

         
. (14) 

where ξ
#

 is the aspect ratio of the disks produced at c0
*
, 2.0 < ξ

#
 < 4.0 according to 

observation made in Figure 19. When decanol is used in a sufficient amount so that 
oc  

can be reduced to less than 
*

0c , flat disks will be obtained. Flat disks are certain to be 

produced when the decanol/SDS weight ratio is larger than 0.25 because there co-

surfactant and surfactant mixtures were observed to form the lamellar phase (a flat 
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layered structure, indicating small c0).
421

 Eq. (14) indicates that the elasticity of the 

internal structure of the particle ( rotatork ) leads to the formation of flat disks at a non-zero 

spontaneous curvature value c0
*
. It also indicates that small sized disks (small R) are 

ready to be flat due to the relatively large value of c0
*
. 

 

Figure 19. The morphology control of colloidal disks by varying surfactant composition. 

Decanol increases the surfactant molecular packing density at the wax-water interface 

and lowers the curvature c0 of the interface. The particles are composed of equidistant 

layers in topological equivalence to a sphere of concentric layers. Without decanol, the 

spontaneous curvature c0 is larger than c0
*
, and the surface membrane of the particle 

takes a torus structure due to the FCD defect (note the dimples on the circular surfaces, 

see supplementary Figure A1a). With enough decanol, the spontaneous curvature is 

reduced to be smaller than a critical value c0
*
, and the disk assumes the flat coin-like 

shape with the +π disclination loop defect 
423

 (Supplementary Figure A2b). The aspect 

ratio of the particles increases if the surface tension ||
 is reduced by the addition of 

decanol. The scale bar is 4 μm. Images were taken at room temperature using confocal 

microscopy (TCS SP5, Leica) with 100X lens. Note: 
 SDS only  10:1  1:1o o oc c c  . 
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Figure 20. Structure of the wax particles. (a-c) The surface membranes formed by 

surface freezing. (a) and (b) are biconcave membranes and (c) is flat membrane. (d) 

Biconcave disk geometry with FCD region (I), flat surface region (II) and +π edge 

disclination region (III). The radial lengths of the FDC region and the flat region are a/2 

and l, respectively. (a) is the surface for particles with l = 0 and (c) is the surface for 

particles with a = 0. (e) Flat disk geometry with the same thickness and lateral size as the 

biconcave disk shown in (d), divided into three corresponding regions. 

 

2.3.3.1.2 Aspect Ratio of Disks is Tailored by Molecular Anchoring and oc  

Anchoring controls the aspect ratio of the disk through the magnitude of surface 

tension anisotropy , with ||   , ||
  

being the surface tension with the 

molecular layers parallel to the surface, and   perpendicular to the surface. To avoid 

exposure of high energetic interface involving  , the alkene layers bend to adopt a 

configuration of parallel layers with a disclination loop defect (the III region of Figure 

20d and Figure 20e;  supplementary Figure A2d). It is a defect in the orientation of 

molecules. The  energy for the + π edge-disclination in the flat disk can be expressed as:
423
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Where, Ec represents the core energy of the +π disclination. The second term is the 

elastic self-energy of the giant dislocation. K and B are the curvature and compressibility 

moduli of the molecular layers, respectively; R is the radius of the disk; t is the thickness of 

the disk; and n is the number of layers. The third term is the curvature energy of the layers. 

Assuming the second term in Egd dominates and R to be constant (R = a/2+l+t/2), where 

a/2 and l are the length of the defect and the flat surface, respectively, as shown in 

Figure 20d and Figure 20e, the total energy for the disk is:  
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 (16) 

Where, the first term corresponds to the surface energy of region II. The second term 

is related to the + π giant disclination (region III). The third term represents the energy of 

region I, either FCD-I 
422

 (Figure 20d) or flat (Figure 20e), which is  constant when 

varying l. The last term is the energy of the internal structure of region II, which is also 

constant (zero) when varying l. Therefore, the aspect ratio of the disks can be calculated by 

minimizing this energy expression for a fixed disk volume:  

2

||

2( / 2 / 2)
1.

1
2( )

2
membrane o

a l t KB

t
k c





 
  



 (17) 

This relationship shows that the aspect ratio of the disks increases with reduced 

surface tension || and spontaneous curvature oc . We confirmed this correlation 

experimentally in section 2.3.3.1.2.3. 



 

79 

 

2.3.3.1.2.1 Surface Tension for Wax-water Interface at Different Decanol 

and SDS Weight Ratios 

A KSV CAM-200 optical goniometer instrument (Monroe, CT) with auto-

dispenser, video camera, and drop-shape analysis software was used to measure the 

surface tension of the wax/liquid interface. The liquid-air interfacial tension was roughly 

approximated to a pure ethanol-air system using a, solution of 80% ethanol and 20% 

water. To mimic the wax-liquid interface, a glass slide was coated with α-eicosene using a 

Cee® Model 100 spin coater (Brewer Science Inc, Rolla, Mo.). The static contact angles 

were measured for five different decanol/SDS weight ratios, as shown in Figure 21a. 

From the obtained static contact angles, the following equation was used to measure the 

wax-liquid interfacial tension. 

 coslawawl  ,  (18) 

where θ is the contact angle and γwl, γwa and γla are the wax-liquid, wax-air, and liquid-air 

interfacial tension.  Values for γwa and γla were taken as 25.6 dyn/cm
363

 and 22.4 

dyn/cm,
424

 respectively.  

Figure 21a shows that the surface tension changes only slightly in a weight ratio 

between 0 and 0.4, but there is a relatively large reduction in the range 0.4 to 1 range. 

 

2.3.3.1.2.2 Aspect Ratio Measurement using Dynamic Light Scattering 

Dynamic light scattering measurements were carried out to calculate the aspect 

ratio (ξ) of the colloidal disks at different decanol/SDS weight ratios applying Eq. (19). 

The diffusion coefficient for the emulsions (Dsphere) and for the disks (Ddisk) were 
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measured using ZetaPALS (Brookhaven Instrumentation Corporation, Holtsville, 

N.Y.).
425
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Figure 21. Dependence of the alkene/liquid interfacial tension (a) and the aspect ratio on 

decanol/SDS composition (b). The aspect ratio of the disks was measured using their 

phase transition by dynamic light scattering. The solid line is a polynomial fit. 
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The results are shown in Figure 21b. A transition between decanol/SDS weight 

ratio 0 and 0.1 was observed. It is known that the spontaneous curvature of the α-

eicosene changes dramatically at low decanol concentrations.
421

 From decanol/SDS weight 

ratio 0.1 to 1, an approximate linear tendency was observed for aspect ratio.  

 

2.3.3.1.2.3 Correlation of aspect ratio and surface tension for disks 

Figure 22 confirms the relationship predicted by Eq. 17 between the aspect ratio 

and the surface tension. The graph is divided into three regions. For region I, 0~oc  due 

to the use of a large amount of decanol,
421

 the fitting of Eq. 17 to the data gave 

/ 2 45.76 1.17KB    dyn/cm. Regions II and III are separated by the critical spontaneous 

curvatures 
*

oc  or critical aspect ratio * . We found that a linear dependence of 

2

0

1

2
membranek c  on ||  fits the data well in regions II and III: 

   
2

||

1
12.06 4.16 136.76 47.43

2
membrane ok c     . The limit value 1   at large interfacial 

tension was taken for || 100   dyn/cm. However, the position of the dashed line was 

uncertain, since the transition from biconcave to flat disks cannot be yet determined 

experimentally.  

In summary, region III produces biconcaved disks due to the large spontaneous 

curvature oc  of the elastic membrane. Region I produces flat disks because spontaneous 

curvature oc  equals zero, which favors a flat elastic membrane. In region II, it is the 
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competition between the elastic membrane and layer-packing of the internal rotator 

phase that determines the final shape of the disks to be flat. 

 

2.3.3.2 Depletion Attraction between Disks of Various Shapes. 

The depletion energy of the wax disks system was manipulated increasing the 

concentration of the SDS nanospheres by evaporation of a suspension droplet (For 

evaporation method, see Supplementary Figure A1.) The evaporation method lacks 

precise control of the concentration of SDS and wax disks. The depletion attraction for 

two disks oriented face to face is larger than side to side, hence aggregations face to face 

as shown in Figure 23c and Figure 23d are observed rather than side to side as depicted 

in Figure 23e and Figure 23f. As a result the wax disks tend to form rods. It was found 

that there is a large difference in the depletion attraction energies between two biconcave 

and two flat disks. The rods stacked by the flat disks are longer, straighter, and more 

rigid (Figure 23a) as measured by less sideways Brownian motion, compared with the 

short rods obtained from the biconcave disks (Figure 23b). Mason
45

 showed these 

aggregations are explained by  the depletion caused by the SDS micelles between 

different surfaces.  In Figure 23 we show here how the geometry of anisotropic particles 

affects their self-assembled structures.  

The flat disks prefer to aggregate into condensed structures, as shown in Figure 

24b. The contact energy for two disks approaching face to face can be calculated as
45

 

shown in Eqs. 20 and 21. (Note: Here the aspect ratio is defined as 2 /dR t  , Mason
45

 

used 
* / 2 dt R  .) 
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mdm

ff

flat RRU  2
2 ,  (20) 


mdmss

flat

RR
U




2/32/32/72
,  (21) 

where ffU  is the depletion energy between two flat disks in the orientation of face to 

face, 
ssU 
is the depletion energy side to side, 

mR is the micelle size, 
dR  is the disks 

face radius and 
m  the micellar osmotic pressure. 

 

Figure 22. Correlation between aspect ratio and interfacial surface tension. The solid 

lines are fittings to the theoretical prediction (Eq. 17). The triangles are the experimental 

data. The square is for the sample using SDS only. The left regions (I and II) correspond 

to flat disks produced at low membrane spontaneous curvature oc
. The right region 

(III) represents the biconcave disks with a FCD defect due to large oc
. 



 

84 

 

 

Figure 23. Self-assembly of colloidal disks due to depletion attraction. (a) Cross-

polarizing micrograph of rods formed at a high flat disk concentration. Magnification 

20x. (b) Micrograph showing the assembly of biconcave disks. The disks tend to stack at 

high concentration resembling the red blood cells. Magnification 35x, (c-f) Possible 

interactions between disks. (c) and (d) Assembly of a pair of flat and biconcave disks (e) 

oriented face-to-face  and (f) disks oriented side-to-side. Images were taken at room 

temperature. 

 

Rewriting the above depletion energy equations for particles and assuming the 

volume of each particle is V (V= πRd
2
L), the depletion energy can be expressed as: 

3/23/2 VU ff

flat 
.  (22) 

2/12/1   VU ss

flat .  (23) 
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These equations indicate that the aspect ratio ( ) influences disk assembly 

through the magnitude of depletion attraction, confirming the observation in Figure 23a 

for the flat disks (ξ ~ 4) and Figure 23b for the biconcave disks (ξ ~ 2). We can see that 

ff

flatU  is an increasing function of  , while 
s s

flatU 
 is an decreasing function of  . So, 

when   increases, the flat disks more likely stack upon each other into rods. 

The shape and the surface roughness of the particles can influence the strength of 

the depletion attraction. Badaire
49

 studied the dependency of the depletion energy on the 

global shape and roughness of platelets. In addition Zhao
51

 stated that the depletion 

energy can be attenuated when the roughness is larger than the depletant agent. Here, we 

take into account the depletion attraction difference between smooth biconcave and flat 

disks. The depletion attraction energy between two biconcave disks (Figure 23d) is 

generally smaller compared to the energy between two flat disks (Figure 23c) due to the 

reduction in the excluded volume allowing depletant agent to fill the dimples. The 

contact energy for the biconcave disks can be expressed as:
45

 

mcmt

ff

biconcave RRRU  2/12/32/52   .      (24) 

where Rc is the radius from the center to the edge of the disk and Rt is the radius to the 

core of the spindle torus defect. 

Assuming 
dc RR  , a ratio between the depletion attraction energy of the biconcave and 

the flat disks can be obtained: 

)/()/(2/ 2/12/3

dtdm

ff

flat

ff

biconcave RRRRUU  . (25) 

where 


 20mR , mRd 2  and mRt 1 . 
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Hence, 

05.0/  ff

flat

ff

biconcave UU .  (26) 

As a result, we conclude that a smaller concentration of SDS or lower 
m  is 

required to induce depletion attraction of flat disks into columnar stacks as compared to 

biconcave disks. The micelles can fill the void between the dimples of biconcave disks 

stacked face-to-face to reduce the depletion energy. In consequence a poor alignment for 

stacks formed by biconcave disks was observed in Figure 23b. In contrast, flat disks can 

successfully form long and straight rods as shown in Figure 23a and Figure 24. In 

general, when the stacks become longer during the increment of the disk concentration, 

the formation of bundles could be observed,
29

 as exhibited in Figure 23a and Figure 

24g, h and i. Sideways aggregation occurs for the rods when their lateral surface 

becomes larger, increasing the side-to-side depletion energy. We predict with a further 

increase in the concentration of flat disks, they might form colloidal crystals.
139
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Figure 24. Self-assembling of the flat disks in an evaporating droplet observed under 

cross-polarizing microscopy. Disks are fabricated using 1:10 surfactant ratio 

(decanol:SDS) in a 10mM SDS aqueous solution. The microdisks are uniform in 

diameter (R = 4 ± 0.25 μm) and aspect ratio (ξ = 4). (a) Disks just after the deposition of 

the droplet on the glass slide. (b) Cloud of disks formed as a result of the depletion 

attraction. Pink color is evident under a pair of crossed polarisers. (c) Some rods started 

to flow out from the cloud when the droplet is flatten over the glass. (d) Alignment of 

rods in flow direction. (e), (f), (g) Different rod organizations are exhibited. (h), (i) Rods 

began to assemble side by side. Images were taken at room temperature using 20x. 
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2.3.4 Summary 

In conclusion, we demonstrated both experimentally and theoretically the 

feasibility of molding phase-changing emulsions by controlling their surfaces using a 

mixture of surfactants and co-surfactants. The α-eicosene molecules in the emulsions 

exhibit a controllable surface freezing transition, which we demonstrated by the packing 

of interfacial molecules. Using the surface membranes as the nuclei, the layers of the 

rotator phase of α-eicosene propagate inward from the surface to complete the phase 

transition of the whole emulsion droplet, thus changing the shape of the emulsions from 

spherical to disk-like. The shape of the resultant particles is adjusted by two control 

parameters, the anchoring and the spontaneous curvature c0. The aspect ratio of the flat 

disks can be varied by setting the magnitude of the surface tension anisotropy using 

different ratios of decanol and SDS at the interface. c0 selects the shape of elastic 

membrane. Elasticity of the internal structure establishes a non-zero critical spontaneous 

curvature c0
*
; where the transition between biconcave and flat disks occurs. We can 

adjust c0 using surfactant composition. Such surface-bound sculpturing of emulsions 

should have profound application in design of complex particles
426, 427

, control of phase-

changing materials,
428

 and study of liquid crystals of anisotropic mesogenes.
15

 We also 

showed that the morphology of anisotropic particles is vital to their self-assembling 

behaviors. Our observations showed that flat disks possess twenty times stronger 

depletion attraction than biconcave disks, so that the disks tend to assemble in more 

straight stacks than biconcave disks. These wax colloidal disks offers an experimental 

system to test the prediction of the liquid crystalline phase behaviors of cut spheres.
139
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CHAPTER III 

HIGH ASPECT RATIO COLLOIDAL DISKS
*
 

 

3.1 Synopsis 

We demonstrate the strong dependency of the I-N transition of discotic 

suspensions on the inversed aspect ratio (

1/ = thickness/diameter) via control of 

the sizes of pristine ZrP crystals and subsequent exfoliation to monolayers. The size-

fractionation of the I-N transition facilitates the analysis of the effect of polydispersity. 

A systematic variation of 

in the low 


region (0.001 < 


 < 0.01) showed that the I-N 

transition volume fraction increases with 

 in agreement with computer simulations. It 

was found that the transition volume fractions scale with inversed aspect ratio 

I,N=m(ξ
*
)
1.36 ± 0.07

, where the prefactor m strongly depends on size polydispersity for N, 

but does not depend on size polydispersity for I,  with I and N being the volume 

fractions of the isotropic and the nematic phases on the cloud curves, respectively. 

We also synthesized a novel thermo-responsive discotic nematic hydrogel. This 

liquid crystalline polymer nanocomposite was fabricated using extremely high-aspect-

ratio (ξ = diameter/thickness ~ 10
3
) zirconium phosphate (ZrP) nano-sheets embedded 

into a polymeric network. These nano-sheets were immersed into a solution of 

constituent monomers of N-isopropylacrylamide (NIPAm) and acrylamide (AAm) with 

                                                 

*
 Reprinted with permission from “Aspect ratio and polydispersity dependence of isotropic-nematic 

transition in discotic suspensions” by A. F. Mejia, Y.-W. Chang, R. Ng, M. Shuai, M. S. Mannan and Z. 

Cheng, 2012. Physical Review E, 85, 061708, Copyright 2012 by the American Physical Society. 
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a subsequent polymerization in situ to obtain a hydrogel embedded with the nematic 

liquid crystal of the nano-sheets. We analyzed the effect of initiator (APS) and catalyst 

(TEMED) concentration on the nematic domains at ZrP nano-sheet volume fractions 

(ϕZrP) near the isotropic-nematic (I-N) transition. The mixing during hydrogel 

preparation allowed the aligning of the nano-sheets into highly ordered domains, which 

were eventually disturbed by the effect of APS and TEMED on the polymer matrix. The 

effect of ZrP nano-sheet concentration and temperature on the nematic hydrogels was 

also studied. By increasing the temperature above the LCST of PNIPAm, the hydrogels 

entered into a hydrophilic-to-hydrophobic transition. Interestingly, hydrogels containing 

ZrP nano-sheets presented increased hydrogel rigidity. In addition, we observed that the 

variation of the nematic ordering (S2) and ϕZrP within the system manipulated the 

birefringent color patterns of the hydrogels. Finally, a nematic hydrogel placed into a 

thin-rectangular capillary from 298 K to 333 K presented edge-wrinkling. Surprisingly, 

an isotropic-to-nematic transition guided by the increment in the ZrP nano-sheet nematic 

ordering was observed at a nano-sheet concentration slightly below the isotropic 

concentration (ϕI). 

3.2 Aspect Ratio and Polydispersity Dependence of Isotropic-nematic Transition in 

Discotic Suspensions 

3.2.1 Introduction 

Many materials and biological systems in nature are mainly suspensions 

composed of disks, such as clay,
8-10

 asphaltenes,
11, 12

histone octamer disks in 
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nucleosomes,
13

 and red blood cells.
14

 Theoretical studies 
6, 7

 and computer simulations

139, 140, 429
 have confirmed that disks can undergo different liquid crystal transitions at 

high concentrations due to their excluded volumes. The discotic liquid crystalline phases 

can acquire exceptional thermal, electrical, and mechanical properties.
430, 431

 Liquid

crystals 
6, 7, 15, 335

with distinctive flow behaviors are of great fundamental and 

technological importance. Regardless of their natural abundance, studies of disks are less 

commonly undertaken than studies of rods.
3, 4

 However, two-dimensional disks behave

quite differently comparing to one-dimensional rods as manifested by the following 

observation in the limit case: infinitesimally thin disks in thickness have a non-zero 

excluded volume proportional to 0.5πD
3
<sinγ>,  where D is the disk diameter, γ is the

angle between two disks’ orientation, and < > stands for the thermodynamic average
7
;

while rods of vanishing diameter have a zero excluded volume proportional to 

2lr
2
Dr<sinγ>, where lr is the length of rods, and Dr is the diameter.

432
 For liquid crystals,

the discotic nematic phase has long been elusive of observation;
198

 whereas, nematic

phases are frequently observed for calamitic (rod) liquid crystals. 

The discotic isotropic-to-nematic (I-N) transition will play an important role in 

understanding the fundamentals of soft condensed matter in science and technology.
433

The study of this transition can facilitate understanding of the behavior of asphaltenes,
12

to produce soft matrices of functional molecules,
97

 to promote the disk-like mesogens to

be used as templates for the preparation of mesoporous materials,
308, 434

 and to initiate

the use of nano-platelets in semiconductors 
433

  and solid state photovoltaic cells.
435

 In

addition, a better understanding of the optical and electronic properties
436, 437

 of the
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nematic discotic phase can serve in the development of new liquid crystal display (LCD) 

devices.
98, 308, 438

 The importance to LCDs relies on the fact that the discotic nematic

phase is characterized by low viscosity and can easily be reoriented by applying electric 

fields, magnetic fields, and shear stimuli. 

A representative phase diagram of colloidal disks contains phases such as 

isotropic (I), nematic (N), columnar (C), smectic (S), and crystalline (X). The diagrams 

depend substantially on the disk inversed aspect ratio (*1/ξ = L/D = 

thickness/diameter)
139

 and polydispersity in terms of particle diameter (σ).
38

 Generally

speaking, polydispersity greatly alters the phase diagram. It is well known that 

crystallization of hard spheres can be suppressed by the presence of a moderate 

polydispersity (~10%).
39

 There are I-N and N-C transitions for relatively low

polydispersed discotic suspensions (σ < 17%),
43, 44

 and an N-S transition for high

polydispersities (σ > 17%).
40, 41, 168, 216

Discotic suspensions have intrigued scientists since Langmuir in 1938 

demonstrated that clay particles can exhibit a discotic nematic phase.
5
 Around the 1940s,

Onsager predicted the capability of platelets to make an I-N transition.
6
 His theory was

based on the excluded volume of disks with increasing translational entropy to 

compensate for the dismissing of orientational entropy.
6, 7

 The I-N transition has now

become the most studied phase transition in science.
15, 16, 122, 168, 192, 200

Computer 

simulations of the I-N transition have been carried out for cut spheres at inversed aspect 

ratios smaller than 
158, 164

 or larger than 0.1,
139, 157, 178

 but due to the system size, it is not

possible to confirm the first-order nature of the I-N transition. By increasing system size, 
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some simulations have revealed the possibility for a weak first order I-N transition with 

an inversed aspect ratio equal to 0.1.
139

 Interesting experimental results have also been

published; for example, Lekkerkerker’s group used sterically stabilized gibbsite particles 

(Al(OH)3) at ξ* ~ 0.1 in toluene 
16

, or electrostatically stabilized ones in water 
42, 193, 201, 

205
to produce I-N transitions. Van der Beek et al., 

193
 described how gravity developed a

columnar phase at the bottom of an initial I-N biphasic sample elucidating the I-N-C 

triple point at ξ* ~ 0.143. A study related to the competition between sedimentation, 

gelation, and liquid crystal formation of gibbsite suspensions was reported by 

Wijnhoven et al.,
223

. Aqueous suspensions of Ni(OH)2 at ξ* ~ 0.11 were reported to

present a columnar phase coexisting at equilibrium with an isotropic phase.
63

We are interested in studying the I-N transition at low inversed aspect ratios (ξ* 

<< 0.1), which thus far has only been occasionally investigated. Inorganic layers 

obtained from exfoliation of lamellar crystals possess a highly anisotropic shape with a 

thickness of several nanometers and can exhibit liquid crystals.
97, 122, 198

 A wide variety

of mineral crystals have been exfoliated, such as layered double hydroxides,
92

 niobates,

81-83, 93-98
clay,

5, 187-189
 phosphates,

81, 82, 99-101
 titanium oxides,

81, 84
 and graphite.

