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CHAPTER 1 

1. Introduction and Motivation 

1.1. Introduction  

Why does paint flow when stirred or spread but stays on a wall after application? Why 

does toothpaste or honey flow when deformed? How is Jell-O® made by dissolving a 

powder into a liquid such as water? These are all phenomena that we have seen or 

experienced first-hand and are the subject of on-going study. 

 

These materials are considered complex fluids with multiple components used to impart 

unique properties 1, 2. Additives such as colloids and polymers are often used to control 

the structure as well as mechanical properties in numerous applications such as 

cosmetics, coatings, paints, personal care products and drilling fluids to name a few 1, 3-9. 

Such systems exhibit interesting physics as a result of not only the solution conditions 

and preparation methods but also the interactions between the different components 

present in the system 10-12. A better understanding of these interactions is therefore 

essential but remains a challenge despite advanced characterization techniques to study 

these materials.  

 

 

1.2. Motivation and goals 

Clays 10,13-17 and surfactants 8, 18-24 are common types of materials used as additives in a 

wide variety of industrially relevant applications. However, in the majority of current 

applications, there is no active control of the transition from the liquid to the gel state. 

The goal of this work is thus two-fold. 
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First, the basic properties as well as self-assembly behavior of model aqueous dispersions 

containing clay only or both clay and a polymer are studied to understand the type of 

basic interactions and structure-property relationships present in these composite 

materials. Second, given that individual components within dispersions are known to 

impart unique properties, I show that formulations based on a simple clay/polymer 

system with responsive on-demand sol-gel transitions can be achieved using an external 

stimulus such as heat or light. Since controlled gel formation in clay dispersions has not 

been studied extensively, the following work addresses the ability to control gelation and 

basic characterization of the material systems studied here.  

 

1.3. Thesis scope and outline 

The overall scope of this thesis is to conduct a comprehensive study of a gel forming 

aqueous nanocomposite system and focus on understanding how the structural 

arrangement of colloidal nanoparticles is related to bulk changes such as gel formation. 

This thesis focuses on the physical interactions occurring in aqueous clay/surfactant 

dispersions and uses a combination of rheology, microscopy and small angle x-ray 

scattering to study dynamic changes and structural rearrangement.  

 

This dissertation is organized into chapters as follows:  

• Chapter 2 presents an introduction to the materials and methods used to conduct 

the bulk and time resolved structural studies throughout this work. 

• Chapter 3 introduces the basic properties of aqueous solutions of Laponite clay 

nanoparticles used as the main focus of this study. The basic rheology of these 

solutions and the effect of adding an amphiphilic surfactant, Pluronic F127, are 

shown.  

• Chapter 4 follows with a demonstration of heat induced changes in the Laponite/ 

F127 dispersions. The temperature dependent properties are tracked using 

rheology. Chapter 4 also introduces the use of small angle x-ray scattering 

(SAXS) as a method of probing structural changes and rearrangement in these 

dispersions. 
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• Chapter 5 provides an introduction to light controlled gels and the application of 

this method to Laponite systems. The influence of concentration, stimulus and 

composition on gel formation as well gelation rate is addressed here. 

• Chapter 6 focuses on the characterization of structural changes during formation. 

In particular, we demonstrate the use of small angle x-ray scattering to 

characterize the Laponite system structure and present a dynamic simultaneous 

study of structural evolution during UV exposure. Finally, the changes in 

structure from SAXS studies are compared to bulk rheology measurements to 

determine structure-property relationships in clay gels.  

• Chapter 7 summarizes the contributions of this dissertation and provides an 

outlook for future developments. 
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CHAPTER 2 

2. Background 

2.1. Dispersions and gels 

Dispersions and gels are widely used in a variety of industrial applications. The term 

“dispersion” here broadly refers to a system in which particles are distributed into a 

continuous phase of a different composition or state 1. Examples of commonly 

encountered dispersions include solid particles in a fluid such as air or water (smoke, ink 

and paint), liquid droplets of one type distributed in another liquid (emulsions, milk and 

mayonnaise) or gas bubbles in a liquid (foams and creams). Gels, typically defined as a 

solid that does not flow under steady state 2, can be obtained from a dispersion when the 

concentration of the dispersed phase is high enough to achieve percolation. At these 

concentrations, the dispersed phase forms a network capable of bridging and effectively 

trapping the continuous phase. Hence, solutions (“sols”) and gels can be obtained from 

the same components but by adjusting the overall composition. Dispersions and 

dispersion formulation science are therefore particularly important for commercial 

applications where flow behavior and functionality are intimately related.  