439
 I-N

transitions have been achieved by using layers of Mg-Al double hydroxides (LDH),
202

and exfoliated niobate colloidal suspensions of K4Nb6O17.
97

 The niobate crystal layers

have a low inversed aspect ratio, ranging from 0.0015 to 0.0035, so that birefringence 

occurs at low volume fractions. Dependence on aspect ratio has been studied for the I-N 

transition of K4Nb6O17 layers obtained by exfoliating pristine crystals using a well-

defined sonication procedure.
206

 It was found that the I-N transition occurred at higher
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volume fractions when the inversed aspect ratio was increased. The polydispersity of the 

nanosheets, however, was not controlled, and the effect on the I-N was not carefully 

studied. Liquid crystalline behavior has also been reported for exfoliated HNb3O8 and 

HTiNbO5.
207

 Clay presented a particular challenge for scientists due to gelation, even

though laponite suspensions could exhibit an I-N phase transition,
187

 and these laponite

suspensions presented clear-cut nematic textures and orientational ordering.
188-191 

Here we study the I-N transition using exfoliated α-zirconium phosphate (ZrP) at 

different aspect ratios. The ability to control the lateral dimension of the ZrP crystals 

allows us to tune the aspect ratio of the nanoplates in a wide range. ZrP is a crystal 

configured by layers having the same thickness.
79, 110

 A layer of ZrP is composed of a

ZrO6 sheet coordinated with HPO4
2-

 tetrahedrons. The aspect ratio can be easily varied

by fabricating ZrP crystals of different sizes followed by exfoliation through 

intercalation of guest molecules (i.e., tetrabutylammonium TBA
+
).

88
 Using this

technique, we are able to study the sedimentation for high and low aspect ratio platelets 

using ZrP.
440

 Our work here examined the effects of aspect ratio and shape on I-N

transition at the low inversed aspect ratio region (0.001 < ξ* < 0.01). The dependence of 

the positions of the biphasic gap for a fixed aspect ratio ZrP nanoplate on size 

polydispersity was elucidated. A power law scaling was found for the aspect ratio 

dependence of the phase transition volume fractions I,N (ξ*). Platelet size polydispersity 

was observed to separate the nematic volume fraction, N (ξ*), further from the isotropic 

volume fraction, I (ξ*), while the position of I (ξ*) was not dramatically affected; 
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hence, the effect of polydispersity would be more dramatic at higher inversed aspect 

ratios (i.e., low degree of anisotropy). 

Figure 25. Phase diagrams for discotic systems in volume fraction () versus inversed 

aspect ratio obtained from simulations. (a) A general diagram for cut spheres (NVT 

MC). The dashed lines represent simulation data reported by Veerman et al., for ξ* < 

0.1,
139

 (b) Short cylinders (Onsager-Parsons theory)
137

, (c) Oblate hard sphero-cylinders

(NPT MC),
159

 and (d) Oblate hard sphero-cylinders (free energy calculations).
160

 The

insets at the bottom left of each graph illustrate the side view and the three-dimensional 

shape of the disks. 
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3.2.2 Previous Results from Simulations 

We compare here the aspect ratio-dependent phase diagrams in the literature for 

cut spheres using NVT-Gibbs ensemble,
139

 NPT-Gibbs ensemble (GE),
157

 and umbrella

sampling (US),
158

 which are different kinds of Monte Carlo (MC) simulations.  We also

examine the phase diagrams of hard plate-like cylinders from Onsager-Parsons second 

virial theory,
137

 and of the oblate hard sphero-cylinders (OHSC), also known as discotic

spherocylinders, which were obtained using direct energy calculations,
159

 and free

energy calculations
160

 via MC simulations.

3.2.2.1 Cut Spheres 

Veerman and Frenkel (ξ* = 0.1, 0.2 and 0.3, the number of particles N = 256 and 

288 NVT-MC),
139

 Piñeiro (ξ* = 0.1, N = 1500 and 3000 NPT-GEMC)
157

, and Fartaria

(ξ* = 0.001, 0.01, 0.04, 0.07 and 0.1, N = 288 and 2048 NPT-USMC)
158

 studied the I-N

phase transition in suspensions of hard cut spheres at various aspect ratios. A phase 

diagram for cut spheres is shown in Figure 25(a). Piñeiro’s results 
157

 were in agreement

with Veerman and Frenkel’s data.
139

 For both simulations, the phase behavior of hard cut

spheres was found to be strongly dependent on the aspect ratio. At ξ* = 0.1. Both 

nematic and columnar phases were reported; however, Piñeiro obtained larger I-N 

transition concentrations compared to Veerman and Frenkel.
157

 This variation was

attributed to the difference of system size or to a change in simulation technique (NPT 

versus NVT ensembles). Around ξ
*
 = 0.2, Veerman et al.,

139
 found a columnar phase and

a phase with cubic orientational order but no translational order, which was called the 
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“cubic phase”. The cubic phase is still under investigation to determine if the stability is 

only temporary.
149, 160, 183, 184

For ξ* = 0.3, only isotropic and crystal phases were 

obtained. For cut spheres at low aspect ratios, Fartaria 
158

 found that the nematic order

parameter, S2, depended strongly on inversed aspect ratio ξ*. S2=1/2(cosθ
2
-1) is a

measure of the average relative orientation of the disks that is close to zero in the 

isotropic phase and nonzero in the nematic phase,
441

 where θ is the average inclination of

the platelets to the director. The nematic order parameter presents a value close to 1 for 

the nematic phase at ξ* = 0.1 and approximately 0.5 for the smaller inversed aspect 

ratios (ξ* = 0.001, 0.01 and 0.04). Fartaria 
158

 found that in simulations, a constant I-N

transition gap occurred for low inversed aspect ratios (ξ* ≤ 0.04). At ξ* ≥ 0.1 the 

possibility for formation of the nematic phase was reduced, and the formation of the 

columnar phase was preferred.
158

3.2.2.2 Onsager-Parsons Approximation for Flat Cylinders 

Wensink and Lekkerkerker 
137

 studied the hard colloidal platelet phase diagram

for different aspect ratios using Onsager’s second virial theory with the Parson-Lee 

decoupling approximation for multiple body interactions. The phase diagram shown in 

Figure 25(b) is compatible with other simulations.
139, 157-160

 As ξ* ~ 0, the I-N

concentrations are the same as those predicted by Onsager’s second virial theory.
161

When the aspect ratio varies, the I-N transition concentrations increase with ξ*, but the 

nematic-columnar (N-C) density stays constant. The nematic order appears when the 

excluded volume exceeds a value about 4, while the columnar order becomes stable at a 
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volume fraction () around 0.4. The calculated triple point (I-N-C) position, which 

occurs at ξ* = 0.175, deviates considerably from the aspect ratio values predicted by the 

other simulations, which occur at ξ* ~ 0.126 
162, 163

 and ξ* ~ 0.14.
139, 164

 This deviation

was caused mainly by the theoretical concentration value of the N-C transition 

exceeding that of the other simulations, resulting in a much higher intersection point. 

When ξ* > ξ*I-N-C, the disks no longer exhibit an I-N transition, but rather an I-C 

transition. This theory, however, does not consider the cubic phase that was reported by 

Veerman et al.
139

 In general, this approximation shows a good agreement with the other

simulations featured in Figure 25 at ξ* > 0.1. 

3.2.2.3 Oblate Hard Sphero-cylinders 

The OHSCs have been extensively studied in recent years.
159, 160, 176, 177, 179

Figure 25c and Figure 25d show the phase diagrams for OHSCs obtained using direct 

159
and free energy calculations,

160
 respectively, using MC simulations. Both phase

diagrams show similar tendencies when compared to the other simulations. The OHSCs 

159, 160
[Figure 25(c,d)] and the cut spheres [Figure 25(a)] 

139, 157, 158
 phase diagrams are

similar based on the presence of their circular face shape.
180

 In general, the isotropic

phase is present for all aspect ratios, while the nematic phase appears only at low 

inversed aspect ratios (ξ* ≤ 0.1). The first order I-N transition at ξ* = 0.1 evident for the 

MC OHSC simulations [Figure 25(c,d)] is comparable to that of the cut spheres 
157

[Figure 25(a)]. In the cut spheres simulation, an I-N biphasic gap was not obtained due 

to the inadequate number of particles used. Marechal et al.,
160

 stated that the packing
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fractions between cut spheres and OHSCs at low aspect ratios differed. By increasing the 

disk concentration at a range of 0 ≤ ξ* ≤ 0.3, the OHSCs can form either straight or tilt 

columns due to their shape. In the N-C transition (0 ≤ ξ* ≤ 0.1), the self-assembly of the 

disks at a very low aspect ratio (ξ* << 0.1) does not favor disk interactions on the edge 

since the edge has a lower surface area than the faces of the disks, which leads to the 

disks having a greater chance of maintaining a nematic order. But at higher inversed 

aspect ratios in the N-C transition region, the edge surface area becomes comparable to 

that of the face surface area. Disks are able to pack laterally much more easily due to the 

greater surface area, and have a greater tendency to transition from a nematic to a 

columnar order.
179

 Also, a difference of the phase diagram of the OHSCs from the cut

spheres phase diagram is the absence of the cubic phase. At ξ* = 0.2, a possible cubic 

phase was found for the OHSC phase diagram but ended up converting to the columnar 

phase.
160

Figure 26. Pristine α-zirconium phosphate crystals. Scanning electron microscope 

(SEM) micrographs of different ZrP sizes prepared at different conditions (a) 9M-5h, (b) 

12M-5h, (c) 15M-5h, (d) 9M-24h, (e) 12M-24h, and (f) 15M-24h. 

0.5 µm

0.5 µm 3 µm

d

ba

e

1 µm

3 µm

f

1 µm

c



100 

3.2.3 Experimental Results with Monolayers of α-ZrP 

3.2.3.1 Control of the Size and Aspect Ratio of ZrP Nanoplates 

The pristine α-zirconium phosphate (ZrP) crystals were synthesized by a 

hydrothermal method.
78

 In a typical reaction, 6 g of ZrOCl2 · 8H2O was added to 60.0

mL of phosphoric acid (H3PO4) solution. The mixture was enclosed in an autoclave and 

left in an oven at 200ºC. In Figure 26, crystals with a lateral size of 331 ± 87, 400 ± 146, 

653 ± 206, 957 ± 147, 1276 ± 303 and 2233 ± 807 nm were obtained from the following 

conditions (H3PO4 concentration - reaction time): 9M-5h, 12M-5h, 15M-5h, 9M-24h, 

12M-24h, and 15M-24h, respectively. The crystals at different sizes possessed irregular 

hexagonal shapes as shown in [Figure 26(a-f)] (SEM - JEOL JSM-7500F). To obtain 

monolayers of ZrP that were uniform in thickness, these layered crystals [Figure 27(a)] 

were exfoliated by dispersing the crystals in deionized (DI) water and subsequently 

adding tetra-(n-butyl ammonium) hydroxide (TBA
+
OH

-
, Aldrich, 40% in water) at a

molar ratio of 1:1 (ZrP:TBA
+
OH

-
) at 0ºC. The TBA

+
OH

-
 molecule is depicted in Figure

27(b). The concentrated suspensions were treated under sonication for 1 h and left for 3 

days to ensure  full intercalation of the TBA and complete exfoliation of the crystals.
100

A general exfoliation process is illustrated in Figure 27(c). The size and varying 

polydispersities (σ) of the exfoliated platelets were calculated using a dynamic light 

scattering instrument (DLS, ZetaPALS, Brookhaven Instruments Corporation, Long 

Island, NY) to measure the translational and rotational diffusion of ZrP monolayers,
440

since all the platelets have a fixed thickness of 2.68 ± 0.02 nm.
100

 The size distributions

are shown in Figure 28(A1-A6), as represented by the green-dashed (gray-dashed) red 
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circles. The polydispersity values were obtained by an extreme distribution fit of the data 

and listed in Table 3. 

Figure 27. Structure of zirconium phosphate crystals and the exfoliation process. (a) 

Structure of crystalline zirconium phosphate (ZrP). (b) Guest molecule: n-

tetrabutylammonium hydroxide (TBA+OH-) (c) Schematic process of lamellar crystals 

going through exfoliation by using excess of TBA. After exfoliation, monolayers were 

obtained having a thickness of 26.8Å. 

3.2.3.2 Control of the Size Polydispersity of ZrP Nanoplates via I-N Fractionation 

To analyze the effect of polydispersity at different aspect ratios, we performed I-

N fractionation to control the polydispersity of our samples. For each aspect ratio, the 
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concentrated ZrP monolayers’ mother suspension was diluted to the I-N coexistence 

region, where the nematic volume occupies approximately 50% of the total suspensions 

after complete phase separation. Particle size segregation occurred as described in 

previous simulations,
335

 with larger-sized monolayers populating the nematic phase,

reducing the size-polydispersity of both the lower (N) and upper (I) phases. This nematic 

phase was collected and the size distribution, labeled B1 to B6 in Figure 28, was 

compared to the original suspension A1 to A6 in Figure 28. The results show a slight 

increase in platelet size, and a significant reduction of polydispersity (more than 5%) for 

highly polydispersed samples (σ > 25%). Furthermore, we fabricated more ZrP 

suspensions using ZrP crystals synthesized from the following conditions: 12M-24h, 

9M-24h, 12M-5h, and 9M-5h to expand the experimental set of samples, but the I-N 

crystal fractionation was not performed. The size distributions of these additional 

samples labeled as C2, C3, C5, and C6 in Figure 28, for notation and comparison 

purposes. 

For each aspect ratio of varying polydispersities, samples of decreasing 

concentrations were prepared by diluting a concentrated suspension into 8 mm × 40 mm 

borosilicate glass cylinders (Fisher Scientific, Pittsburgh, PA). The suspensions were left 

at room temperature for five days until equilibrium was reached and the phases separated 

by sedimentation with a clear interface. The I-N phase behavior was analyzed by placing 

the tubes between two crossed polarizers and photographing using a Sony DSC-W220 

digital camera [Figure 29]. 



 

103 

 

 

Figure 28. Size distribution for exfoliated ZrP platelets as measured by DLS. Aspect 

ratio and polydispersity obtained are listed in Table 3. The non-fractionated and the 

fractionated samples are represented by the green–dashed (gray-dashed) red circles and 

the blue-lined (black-lined) black squares, respectively. The lines are fit to the extreme 

distribution function. 
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Table 3. Characterization of the exfoliated ZrP platelets 

Sample Nanoplate size (nm) Polydispersity (𝜎) Inversed aspect ratio (ξ*) 

A B C A B C A B C 

ZrP(9M-5H) (6) 331 ± 87  367 ± 107 214 ± 62 25 ± 1% 24 ± 1% 29 ± 2% 0.0081 ± 0.0020 0.0073 ± 0.0020 0.013 ± 0.004 

ZrP(12M-5H) (5) 400 ± 146 536 ± 162 377 ± 121 31 ± 2% 28 ± 1% 32 ± 2% 0.0067 ± 0.0030 0.0050 ± 0.0020 0.0071 ± 0.0020 

ZrP(15M-5H) (4) 653 ± 206 687 ± 132 - 35 ± 2% 26 ± 1% - 0.0041 ± 0.0010 0.0039 ± 0.0010 - 

ZrP(9M-24H) (3) 957 ± 147 992 ± 173 776 ± 225 27 ± 2% 22 ± 2% 29 ± 2% 0.0028 ± 0.0005 0.0027 ± 0.0005 0.0035 ± 0.0010 

ZrP(12M-24H) (2) 1276 ± 303 1410 ± 369 1604 ± 320 23 ± 1% 18 ± 1% 20 ± 1% 0.0021 ± 0.0005 0.0019 ± 0.0005 0.0017 ± 0.0004 

ZrP(15M-24H) (1) 2233 ± 807 2436 ± 562 - 39 ± 2% 28 ± 1% - 0.0012 ± 0.0005 0.0011 ± 0.0003 - 
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Polarized photographs of completely phase-separated suspensions are shown in 

Figure 29. As the concentration of exfoliated layers of ZrP increases, a birefringent 

nematic phase starts to appear at the bottom of the samples. We confirmed the presence 

of the characteristic nematic Schlieren textures using an optical microscope (TE-2000U, 

Nikon) for each aspect ratio [Figure 30(a-f)]. The texture observed between cross 

polarizers displays dark brushes having irregular curved shapes corresponding to 

extinction positions of the nematic liquid. Disclinations of s = ± 1/2 and s = ± 1, 

characteristics of nematic textures were observable.
442

 The nematic fraction increased as

the platelet concentration increased in the coexistence region until full nematic phase is 

reached [Figure 29]. We measured the height of the nematic portion in the samples in 

Figure 29 to determine the percentage of the nematic phase of each sample [Figure 31]. 

It was possible to determine I and N from data extrapolation fitting with a logistic 

function, H=a/(1+exp[-k(-c)]), where H is the relative fraction percentage of the 

nematic phase, a is the upper asymptote, k is the increase rate of the nematic height with 

respect to the increase of sample volume fraction, and c is the concentration at the 

maximum rate. I  (set HI/a = 0.025) and N (set HN/a=0.98) are the volume fractions on 

the boundaries of the I-N phase transition. The errors for I, N are (δa+δHI,N)/(a-HI,N) + 

δHI,N/HI,N + δc + δsample, where δsample is the error introduced via sample preparation. 

The error contribution from k was ignored. The biphasic gap was then calculated as ΔI-

N = N - I. The measured biphasic values (ΔI-N) are listed in Table 4. 
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Figure 29. Suspensions of ZrP monolayers at various aspect ratios and different 

concentrations. (A1) through (A6) are the non-fractionated suspensions, and (B1) 

through (B6) are the fractionated suspensions. (C2) through (C6) are additional ZrP 

suspensions. Photographs were taken for samples set between cross polarizers to 

distinguish between upper isotropic and lower birefringent nematic liquid crystalline 

phase. 
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Figure 30. Cross-polarized optical microscopic images of nematic Schlieren textures at 

different aspect ratios. Inversed aspect ratio increases from (a) to (f) which are from 

samples of B1 to B6, and  = (a) 0.0053, (b) 0.01, (c) 0.014, (d) 0.02, (e) 0.0420, and (f) 

0.06. The micrographs were taken using a Nikon microscope TE-2000U with crossed 

polarizers. Picture of (a) was taken using 10x magnification and pictures of (b to f) using 

4x magnification. 
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Table 4. The biphasic gap (ΔI-N = N - I) values for different aspect ratios and polydispersities. 
Sample I N ΔI-N 

A B C A B C A B C 

ZrP(9M-5H)(6)           
                

                
                

                
              

               
                

              
     

ZrP(12M-5H)(5)           
                

                
                

                
              

               
                

              
     

ZrP(15M-5H)(4)             
                 

      -           
                

      -           
               

      - 

ZrP(9M-24H)(3)             
                   

                 
                

                
                

                
                  

                 
      

ZrP(12M-24H)(2)             
                   

                   
                 

                
                

                
                  

                   
       

ZrP(15M-24H)(1)             
                   

       -           
                  

       -             
                   

       - 
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Figure 31. The relative fraction percentage of the nematic phase as a function of the 

monolayer volume fraction . (a) The non-fractionated suspensions, (b) the fractionated 

suspensions, and (c) the additional ZrP suspensions. Inversed aspect ratio increases from 

A1 to A6, from B1 to B6 and from C2 to C6. The values for inversed aspect ratio and 

polydispersity can be found in Table 1. 

3.2.3.3 The Effect of Polydispersity on the I-N Transition at a Fixed Aspect Ratio 

The effect of disk size polydispersity on the I-N transition was studied and 

compared to computer simulation results. Two inversed aspect ratio groups of 0.010 ± 

0.003 and 0.0020 ± 0.0005 of ZrP samples were used. From Table 3 we selected A6, 

B6, and C6 for group 1; and A2, B2, and C2 for group 2. For σ=0, we used the results 

obtained by Fartaria.
158

 The isotropic (I) and nematic (N) volume fractions at inversed

aspect ratios of 0.010 and 0.0020 were calculated to be I
 
= 0.026 and N

 
= 0.027, and I 

= 0.0052, and N = 0.0056, respectively, using =(9/8)(ξ*)(ρD
3
)(1/3)

1/2 193
. Table 5 

contains the volume fraction concentrations (IN) and the polydispersity (σ) values. 

We plotted I and N as a function of polydispersity for 0.010 ± 0.003 and 0.0020 ± 

0.0005 groups in Figure 32(a) and Figure 32(b), respectively.  It was observed that 

polydispersity has a great influence on the position of the I-N transition. As the 

polydispersity of suspensions increases, the biphasic gap broadens. In a recent 

publication 
168

 and in Bates et al.,
335

 it was shown from density functional theory (DFT)
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calculation and computer simulations that an increase in polydispersity slightly 

decreases I, but increases N; therefore the I-N transition widens with polydispersity, in 

agreement with our observation here. The DFT calculation there also showed a large 

biphasic gap at σ = 0, in contrast with the narrow gap reported by Bates et al.,
335

 at an

inversed aspect ratio around zero. Figure 32 also shows that DFT theory predicted a 

slower variation with size polydispersity compared to our experimental results. Fartaria 

158
 studied the dependence of the biphasic gap in the low inversed aspect ratio region. In 

comparison, the simulation is consistent with our experimental ZrP results for I, 

however differs for N due to polydispersity in our experiments (Table 5). Therefore, we 

can conclude that polydispersity does not affect I values, but has a large effect on the N 

values. In simulations, the I-N transition is weakly first order when polydispersity is 

zero.
44

 But in our experiments, fractionation occurs due to polydispersity, where the

large platelets populate the nematic phase and the smaller platelets stay in the isotropic 

phase. As a result, the biphasic gap becomes strongly first order.
168, 335
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Figure 32. Volume fraction () of the isotropic (solid black circles) and nematic (open 

red (gray) circles) volume fraction of the cloud phases as a function of polydispersity (σ) 

at fixed inversed aspect ratios of around (a) 0.010 and (b) 0.0020. The concentrations at 

zero polydispersity for both graphs were obtained from simulations of Fartaria et al.
158

The lines are guides for the eye. The solid and open blue (black) squares are the 

theoreticalI and N, respectively, from Martinez-Raton et al., using a DFT calculation 

with Zwanzig approximation.
168

 The solid and the open purple (black) diamonds are the

theoreticalI and N, respectively, from Frenkel et al., for infinitely thin plates.
335

Table 5. Isotropic(I) and nematic (N) volume fractions for inversed aspect ratios (ξ*) 

of 0.010 ± 0.003 and 0.0020 ± 0.0005 at different polydispersity (σ). The concentrations 

at zero polydispersity for both graphs were obtained from simulations of Fartaria and 

Sweatman.
158

Inversed aspect ratio (ξ*) Polydispersity (σ) Isotropic(I) Nematic(N) 

0.010 ± 0.003 

0% 0.026 0.027 

24 ± 1%           
                

      

25 ± 1%           
                

      

29 ± 2%           
              

     

0.0020 ± 0.0005 

0% 0.0052 0.0056 

18 ± 1%             
                 

      

20 ± 1%             
                 

      

23 ± 1%             
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Figure 33. Comparison of the experimental I and N and simulation data. a) Linear-log 

diagram illustrating the correspondence of the I with the Onsager-Parson theory and the 

OHSC free energy calculations. The difference in N is due to effect of polydispersity of 

the ZrP platelets. The lines are guides for the eye. b) Log-log diagram showing power 

law scaling of inversed aspect ratio for I, i, ii and iii=23.1 ± 8.1(ξ
*
)
1.36 ± 0.10

, and N, i=115.5

± 78.6(ξ
*
)
1.41 ± 0.20

 N, ii=68.6 ± 48.3(ξ
*
)
1.36 ± 0.10

, and N, iii=36.9 ± 6.9(ξ
*
)
1.32 ± 0.04

 for

groups i, ii and iii, confirming that the width of the biphasic transition is affected by 

aspect ratio and polydispersity. 

3.2.3.4 The Effect of Aspect Ratio and Polydispersity on the I-N Transition 

The combinational effect of aspect ratio and polydispersity on the I-N transition 

was evaluated. The isotropic transition volume fractions (I) of all ZrP samples were 

analyzed together since they were only slightly affected by polydispersity. In contrast, 

the nematic volume fractions (N) of the ZrP samples were studied in groups because 

they depended strongly on polydispersity. The samples were classified into groups i, ii, 

and iii for polydispersities of 33 ± 3%, 27 ± 2% and 21 ± 3%, respectively, as shown in 

Table 6. The transition boundaries are plotted in Figure 33(a), where the solid black 

circles represent the isotropic phases and the red wine (dim gray) open triangles, orange 

(light gray) open circles, and red (dark gray) crosses represent the nematic phases for 
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group i, ii, and iii, respectively. Figure 33(a) shows that the biphasic gap (ΔI-N) 

broadens as influenced by aspect ratio and polydispersity, implying that the nematic 

phase is favored at small inversed aspect ratios and higher concentrations.
4, 6

 The values

can be found in Table 4. This behavior agrees with simulations from Bates et al.,
335

where disks having a low aspect ratio were found to have a higher nematic orientation 

compared to disks having a higher inversed aspect ratio for a fixed concentration. In 

addition, Fartaria 
158

 affirmed that the first-order behavior of the I-N transition is more

noticeable for larger inversed aspect ratio (ξ*) values. In Figure 33(a) we also compare 

our study with the isotropic and nematic volume fractions obtained from niobate 

nanosheets represented as purple (dark gray) half-open circles and green (gray) half-

open hexagons, respectively.
206

 The niobates isotropic line, except the data point around

L/D ≈ 0.01, is in agreement with ZrP. On the other hand, the nematic line does not 

overlap with the ZrP volume fractions. 

Table 6. Classification of ZrP suspensions according to polydispersity. 
Polydispersity group A B C 

i (33 ± 3%) 1, 4, 5 N/A 3, 5, 6 

ii (27 ± 2%) 2, 3, 6 1, 4, 5 N/A 

iii (21 ± 3%) N/A 2, 3, 6 2 

Also, our experimental results are comparable with the Onsager-Parson theory 

for flat cylinders
137

 and OHSC
159, 160

 illustrated as blue (black) lines and a light pink

(light gray) line, respectively, in Figure 33(a,b). The discrepancies of the ZrP  from 
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computer simulations might be due to change of I and N by the particle shape and 

uniformity.
180

 For instance, for different non-circular shapes (regular hexagons,

pentagons, squares, triangles, ellipses, and rectangles), the width of the biphasic gap was 

found to be the same. However, the I-N transition decreases in volume fraction if the 

shape differs from circular.
180

In Figure 33(b), a further analysis was obtained from a log-log plot of the 

experimental data in comparison to simulations and theory. The isotropic (I) and 

nematic (N) lines for the experiments and simulations
137, 139

 were fitted using a power

law function,  = m(ξ*)
n
, and compared in Table 7. In Figure 33(b), it was observed that 

the I-N transition volume fractions for ZrP scales with the aspect ratio with a power law 

I,N ~ (ξ*)
1.36 ± 0.07

. This result demonstrates that the broadening of the I-N transition

strongly depends on polydispersity. As a result, the difference in the values of the 

parameters obtained from our experimental results from the simulations can be attributed 

to polydispersity,
335

 shape,
180

 and the inter-particle interactions, since simulations did not

consider these factors. Assuming the shape of the platelets affects I and N in the same 

way,
180

 the biphasic gap (ΔI-N) is essentially a function of polydispersity only. The

position parameter (m) in the power law function depends on polydispersity and shape. 

Table 7 and Figure 33 show that the exponent (n) slightly depends on polydispersity. 

Therefore, it becomes interesting to see why similar colloidal systems, such as clay, 

having a large size polydispersity and large inversed aspect ratio (ξ* ~ 0.01), commonly 

do not exhibit a nematic, but rather a gel phase, where some orientational order should 

be present.
187, 188, 192, 443

 We observed in this study that it is polydispersity that widens
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ΔI-N. Large size polydispersity could be one of the factors preventing a fully nematic 

phase suspension for clay. 

3.2.4 Summary 

In summary, our experiments revealed the effect of aspect ratio and 

polydispersity on the isotropic-nematic transition of colloidal suspensions of nanoplates 

that are uniform in thickness at the low thickness-to-diameter ratio limit. The aspect ratio 

of the nanoplates can be tailored by varying the size of ZrP crystals, and a subsequent 

exfoliation with intercalation of tetrabutylammonium cations between the interlayers. 

The I-N transition widens as inversed aspect ratio and polydispersity increase. The 

experimental data were compared to previous simulations, and the dissimilarities were 

attributed to size polydispersity and shape of the platelets. Extension of the present 

methodology can be applied to similar layered structures like montmorillonite,
281

 layered

double hydroxides,
92

 and niobates.
81-83, 93-98, 218

 The study of the I-N transition will allow

further studies on liquid crystals dependence on aspect ratio, which will be a factor in 

tailoring optical, electrical, and mechanical properties of self-assembled discotic 

materials. 
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Table 7. Comparison of experimental and simulations isotropic (I) and nematic (N) lines on power law ξ* scaling. 

Research 
Present work 

(ZrP) 

Onsager-Parson 

theory
137

(Short cylinders) 

NVT Monte Carlo
139

(cut spheres) 

Polydispersity 

groups 

i 

(σi~33± 3%,) 

ii 

(σii~27± 2%) 

iii 

(σiii~21± 3%) 
σ=0 σ=0 

I 
m 23.1 ± 8.1 1.87 ± 0.10 4.94 ± 0.03 

n 1.36 ± 0.1 0.72 ± 0.03 1.20 ± 0.04 

N 
m 115.5 ± 78.6 68.6 ± 48.3 36.9 ±6.9 2.11 ± 0.20 

Same as ϕI 
n 1.41 ± 0.20 1.36 ± 0.10 1.32 ± 0.04 0.83 ± 0.03 
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3.3 Thermo-responsive Discotic Nematic Hydrogels 

3.3.1 Introduction 

Liquid crystals are intermediate states of materials with symmetry between liquid 

and crystalline ones. They are characterized by spontaneous orientation order.
6, 7, 15, 335

Liquid crystals can be obtained from various colloidal systems such as spheres, rods, and 

disks.
1
 Although numerous disk-like fluids exist in nature, fewer studies of disks than of

rods have been undertaken.
3, 4

 In 1938, Langmuir reported the liquid crystalline state of

disk-like, lath-like natural hectorite clay particles (i.e., California bentonite).
5
 Partially

influenced from Langmuir’s observations, Onsager predicted the capability of rods and 

disks interacting by hard-core repulsions to form a liquid that is crystalline at high 

concentration on excluded volume effects.
6
 The discotic isotropic-nematic (I-N)

transition has attracted enormous attention in the past decades.
15, 16, 122, 168, 192, 198, 200

Lekkerkerker et al.,
16, 193, 201

reported I-N transitions using gibbsite plate-like 

suspensions having an aspect ratio (ξ = diameter/thickness) around 11. These plate-like 

particles were suspended in toluene
16

 or water
193, 201

via steric and electrostatic 

interactions, respectively.  Stable nematic states have been obtained from Mg/Al layered 

double hydroxides (LDH) particles dispersed in water
202

 or toluene.
203

Inorganic nano-sheet suspensions stabilized by diffuse layers of large-sized 

charges have gained great interest as lyotropic liquid crystals.
101, 122, 198, 199, 206, 207

 They

are obtained via exfoliation of layered materials in solvent and are characterized by a 

high anisotropy (i.e., large aspect ratio). An extensive number of layered materials have 

been exfoliated to obtained inorganic nano-sheet suspensions,
104

 such as clay,
5, 187-189



 

118 

 

layered double hydroxides,
92

 niobates,
81-83, 93-98

 titanium oxides,
81, 84

 phosphates,
81, 82, 99-

101
 and graphite.

439
 These inorganic nano-sheet suspensions are distinguished by large 

diameters, thin and uniform thicknesses, and exceptional electrical,
295

 optical,
295

 and 

magnetic
305, 306

 properties. In fact, highly anisotropic inorganic nano-sheets possess a 

higher nematic orientation compared with low-aspect-ratio disk-like colloidal systems
158, 

335
 and are ready to evolve into a nematic state at extremely low nano-sheet 

concentrations.
80, 206

 The high fluidity (i.e., low viscosity) of these suspensions allows 

macroscopic alignment via electrical
315-317

 or magnetic
21, 101, 308-314

 forces. 

Zirconium phosphate (ZrP) nano-sheets are inorganic, acidic and cation 

exchange materials. They are obtained from the exfoliation of different phases of ZrP 

lamellar crystals, which differ in interlayer spacing and crystalline structure.
79, 110

 ZrP 

nano-sheets are indeed just the thickness of a single layer of O, P, and Zr atoms. The 

most widely known phase of ZrP is the α phase,
79, 110

 where the crystal lateral size, 

morphology and aspect ratio can be tailored by varying the parameters of the 

synthesis.
80, 111

 In the last decades, extensive work on the ZrP chemistry has been 

undertaken.
444-447

 A myriad of applications have started such as fuel cells,
444, 448

 

biosensors,
447

 catalysis,
449

 and drug delivery.
445, 446

 We recently reported the use of 

amphiphilic ZrP nano-sheets as Pickering foams
259

 and emulsions
260

 stabilizers. Another 

possible way to exploit the ZrP extraordinary properties would be the incorporation of 

these nano-sheets into polymer matrix. For instance, mechanical properties of ZrP-epoxy 

nanocomposites
285, 286

 were enhanced
287-289

 by loading different amount of ZrP nano-

sheets at various aspect ratios.
290
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We recently investigated the I-N transition at high aspect ratios (ξ > 10) and 

various polydispersities using ZrP nano-sheets.
80

 The ZrP crystal lateral size was 

obtained in an extensive range
80, 111

 and subsequently exfoliated using 

tetrabutylammonium cations (TBA
+
) cations.

88
 We found that the location of the I-N 

transition strongly depends on nano-sheet aspect ratio and lateral-size polydispersity. We 

indeed demonstrate that the biphasic gap (∆ϕI-N= ϕN - ϕI) transition decreases along with 

the increase of nano-sheet aspect ratio.
80

 

Stimuli-responsive hydrogels have the ability to change with the system 

surroundings. The response to stimuli, such as  temperature,
450

 pH,
451

 photons,
452, 453

 and 

antigens,
454

 suggests potential applications in fields of drug delivery,
455

 optical 

microlenses,
456

 and sensors,
457

 amongst others. In particular, thermo-responsive 

hydrogels are promising ones that they present a first-order phase transitions at its lower 

critical solution temperature (LCST).
458-460

 To date, poly (N-isopropylacrylamide) 

(PNIPAm) is the most studied thermo-sensitive polymer in the literature. PNIPAm can 

evolve from an expanded to a collapsed state triggered by temperature rise.
461-463

 A 

thermo-responsive polymer matrix is a good candidate for fabrication of inorganic liquid 

crystal nanocomposites, where the system volume can be easily contracted, therefore 

effective increasing the nano-sheet volume fraction.
464-466

 A nematic hydrogel composed 

of inorganic ZrP nano-sheets embedded into a thermo-sensitive polymer matrix might 

make it a good candidate material for technological applications, including artificial 

muscles,
467, 468

 actuators,
469

 and electro-optical devices.
470
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Here, we make use of high-aspect-ratio zirconium phosphate (ZrP) nano-sheets 

to obtain thermo-responsive polymer hydrogels of a high nematic ordering. The nano-

sheets were dispersed into a solution composed of N-isopropylacrylamide (NIPAm) 

along with acrylamide (AAm) as constituent monomers. In situ solvent polymerization 

leads to the formation of nematic hydrogels, as shown in Figure 34a. The nematic liquid 

crystal phase formation of ZrP nano-sheets enables ordering inside the hydrogels. These 

discotic nematic hydrogels have remarkable transparency, as well as thermo-sensitivity, 

allowing study of the discotic I-N transition and liquid crystalline nematic textures not 

only by increasing the initial nano-sheet concentration, but also by volume compression 

from the polymer matrix. In the literature, nematic states of calamitic
464, 465, 471

 and 

discotic
472

 fluids in polymer nanocomposites have been reported. However, nematic 

ordering within the nanocomposites was obtained only at particle concentrations above 5 

%wt. Our study is unique, since the nematic hydrogels fabricated here required a much 

lower particle concentration (ZrP < 0.5 %wt.). As previously mentioned, the intrinsic 

high anisotropy of the ZrP nano-sheets enables the formation of highly ordered liquid 

crystalline states at much reduced particle amounts.
80, 158, 335

 In nature, opals, nacre, 

bone, and enamel are highly ordered nanocomposites; the study of analogous materials is 

of particular interest.  
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Figure 34. The study of ZrP isotropic-nematic (I-N) transition (a) ZrP-embedded 

PAAm-PNIPAm hydrogel. Schematic representation of ZrP nano-sheets dispersed in 

solvent between PAAm and PNIPAm polymer networks. (b) Transmission electron 

micrographs (TEM) of ZrP nano-sheets. (c) The discotic I-N phase diagram of ZrP nano-

sheets. The sequence, left to right, corresponds to nano-sheet volume fractions of ϕZrP = 

0.0037, 0.0045, 0.0047, 0.0053, 0.0078, and 0.0093 respectively. (d) The nematic 

percentage as a function of volume fraction depicting the I-N transition. The arrows 

indicate the isotropic (ϕI) and nematic (ϕN) volume fraction transitions. 

 

3.3.2 Experimental 

3.3.2.1 Synthesis and Exfoliation of ZrP Crystals 

α-ZrP crystals were fabricated in a phosphoric acid solution of 15 M for 24 h via 

hydrothermal method.
111

 α-ZrP is a crystal composed of layers having the same 

thickness (~2.68 ± 0.01 nm).
79, 100, 110

 The ZrP nano-sheets were obtained by 

delaminating the crystals using tetrabutylammonium hydroxide (TBA
+
OH

-
, Sigma 

Aldrich, 40 %wt. in water) at a molar ratio of 1:1 in deionized (DI) water at 0ºC.
88

 The 
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suspension was treated under sonication for 3 h and left for 5 days to assure a complete 

exfoliation of the crystals. From this procedure, we obtained ZrP nano-sheets of 2436 ± 

562 nm. The size and polydispersity of the nano-sheets were calculated using a dynamic 

light scattering instrument (DLS, ZetaPALS, Brookhaven Instruments Corporation, 

Holtsville, NY). From the translational and rotational diffusion of the nano-sheets,
48, 440

 

the average particle size can be estimated, since they are characterized by having the 

same thickness (~2.68 ± 0.01 nm).
100

 Figure 34b shows a transmission electron 

microscope (TEM) micrograph of ZrP nano-sheets after exfoliation of pristine ZrP 

crystals, confirming the characteristic hexagonal shapes of the nano-sheets.  

 

3.3.2.2 Analysis of the Discotic I-N Transition 

The discotic I-N transition was analyzed by diluting a concentrated mother 

suspension into borosilicate glass vials at various nano-sheet concentrations.
80

 As the 

concentration of nano-sheet increased, a liquid crystalline texture (i.e., nematic) starts to 

develop at the bottom of the suspensions until a full nematic suspension is obtained 

(Figure 34c). The vials were placed between two crossed polarizers and photographed 

using a Sony DSC-W220 digital camera as shown in Figure 34c. We measured the 

height of the nematic portion in the samples to determine the percentage of the nematic 

phase of each suspension (Figure 34d) driven by sedimentation.
473

  From Figure 34d, 

we determined the isotropic and nematic transition volume fractions, I and N, as 

             
        and              

       , respectively. A more detailed procedure to determine 

the transition concentrations can be found in Mejia et al.
80

.  



 

123 

 

The liquid crystalline texture was observed between crossed polarizers using an 

optical microscope (TE-2000U, Nikon). A ZrP nano-sheet suspension having a volume 

fraction of 0.010 was loaded into a rectangular-thin capillary of 0.1 x 1 mm and sealed 

using epoxy glue (5 Minute, Devcon) to prevent water evaporation. As expected, we 

confirmed the presence of nematic Schlieren textures as shown in Figure 35a. The 

nematic texture displays typical curved-dark brushes that merge into center points (i.e., 

singularity).
474

 

 

3.3.2.3 Preparation of ZrP Nematic Hydrogels 

In general, a ZrP nano-sheet suspension was added to an aqueous monomer 

solution of acrylamide (AAm, 0.00235 ± 0.00010 g/mL), N-isopropylacrylamide 

(NIPAm, 0.00942 ± 0.00010 g/mL), N,N′-methylene bisacrylamide (cross-linker agent, 

0.00045 ± 0.00001 g/mL), and urea (0.0348 ± 0.0001 g/mL). Subsequently, 0.11–20 µL 

from a fresh aqueous solution of ammonium persulfate (APS, initiator, 0.10 ± 0.01 

g/mL) and 5–20 µL of N,N,N’,N’-tetramethylethylenediamine (TEMED, catalyst) were 

added into 1 mL of the ZrP-monomer suspension. Finally, after mild shaking for a few 

minutes, nano-sheet-monomer suspension was loaded into a rounded borosilicate glass 

cylinder (Fisher Scientific, Pittsburgh, PA) and left to initiate the radical polymerization 

for 24 h at room temperature. The nematic hydrogels reported in this paper were 

fabricated using the same monomer, cross-linker and urea concentrations. Figure 34a 

illustrates a ZrP hydrogel consisting of homogeneously dispersed ZrP nano-sheets and 

two types of flexible polymer chain segments: PAAm and PNIPAm. For optical 
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characterization between crossed polarizers, the nano-sheet-monomer suspension was 

injected into a rectangular-thin capillary, sealed, and then concurrently polymerized and 

cross-linked at 295 K. Figure 35b shows distinctive discotic nematic textures of the 

produced ZrP-hydrogels having a ZrP nano-sheet volume fraction of 0.023 ± 0.001. 

 

Figure 35. Schlieren texture of ZrP nano-sheet having a size of 2436 ± 562 nm (a) in 

aqueous suspension at ϕZrP=0.010 ± 0.001  and (b) in PNIPAm-PAAm hydrogel at 

ϕZrP=0.023 ± 0.001. 

 

3.3.3 Results and Discussion 

3.3.3.1 The Effect of Initiator and Accelerator on the Nematic Domains 

We systematically varied the concentration of the initiator (APS) and the catalyst 

(TEMED) at a fixed ϕZrP of 0.0035 ± 0.0005. Since APS and TEMED is an 

initiator/catalyst system that provides free radicals to the vinyl polymerization, 

increasing TEMED concentration will increase the homolytic cleavage on moieties of 

APS.
475

 On the other hand, increasing the initiator (APS) concentration will introduce 
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hydroxyl radical group (-OH) termination on the polymer chains obtained by the 

cleavage of the persulfate initiator.
475, 476

 The nano-sheet concentration here, ϕZrP = 

0.0035 ± 0.0005, is slightly above the starting point of the I-N transition (ϕI = 

             
       ). Although samples at the beginning of the isotropic-nematic transition 

are mostly dark between crossed polarizers (Figure 34c), gently mixing the hydrogel 

during polymerization allows the nano-sheet aligning in the resulted flow. 