 

2.2. Clay colloids 

Clay minerals are ubiquitously present layered silicate materials. In nature, clay minerals 

exist in a wide variety of shapes and sizes with common examples including mica, 

kaolinite, talc and montmorillonite. Recent advances have led to the widespread use of 

synthetic clay particles which provide several advantages such as well controlled 

chemistry and narrow particle size distributions 3, 4. Throughout this work, a particular 

type of synthetic clay, Laponite RD®, was used (RD stands for rapid dispersion). 
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2.2.1. Laponite  

Laponite is a commercially available synthetic hectorite clay used as a rheological 

modifier in a variety of commercial products including toothpastes, paints and personal 

care products 3, 4. Laponite has the structure of a 2:1 phyllosilicate with an empirical 

formula of Na+0.7[(Si8Mg5.5Li0.3)O20(OH)4]-0.7. It contains a central octahedral brucite-like 

sheet sandwiched between two tetrahedral silicate layers. Isomorphous substitution of 

magnesium with lithium results in a charge imbalance on the platelet that is compensated 

by sodium counter-ions present at the surface of the Laponite, in the spaces between 

platelets. Platelets of Laponite are 25nm in diameter on average, with a thickness of about 

1nm, and contain on the order of 1000 sodium counter-ions per platelet (based on a cation 

exchange capacity of 0.55meq per gram, as specified by the manufacturer).  

 

On mixing Laponite with water, the counter-ions responsible for charge balance 

dissociate and Laponite disperses readily to form a transparent mixture. Aqueous 

dispersions of Laponite are known to have thixotropic properties as well as demonstrate 

significant changes in rheological properties with time due to aging. Figure 2.1 shows a 

schematic of the idealized crystal structure while Figure 2.2 depicts the formation of an 

aqueous Laponite dispersion and gel.  



7 

 

 
Figure 2.1 Idealized crystal structure for a smectite 2:1 clay. (adapted from Kroon et al. 5)  

The arrangement of the mineral layers is depicted in (a) while (b) shows the atomic structure in each layer 
in the case of Laponite. 
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Figure 2.2 Schematic of clay dispersion gel formation in water.  

Each images shows (a) schematic of dried clay discs stacked together (b) hydration of discs and dissolution 
of interlayer sodium cation (c) possible arrangement of exfoliated discs in water (d) photograph of a 5wt% 
Laponite gel in water (diameter of circle = 3cm) and (e) Schematic of an individual Laponite clay disc with 
25nm diameter and 0.9nm thickness. The surface charges shown here are expected for Laponite in water at 

pH < 8. 
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2.2.2. Phases of Laponite 

Laponite dispersions have been widely studied due to their rich physics and phase space. 

Pignon and coworkers showed that a connected fractal network of micron sized 

aggregates can be found in high ionic strength dispersions while Bonn et al. showed that, 

at pH of 10, no fractal network was evident. These dispersions have indeed been found to 

be sensitive to a variety of factors namely concentration, pH, ionic strength and age of 

dispersion 4, 6-13. Tanaka et al.14 proposed a phase diagram for aqueous Laponite 

dispersions as a function of concentration and ionic strength (Figure 2.3(a)) describing 

the possible phases of aqueous Laponite dispersions including gels and glassy isotropic 

networks. Recently, Ruzicka and Zacarrelli further expanded on the Laponite phase 

diagram by combining characterization methods and simulations from a number of 

studies 15. The results of this are shown in Figure 2.3(b) where again the presence of gels 

and glassy networks was noted at high Laponite concentrations. 