Each sample was loaded into rounded borosilicate glass. Pictures of nematic 

hydrogel texture were obtained by positioning the vials between crossed polarizers, as 

shown in Figure 36a. The nematic hydrogel texture of each sample allowed us to 

qualitatively characterize the effect of the initiator and catalyst on the quantity and 

magnitude of the liquid crystalline domains. Interestingly, we identified a stronger 

initiator (APS) effect compared with the catalyst (TEMED) on the resultant polymeric 

matrix. From left to right in Figure 36a, by increasing catalyst concentration, a roughly 

constant number of nematic domains are observed. However, from top to bottom, as the 

initiator concentration increased in Figure 36a, an abrupt effect on the number and 

magnitude of nematic domains is observed. This behavior might be explained from the 

number of free radicals, R*, that increment along with the initiator concentration. In fact, 

R* is strongly proportional to [initiator]
1/2

, that eventually leads to the formation of a 

larger number of polymer segments in the network.
477

 APS has a strong effect on the 

polymer chain length and the cross-linking density of the polymer matrix.
477

 

Polymerization and cross-linking varies the liquid crystal orientation along the normal 

director of the nano-sheets, increasing the amount of extinction points in the nematic 
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texture. As a result, the primary polymer chains configuring the hydrogel network break 

the large nematic domains into smaller ones (Figure 36a).  

  

Figure 36. The effect of initiator (APS) and catalyst (TEMED) on the texture of the 

nematic hydrogels. (a) Crossed polarized pictures of the nematic hydrogels at various 

initiator and catalyst concentrations. The ZrP nano-sheet volume fraction is ϕZrP=0.0035 

± 0.0005. The scale bar is 1 cm. (b) Plot of the number of nematic domains as a function 

of catalyst concentration. The black squares, red circles, blue triangles and pink 

diamonds correspond to an initiator concentration of 0.5 ± 0.1, 1.0 ± 0.1, 1.5 ± 0.1 and 

2.0 ± 0.1 %wt., respectively. 

 

To obtain quantitative details from the crossed polarized pictures, Figure 36a 

was processed and analyzed using ImageJ software (v1.43, National Institutes of 

Health). The number of nematic domains was extracted as a parameter to characterize 

the effect of initiator and catalyst during the nematic hydrogel formation. Figure 36b 

plots the number of nematic domains as a function of catalyst at several initiator 

concentrations. Similarly to our qualitative observations, the number of nematic domains 
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does not dramatically vary with catalyst concentration as it does with the presence of 

various amounts of the initiator. 

 

Figure 37. Crossed polarizing images of several nematic ZrP suspensions and hydrogels 

at different ZrP nano-sheet concentrations. (a) Discotic I-N phase transition of ZrP nano-

sheet in aqueous suspensions. From left to right, the ZrP nano-sheet concentration 

corresponds to ϕZrP=0, 0.0037, 0.0045, 0.0047, 0.0053, 0.0078, and 0.0093. (a′) Nematic 

hydrogels at the same concentration as (a). (i) At room temperature. (ii-iv) Volume 

shrinking of the nematic hydrogels at 333 K after 5, 48, and 310 h, respectively. The 

scale bar is 2 cm. (b) Normalized hydrogel volume as a function of time for samples in 

(a′). 
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3.3.3.2 The Effect of Nano-sheet Concentration on Thermo-responsive Hydrogel 

Deswelling 

We studied the effect of ZrP nano-sheet concentration and temperature on the 

nematic hydrogels. Figure 37a presents a typical ZrP I-N transition phase diagram in 

aqueous suspensions. The fabricated nematic hydrogels shown in Figure 37a′ used the 

exact same set of nano-sheet concentrations as those in Figure 37a. The nematic 

hydrogels were subjected to a temperature of 333 K. At this temperature, the PNIPAm 

polymers inside the hydrogel network should become hydrophobic, and the hydrogels 

experienced a volume compression, expelling water as they were shrinking. From these 

qualitative observations we obtained several noteworthy features:  

(i) the control hydrogel (PNIPAm and PAAm only, the first sample from the left, 

from (i) to (iv) in time sequence in Figure 37) presented a higher deswelling 

compared to the ones filled with the ZrP nano-sheets. In fact, the control 

hydrogel shrank 70% of its initial volume going from room temperature to 333 

K. Interestingly, the nematic hydrogels presented a volume collapsing in a range 

of 35 to 25%, where the shrinkage was lowered by increasing the ZrP nano-sheet 

concentration 

(ii) the hydrogels exhibit weak color birefringence at low ZrP nano-sheet 

concentration. By increasing the particle concentration, the birefringent patterns 

of the samples became substantially more colorful 
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(iii) the negligible variation in nematic domains demonstrates their limited degree of 

freedom during hydrogel collapsing, which infers that the ZrP nano-sheets are 

trapped inside the polymer network. 

 

As observed in Figure 37b, when the temperature was raised above the LCST of 

PNIPAm (LCST ~ 305 K), the reference and the discotic nematic hydrogels presented 

similar temperature dependence on hydrogel shrinking and water deswelling. However, 

during the hydrogel hydrophilic-to-hydrophobic transition, the control hydrogel 

presented a sharp decrease in the hydrogel volume compared to nematic hydrogels.  

Interestingly, the ZrP nano-sheets introduced an increment in the hydrogel rigidity.
478

 

According to Hou et al.,
479, 480

 the introduction of fillers, such as polysiloxane 

nanoparticles, will reduce the equilibrium swelling of the polymer hydrogels. 

Interestingly, in our experiments, as the amount of hydrophilic ZrP nano-sheets 

increased, the nematic hydrogels became more hydrophilic, therefore enhancing 

retention of water in the polymer matrix. 

 

3.3.3.3 The Effect of Volume Compression on Nematic Hydrogel Textures 

3.3.3.3.1 Birefringent Color Pattern Manipulation via Hydrogel Shrinking 

Suspensions of highly anisometric disk-like particles are characterized by a 

strong birefringence at relatively low particle concentration due to their high anisotropy. 

The birefringence displayed in these high-aspect-ratio particle suspensions is a result of 

the high orientational ordering within the system.
481

 The birefringence is defined as ∆η = 
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ηe – ηo, where ηe and ηo are the refractive indices of the extraordinary and the ordinary 

rays, respectively, when polarized light enters into a uniaxial material.
481

 The maximum 

intensity (Imax) of the polarized light is defined as Imax=E
2
sin

2
(δ/2), where E is the 

amplitude of the electromagnetic vector, and δ is the phase difference, δ = (2π/ λ)∆ηt. δ 

is dependent on the wavelength of the incident white light, λ, sample birefringence, ∆η, 

and sample thickness, t. Due to the dependence of δ on λ of white light, striking color 

patterns composed of constructive or destructive wavelengths can be visualized. These 

colors are reported in the literature in the form of a Michel-Levy chart.
482

  

Figure 38a, b, and c show zoomed-in photographs of nematic hydrogels from 

Figure 37a′ having ϕZrP of 0.0045, 0.0047, and 0.0093, respectively, after 0, 5, 22, 48, 

190, and 310 h. By placing the samples between crossed polarizers, each sample 

presented a sequence of birefringent pattern intensification during hydrogel volume 

shrinkage. As observed in Figure 38a to Figure 38c, the intensity of the birefringent 

colors depends strongly on the ZrP nano-sheet concentration. In fact, the birefringence 

of the ZrP nano-sheet hydrogel can be approximated by ∆ηZrP-hydrogel = ∆ηZrPϕZrPS2, 

where ∆ηZrP is the intrinsic birefringence of a ZrP nano-sheet and S2 is the nematic order 

parameter in the suspension.
481

 During the collapse of nematic volume, parameter values 

of ϕZrP and S2 increment upward, therefore enriching the color patterns. For instance, 

Figure 38a shows a low ϕZrP nematic hydrogel (i.e., low S2), where the gel appears 

white-yellowish and become whiter as the hydrogel shrinks (i.e., S2 and ϕZrP increment). 
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Figure 38. Birefringent color pattern variation due to temperature-shrinkage of the 

polymer hydrogels. The incrementing of ϕZrP and S2 during hydrogel collapsing initiated 

a birefringent color transition in the hydrogels. The samples contains a ZrP volume 

fraction (ϕZrP) of: (a) 0.0045  (b) 0.0047, and (c)  0.0093. The scale bar is 0.5 cm.  The 

samples were stored at 333 K. 

 

3.3.3.3.2 Isotropic-nematic Transition during Hydrogel Edge-wrinkling at 333 K  

 We explored the possibility of observing an I-N transition at the edge due 

to hydrogel wrinkling similar to the one reported by Islam et al.,
464, 465

 The ZrP nano-
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sheet concentration utilized here is ϕZrP = 0.0030 ± 0.0005, which is slightly below ϕI. 

After hydrogel preparation, the two ends of the capillary were sealed with optical glue to 

prevent water evaporation and stored at ambient temperature. The capillary was 

observed between crossed polarizers using an optical microscope with the temperature 

set to 333 K using thermal stage (HC561, Instec Inc.).  

Figure 39 shows a series of crossed polarizing micrographs of the capillary-

sealed nematic hydrogel during shrinking at 333 K. At the beginning, the hydrogel 

remained isotropic and the edge remained relatively straight along with some minor 

wrinkling (Figure 39a). Thereafter, the sample began to present instabilities as evidence 

from folding and creasing,
483

 commonly observed on the edge of polymer hydrogels 

(Figure 39b, c). From these instabilities, an increase in the birefringence of the edges 

was observed (Figure 39c). As visualized from Figure 39(b-f), the undulation of the 

hydrogel sidewalls became stronger, which resulted in a sinusoidal bending of the whole 

sample, exhibiting undulations and cusps similar to Islam et al.,
464, 465

 resulting in an 

increment of the defect number on the edge.  From these observations, the strength of the 

defects are +1 or -1 as suggested from the four bright lobes.
474

 As mentioned in the 

previous section, during hydrogel edge-wrinkling, ∆ηZrP-hydrogel increases, as does 

nematic ordering (S2).
481

 In our study, since ∆ηZrP, and ϕZrP (ϕZrP < ϕI) are fixed 

parameters in our system during hydrogel shrinking, it is clear that S2 increments are due 

to a higher alignment of the ZrP nano-sheets on the edge.
464

 Interestingly, although the 

nematic hydrogels fabricated in this report are composed of disk-like inorganic nano-

sheets of ZrP, they possess a similar behavior to the ones made with carbon nanotubes 
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from Islam et al.,
464, 465

 This observation confirms Onsager’s prediction that applies 

cylindrical-like objects having a certain diameter (d) and thickness (t), where rods are t 

>> d and disks are t << d.
6, 199

 

 

Figure 39. Time-sequential crossed polarized optical microscopy images of a sealed 

capillary tube containing ZrP nano-sheet hydrogels at ϕZrP = 0.0030 ± 0.0005 during 

deswelling and swelling. (a-f) Deswelling of the nematic hydrogel at 333 K. At the edge, 

the isotropic-to-nematic transition takes place as evidenced from the visualization of 

nematic defects. Defects of +1 and -1 are characterized from their four lobes. (g-l) 

Swelling of the nematic hydrogel at ambient temperature. Reversible nematic-to-

isotropic transition occurs as the concentration of ZrP nano-sheets on the hydrogel edge 

decrease during water absorption.  
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3.3.4 Summary 

In summary, we have developed a new type of discotic nematic hydrogel from 

the polymerization/cross-linking of NIPAm and AAm monomer solutions containing 

high-aspect-ratio ZrP nano-sheets. These novel materials are highly ordered polymer 

hydrogels having low nano-sheet concentrations. The nematic hydrogels were 

characterized using crossed polarizing microscopy. The nematic domains in the hydrogel 

polymer network were studied by the variation of initiator (APS) and catalyst (TEMED) 

concentrations. We found that APS has a great influence on polymer chain length and 

cross-linking density, affecting the amount of extinction points in the nematic texture. 

However, no significant effect on the nematic texture was observed for TEMED at any 

concentration. We also studied the effect of ZrP nano-sheet concentration and 

temperature above the LCST on the hydrogels.  Interestingly, the hydrogels containing 

ZrP nano-sheets presented an increment in the hydrogel rigidity compared to hydrogel 

only as evidenced from the low volume shrinking. This effect might come from the 

hydrophilic nano-sheets in assisting the water holding inside the polymer matrix. In 

addition, we observed that the concentration of ZrP nano-sheets possess a strong effect 

on the birefringent colors of the hydrogels during shrinking. This hydrogel behavior 

could be explained by the effect of ϕZrP and S2 on the birefringence of the system (∆ηZrP-

hydrogel). As the hydrogel volume collapses, ϕZrP and S2 increments could influence the 

birefringent color patterns. Finally, we observed the nematic hydrogel edge in 

rectangular-thin capillaries under optical microscope at a temperature above the LCST. 

The hydrophilic-to-hydrophobic transition of the hydrogel induced instabilities on the 
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polymer network matrix, resulting in edge-wrinkling.  Wrinkling on the edge initiated an 

increase in the nematic order (S2) of the nano-sheets. Interestingly, although the samples 

were prepared at a concentration nearly below the isotropic concentration (ϕI), the 

formation of four lobe nematic defects indicated an isotropic-to-nematic (I-N) transition 

at the edge. 

We believe that the use of high-aspect-ratio (~10
3
) nano-sheets to induce highly 

ordered nematic liquid crystals at low particle concentration is a starting point for the 

formation of highly ordered polymer nanocomposites. The motivation for the combination 

of inorganic nano-sheets relies on the ability of these high-aspect-ratio particles to align at 

low concentrations due to their large excluded volumes. The addition of inorganic nano-

sheets into polymer hydrogels provides a new and promising strategy to enhance stimuli-

responsive soft composites with great mechanical properties and durability for their use in 

a wide range of industrial and medical fields, e.g., chemical separation, food 

preservation, optical sensing, drug delivery, and wound dressing.  
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CHAPTER IV 

INTERFACIAL STABILIZATION USING NANO-SHEETS
*
 

 

4.1 Synopsis 

We demonstrate the fabrication of amphiphilic nano-sheets, which are either 

surface- or edge-modified plates with a thickness at atomic scale, one of the thinnest 

amphiphilic particles reported so far. They are obtained by exfoliation of functionalized 

layered crystals, the first time that laminar structures have been utilized to produce such 

particles. Stable emulsions were made utilizing these nano-sheets. The adsorption of the 

amphiphilic nano-sheets to the oil-in-water interfaces and the reduction of surface 

tension between the PDMS and the amphiphilic nano-sheet suspensions were 

quantitatively characterized.  

We also developed Pickering foams highly stabilized by high-aspect-ratio (ξ = 

diameter/thickness) nano-sheets. The effects of particle aspect ratio, concentration, and 

hydrophobicity were also investigated. To our knowledge, our study provides the first 

experimental evidence of the effect of particle aspect ratio on particle-stabilized foams. 

The adsorption properties of these highly anisotropic nano-sheets are strongly affected 

                                                 

*
 Reprinted with permission from “Pickering emulsions stabilized by amphiphilic nano-sheets” by A. F. 

Mejia, A. Diaz, S. Pullela, Y.-W. Chang, M. Simonetty, C. Carpenter, J. D. Batteas, M. S. Mannan, A. 

Clearfield and Z. Cheng, 2012. Soft Matter, 8, 10245-10253, Copyright 2012 by The Royal Society of 

Chemistry. 

 

Reprinted with permission from “Stabilization of Pickering foams by high-aspect-ratio nano-sheets” by J. 

S. Guevara, A. F. Mejia, M. Shuai, Y.-W. Chang, M. S. Mannan and Z. Cheng, 2013. Soft Matter, 9, 

1327-1336, Copyright 2013 by The Royal Society of Chemistry. 
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by their small thickness and large lateral size (i.e., two-dimensional). These high-aspect-

ratio nano-sheets were obtained by exfoliation of α-Zirconium phosphate (ZrP) crystals 

with propylamine (C3H7NH2, PA). The hydrophobicity of the nano-sheets was tailored 

by adjusting the PA:ZrP molar ratio in the suspension. The morphology and stability of 

the foam depend on the nano-sheet aspect ratio and concentration as well as the PA:ZrP 

molar ratio. Here, we found that using low and high aspect ratio nano-sheets having a 

high and an intermediate degree of hydrophobicity, respectively, is the successful 

formula to obtain high foam stability. The aqueous foams were characterized using 

optical and cross-polarized micrographs. Scanning electron microscopy (SEM) 

micrographs of dried foams revealed the adsorption of the PA-ZrP nano-sheets on the 

air-water interface. The foam stability was studied by measuring foam and water volume 

as a function of time to obtain the foam decay and water drainage rate, respectively. We 

also observed that the foams were stabilized by jammed layers of nano-sheets located in 

the bulk and at the air-water interface. These layers of particles prevent air diffusion 

between the bubbles, hence arresting Ostwald ripening and coalescence. 

4.2 Pickering Emulsions Stabilized by Amphiphilic Nano-sheets 

4.2.1 Introduction 

Amphiphilic particles are both hydrophilic and hydrophobic. Acting as 

surfactants, they are able to stabilize liquid-liquid interfaces to form Pickering 

emulsions. Two types of amphiphilic particles are the so-called Janus and Gemini 

particles. Janus particles were named after the Roman god of doorways by Nobel 
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Laureate Pierre-Gilles de Gennes as they have two hemispheres or halves with 

distinguishable differences in chemical properties.
484

  Currently, there are several 

methods to prepare Janus particles.
345, 485-494

 For example, Janus particles can be 

obtained from double-emulsion droplets using microfluidics,
490

 electrohydrodynamic 

jetting of parallel polymer solutions,
345

 metal coating,
491

 and a hierarchical self-assembly 

process.
492

 Janus particles are also building blocks for supra-particular assemblies based 

on their anisotropy,
1, 248, 495

 which offers a gamut of other applications, such as drug 

delivery agents,
496-498

 photonic crystals,
499

 electronics,
500

 and photolithography.
501-503

 

Janus particles are strongly adsorbed to interfaces,
248, 504

 where they act as surfactants for 

the formation of stable Pickering emulsions (see Supplementary Figure B1 and text.).
244, 

505, 506
 

Gemini molecular surfactants can be described as molecules having a long hydrocarbon 

sequence, followed by a charged group (cationic, anionic, or nonionic), then a spacer 

(rigid or flexible) plus a second charged group, and another hydrocarbon chain segment. 

Rosen and Tracy listed more than 60 papers and more than 40 patents related to Gemini 

surfactants.
507

 Zana reviewed micellization thermodynamics, properties, and phase 

behaviors of aqueous micelles (e.g. size, shape, rheology, etc.).
508

 Regular surfactants 

are characterized by their critical micelle concentrations (CMCs), above which the 

molecules prefer to join the micelle rather than the interface. Gemini molecules are well 

known to possess lower CMC values than do the surfactants of equivalent chain 

length,
509, 510

 making them more efficient in lowering surface tension.
511

 Although Janus 

particles function as regular surfactants in terms of their function in stabilizing Pickering 



 

139 

 

emulsions, as the counterpart to the Gemini surfactants, the Gemini particles have not 

yet been fabricated. In this paper, we demonstrate the fabrication of surface and edge-

modified amphiphilic nano-sheets, similar in configuration to Janus and Gemini nano-

plates, respectively, using lamellar crystals. These particles have a small thickness; 

hence, large aspect ratio. In addition, we reveal theoretically and experimentally that 

high aspect ratio amphiphilic nano-sheets can provide good stabilization of liquid-liquid 

interfaces.
234, 248

 In the literature, amphiphilic nano-sheets have been obtained from 

block-copolymer cross-linking,
249, 250

 graphite exfoliation,
251, 252

 block-copolymer 

graphene modification,
253, 254

 and crushing of inorganic
255, 256

 and polymer-inorganic
257

 

hollow silica spheres. They have served to emulsify immiscible liquids,
251, 255, 258

 and 

have been useful to fabricate polymer composites.
258

  

 

Figure 40. The α-zirconium phosphate crystals. (a) SEM micrograph. (b) Zoomed view 

of a particular crystal showing cracks along the lamellar layers. (c) Idealized structures 

of the alpha phase of zirconium phosphate (α-ZrP). 

 

Pickering emulsions are emulsions stabilized by colloidal particles. Water-in-oil 

Pickering emulsions, formed using solid particles such as asphaltenes, are commonly the 

reason for the high stability of water droplets in crude oil. As solid particles are adsorbed 

onto the water-oil interface, the surface energy of the system is reduced and, 
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consequently, the emulsion is established. The overall Pickering emulsion stability 

process is governed by the macroscopic apparent interfacial energy, γa, which is defined 

as γa = γow – Πs(Γp), where γow is the oil-water interfacial energy and Πs is the two-

dimensional surface pressure, which depends on the particle adsorption on the oil-water 

interface Γp.
227

 As the particle concentration increments, Πs approaches to γow. Therefore, 

γa goes to zero, completely arresting the Ostwald ripening between the emulsion droplets 

(i.e., low degree of coalescence). This effect can be explained due to the high desorption 

energy of the particles and the resulting capillary effects.
227-229

 The stability of Pickering 

emulsions depends on the size, shape, and wettability of particles at the interface.
234, 242-

245
 Based on theory, spherical,

246
 rod-like,

246
 and discotic

247
 particles can be used as 

Pickering stabilizers to produce colloidosomes.
271-273

 Colloidosomes
271-273

 are 

microcapsules having a coagulated colloidal particle shell that can result from Pickering 

emulsions, as first synthesized by Velev et al.,
274

 For instance, platelet-like laponite clay 

has been used to prepare latex via Pickering miniemulsion polymerization.
269, 270

  

Anisotropic particles with high aspect ratio (ξ = 2Rd/h) can be good emulsion 

stabilizers
 
(see Supplementary Particle-stabilized emulsions section).

234
 In the past, 

Lagaly et al., confirmed that large-aspect-ratio plate-shaped clay particles together with 

nonionic surfactants could be used as stabilizers for emulsions by creating a mechanical 

barrier to prevent coalescence.
265, 266

 Additionally, surfactant-free o/w emulsions can be 

stabilized by synthetic clay (laponites)
267

 and phase inversion can be present.
268

 

Lamellar crystals are characterized by their layered structure. They can be inorganic 

crystals, such as clay,
76

 α-zirconium phosphates (α-ZrP)
77-80

 (Figure 40), niobates,
81-83
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titanates,
84-86

 or organic crystals, such as graphite, which is formed by stacks of graphene 

layers.
87

 Lamellar crystals often exhibit the morphology of platelets (Figure 40(a)). 

They are used as rheological thickeners for drilling fluids, paint, cosmetics, and 

pharmaceutical products.
105, 512

 They have also been extensively investigated in polymer-

clay nano-composites
106-109

 and electronics
513

 over past decades. They are distinguished 

by strong bonds in the x and y directions in the plane of the flat crystal, but weaker 

interactions between the layers in the z direction. Lamellar crystals can, therefore, go 

through intercalation and exfoliation by guest molecules.
88

 When interactions between 

the intercalated guest molecules are weak enough in the interlayer region, an exfoliation 

can take place. Among the most widely used lamellar crystals are the α phase of 

zirconium phosphate (α-ZrP) with chemical formulas Zr(HPO4)2·H2O (Figure 40). The 

α-ZrP crystal layer is composed of a ZrO6 sheet coordinated with HPO4
2-

 tetrahedrons 

forming a covalent network (Figure 40(c)).
79, 110

 The thickness of a monolayer of α-ZrP 

is about 0.66 nm (0.63 nm if the phosphate groups are deprotonated).
89

 

Here, we bridge these two thus far independently developing fields of 

amphiphilic particles and lamellar compounds, demonstrating the ability to create thin 

amphiphilic nano-sheets analogous to Janus (JPs) and Gemini (GPs) platelets, which are 

indeed just the thickness of a single layer of O, P, and Zr atoms, via the functionalization 

of lamellar crystals followed by exfoliation. In fact, functionalized nano-sheets belong to 

the general category of amphiphilic particles at the “zero” size limit (atomic scale) in 

one dimension. Within their particle family, they are the closest to conventional 

surfactant molecules. They are viewed best, however, as assembled clusters of 



 

142 

 

surfactants organized laterally. The single nano-plate layer is rigid when the nano-sheet 

size is about several tenths of a nanometer or less and become flexible when the size is 

larger than a hundred nanometers, depending on the bending elasticity of the 

layer.
288

 The impermeable nature of the crystalline layer serves as a barrier, preventing 

diffusion of small molecules, and, hence, the coalescence of emulsions “wrapped” by it. 

  

Scheme 1. The 2-D schematic representation of the fabrication of thin-surface and edge-

modified amphiphilic nano-sheets. The initial step consists of the grafting of a coupling 

agent over the surface and the edges of α-ZrP. Subsequently, the exfoliation of the 

crystals is carried out to obtain the surface and edge-modified nano-sheets from their 

outer and inner layers, respectively. 

 

4.2.2 Experimental 

The α-ZrP is characterized by a strong hydrophilicity; hence, chemical 

modification is required to convert it to become hydrophobic. First, a coupling agent is 

grafted over the exposed edges and flat surfaces of the α-ZrP crystals (Scheme 1, 

grafting step). Subsequently, via the exfoliation of these crystals, a mixture of surface 

and edge-modified amphiphilic nano-sheets are obtained from the outer and the inner 

layers, respectively (Scheme 1, exfoliation step and Supplementary Figure B2 for 

transmission electron microscope (TEM) images of the α-ZrP nano-sheets). The 

resulting nano-sheets are amphiphilic. Exfoliation of the lamellar crystals occurs when 

edge-modified
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surface-modified
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exfoliation
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enough tetra-(n-butylammonium) hydroxide (TBA
+
OH

-
) is added to exceed single-layer 

packing of TBA
+
 ions in the interlayer region.

77, 80, 89-91
 The mono-layers obtained are 

atomically flat, mechanically strong, flexible, and chemically stable in common basic 

and acidic solvents. The α-ZrP crystals are easy to synthesize, and the crystal size and 

size polydispersity are highly tunable by varying phosphoric acid concentration, reaction 

time, and reaction temperature. In addition, α-ZrP crystals are able to achieve complete 

exfoliation (For size and thickness control, see Supplementary Figure B3).
89

 

 

Scheme 2. Reaction mechanism for the octadecyl isocyanate grafting the edge and the 

outer surfaces of α-ZrP crystals. 

 

It is well known that α-ZrP presents low reactive hydroxyl groups on its 

surfaces.
79, 110

 Although numerous studies have reported intercalation of several 

compounds into α-ZrP,
445, 447, 514-516

 a direct grafting reaction on ZrP crystal surfaces had 

not been evaluated consistently, and just a few studies can be found in literature.
444, 517, 

518
 The surface modification here consists of a chemical (covalent) reaction of the OH 
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groups on the surface of α-ZrP with octadecyl isocyanate (ODI) as a coupling agent. The 

particles created in the current study were synthesized by grafting ODI (Scheme 2) over 

the edges and the outer surfaces of α-ZrP crystals. The intercalation of the ODI into α-

ZrP does not take place due to the high hydrophobicity of the ODI and the high 

hydrophilicity of the interlayer region. The ODI coupling agent is one of the most 

broadly used functional group reagents in synthesis reactions due to the high reactivity 

of its functional group, –NCO. It has been reported that the isocyanate group reacts with 

the hydroxyl groups of the hydroxyapatite (Ca5(PO4)3OH) crystals.
519-522

 Liu et al., 

confirmed the reactivity of the hydroxyapatite surface hydroxyl groups towards the 

organic isocyanate groups.
519

 In addition, previous work also reported the grafting of 

different organic silane coupling agents on the surface of the calcium phosphate through 

the reaction with its surface hydroxyl groups.
523, 524

 

 

4.2.2.1 Synthesis and Functionalization of α-Zirconium Phosphate 

The synthesis of the highly crystalline α-ZrP by the hydrothermal method has 

been described in previous publications.
78, 80, 91

 Particularly, 6 g ZrOCl2·8H2O were 

mixed with 60 mL (9 M) H3PO4 and heated at 200 C for 24 h in a high-pressure 

autoclave. After the reaction, the product was centrifuged and washed three times with 

deionized (DI) H2O and dried overnight at 60 C. The dried product was ground with a 

mortar and pestle into a fine powder. Highly crystalline α-ZrP was used to avoid the 

intercalation of the modifier in the surface and edge modification step. Finally, the 

crystals were reacted with octadecyl isocyanate (Aldrich, 98%) in a 1:10 (ODI:ZrP) 
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molar ratio at 65 C, using o-xylene as a solvent, for 12 hours under nitrogen. The 

resulting product was washed with methanol three times and dried at 60 C overnight in 

an oven. 

 

4.2.2.2 Characterization of the Modified α-Zirconium Phosphate 

The resulting powder was characterized by Fourier transform infrared (FTIR, 

Shimadzu IRAffinity-1 spectrometer in an ATR, attenuated total reflection mode with a 

ZnSe ATR Prism Model Pike MIRacle A, Columbia, MD), and thermogravimetric 

analysis (TGA, Q500 TA Instrument, New Castle, DE). X-ray photoelectron 

spectroscopy (XPS, Kratos Axis Ultra Imaging, Chestnut Ridge, NY) was conducted to 

analyze the elementary composition of the final compound. AFM images were collected 

with an Agilent/Molecular Imaging PicoSPM coupled with an RHK Technology SPM 

1000 Electronics Revision 8.  

 

4.2.3 Results and Discussion 

4.2.3.1 Fourier Transform Infrared (FTIR) 

The grafting reactions (i.e. the outer surface modification reactions) were 

analyzed by FTIR (Figure 41). The FTIR spectrum of pristine α-ZrP is shown in Figure 

41(1). We observed that the isocyanate band (-N=C=O) at 2260 cm
-1

 (Figure 41(2)) 

vanished after reaction (Figure 41(3)). In the meantime, a new band at 3375 cm
-1

 

appeared, which corresponds to a secondary amine (R’R-N-H) (Figure 41(3)). In 

addition, the CH2 and CH3 symmetric and asymmetric stretching bands at 3000–2850 

cm
-1

 were observed in the product. FTIR spectra contained two C=O bands, at 1685 cm
-1
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for the ester carbonyl (-RC(O)O-) and 1525 cm
-1

 for amide II (-RR’C(O)NH) as 

predicted in Scheme 2. The presence of amide bands and the disappearance of the 

isocyanate band indicated that the hydroxyl groups over the surface of α-ZrP reacted 

with the isocyanate groups and resulted in the formation of urethane linkage. The sharp 

bands located at 3510 cm
-1

 and 3590 cm
-1

 for pristine α-ZrP and the surface-modified 

product were attributed to the asymmetric and symmetric stretching of the intercalated 

water, while the one located at 1620 cm
-1 

was attributed to the bending vibration of 

water.
525

 The remains of the intercalated water, after completion of the grafting reaction, 

indicated that no intercalation of the lamellar crystals occurred during the grafting 

reactions because of the high crystallinity of the pristine ZrP crystals. 

 

Figure 41. FTIR of α-Zirconium phosphate surface with grafted octadecylisocyanate 

groups. (1) α-ZrP, (2) octadecyl isocyanate, and (3) the grafted product. 
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4.2.3.2 X-ray Photoelectron Spectroscopy (XPS) 

XPS analysis was conducted to measure the film composition that complements 

the infrared analysis. The binding energy of carbon (C(1s) : 285 eV) was used as the 

reference for data calibration. XPS is a highly diagnostic tool for the assessment of the 

chemical state of the elements; it has been used before to characterize α-ZrP and its 

organic derivatives.
449

 The XPS spectra of octadecyl isocyanate grafted to α-ZrP is 

shown in Figure 42. The C(1s) peak located at Eb = 287.7 eV corresponds to the carbons 

in the aliphatic chain, and the peak located at 289 eV corresponds to the carbon in the 

C(O)NH group (Figure 42(a)). As expected, the grafted lamellar crystals displayed a 

significant N(1s) band (Figure 42(b)). The N(1s) peak located at Eb = 399 eV was 

attributed to the nitrogen in the -C(O)NH group. The above FTIR and XPS 

characterization demonstrated that we have covalently attached an organic coupling 

agent to the hydroxyl groups of the phosphate on the surfaces of α-ZrP crystals. 
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Figure 42. XPS and TGA spectra of the product obtained from the reaction of ODI with 

α-ZrP (a). Deconvolution of the C(1s) spectrum exhibits three peaks, consistent with the 

presence of the N-C(=O)- and carbon atoms. (b) N(1s) spectra. (c) The thermal stability 

of pristine α-ZrP (blue line) and α-ZrP grafted with ODI (green line) analyzed by TGA. 
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4.2.3.3 Thermogravimetric Analysis (TGA) 

Figure 42(c) shows the TGA thermogram of pristine and grafted crystals. The 

final product of the thermo-decomposition of pristine α-ZrP is ZrP2O7 

[Zr(HPO4)2·H2O(s) + heat (700 ºC) → ZrP2O7(s) + 2H2O(g)] exhibits a weight loss of 

about 12%. On the other hand, grafted crystals presented a weight loss of about 37%. 

The TGA spectrum showed four regions. The first one ranged from 25 C to 91 C; the 

second one, from 91 C to 178 C; the third one, from 178 C to 505 C; and the last 

one, from 505 C to 800 C. The first region shows slight loss of solvent from the 

surface of the crystals. The second region shows evaporation of the water contained 

between the layers of the α-ZrP. The third region shows the removal of the aliphatic 

chains grafted on the surface. Finally the fourth region shows condensation of the 

phosphates. The TGA indicated that about 25% of sample is from the surface 

modification. 

 

4.2.3.4 Exfoliation of the Modified α-Zirconium Phosphate 

The functionalized crystals were then exfoliated to obtain a mixture of surface 

and edge-modified amphiphilic nano-sheets. Exfoliated α-ZrP was obtained by adding 

tetra-(n-butylammonium) hydroxide (TBA
+
OH

-
, Aldrich, 40% in water) at a molar ratio 

of ZrP:TBA = 1:1 in DI water. During the intercalation reaction, the suspension was 

subject to sonication (Branson 8510, 40 kHz, Danbury, CT) to guarantee the 

intercalation of the TBA
+
. A complete exfoliation of the crystals might take several 
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minutes to hours.
89

 A schematic representation of the α-ZrP crystal exfoliation is 

depicted in Scheme 1. 

 

4.2.3.5 Emulsion Preparation 

4.2.3.5.1 Mineral Oil in Water Emulsions 

Our amphiphilic α-ZrP nano-sheets have a large aspect ratio (ξ ~ 320) due to their 

extremely thin thickness (about 2.8 nm) (See atomic force microscope (AFM) 

topography images and section analysis in Figure B4.)
89

 As stated before, we predicted 

that high-aspect-ratio nano-sheets would be able to offer greater stability between liquid 

films to prevent coalescence.
234, 526

 Their large lateral surface area offers strong 

adsorption energy at the oil-water interface. Surfactant-free oil-in-water emulsions 

stabilized with exfoliated α-ZrP-ODI containing a mixture of surface- and edge-modified 

amphiphilic nano-sheets were prepared at room temperature. The preparation consisted 

of adding 700 μL of the exfoliated nano-sheet suspension (0.05 g/mL) within 2 mL of 

H2O and 300 μL of light mineral oil (Sigma Aldrich). The mixture was treated by 

sonication for 10 minutes to allow the amphiphilic nano-sheets move to the oil-water 

interface. Dye was added to the oil phase to make the oil fluorescent for confocal 

microscopy observation. Optical and confocal micrographs of the oil-in-water emulsions 

are shown in Figure 43(a) and Figure 43(b), respectively.  

A control emulsion was prepared using the same procedure with an exfoliated 

non-modified α-ZrP suspension. Figure 43(c) and Figure 43(f) illustrate the o/w 

emulsion comparison of the use of non-modified and modified α-ZrP as surface-active 
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agents, respectively. The emulsion of the former lasted only for a couple hours, while the 

latter lasted for months. An optical microscope was used to observe in detail the o/w 

emulsions. Figure 43(d) and Figure 43(g) show the emulsions for both cases when 

freshly made just after sonication. In the case of Figure 43(g), it should be noted that 

under white light, the α-ZrP-ODI nano-sheets are difficult to observe due to their 

extreme thin thickness.
89

 After 24 days, optical micrographs were obtained for the 

emulsions. In comparison with Figure 43(d), the control emulsion optical micrograph 

(Figure 43(e)) elucidates coalescence of the oil droplets. The micrographs for the 

emulsion stabilized using exfoliated α-ZrP-ODI can be found at Figure 43(h) (top of the 

emulsion) and Figure 43(i) (middle), where no significant coalescence was observed. In 

contrast to Figure 43(i), no emulsion droplets were found at the 24
th

 day in the middle of 

the sample shown in Figure 43(c) due to the coalescence and creaming in the emulsions 

made using non-modified α-ZrP nano-sheets. 
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Figure 43. Characterization of stable emulsions stabilized by α-ZrP-ODI nano-sheets 

and unstable emulsions using non-modified α-ZrP nano-sheets. Representative (a) 

optical micrograph and (b) confocal laser scanning micrograph of o/w emulsions using 

α-ZrP-ODI as surface-active agents. (c) Observation of o/w emulsions stabilized by non-

modified α-ZrP monolayers. The emulsion coalesced and quickly creamed. (d) Optical 

micrographs of the o/w emulsion right after emulsification and (e) after 24 days, which 

indicates that non-modified α-ZrP nano-sheets are not good emulsifiers due to the 

observed coalescence. (f) Creaming of o/w emulsions stabilized by α-ZrP-ODI nano-

sheets. The emulsion presents less creaming compared to (c) due to the less degree of 

coalescence. (g) Micrograph showing the oil-in-water droplets after emulsification. (h) 

o/w emulsion micrograph from the top and (i) from the middle after 24 days, where no 

coalescence was observed. Pictures of (a, d, e, g, h, and i) were taken using a Nikon 

microscope TE-2000U with 20x magnification. (b) was taken using a Leica confocal 

microscope TCS SP5 with magnification of 100x. (c and f) digital photographs were 

taken using a Sony DSC-220W digital still camera. 

Fresh

Fresh
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Figure 44. (a) Toluene-in-water emulsion droplet diameter as a function of α-ZrP-ODI 

nano-sheet concentration after one week. The toluene volume fraction is o=0.085. (b) 

Droplet diameter of toluene-in-water emulsions as a function of time. The concentration 

of α-ZrP-ODI nano-sheets is 0.45 wt. %. 
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4.2.3.5.2 Emulsion Stability of Aromatic Liquids in Water Emulsions 

 To study the capability of the α-ZrP-ODI nano-sheets to emulsify immiscible 

aromatic liquids, emulsions of toluene-in-water and styrene-in-water were evaluated. For 

the toluene-in-water emulsions, the droplet size dependence was studied by increasing 

the amphiphilic nano-sheet concentration as Ashby and Binks did using laponite clay.
267

 

Figure 44(a) displays the toluene droplet diameters for samples with different amounts 

of α-ZrP-ODI nano-sheets. The droplet diameter decreased with an increase in α-ZrP-

ODI nano-sheets in a range between 0.2 to 0.62 wt. % and became constant after that at 

a fixed oil concentration (o=0.085). In general, an increase in amphiphilic nano-sheets 

results in a decrease in emulsion droplet size. Also, the toluene-in-water emulsion 

droplet diameter and the emulsion stability were studied by varying the oil content. 

Figure 44(b) displays the toluene droplet diameters for six samples with varied toluene 

volume fractions for a fixed α-ZrP-ODI nano-sheet concentration (0.45 wt.%) over a 

period of a week. The toluene-in-water emulsion stability was measured for the six 

samples. All emulsions were stabilized after 100 h. It was found that droplet diameter 

increased with oil content (Figure 44(b)). In this experiment, a small size distribution 

for the droplets was detected, similar to previous Pickering emulsion observations 

(Figure 45(a)).
527-530

 Simply by changing the nano-sheet system from α-ZrP-ODI to 

non-modified α-ZrP nano-sheets, we obtained droplets from monodispersed to 

polydispersed as shown in Figure 45(a, b). Visual observations of Figure 45(c) revealed 

that the toluene-in-water emulsion stabilized by non-modified nano-sheets (right) had 

undergone a much more evident creaming process than the emulsion stabilized by α-ZrP-
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ODI nano-sheets (left). The image in Figure 45(b) had the same composition and had 

settled for the same amount of time as the samples with α-ZrP-ODI nano-sheets in 

Figure 45(a).  

  

Figure 45. Toluene-in-water emulsions stabilized by α-ZrP-ODI and non-modified α-

ZrP nano-sheets, where toluene concentration was o=0.12. (a) Micrograph of uniform 

toluene-in-water droplets stabilized by α-ZrP-ODI nano-sheets. The diameter of the 

droplets is 3.05 ± 0.42 μm. (b) Micrograph of polydispersed toluene-in-water emulsion 

droplets stabilized by non-modified α-ZrP nano-sheets. (c) Toluene-in-water emulsions 

stabilized by non-modified α-ZrP (right) showing strong creaming due to large drop size 

and stabilized by α-ZrP-ODI nano-sheets (left) with a less creaming effect. The picture is 

taken at 200 h after emulsification. 
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4.2.3.5.3 Pickering Miniemulsion Polymerization 

The stable Pickering emulsions that we observed above established the viability 

of producing a Pickering miniemulsion polymerization of styrene using α-ZrP-ODI 

nano-sheets as stabilizers, generating armored latex particles similar to the armored latex 

suspensions of Bon and Colver.
270

 We performed six Pickering miniemulsion 

polymerizations of styrene by varying the quantity of α-ZrP-ODI nano-sheets from 0.22 

to 1.32 wt. % in aqueous solutions at a constant monomer volume fraction of styrene, 

approximately o=0.085. Azobisisobutyronitrile (AIBN, Sigma Aldrich) was used as an 

initiator for the polymerization. Stable Pickering miniemulsions of submicron α-ZrP-

ODI colloidosomes were generated via sonication and were subsequently polymerized at 

65 ºC for two days. It was observed that polystyrene particle diameter was decreased by 

increasing the amphiphilic nano-sheet content (Figure 46). 
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Figure 46. Pickering miniemulsion polymerization of styrene using α-ZrP-ODI nano-

sheets as stabilizers. Average polystyrene particle diameter as a function of weight 

percent of platelets. 
 

Figure 47(a) shows an SEM image after polymerization of styrene in a Pickering 

miniemulsion using α-ZrP-ODI nano-sheets as stabilizers. It confirms the formation of 

polystyrene-α-ZrP-ODI-nano-sheets particles with a size 215 ± 52 nm. In addition, TEM 

images were also taken of the platelet-armored polystyrene particles (Figure 47(b, c and 

d)). Figure 47(b, c) shows that styrene emulsions were able to form non-spherical 

particles showing facet edges and non-smooth corners due to the location of the α-ZrP-

ODI nano-sheets at the styrene-water interface. Also, as in the case of optical 
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microscopy for mineral oil-in-water and toluene-in-water, observation of the α-ZrP-ODI 

nano-sheets in SEM micrographs is difficult due to their atomic thickness and because 

the nano-sheets were fused on the polystyrene surface. From the TEM micrograph 

(Figure 47(d)), the α-ZrP-ODI nano-sheets constituted a layer about 2-nm thick 

surrounding the polystyrene core. The presence of Zr, P and O over the surface of the 

polystyrene-α-ZrP-ODI-nano-sheet particles was detected in the EDX spectra (Figure 

B5). 