 

 Here, the states of Laponite are differentiated based on the structure of the particles in 

the dispersion particularly in the high concentration regimes where the bulk material is a 

gel but the structure is that of either a glass or gel where both are disordered solid states, 

i.e. they do not flow under gravity and do not exhibit long range order. These are instead 

differentiated by their local structure. Gels typically occur at lower densities and are 

formed as the result of attractive interactions between the particles leading to a percolated 

network.  Glassy structures on the other hand typically arise in dense fluids where the 

particles are trapped in a so-called cage effect by their nearest neighbors and cannot relax 

to their equilibrium state. The main difference between a glass and a gel are the 

characteristic length scales present: in a glass this is typically on the order of a particle 

size while in a gel due to the lower density, correlation lengths tend to be on the order of 

several particle sizes 16-21. 
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Figure 2.3 Phase diagram for Laponite dispersions from (a) Tanaka et al.14 (b) Ruzicka & 

Zaccarelli15.  

 

It is also possible to obtain a glassy structure at low density in the absence of attractive 

forces.  These  are generally referred to as “Wigner glasses” where particles do not form a 

network but remain spatially disconnected as a result of electrostatic repulsions between 

particles preventing them from coming into contact. Typically in the glassy phase, the 

characteristic separation is on the order of the particle size. In the case of Laponite the 

existence of both gels and glassy structures has been demonstrated by various groups 

both experimentally and using simulations 11, 16, 20-24 . A schematic of the typical structure 

of Laponite gels and glasses is shown in Figure 2.4. 
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Throughout this thesis, the term gel or soft solid will be used to describe the bulk state of 

the dispersions only and does not the particle arrangement. Since most commercial 

dispersions utilize Laponite combined with a number of different additives, we chose to 

use a commercially available surfactant, Pluronic F127, for the investigations reported 

here.  

 

 
Figure 2.4 Schematic of possible structures in a Laponite dispersion.  

(a) gel with percolating network of particles (b) attractive glass network (c) repulsive (Wigner) glass and 
(d) Wigner glass with clusters of interacting particles (Adapted from Tanaka et al.14). As shown here, only 

particles in the gel state are in direct contact with each other as attractive interactions dominated. In (b) 
attractive interactions affect the spatial distribution but repulsive interactions prevent the particles from 
coming too close to each other. In (c) and (d) repulsive electrostatic interactions dominate although (d) 

shows that attractive interactions can exist within individual clusters. 

 

2.3. Pluronic Surfactant 

Pluronic surfactants are commercially available amphiphilic triblock copolymers of 

polyethylene oxide-polypropylene oxide-polyethylene oxide (PEO-PPO-PEO). A variety 

of Pluronic surfactants are readily available, with differing block and arm lengths.  These 
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can be arranged on what is known as the Pluronic grid (Figure 2.5). Pluronic surfactants 

are widely used in a variety of biomedical applications and as surfactants for food and 

personal care products 25, 26. 

 
Figure 2.5 Commercially available Pluronic Surfactants (© BASF).  

The first letter of each Pluronic surfactant, as well as the colors, indicate the phase of the pure surfactant at 
room temperature. Surfactants are liquids (L) in the blue region, pastes (P) in the green region, and solids 

(F) in the pink region. Pluronic F127 used in this thesis is circled. 

 

These Pluronic surfactants are particularly interesting due to their ability to undergo a 

temperature dependent micellization process in aqueous solutions that, at high enough 

concentrations, leads to thermoreversible gel formation. Numerous studies have been 

conducted using a variety of techniques to determine the structure-property relationships 
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in these responsive gels leading to the development of various phase diagrams by several 

groups 27-32. Due to their widespread use with a number of additives, several studies on 

the changes in the solution properties have also been reported. Chaibundit et al. 33 

demonstrated the effect of ionic surfactants such as SDS on micelle and gel formation 

while Meznarich et al. 34 reported on the effects of small pharmaceuticals on the thermo-

physcial properties of these dispersions using SAXS and rheology. Wu et al. 35 as well as 

Prud’Homme et al. 36 reported that high concentrations of Pluronic lead to a cubic lattice 

of micelles. These structures have been imaged directly with AFM and cryo-TEM 37, 38.  

 
Figure 2.6 Pluronic F127 phase diagram. (adapted  from Wanka et al.39)  

The schematic shows the temperature dependent transition from dispersed molecules (isotropic) to a cubic 
micelle gel phase. 