 

4.2.3.6 Evaluation of Surface Coverage 

Since styrene emulsification utilized the strong adsorption properties of the nano-

sheets at the styrene-water interface, the adsorption process was analyzed in a similar 

way as Bon and Colver.
270

 Calculations were made to determine the amount of nano-

sheets on the polystyrene particle surface. The surface concentration was calculated from 

the following equation
270

: Csurface = 3π/2 (ρZrP-ODI nano-sheets/ρpolystyrene) (h/dpolystyrene) 

Cpolystyrene, where h is the thickness of the nano-sheets, Csurface (gg
-1

) is the concentration 

of amphiphilic nano-sheets, and Co (gg
-1

) is the total concentration of the amphiphilic 

nano-sheets. ρZrP-ODI nano-sheets and ρpolystyrene are the densities of the ZrP-ODI nano-sheets 

and the polystyrene, respectively. The values of dpolystyrene, the average diameter of the 

polystyrene particle suspensions, were obtained from Figure 46. The average diameter 

of each sample was applied to the equation above to find the surface concentration of α-

ZrP-ODI nano-sheets. Figure 48 displays a plot of the α-ZrP-ODI nano-sheets on the 

surface versus the total concentration of α-ZrP-ODI nano-sheets. The line of best fit has 
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an R
2
 value of 0.99, which proves a strong linear relationship. From this relationship, it 

is demonstrated that the partition, Γof the amphiphilic nano-sheets on the surface 

versus in the continuous phase was a constant (Figure 48).  By adding more α-ZrP-ODI 

nano-sheets in the emulsions, therefore, surface areas created by these nano-sheets 

produced smaller-sized emulsions (Figure 46) due to their high surface activity. For a 

fixed amount of styrene, the final particle diameter was set by the quantity of 

amphiphilic nano-sheets, M, if the size polydispersity of the resulted particles was not 

high, because the amount of nano-sheets on the surface would be M ×, and only a 

single layer of nano-sheet was on the surface (Figure 47(d)). 

 

Figure 47. Polymerization of Pickering miniemulsions of styrene-in-water. (a) SEM 

image of platelet-armored-polystyrene particles. (b), (c) and (d) TEM images of nano-

sheet-armored polystyrene particles. 
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4.2.3.7 Contact Angle Measurements 

We also performed contact angle measurements of the α-ZrP-ODI nano-sheets 

suspensions on polydimethylsiloxane (PDMS) films using Young’s equation to 

determine the surface tension between a hydrophobic surface of PDMS and the 

amphiphilic nano-sheet suspensions (see Supplementary Figure B6 and text for explicit 

explanation of the surface tension methodology). Some authors have raised concerns 

about the reliability on the measurements of the static contact angles.
243, 531

 In our study, 

the contact angle is reported as a representative parameter of the partitioning of the 

amphiphilic nano-sheets at the PDMS-water interface. As α-ZrP-ODI nano-sheet 

concentration was increased from 0.2 to 0.6 wt. %, the contact angle decreased, hence 

the surface tension was indeed reduced (i.e., the droplet wettability was increased). The 

reduction of the surface tension was in a good correlation with the emulsion size 

reduction in the above experiments of toluene and styrene emulsification. This 

correlation might indicate that the α-ZrP-ODI nano-sheets would reduce the oil-water 

interfacial tension, enabling them to create new surfaces. The underlying mechanism 

could be the high flexibility of α-ZrP-ODI nano-sheets (Figure B2).
288

 They can curve 

on to the surface of the oil droplets and make small emulsion droplets. In the case of 

Gemini nano-sheets, the hydrophobic tails can stick into (for the one on the oil side) or 

bend toward (for the ones on the other side, as the length of the ODI is about 2 nm) the 

oil phase. 
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Figure 48. Concentration of amphiphilic nano-sheets on the surface (Csurface) vs. total 

concentration of platelets (Co). 

 

4.2.4 Summary 

In summary, we have demonstrated the fabrication of thin amphiphilic nano-

sheets by exfoliating α-ZrP crystals grafted with a coupling agent of hydrophobic 

molecules on their edges and outer surfaces. Their chemical structures were confirmed 

via XPS, TGA, and FTIR measurements. Octadecyl isocyanate is a powerful 

functionalization agent to initiate the surface reaction of α-ZrP. We anticipate that this 

functional group opens doors for further functionalization of α-ZrP to diversify 

applications. 
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These novel thin amphiphilic nano-sheets were used to stabilize surfactant-free oil-in-

water emulsions. TEM revealed that there was only a single layer of nano-sheets on the 

interface. Stable uniform toluene-in-water emulsions were observed by using the 

amphiphilic nano-sheets as stabilizers. In contrast, controlled experiments using the non-

modified nano-sheets produced highly polydispersed emulsions. It confirmed that α-ZrP-

ODI nano-sheets were attracted to the oil-in-water interface. The polymerization of 

Pickering miniemulsions to produce polystyrene particles were performed similarly to 

the method of Bon and Colver.
270

 From the emulsion size measurements, it was found 

that the partition of the amphiphilic nano-sheets on the surface was constant, and by 

adding more α-ZrP-ODI nano-sheets to the emulsions, surface areas were created by 

these nano-sheets, producing smaller sized emulsions. We also confirmed that the α-ZrP-

ODI nano-sheets might be able to reduce the oil-in-water surface tension by using nano-

sheets.  

These two-dimensional amphiphiles introduce a new class of materials and 

applications of thin amphiphilic particles that are at nano-scale and possess a great 

amount of flexibility. They have practical applications for cosmetic and hygiene 

products for the personal care industry, and for oil extraction in the petroleum industry. 

They can improve paints and enhance the polymer nano-composites due to their affinity 

to the medium. We anticipate that the amphiphilic nano-sheets could be used to stabilize 

contrast agents for ultrasonic imaging of colloids, such as gas bubbles. The grafting of 

pH- and temperature-sensitive polymers to the nano-sheets will produce “smart” 

amphiphilic nano-sheets suitable for drug delivery and sensor applications. In the future, 
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two-dimensional amphiphiles could be also fabricated by grafting coupling agents over 

the surface of other materials, such as graphene or TiO2 nano-sheets. 

 

4.3 Stabilization of Pickering Foams by High-aspect-ratio Nano-sheets 

4.3.1 Introduction 

Aqueous foams are dispersions of gas in a continuous aqueous phase. They are 

characteristically metastable:
532

  bubble size increases with time. The increment of the 

average bubble size is driven mainly by two processes, coarsening and coalescence. 

Coarsening occurs when gas diffuses from a small bubble to a larger one due to the 

higher Laplace pressure inside the small bubble. Simultaneously, coalescence takes 

place when two bubbles merge due to the rupture of the liquid film between them during 

the drainage of the liquid. Typically, molecular surfactants or proteins are used as 

stabilizers of these systems.  

 Gas-water interfaces can also be stabilized by particles. These types of foams are 

known as particle-stabilized foams or Pickering foams and are a subject of considerable 

attention recently. The ability of solid particles to stabilize gas-liquid and liquid-liquid 

interfaces has been fully investigated during the last decades.
226

 The use of foams 

stabilized with particles has gained attention due to its potential applications. Particle-

stabilized foams have served as an alternative to proteins for enhancement of textures of 

foams in the food industry,
533

 rheological modifiers for oil recovery,
534

 recovery of 

minerals in the flotation processes,
535, 536

 and as novel porous templates of polymers and 

ceramics.
537-541
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 In the literature, it is possible to find aqueous foams stabilized with solid 

particles alone or along with surfactants.
226, 245, 526, 542-545

 Particle-stabilized foams have 

been obtained with surface-modified iron particles,
546

 silica spheres,
239, 240, 547-549

 metal 

oxides nanoparticles,
550, 551

 polymeric particles of PVC,
552

 latex,
553

 polymeric rods,
554

 

CaCO3 rods,
233

 cellulose particles,
555

 and fine graphite and quartz particles,
556

 among 

others.  

 Synthetic clay platelets have also been used for foam stabilization. Laponite, 

along with amines and surfactants,
232, 261, 262, 264

 and layered double hydroxides (LDH) 

modified with sodium butyrate
263

 have served as foam stabilizers.  

 Different methodologies have been applied to produce particle-stabilized foams, 

such as bubbling, shaking, stirring, and sudden drop in pressure.
548

 The volume of foam 

obtained and bubble morphology varies with the method employed. 

 Although solid particles can be good foam stabilizers, there are some particular 

conditions that need to be satisfied for interfacial stabilization. Hydrophilic particles at 

nano scale can form agglomerations with the plateau borders of the foam,
557

 whereas 

partially hydrophobic particles can irreversibly adsorb into the air-water interface.
245

 

There are several other factors affecting the particle role as interfacial stabilizers, such as 

hydrophobicity,
238-241

 size,
230, 231

 shape,
233, 263

 aspect ratio,
234

 and concentration.
235-238

 

Contradictory results related to the optimum particle size for foam stabilization, are 

reported in the literature.
556

 Tang et al.,
557

 used silica spheres and surfactants to stabilize 

foams, and concluded that stability could be enhanced using smaller particles, whereas 
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Hudales and Stein
558

 stated that a higher foam stability could be achieved with larger 

hydrophilic quartz particles.  

 Bubble morphology has also been intensively studied in foam stabilization.
236

 

The presence of particles at the air-water interface might evolve into armored bubbles 

that display non-spherical shapes. Subramaniam et al.,
559, 560

 observed this phenomenon 

with mineral oil droplets and air bubbles, which were able to preserve their shape even 

within a thin layer of particles. Interfacial jamming accounts for these particular shapes, 

which have been observed in air-water interfaces stabilized with particles of poly-

methylmethacrylate, gold, and zirconium oxide. Interfacial jamming might explain the 

high mechanical strength and structural stability of systems, such as dirty air bubbles in 

the ocean,
561

 gelled lipids on air bubbles,
562

 and protein-coated vesicles.
563

 

 α-Zirconium phosphate (Zr(HPO4)2H2O, ZrP) is a synthetic layered compound 

with a well-defined disk-like structure.
79

 A wide variety of synthetic layered materials 

are found in the literature, such as silicates, phosphates, phosphonates, phosphites, 

oxides, hydroxides, niobates, chalcogenides, and sulfides.
564

 In ZrP, zirconium atoms are 

coordinated with oxygen atoms of the phosphate group forming a layered structure. In 

the interlayer space, acid-base reactions can occur, where the free –OH groups from the 

phosphate react with amines.
99, 565, 566

 From intercalation and exfoliation, ZrP can be 

delaminated into single thin layers.
99

 High-aspect-ratio (ξ = diameter/ thickness) ZrP 

nano-sheets can be obtained by fabricating ZrP crystals of different sizes
79, 80

 followed 

by exfoliation with guest molecules (e.g. tetrabutylammonium hydroxide, propylamine, 

etc).
88, 99, 565
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 Suspensions of ZrP nano-sheets are not able to stabilize air-water or liquid-liquid 

interfaces, since these highly anisotropic particles are extremely hydrophilic due to the 

presence of hydroxyl (–OH) groups on the particle surface.
78

 Recently, we stabilized oil-

in-water emulsions using amphiphilic nano-sheets obtained from the exfoliation of ZrP 

crystals functionalized with octadecyl-isocyanate.
260

 Similarly, alkyl-amines in aqueous 

solutions cannot form stable foams. Amines with alkyl chains shorter than 12 carbons 

cannot form a stable floating layer on the surface of water due to their great affinity with 

the aqueous phase.
263

 Thus far, to the best of our knowledge, no thin and large lateral 

size disk-like particles (i.e., nano-sheets) have been used as foam stabilizers. In our 

study, we exfoliated ZrP crystals of different sizes using propylamine (C3H7NH2, PA) as 

the exfoliating agent. The exfoliation of ZrP crystals allows us to obtain nano-sheets of 

uniform thickness and high aspect ratio. The degree of hydrophobicity of the nano-sheets 

is controlled by varying the molar ratio of PA:ZrP in the suspensions.
264, 547

 We studied 

the possibility of obtaining aqueous foams using nano-sheets of ZrP of high-aspect-ratio 

with a varying degree of hydrophobicity. 

 

4.3.2 Experimental 

4.3.2.1 Materials 

Zirconyl chloride (ZrOCl28H2O, 98%, Aldrich), phosphoric acid (H3PO4, 85%, 

Fisher Scientific), and propylamine (C3H7NH2, 98%, Sigma Aldrich) were used as 

received. All the suspensions and solutions were made using high-purity Milli-Q water 

(Millipore). 
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4.3.2.2 Control of the Size of ZrP Crystals 

Three batches of ZrP pristine crystals of different sizes were synthesized using 

reflux and hydrothermal method as described by Sun et al.,
78

 The first batch, A, was 

prepared by the reflux method (RM) using a phosphoric acid solution of 3M for 24 h. 

The second and third batch, B and C, were prepared by the hydrothermal method (HM) 

using a phosphoric acid solution of 15M for 5 h and 24 h, respectively. Figure 49(a-c) 

show the ZrP crystals prepared at 3M-24h (RM), 15M-5h (HM), and 15M-24h (HM), 

respectively. Figure 49(d) shows the crystal size distribution of the three ZrP batches. 

Table 8 contains the lateral size and polydispersity (σ) of the crystals obtained from 

dynamic light scattering measurements (DLS, ZetaPALS, Brookhaven Instruments 

Corporation, Holtsville, NY). 

 

Figure 49. Pristine α-ZrP crystals. Transmission (a) and scanning (b, c) electron 

microscope micrographs of different ZrP sizes prepared at varying conditions (a) 3M-24 

h (RM). (b) 15M-5h (HM), and (c) 15M-24 h (HM). (d) Size distribution of the ZrP 

crystals fabricated at different reaction conditions. 
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4.3.2.3 Exfoliation and Modification with Propylamine 

To obtain thin nano-sheets of ZrP, the layered crystals in Figure 49(a-c) were 

exfoliated by dispersing the crystals in de-ionized (DI) water and subsequently adding a 

solution of PA (0.1M) at a molar ratio of 1:1 (PA:ZrP) under continuous stirring.
99

 The 

concentrated suspensions were treated under sonication for 1 h, and left for 4 days to 

ensure full intercalation of the guest molecule and to achieve a complete crystal 

delamination. Finally, we obtained stable colloidal suspensions of ZrP-PA nano-sheets 

in water. After exfoliation, the nano-sheet aspect ratios for the three suspensions were 

calculated from estimated thickness, as described by Sun et al.,
168

 (Table 8). 

 

Table 8. Nano-sheet lateral size and aspect ratio 

Batch Lateral size (nm) Aspect Ratio (ξ)  

A 261 ± 36 97 ± 13 

B 548 ± 77 204 ± 29 

C 1142 ± 305 426 ± 114 
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4.3.2.4 Preparation of ZrP-PA Nano-sheet Suspensions 

For each aspect ratio, the concentrated ZrP nano-sheet stock suspension was 

diluted to concentrations of 0.5 ± 0.1, 1 ± 0.1, 1.5 ± 0.1, and 2 ± 0.1 %wt. In order to 

control the PA:ZrP ratio, a PA solution was added until ratios of 1.32 ± 0.05, 1.53 ± 

0.05, 1.74 ± 0.05, 1.95 ± 0.05, and 2.16 ± 0.05 were obtained. From each PA-ZrP 

suspension, 7 mL were transferred into a 1.6-cm × 12.5-cm stoppered glass tube (Fisher 

Scientific, Pittsburgh, PA). The prepared samples were left at room temperature for 24 h 

to achieve a full adsorption of PA onto the surface of the ZrP nano-sheets. 

 

4.3.2.5 Preparation of Aqueous Foams Stabilized by ZrP-PA Nano-sheets 

To obtain aqueous foams stabilized by ZrP-PA nano-sheets, each suspension was 

vigorously shaken by hand for a period of 30 s. The obtained foam was characterized 

taking digital photographs at several times using a Canon A3300 digital camera. The 

digital images were analyzed using ImageJ software (v1.43, National Institutes of 

Health). Optical and cross-polarized micrographs were taken using a Nikon TE-2000U 

microscope. The structure of dried foams was observed using a scanning electron 

microscope (SEM-JEOL JSM-7500F). 
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Figure 50. Effect of ZrP-PA nano-sheet concentration on foam stabilization. (a) 

Aqueous foams 7 days after preparation as a function of ZrP-PA nano-sheet 

concentration. The nano-sheet suspension of batch A were used in this experiment at a 

PA:ZrP molar ratio of 2.16 ± 0.05. The nano-sheet concentrations are 0.5 ± 0.1, 1 ± 0.1, 

1.5 ± 0.1 and 2 ± 0.1 % wt. (b) Foam volume as a function of nano-sheet concentration 

at different times after preparation. The green apex-down triangles, blue triangles, red 

circles, and black squares correspond to 0, 60, 150, and 270 min., respectively. Lines are 

guide to the eye. 

 

4.3.3 Results and Discussion 

4.3.3.1 Effect of ZrP-PA Nano-sheet Concentration on the Aqueous Foam 

To analyze the effect of ZrP-PA nano-sheet concentration on the aqueous foam 

stability, we created a set of suspensions using batch A having concentrations of 0.5 ± 

0.1, 1 ± 0.1, 1.5 ± 0.1, and 2 ± 0.1 %wt. The PA:ZrP molar ratio was set to 2.16 ± 0.05. 

Initially, after shaking, the stabilized bubbles were present throughout the entire sample. 

Air bubbles rapidly started to accumulate at the top of the tube (i.e., creaming), leaving a 

less turbid lower phase of ZrP-PA nano-sheets dispersed in water. As the ZrP-PA nano-

sheet concentration incremented, we observed a growing trend in the aqueous foam as 

shown in Figure 50(a). A higher nano-sheet concentration enabled the local adsorption 

of a greater amount of particles onto the air-water interface. As the nano-sheet 
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concentration increases, more air-water interface can be stabilized. Tang et al.,
557

 

described the effect of silica spheres and sodium dodecyl sulfate (SDS) concentration on 

the amount of aqueous foam. They reported that an increase in particle concentration 

enhances the stability of aqueous foams. Similar results have been obtained using 

partially hydrophobic silica spheres,
548

 crystalline sodium chloride (NaCl) particles 

modified with cetyl trimethyl-ammonium bromide (CTAB),
235

 and modified disk-like 

particles.
264

 In our study, we observed that the amount of aqueous foams made with ZrP-

PA nano-sheets of similar hydrophobicity and fixed aspect ratio was proportional to the 

concentration of particles in the bulk, as observed in Figure 50(b). We also analyzed the 

foam stability for each suspension at different times after preparation Figure 50(b, black 

arrow). Interestingly, at equilibrium, the foam volume became linearly dependent on 

nano-sheet concentration, as seen in Figure 50(b, black squares). Hence, the ability to 

stabilize foam is proportional to the coverage of particles at the interface. An enhanced 

surface coverage prevents the diffusion of air molecules between the bubbles; therefore, 

as the nano-sheet concentration increases, so does the stability of the aqueous foams. 
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Figure 51. Foams stabilized by ZrP-PA nano-sheets using (a) batch A (b) batch B, and 

(c) batch C, for different PA:ZrP molar ratios at 1 h and 7 days after foam stabilization. 

The concentration of ZrP-PA nano-sheets is 2 ± 0.1 % wt. 
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Figure 52. Aqueous foam stability at varying nano-sheet aspect ratio and PA:ZrP molar 

ratio. (a1–e1) Foam and (a2–e2) drainage volume as a function of time. The black 

squares, red circles and blue triangles correspond to batches A, B, and C, respectively. 

The PA:ZrP molar ratios were set to (a) 1.32 ± 0.05, (b) 1.53 ± 0.05, (c) 1.74 ± 0.05, (d) 

1.95 ± 0.05, and (e) 2.16 ± 0.05. 
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4.3.3.2 Effect of ZrP-PA Nano-sheet Aspect ratio and Hydrophobicity on Aqueous 

Foams 

4.3.3.2.1 Macroscopic Observation of the Foams 

To determine the effect of particle hydrophobicity and aspect ratio on the 

stabilized aqueous foams, ZrP-PA suspensions were prepared at 1.32 ± 0.05, 1.53 ± 

0.05, 1.74 ± 0.05, 1.95 ± 0.05, and 2.16 ± 0.05 PA:ZrP molar ratios, at a concentration of 

ZrP-PA nano-sheets of 2% ± 0.1 wt. Figure 51 shows the aqueous foams made from 

nano-sheet suspensions of batches A, B, and C at different PA:ZrP molar ratios. In 

general, remarkable foam stability was obtained in all of the studied molar ratio range. 

Even at a low molar ratio, the nano-sheets are hydrophobic enough to stabilize bubbles 

after hand-shaking. The nano-sheets in the suspension adsorb on the air-water interface 

that is generated as they reduce the surface energy of the system. After foam preparation, 

the bubbles coarsen and the total bubble surface area covered by the nano-sheets 

decreases. This coarsening process continues until the total available surface area is 

covered by the nano-sheets (i.e., limited coalescence).
567

 A critical nano-sheet aspect 

ratio for an optimal interfacial stabilization will depend on the surface chemistry, 

wetting, and the interaction interparticle forces.
234

 With an increment in the molar ratio, 

the hydrophobicity of the nano-sheets increases,
264, 547

 allowing more nano-sheets to be 

adsorbed on the air-water interface. Since we are varying the degree of hydrophobicity 

of the nano-sheets, different foam behaviour is expected.  

The increase in the amount of adsorbed particles on the air-water interface also increases 

the amount of aqueous foam volume, as observed from batches A and B in Figure 
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51(a,b). Interestingly, an opposite behaviour was observed at the highest aspect ratio at a 

PA:ZrP molar ratio above 1.53 ± 0.05. This could be explained by the large aggregates 

of nano-sheets that quickly settled to the bottom of the glass tube, as seen in Figure 

51(c, 1 h and 7 days). This particle aggregation indicates that the maximum nano-sheet 

concentration on the available air-water interface has been reached (i.e., dense packing 

of nano-sheets). The nano-sheets in batch C possess a highly hydrophobic interaction 

that makes them prone to aggregate rather than to adsorb onto the air-water interface.  

Dickinson et al.,
548

 explained that during particle aggregation, the ability to stabilize the 

air-water interface decreases due to the lack of particles that adsorb on it. The effect of 

particle size on the interface can be explained from the adsorption energy equation: 

∆G=πR
2
γaw(1±cosθ), where ∆G is the energy required to remove an adsorbed particle 

out from the air-water interface into the bulk, R is the size of the particle, γaw is the 

interfacial tension between the air and water, and θ is the wetting angle of the particle at 

the interface.
243

 From the described equation, the detachment energy is proportional to 

the surface area of the particle; therefore, larger particles have a larger energy of 

attachment to interfaces relative to the thermal energy kT. Thus, when a particle is at an 

interface, it can be thought of as it being irreversibly adsorbed.
245

 In fact, batch C and 

batch B nano-sheets at the same degree of hydrophobicity possess particle energies of 

adsorption to the air-water interface of 21 and 5 times greater than batch A nano-sheets, 

respectively. 

However, as previously stated, particle aggregation driven by hydrophobic 

interaction has a negative effect in the availability of particles at the interface and cannot 
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be neglected as it prevents particles to be effectively adsorbed on the air-water 

interface.
568

 Therefore, for large nano-sheets, a maximum in foam production is 

expected as a result of these two competing effects: hydrophobic nano-sheet aggregation 

and adsorption on the air-water interface.
235, 569

 In our case, a maximum shows up for 

batch C platelets at a molar ratio of ~1.53. A similar behaviour using spherical silica 

particles and increasing particle hydrophobicity was experienced by Kruglyakov et 

al.,
238

 

 

4.3.3.2.2 Analysis of the Stability of the Aqueous Foams 

To analyze the stability of the aqueous foam, we tracked the foam volume as a 

function of time, as shown in Figure 52(a1–e1) and the drainage volume (i.e., volume of 

water) as a function of time, as shown in Figure 52(a2–e2) from the foam pictures 

obtained in Figure 51. 

Very interestingly, we observe that the reduction of foam volume occurred in a 

three-step process (Figure 52(a1–e1)); (i) creaming and draining, (ii) coarsening and 

draining, and (iii) foam collapsing. These three stages were identified based on the 

change in slope of foam volume with time (Figure 52(a1–e1)). In general, bubble 

creaming occurred right after foam preparation and lasted for about 4 days. During the 

next 6 days, the foam volume decreased due to water drainage and coarsening. After the 

10
th

 day, the foam presented little variation in volume. Since the foam is holding little or 

no water in the system, the burst of large bubbles dominated and some foam collapsing 

was observed.  
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In our research, for nano-sheets of batch C and at a low PA:ZrP molar ratio (<1.53), we 

obtained a large foam volume of high stability (Figure 52(a1–b1)). At this molar ratio 

region, it is interesting to note that the foam volume stability is dependent on the nano-

sheet aspect ratio. As particle aspect ratio is increased, as shown in Figure 51, the foams 

become more stable. Similar to the method described by Madivala et al.,
234

 increasing 

the nano-sheet aspect ratio is a practical method to increase stability at low particle 

concentration. At molar ratios of PA:ZrP larger than 1.74, in spite of the initial foam 

volume, a similar foam stability was observed for all batches (Figure 52(c1–e1)). In 

general, a significantly high stability was found for our nano-sheet stabilized system, in 

contrast to surfactant-stabilized foams. Alargova et al.,
554

 explained that foam volume 

may be initially larger in foams stabilized by surfactants, but stability is outstanding for 

foams made with partially hydrophobic particles. In our experiments, foam volume was 

preserved at least 36 days after stabilization, whereas SDS foams lasted up to only 2 

days.
554

 

 

Figure 53. The two-time scales, t1 and t2, observed during water drainage as a function 

of the PA:ZrP molar ratio at different aspect ratios. (a) Creaming and (b) Coarsening 

time. The black squares, red circles, and blue triangles correspond to batches A, B, and 

C, respectively. 
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We also observed that water drainage takes place in a two-time-scale process, t1 

and t2 (Figure 52(a2–e2)). These two time scales observed during the water drainage are 

attributed to creaming, coarsening, and water draining and are plotted as a function of 

the PA:ZrP molar ratio at a fixed nano-sheet aspect ratio (Figure 53). t1 is mainly 

proportional to the effect of bubble creaming and water draining from the foam 

structure, whereas t2 is proportional to water draining and coarsening. Creaming is 

controlled by the bubbles’ size, gravity, suspension viscosity, and the density difference 

between the discontinuous and the continuous phase. Draining is the free flow of water 

driven by gravity through the foam’s random network of plateau borders. In our case, 

draining is influenced by the hydrophobicity of the nano-sheets. Hydrophobic nano-

sheets aggregate and create clusters at the air-water interface, whereas hydrophilic nano-

sheets stay at the plateau borders, preventing water drainage. During draining, the liquid 

borders between adjacent bubbles become too thin and coalesce. Surprisingly, in our 

system, coarsening becomes practically negligible after draining, as evidenced by the 

arrested bubble coalescence. Water drainage observations for foams stabilized by 

proteins were reported by Elizalde et al.,
570

 In such system, the drainage volume reached 

a plateau in a couple of hours, compared to our study, where this plateau was reached 

several days after preparation. Such preservation of the foam volume and slow drainage 

occurs due to the formation of a nano-sheet layer at the bubble surface. This layer of 

nano-sheets is able to maintain the bubble shape by forming a shell-like structure on the 

air-water interface.
240, 553

 In Figure 53a and b, it was observed that the aqueous foams 

created with nano-sheet suspensions of batch A presented longer t1 and t2 compared to 
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the ones stabilized by nano-sheet suspensions of batches B and C. This observation is in 

agreement with the lowest stability presented in the aqueous foams stabilized using 

nano-sheets of batch A (i.e., low aspect ratio). 

Figure 54(a–c) displays the foam decay rate (red line with squares) and the water 

drainage rate (blue line with triangles) for foams obtained in Figure 51(a–c), 

respectively. These rates were obtained by calculating the variation in foam volume and 

drainage volume during the first 10 days after foam stabilization. The rates are plotted as 

a function of the PA:ZrP molar ratio for batches A, B, and C, respectively.  

In our experiments, we observed a constant water drainage rate with the variation 

of nano-sheet aspect ratio and PA:ZrP molar ratio (i.e., different hydrophobicity). In the 

case of the foam decay rate, aqueous foams stabilized using batch C presented constant 

rates at different molar ratios. However, for aqueous foams stabilized by batches A and 

B, constant rates were reached only above a PA:ZrP molar ratio of 1.74 and 1.53, 

respectively. These results indicate a dependence of the foam decay rate plateau values 

on nano-sheet hydrophobicity and aspect ratio. In general, for molar ratios higher than 

1.74, the nano-sheets at different aspect ratios are hydrophobic enough to create highly 

stable aqueous foams.  In addition, the obtained foams presented reduced water drainage 

and foam decay with time. Intriguingly, at molar ratios larger than 1.74, aqueous foams 

stabilized by nano-sheet suspensions of batch A presented a lower foam decay rate 

(~0.05 mL/day) compared to batches B and C (~0.1 mL/day). This suggests that an 

efficient manner to stabilize air-water interfaces consists in using low and high aspect 
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ratio nano-sheets having a high and an intermediate degree of hydrophobicity, 

respectively. 

 

Figure 54. Foam decay (red squares) and water drainage rate (blue triangles) as a 

function of PA:ZrP molar ratio of aqueous foams obtained from nano-sheet suspensions 

of batch (a) A (b) B, and (c) C. The foam decay and water drainage rate were calculated 

from the foam and water volume at the 10
th

 day with respect to the volume right after 

preparation, respectively. 
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4.3.3.2.3 Microscopic Analysis of the Aqueous Foams 

The optical micrographs in Figure 55 reveal the variation of the bubble size and 

shape as a function of PA:ZrP molar ratio of the foams obtained from the three different 

aspect ratio nano-sheet suspensions. Using nano-sheet suspensions of batch A (i.e., low 

aspect ratio) (Figure 55(a1–a4)), at low PA:ZrP molar ratios (≤1.53), the apparent 

bubble size is in a range between 50 and 250 μm (Figure 55(a1–a2)). At intermediate 

PA:ZrP molar ratios (~1.74), the apparent bubble size decreases to a range between 50 

and 200 μm, and non-spherical bubbles are observed (Figure 55(a3)). Further increase 

in the PA:ZrP molar ratios (~2.16), resulted in a slightly reduced bubble size in a range 

between 50 and 150 μm (Figure 55(a4)).  

 Using nano-sheet suspensions of batch B (i.e., intermediate aspect ratio) as 

shown in Figure 55(b1-b4), at low PA:ZrP molar ratios (~1.32), the bubbles are 

spherical and tend to squeeze due to the presence of surrounding bubbles (Figure 

55(b1)). Upon increase of the PA:ZrP molar ratio, a larger number of non-spherical 

bubble shapes is observed (Figure 55(b2-b3)). At high PA:ZrP molar ratio (~2.16), 

particle aggregation caused by hydrophobic interactions is evident, as seen in Figure 

55(b4).  

 Finally, using nano-sheet suspensions of batch C (i.e., large aspect ratio) (Figure 

55(c1-–c4)), at low PA:ZrP molar ratios (~1.32), the bubble are spherical and nearly 

uniform in shape (Figure 55(c1)). Upon increase of the PA:ZrP molar ratio and similar 

to foams stabilized by nano-sheet suspensions of batch B, a larger number of non-

spherical bubbles is observed (Figure 55(c2–c3)). At molar ratios of 2.16, the creation 
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of nano-sheet aggregates is evident, as seen in Figure 55(c4). Cluster formation is more 

noticeable for high nano-sheet aspect ratio and high PA:ZrP molar ratios. This 

observation is in agreement with Kobayashi et al.,
568

 where large particles are more 

prone to aggregate compared to smaller ones. The variation of bubble size by increasing 

the PA:ZrP molar ratio can be understood from an increment in the suspension apparent 

viscosity. This increase in viscosity impedes air incorporation during the foam 

production process.
550

 Other studies using particles such as modified silica
236

 and LDH 

platelets,
263

 also found that smaller average bubble size was observed at high surface-

modifying agent concentration, mainly due to a reduction in the suspension surface 

tension along with an increase in the foam viscosity. This effect can be explained by the 

increase of PA adsorption on the ZrP nano-sheet surface. This adsorption produces an 

increase in the apparent viscosity from the screening of the particle surface charges by 

the oppositely charged PA molecules in the system.
550

 Nano-sheets of a larger diameter 

possess a larger contact area, thus increasing the suspension viscosity more noticeably 

compared to the smaller particles.
440

 The observation of the non-spherical bubble shape 

might be attributed to the formation of a particle-jammed bubble surface. Such shapes 

can be preserved due to non-uniform external stresses from jammed-like nano-sheets 

located at the air-water interface.
559

 In addition, jamming of nano-sheets in the bulk can 

occur due to the increment of the particle local concentration in the plateau borders 

during creaming, water draining, and coarsening. 
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Figure 55. Optical micrographs of bubbles extracted from the aqueous foams in Figure 

51. The micrographs were taken 1 h after foam stabilization. The aqueous foams were 

obtained by shaking suspensions containing nano-sheets from (a) batch A, (b) batch B, 

and (c) batch C. From (1) to (4) the molar ratios were set to (1) 1.32 ± 0.05, (2) 1.53 ± 

0.05, (3) 1.74 ± 0.05, and (4) 2.16 ± 0.05, respectively. The scale bar is 100 μm. 

 

4.3.3.2.4 Pickering Foam Structures as Water Barriers 

In our system, we observed an interesting foam behaviour that has not yet been 

reported. After two months of foam preparation at a high ZrP-PA nano-sheet 

concentration (2 wt.%), the foam tubes were placed upside down. Intriguingly, we 

observed that the aqueous foams were able to prevent water from flowing down, as 

shown in Figure 56, at PA:ZrP molar ratios above 1.74 for batch B and C and 1.95 for 

batch A. Assuming a water Poiseuille flow behavior, liquid-blockage might occur due to 

water flow resistance, which depends on the plateau border geometry, R ~ L/D
4
, where R 

is the hydrodynamic resistance, L is the length of the plateau border, and D is the 

distance between the plateau borders’ surfaces.
571

 During foam drainage, the plateau 
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borders surfaces approached and rested in an immobile position.
571

 Since D << L, water 

flow resistance is extremely high and prevents the flow of water downward the foam. 

Also, a further contribution might come from the closed-packed rigid-structure created 

from the packing of nano-sheets at the air-water interface and in the plateau borders. 

 

Figure 56. Aqueous foams obtained from nano-sheet suspensions at varying aspect 

ratios and PA:ZrP molar ratios. (a) batch A, (b) batch B, and (c) batch C. The water is 

blocked at the top of the tube due to the jammed ZrP-PA nano-sheets in the bulk and on 

the air bubbles. 

 

4.3.3.3 The Structure of the Foam Stabilized by ZrP-PA Nano-sheets at Varying 

Aspect Ratio 

To verify the presence and adsorption of ZrP-PA nano-sheets in the bulk and on 

the air-water interface, we compared optical and cross-polarized micrographs taken at 

different PA:ZrP molar ratios, as shown in Figure 57. Highly anisotropic particles (i.e., 

large aspect ratio) such as ZrP nano-sheets are well known for being birefringent under 
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crossed polarizers.
48, 80, 572

 As expected, a strong birefringence was observed on the 

surface of the bubbles at varying molar ratios as seen in Figure 57(b, d). This is direct 

evidence that the ZrP-PA nano-sheets adsorb on the air-water interface. Birefringent 

zones were also observed in the bulk, indicating the presence of non-adsorbed nano-

sheets. Figure 57b shows the homogeneous nano-sheet distribution in the bulk 

suspension at a molar ratio of 1.32. By increasing the molar ratio to 1.95, we observed a 

stronger birefringence on the surface of the bubbles, as shown in Figure 57d. The 

adsorption of a large quantity of nano-sheets at the interface increases the birefringence 

intensity at that region. In addition, we found evidence of nano-sheet aggregation due to 

hydrophobic interactions from the brightest clusters in the bulk. An increment in the 

number of nano-sheets at the interface and the plateau borders will increase the rigidity 

and the strength of the foam, as previously shown in Figure 56. This is consistent with 

the stability observations in Figure 52 and Figure 54, which demonstrated that at high 

PA:ZrP molar ratio ( ≥ 1.74 ) foam volume is preserved in time. 
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Figure 57. The contrast between optical and crossed-polarized micrographs of the 

foams. The micrographs were taken 1 h after foam stabilization. The foams are obtained 

from suspensions of batch C. (a) and (c) are optical micrographs at a molar ratio of 

PA:ZrP of 1.32 and 1.95, respectively. (b) and (d) are cross-polarized micrographs at a 

molar ratio of PA:ZrP of 1.32 and 1.95, respectively. The nano-sheet concentration is 

fixed at 2 ± 0.1 % wt. The scale bar is 50 m. 

 

Figure 58(a–c) shows scanning electron micrographs (SEM) of foam dried at 

room temperature. Figure 58(a1–c1) show the dried structure of foams obtained with the 

batches containing the nano-sheets of the smallest (batch A), intermediate (batch B), and 

largest (batch C) sizes at low PA:ZrP molar ratio (1.32). Zoom-in micrographs of Figure 

58(a1–c1) are shown in Figure 58(a1x-c1x). For each nano-sheet aspect ratio, we 

observed that a thin film of ZrP-PA nano-sheets was present at the air-water interface.  
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A very interesting behaviour was also observed during the drying of the aqueous foam. 

The foam bubbles obtained with nano-sheet suspensions of batch A, evolved from a 

spherical into a typical polyhedral shape. On the other hand, for foams stabilized by 

nano-sheet suspensions of batch B and batch C, the bubble structure was more dry 

resistant, preventing the burst of the bubbles and preserving its spherical shape. 

 By increasing the molar ratio to 2.16 (Figure 58(a2-c2)) and looking into the 

zoom-in images (Figure 58(a2x–c2x)), we observed a large increase in the thickness of 

the nano-sheet film over the bubble surface. As the PA:ZrP molar ratio increased, the 

nano-sheets became more hydrophobic; hence, the particles tended to aggregate and 

adsorb over the air-water interface. This increment in the nano-sheet aggregation results 

in a thicker layer of particles. These layers of fused particles are the main reason for the 

low gas diffusion between the air bubbles. However, there are a more reasons to explain 

why aqueous foams stabilized by high-aspect-ratio nano-sheets can present shapes other 

than spherical. For instance, layers of ZrP are able to bend 
78

 due to inhomogeneous 

stress distribution, shear at foam formation or possible defects in the ZrP structure. 
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Figure 58. SEM micrographs of dried aqueous foam stabilized by ZrP-PA nano-sheets 

of different batches as labelled. (a) Batch A, (b) batch B, and (c) batch C. The zoomed-in 

images show the nano-sheets at the air-water interface. The PA:ZrP molar ratios were set 

as labelled. 

 

4.3.4 Summary 

We developed highly stable Pickering foams using high-aspect-ratio ZrP nano-

sheets. The effect of nano-sheet aspect ratio, concentration, and hydrophobicity to 

stabilize air-water interfaces was elucidated. We found that using low and high aspect 

ratio nano-sheets having a high and an intermediate degree of hydrophobicity, 

respectively, is the successful formula to obtain high foam stability. ZrP nano-sheet 

suspensions of varying aspect ratios were obtained by fabricating crystals of different 

sizes followed by exfoliation with PA. The degree of hydrophobicity of the nano-sheets 

was modified by adjusting the PA:ZrP molar ratio. Foam stabilization was achieved by 
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vigorously hand-shaking the nano-sheet suspensions. We observed that the produced 

foam volume was proportional to the nano-sheet concentration. For all nano-sheet aspect 

ratios, at sufficiently high PA:ZrP molar ratios, the foam volume does not vary after the 

initial water drainage, lasting at least 36 days. Exceptional foaminess and stability was 

found using the nano-sheet suspension of highest aspect ratio at PA:ZrP molar ratios 

lower or equal to 1.53. Also, these nano-sheets displayed better stability in terms of foam 

decay and water drainage rate compared to the other two nano-sheet suspensions. At 

high hydrophobicity, however, nano-sheets of the highest aspect ratio are prone to create 

clusters on the interface and in the bulk, whereas low-aspect-ratio nano-sheets attach 

more readily to the air-water interface and tend to stabilize larger bubbles. We also 

found that collapsing of foam volume occurs in a three-step process. In addition, water 

drainage takes place in a two-time-scale process, t1 and t2. These foam behavioral 

differences in time are dependent on creaming, draining, and coarsening. Scanning 

electron microscopy (SEM) micrographs showed that several layers of nano-sheets in a 

jammed-like structure stabilized each air bubble. These layers form a rigid structure in 

the air interface, which slows down coarsening, coalescence, and water drainage inside 

the foams. Since the layers between bubbles determine foam stability, a more detailed 

study about their internal configuration will be presented in the future. This work will 

assist to elucidate in a more profound level the effect of high aspect ratio nano-sheets on 

the stability of aqueous foams. 
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CHAPTER V 

CONCLUSIONS AND FUTURE WORK 

 

5.1 Summary 

This work focuses on two main areas: the study of the discotic colloidal liquid 

crystal phase transitions and the application of disk-like colloidal systems as interfacial 

stabilizers. Research on discotic liquid crystals has just resumed after a long intermission 

and little efforts have been devoted to the control of their size and size distribution. The 

main goals of this dissertation were to fabricate novel discotic fluids with unprecedented 

uniformity in size and shape and understand how the liquid crystalline phase transitions 

of disk-like colloidal fluids depend on factors such as shape, aspect ratio, lateral size 

polydispersity, and particle concentration. We also studied the ability of disk-like nano-

sheets to stabilize gas-liquid and liquid-liquid interfaces and investigated the effect of 

particle aspect ratio, concentration, and hydrophobicity.  

In Chapter II, we produced discotic colloids via electrospray of melted wax. 

Using a stable cone-jet mode and by controlling density and surface tension 

mismatching between the wax and the collection solution, uniform emulsions were 

obtained. Anisotropic wax particles were achieved by inducing the formation of the 

rotator phase of the wax emulsions. Alkenes go through surface freezing that their 

surfaces crystallize at temperature right above their bulk melting temperature. At the 

melting temperature, surface freezing created a crystalline monolayer around our wax 

droplets that would act as the nuclei of the rotator phase as temperature decreased. Then 
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rotator phase grew from the surface towards the center, fabricating the disks. The shape 

of the resultant particles is adjusted by two control parameters, the anchoring and the 

spontaneous curvature c0. The aspect ratio of the flat disks can be varied by setting the 

magnitude of the surface tension anisotropy using different ratios of surfactant and co-

surfactants at the interface. The wax disk self-assembling was analyzed via solvent 

evaporation to induce depletion attraction. We found that the morphology of anisotropic 

particles is vital to their self-assembling behaviors. Along with evaporation, phases such 

as isotropic, condensed, columnar stacking, and self-assembly of columnar rods are 

revealed.  

Subsequently, in Chapter III we revealed the effect of aspect ratio and 

polydispersity on the isotropic-nematic transition of colloidal suspensions of nanoplates 

that are uniform in thickness at the low thickness-to-diameter ratio limit. The aspect ratio 

of the nanoplates can be tailored by varying the size of ZrP crystals, and a subsequent 

exfoliation with intercalation of TBA cations between the interlayers. The I-N transition 

widens as aspect ratio and polydispersity increase. The experimental data were 

compared to previous simulations, and the dissimilarities were attributed to size 

polydispersity and shape of the platelets.  

We also described the formation of thermo-responsive and highly-ordered ZrP 

nano-sheets in bulk polymer at low nano-sheet concentration. These ZrP/polymer 

nanocomposites were obtained via the polymerization/cross-linking of N-

isopropylacrylamide and acrylamide monomer solutions with high aspect ratio ZrP 

nano-sheets. At a temperature above the polymer LCST, edge-wrinkling was observed. 
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This wrinkling induced an increment in the nematic order of the nano-sheets evolving in 

an I-N transition. The evolution of the discotic nematic defects on the edge is further 

discussed. 

In Chapter IV, we have demonstrated the fabrication of thin amphiphilic Janus 

and Gemini nano-sheets by exfoliating α-ZrP crystals grafted with a coupling agent of 

hydrophobic molecules on their edges and outer surfaces. These novel thin amphiphilic 

Janus and Gemini nano-sheets were used to stabilize surfactant-free oil-in-water 

emulsions. Similarly, analogous high-aspect-ratio ZrP amphiphilic nano-sheets were 

utilized to develop highly stable Pickering foams. The effect of nano-sheet aspect ratio, 

concentration, and hydrophobicity to stabilize air-water interfaces was elucidated. We 

found that using low and high aspect ratio nano-sheets having a high and an intermediate 

degree of hydrophobicity, respectively, is the successful formula to obtain high foam 

stability. Scanning electron microscopy (SEM) micrographs revealed that several layers 

of nano-sheets in a jammed-like structure stabilized each air bubble. These layers form a 

rigid structure in the air interface, which slows down coarsening, coalescence, and water 

drainage inside the foams.  
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5.2 Future Research and Ongoing Projects 

Based on the results of this dissertation, there are many possible directions that 

could be taken. Future work may be focused in the study of disk lateral size 

polydispersity, particle interactions, gravity, and external fields on the liquid crystalline 

phase behaviors. In the discussions below, preliminary results and future work in terms 

of the effect of small depletants on the phase behavior of discotic liquid crystals and 

discotic self-assembly is discussed. 

 

5.2.1 Liquid Crystalline Phase Behavior of Zirconium Phosphate - Silica Suspensions 

 

Figure 59. Transmission electron micrographs of (a) ZrP nano-sheets and (b) silica 

spheres. 

 

Discotic systems are particularly sensitive to a depletion attraction since the 

overlap volume of depletion zones for parallel platelets are large compared to the case of 

spheres and rods. Here, we demonstrated that depletion attraction in the colloidal ZrP 

(b)

50 nm

(a)

500 nm
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nano-sheet system can be brought by the addition of colloidal spheres. We are currently 

studying the phase behavior of high aspect ratio ZrP nano-sheets mixed with silica 

spheres. The nano-sheets and the spheres are 1500 and 20 nm in diameter, respectively 

(Figure 59). By mixing silica spheres into nano-sheet suspensions, the spheres can act as 

depletants, resulting in a variation of the ZrP nano-sheet phase diagram. 

 

Figure 60. Photographs of ZrP/silica suspensions between crossed polarizers. From left 

to right, ZrP volume fraction corresponds to 0.0009, 0.0018, 0.0027, 0.0036, 0.0045, 

0.0054, 0.0063, 0.0070, 0.0081, 0.009, 0.001, 0.0108, 0.0117, 0.0126, 0.0153, and 0.018, 

respectively. From top to bottom, silica concentration corresponds to 0, 0.12, 1.78, and 2 

wt.%, respectively.  

 



 

195 

 

Figure 60 shows photographs of the phase separated samples at fixed silica 

concentration and varying ZrP volume fractions. Typically, the nematic fraction grows 

as the ZrP nano-sheet volume fraction increases. Surprisingly, at a relatively high silica 

concentration, the demixing of the nematic phase into two nematic phases, N1 and N2 

was observed. For a further analysis, N1 was visualized under an optical microscope 

coupled with crossed polarizers and compared with N2. The texture of N1 observed 

between cross polarizers displays dark brushes having irregular curved shapes 

corresponding to extinction positions of the nematic liquid. Disclinations of s = ± 1/2 

and s = ± 1, characteristics of nematic textures are observable (Figure 61a).
442

 The 

texture of N2 displays a uniform domain and strong birefringence (Figure 61b). 

 

Figure 61. Cross-polarized optical microscopic images of nematic Schlieren textures (a) 

N1, ϕd = 0.0081 and silica concentration of 0 wt.%. and (b) N2, ϕd = 0.018 and silica 

concentration of 1.78 wt.%. The micrographs were taken using a Nikon microscope TE-

2000U with crossed polarizers. Pictures were taken using 4× magnification. 

 

We observed a pronounced broadening of the isotropic-nematic (I-N) transition 

as shown in Figure 62 as concentration of silica spheres increases. The broadening 

implies that fully nematic samples re-enter into an I-N coexistence region (i.e., biphasic 

(a) (b)

40 μm40 μm
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state). This phase separation occurs due to depletion attraction forces inside the 

suspensions. Interestingly, we also found that at a certain region of the ZrP/silica phase 

diagram, a biphasic (N1-N2) and triphasic (I-N1-N2) region. 

 

Figure 62. Phase diagram as a function of ZrP and silica concentration. Phase states 

include isotropic (I, blue circle), nematic-1(N1, red-vertical rectangle), nematic-2(N2, 

red-horizontal rectangle), and smectic (S). 

 

In summary, we are studying the experimental phase diagram of suspensions 

containing ZrP nano-sheets and silica spheres. The phase diagram shows the enriching of 

liquid crystalline phases at different ZrP nano-sheet and silica sphere concentrations. As 

predicted by Lekkerkerker et al.,
573

, the N1-N2 coexistence is originated from a 
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competition among translational and orientational entropy (favoring mixed state) and 

excluded volume entropy (favoring demixing).
573

 N1 is a phase characterized of smaller 

liquid crystal domains in contrast to N2, which is a birefringent closed-packed phase. 

The understanding of the depletion attraction forces in colloidal suspensions are of 

technological interest, not only for colloid science but also for industrial systems, such as 

food dispersions and the paint industry. 

 

5.2.2 Phase Behavior and Self-assembly of Wax Disks and SDS Micelles 

There is a need in the literature of methodologies to create 3D structures on the 

colloidal scale. A typical approach consists in forming structures of discotic particles by 

varying the concentration in the bulk. Low aspect ratio wax disks (~4 to 5) are of great 

interest due to their self-assembly into a great variety of structures. However, wax disks 

made of α-eicosene possess low thermal and mechanical stability due to the low melting 

temperature of the wax (Tm ~ 26-28 ºC) and disk concentration cannot be controlled 

(Table 9). To solve this issue, we fabricated uniform alkane (nonadecane, a wax) 

emulsions by electrospraying melted nonadecane at 60 ˚C and collecting the emulsions 

in 10mM sodium dodecyl sulfate (SDS) solution producing micron-sized emulsions. The 

emulsions were cooled down to room temperature and kept at 4 ˚C in a refrigerator. 

Once the wax disk colloids are solidified, the suspension was left at room temperature, 

and visualized through confocal microscopy (Figure 63a,b). 
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Table 9. Melting temperature (Tm) and rotator phase range of different waxes 

Wax Tm (˚C)  Rotator phase range  

α-Eicosene  26  3 ˚C < T < 22 ˚C 

n-Nonadecane  32  20 ˚C < T < 31 ˚C  

 

 

 

 

 

Figure 63. Nonadecane wax disks. (a) Confocal micrographs. Wax disks coated with 

nile red. Magnification 100x. (b) Confocal reflective image at the same position as (a) (c, 

d) Self-assembling of wax disks in an evaporating droplet observed under cross-

polarizing microscopy. Magnification 20x. 

 

(a) (b)

8 μm 8 μm

(c) (d)

30 μm 30 μm
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Alkanes go through surface freezing that their surfaces crystallize at temperature 

right above their bulk melting temperature. At the melting temperature of nonadecane 

(Tm ~ 32 ˚C), surface freezing created a crystalline monolayer around our wax droplets 

that would act as the nuclei of the rotator phase as temperature decreased. Then rotator 

phase grew from the surface towards the center, fabricating the disks. Since n-

nonadecane rotator phase is present in a temperature range between 20 and 31 ˚C (Table 

9), therefore, these novel wax disks can be manipulated at room temperature (23 ˚C). 

Figure 63c,d show the self-assembly of n-nonadecane wax disks by introducing inter-

particle depletion interactions via SDS micelles and increasing the wax disk 

concentration through solvent evaporation.  

 

Figure 64. Different states observed for nonadecane wax disks of aspect ratio around 5. 

Isotropic (blue circle), short rods (red triangle), long rods (yellow star), and random 

aggregations (purple square). 

 

(a) (b)

(c) (d)

30 μm40 μm

30 μm 30 μm
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Figure 65. Different states observed for nonadecane wax disks of aspect ratio around 5. 

Isotropic (blue circle), short rods (red triangle), long rods (yellow star), and random 

aggregations (purple square). 

 

We are systematically studying the phase behavior and the self-assembly of the 

n-nonadecane wax disks. The wax disks were coated with Nile red. Subsequently, tube 

dialysis was performed to remove excess of SDS micelles and Nile red. The wax disk 

concentration in the suspension was increased via filtration and creaming. In our 

experiments, we obtained wax disk concentrations of 1, 3, 6, 13, 16, 24, and 30 %w/w.  
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Figure 66. Selective interaction tuned with depletion attraction from SDS micelles. 

Diagram of the different states observed in suspensions of wax disks of aspect ratio 

around 4, at various concentrations of SDS. We identified states such as isotropic (blue 

circle), short rods (red triangle), long rods (yellow star), and random aggregations 

(purple square). 

 

The wax disks suspensions were enclosed inside flat glass capillaries at varying 

SDS concentrations. Finally, we observed the dispersions by optical microscopy coupled 

with crossed polarizers to identify characteristic structural states of the liquid crystalline 

phases as a function of the wax disk and depletant concentrations as shown in Figure 

64(a-d). Interestingly, at various wax disk and SDS micelle concentration, we observed 

isotropic (blue circle, ), short rods (red triangle, ), long rods (yellow star, ), and 



 

202 

 

random aggregations (purple square, ). Figure 65 shows micrographs using confocal 

microscopy.  

To sum, we observed self-assembled high aspect ratio stacks of disks, which 

implies that the face-to-face interactions are stronger than side-to-side interactions. A 

state diagram is shown in Figure 66, where summarizes the observed states at varying 

wax disk and SDS micelle concentrations. Our method of controlling depletion 

interactions offers the possibility to overcome the outstanding challenges of 3D 

assembly in the micrometer scale, such as the formation of the discotic columnar and 

cubic phases. 
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APPENDIX A 

ADDITIONAL FIGURES FOR CHAPTER II 

 

Section I: Disk Morphology 

 

Figure A1.  Time sequences of Brownian motions from the supplementary movies. (a) 

Biconcave disk. The dimples on the circular faces can be examined from various view-

angles. (b) Flat disk. The flat surfaces and the increased aspect ratio compared to the 

biconcave disk are evident. The scale bars are 8 μm. 
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Section II. Disk Structure: Focal Conic Domain and +π edge Disclination. 

 

 

Figure A2. Defects of a layered structure. (a) A focal conic domain (FCD) defect with 

cores as a pair of an ellipse and a hyperbola. FCD is one type of defect typically 

observed in smectic liquid crystals. The general structure is made up of layers of 

molecules as illustrated. The α-eicosene molecules in the rotator phase organize into 

layers where the arranged molecules are perpendicular to the layers. (b) 3D structure for 
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FCD-II. (c) For the case of a symmetric FCD, the ellipse becomes a circle and the 

hyperbola becomes a straight line. (d) FCD-I, which is formed by cyclides with negative 

Gaussian curvature (curved part of the drawing). (e) FCD-II, which is formed cyclides 

with positive Gaussian curvature. (f) FCD-III, which is formed by cyclides of both 

positive and negative Gaussian curvature. (d),(e) and (f) are the cut-views of the defects. 

For example, (f) is the cut view of (a) as well as (e) for (b). (d) is the central part of (c). 

(c) is rotationally symmetric about the line, which is drawn straight and can be curved as 

the hyperbola in (a).  (f) The +π disclination loop. The orientation of the α-eicosene 

molecules inside the flat disks has a topological defect: disclination loop. One cycling 

around the core, the integral change of the molecular orientation is π and changing in the 

same direction as the cycling, so it is called a +π disclination loop. The arrays in the 

layer stand for the orientation of the α-eicosene molecules, which is not symmetric: one 

end has a c=c bond and the other is a c-c bond. 
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Section III: Disk Self-assembly 

 

Figure A3. Schematic representation of the self-assembling of disks in an evaporating 

droplet (side view). 
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APPENDIX B 

ADDITIONAL FIGURES FOR CHAPTER IV 

 

Adsorption of Homogeneous and Amphiphilic Particles at Liquid-liquid Interfaces 

  

Figure B1. Illustrations of (a) a disk-shaped Janus particle and (b) its interfacial 

adsorption. Modified according to Nonomura et al.,
574

 

 

Using homogeneous spheres, the highest stability of the resulting Pickering 

emulsion occurs when the three-phase contact angle among the particle, hydrophobic, 

and hydrophilic fluids is around 90º.
242, 245, 575-578

 Hydrophobic particles will stabilize 

water-in-oil emulsions having a contact angle slightly greater than 90°, whereas 

hydrophilic particles will stabilize oil-in-water emulsions having a contact angle slightly 

less than 90°.
242

 In the case of Janus spheres, the stability is measured using the energy 

required to remove a particle from equilibrium into the hydrophobic fluid and 

normalized by the energy of removing it from the hydrophilic fluid, which is the so 

called Janus balance J, J = (sin
2
α+2cosθp(cosα-1))/(sin

2
α+2cosθa(cosα+1)), where α is 

the angle from the center of the sphere to the hydrophilic-hydrophobic boundary, θp is 
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the contact angle of the hydrophilic side, and θa is the contact angle of the hydrophobic 

side. The highest stability of the Pickering emulsion stabilized by Janus particles is 

achieved when J=1, which can be obtained via tuning the parameter α.
579-581

  

The energy necessary to remove a disk-shaped Janus particle from its equilibrium 

position at the oil-water interface along the boundary between the hydrophobic and 

hydrophilic hemispheres is defined by
574

 ΔGmin=πRd
2
(γoP1+γwP2–

γow)+2πRd(h1γoP1+h2γwP2), where πRd
2
 is the cross-sectional area of the particle, h1 and h2 

are thickness of the hydrophobic and the hydrophilic regions, respectively, and the sum 

of them is equal to the thickness of the disk. P1 indicates the hydrophobic region and P2, 

the hydrophilic region. γoP1 and γwP2 are the interfacial energies between the hydrophobic 

or hydrophilic regions and the oil or water interfaces, respectively (Figure B1). A 

similar behavior is presented for spherical
582

 Janus particles.  

 

Possible Mechanism of Emulsion Stabilization by Large Aspect Ratio Nano-sheets 

However, two opposite effects are at work in the stabilization of Pickering 

emulsions using spherical particles, which have only one length scale, the diameter of 

the spheres 2rs. First, the interfaces of two adjacent emulsions will endure a maximum 

capillary pressure
583

 right before coalescence (Pc
max

), which can be expressed as Pc
max

 = 

±p(2γow/rs)(cosθ±z), where p is a theoretical parameter used to link the influence of 

particle concentration (with a “+” sign referring to oil-in-water (o/w) emulsions and with 

a “−” sign referring to water-in-oil (w/o) emulsions), and z is a constant dependent upon 

on the arrangement of particles in the interface.
583

 γow is the interfacial energy between 
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the oil and the water, θ is the three-phase contact angle at the interface and rs is the 

radius of the spheres.
526, 583, 584

 Assuming that θ is inside the stability intervals
583

 and the 

inter-particle distance is fixed,
227

 hence, the smaller the size of the spheres, the larger 

Pc
max

 can be.
227, 583

 Spheres with a smaller radius rs, therefore, prevent emulsion 

coalescence better than do larger spheres. Secondly, in the opposite effect, it is well 

known that small particles tend to escape from the interface by thermal fluctuations. The 

free energy to remove a sphere from the interface is defined by ΔGremove = 

πrs
2
γow(1+cosθ)

2
. Therefore, spheres with a smaller radius rs, escape more easily from the 

interface by thermal fluctuation than do the larger spheres. 

The highly anisotropic particles we used here could reconcile these two effects due to 

the existence of two length scales, thickness h and lateral size 2Rd. When considering the 

capillary interaction between two nano-sheets, an amphiphilic nano-sheet in the interface 

is equivalent to a closed packing of spheres with the interstitial space filled, where 2rs 

(diameter of each sphere) corresponds to the thickness of the nano-sheet h.  Also, the 

total area covered by these spheres is equal to the area covered by the nano-sheet. The 

interfaces of two adjacent emulsions will endure a maximum capillary pressure as Pc
max

 

≈ ±p(2γow/rs)(cosθ±z) ≈ ±p(4γow/h)(cosθ±z). The nano-sheet thickness h can serve as a 

proxy for sphere diameter in the role of preventing emulsion coalescence. The capillary 

interaction between two nano-sheets with thickness h, with two edges parallel to each 

other, the meniscus between them is similar to that between two parallel cylinders of 

length h. The extremely small value of h offers a good capability to stabilize emulsions. 

Simultaneously, the nano-sheets’ large lateral size 2Rd offers strong adsorption towards 
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the interface, preventing its escape due to thermal motion. Thus, particles with a large 

cross-sectional area, πRd
2
, can be strongly adsorbed to the interface. Since ΔGremove ~ Rd

2
 

and Pc
max

 ~ 1/h, anisotropic particles with high aspect ratio (ξ = 2Rd/h) can be good 

emulsion stabilizers.
234

 However, large nano-sheets in diameter result in larger 

interstitial spaces compared with smaller nano-sheets. But, the emulsion droplets are 

stable because the nano-sheets are drawn into the region of inter-droplet forming a dense 

bridging monolayer as a result of strong capillary attraction.
228, 229

 

As Pickering stabilizers, high aspect ratio nano-sheets are more efficient than spheres. A 

nano-sheet has lower volume compared to a sphere of the same radius, hence less weight 

if the density is the same. For the same volume, a nano-sheet has a larger cross section 

on the interface, and adsorb stronger to the interface than a sphere. Therefore, fewer 

nano-sheets are required to cover the same liquid-liquid interface compared to their 

spherical counterparts.
255

 In addition, a nano-sheet presents a lower diffusivity of 

molecules compared to a close-packed structure of spheres of the same area; hence, 

blocking the process of Ostwald ripening that result in a lower degree of coalescence.
227
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Synthesis and Characterization of Zirconium Phosphate (ZrP) 

Visualization of ZrP Nano-sheets 

  
Figure B2. Transmission electron microscope (TEM) micrographs of several non-

modified α-ZrP nano-sheets. 

 

The α-ZrP nano-sheets in Figure B2 are thin and flexible, and can present 

wrinkles as shown in Figure B2(b,c). This demonstrates that the nano-sheets can bend 

on the oil-water interface to stabilize the emulsions. It has been proven that the single 

nano-plate layer is rigid when the nano-sheet size is about several tenths of a nanometer 

or less and becomes flexible when the size is larger than a hundred nanometers, 

depending on the bending elasticity of the layer.
288

  

(a) (b)

(c) (d)
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Control of the Size of ZrP Crystals via Hydrothermal Method 

 

Figure B3. Pristine α-zirconium phosphate crystals. Scanning electron microscope 

(SEM) micrographs of different α-ZrP sizes synthesized via the hydrothermal method at 

200 ºC under different conditions (phosphoric acid concentration – reaction time). (a) 

9M-5h, (b) 12M-5h, (c) 15M-5h, (d) 9M-24h, (e) 12M-24h, and (f) 15M-24h. (g) 

Quantification of the diameter (red bar) and the thickness (black bar) of the α-ZrP 

crystals.
78

 (h) Atomic force microscope (AFM) contact mode topography image of a 

pristine α-ZrP crystal fabricated using 9M phosphoric acid for 24 h over a Si(100) 

surface modified with 3-aminopropyl trichlorosilane (APTES). (i) Section analysis for 

the cross-section white line seen in (h) gives a thickness of around 38 nm. 
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Characterization of the Thickness of ZrP Crystals via Atomic Force Microscopy 

(AFM) 

 

Figure B4. Modified α-ZrP-ODI nano-sheet. AFM contact mode topography image and 

section analysis of an amphiphilic α-ZrP-ODI nano-sheet over a Si(100) surface 

modified with octadecyltrichlorosilane (OTS). (a) 2D, and (b) 3D topography images. 

(c) Section analysis gives a thickness of around 2.8 nm (0.63 nm of a α-ZrP monolayer 

and 2.17 nm of the aliphatic chain) for the cross-section white line seen in (a). 

 

Monolayer films of the desired alkylsilanes (APTES or OTS) were first prepared 

on cleaned and oxidized Si(100) and then ZrP nano-plates (or nano-sheets) were 

deposited through self-assembly using a suspension of the ZrP nano-sheets (nano-sheets) 

in a suitable solvent (EtOH for APTES and toluene for OTS). Si(100) substrates were 

cleaned and hydroxylated with a basic piranha solution (4:1:1) (v:v:v) mixture of high 

(a) (b)

(c)
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purity H2O: H2O2(30%):NH4OH) at 80°C for 30 min. The substrates were rinsed under 

high-purity water for 60 s, then with ethanol, and finally dried under streaming nitrogen. 

Then the substrate was incubated in 1 wt % solutions of desired alkylsilanes (APTES or 

OTS) in a suitable solvent (EtOH for APTES and toluene for OTS) for ca. 15 h. The 

modified substrates were rinsed under high-purity water for 60 s, then with ethanol, and 

finally dried under streaming nitrogen. Finally, the ZrP nano-plates (or nano-sheets) 

were deposited through self-assembly using a suspension of the ZrP nano-sheets in a 

suitable solvent (EtOH for APTES and toluene for OTS) for 5 h. The final obtained 

substrate were rinsed under high-purity water for 60 s, then EtOH, and finally dried 

under streaming nitrogen. 
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Surface Characterization of Polystyrene Particles Stabilized by ZrP-ODI Nano-

sheets 

 

Figure B5. TEM and EDX elemental mapping analysis of the polystyrene-α-ZrP-ODI-

nano-sheet particles. (a) TEM micrograph (b) Surface EDX spectra. 
  

(a) (b)
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Static Contact Angle Measurements 

 

Figure B6. Suspension droplets at different α-ZrP-ODI nano-sheet concentrations. (a) 

Water only, (b) 0.44 wt% α-ZrP-ODI nano-sheets, and (c) 1.32 wt% α-ZrP-ODI nano-

sheets. (d) Plot of the PDMS/suspensions interfacial tension against α-ZrP-ODI nano-

sheet concentration. 

 

A Phantom V4.2 camera (Vision Research, Wayne, NJ) with a high-

magnification lens, together with the active contours method for measuring high-
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accuracy contact angles using ImageJ
585

 was used to measure the surface tension of the 

PDMS-water interface. A glass slide was coated with PDMS to simulate similar surface 

tension interactions as in a PDMS-in-water suspension. The static contact angles were 

measured for seven different samples at different α-ZrP-ODI nano-sheet concentrations, 

as shown in Figure B6. Using Young’s equation, ɣsl= ɣsa- ɣlacosθ, where ɣsl, ɣsa and ɣla 

correspond to the PDMS-liquid, PDMS-air and liquid-air surface tensions, respectively. 

The values taken for ɣsa was 21.8 dyn/cm
586

 and for ɣla was 72.8 dyn/cm
587

. Figure B6 

shows a similar tendency when compared to Figure 44 and Figure 46, where α-ZrP-

ODI nano-sheet concentration between 0.2 to 0.62 wt. % caused a decrease in surface 

tension and polystyrene particle diameter. 
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