 

2.4. Clay/polymer interactions 

Clay incorporated with polymers has been the subject of intense study since the natural 

clay, montmorillonite, was used in the synthesis of a clay/nylon-6 nanocomposite by 

Toyota 40. Since then, the majority of the studies on clay/polymer systems have focused 
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on solid state nanocomposites with clays incorporated into various polymer matrices and 

several reports exist on property enhancements in polymer clay nanocomposites 41-48 and 

on the structural changes resulting from clay orientation 49, 50. Despite the commercial 

relevance of these materials, there exists however limited studies on the dispersions and 

particle/polymer or polymer/surfactant interactions in the fluid or gel states.  

 

Several groups have recently investigated the effects of adding surfactants 9, 51-58 on the 

phase diagram, gelation, aging behavior and structure of Laponite dispersions. The inter-

particle interactions in dispersions of Laponite are however experimentally difficult to 

determine but the addition of surfactants such as poly(ethylene oxide) (PEO) has been 

shown to change the dynamics, structure and rheological properties of neat Laponite 

dispersions. Similar modification of rheological properties has also been seen with 

clay/surfactant systems. 

 

A number of studies using methods such as light scattering, neutron scattering and x-ray 

scattering have provided some insight into the particle size and distribution in solution. 

Nelson and Cosgrove used contrast matched SANS to study the interactions between a 

surfactant such as PEO or Pluronic triblock copolymers and Laponite nanoparticles in 

solution 51, 53. Their results show that the surfactant molecules adsorb onto the Laponite 

surface in aqueous dispersions. At higher Laponite concentrations (2wt%), they found 

that repulsive interactions become more pronounced with the addition of smaller chains, 

most likely due to steric contributions.  

 

As indicated above, while challenging, structural analysis in aqueous Laponite systems 

can be conducted using small angle scattering methods. Although neutron scattering has 

the advantage of being able to leverage the use contrast matching as a means of 

identifying scattering contributions separately, synchrotron small angle x-ray scattering 

(SAXS) was used throughout this thesis.   
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2.5. Small Angle X-ray Scattering (SAXS) 

SAXS has the advantage of enabling time resolved measurements since scattering is 

determined by the interactions between the incident x-ray beam and the electrons of a 

material; neutron scattering on the other hand relies on interactions with the nucleus and 

as such requires long data collection times.  

 

2.5.1. Basics of SAXS 

Small angle scattering of x-rays (SAXS) and neutrons (SANS) provides a fundamental 

method for structural analysis in condensed matter and can be applied to a large variety 

of materials including metal alloys, polymers, biomolecules and nanoparticles to name a 

few.  

 

SAXS methods were first developed in the late 1930s when Guinier noticed that 

scattering at very small angles close to the primary beam provided structural information 

on inhomogeneities in metallic alloys 59. This method has since been used to study 

biological molecules as well as particles in various solutions and suspensions where long 

range crystalline structure does not exist. SAXS and SANS can be used to determine the 

particle size and shape, aggregation behavior, phase changes as well as information on 

overall organization 60.  

 

Although the details of the physical scattering mechanisms for x-rays and neutrons are 

different, both arise from interactions between the incident beam and various aspects of 

the material being probed.  For SAXS, the x-ray beam interacts with electrons while in 

the case of SANS, the neutron beam interacts with the nuclei within the bulk of the 

sample. Consequently, a material with a high electron density such as an inorganic 

particle scatters x-rays strongly while a polymer consisting of hydrocarbons does not 

scatter as strongly. In the case of SANS, the amount of scattering can be tuned through 

the use of contrast matching agents typically achieved by either incorporating heavier 

isotope directly into the material or, in the case of aqueous solutions, by using mixtures 

of H2O and D2O to match the scattering from components not of interest. Despite the 
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advantage of contrast matching, SAXS was chosen to study the Laponite dispersions due 

to the added advantage of short data collection times enabling time resolved 

measurements to determine dynamic structural changes.  

 

2.5.2. SAXS experiments 

SAXS experiments in this thesis were all conducted using transmission mode using 

dispersions and by mounting the samples directly between the source and detector. 

Scattering occurs as the incident beam passes through and interacts with the material and 

the scattered intensity was collected by a 2D MarCCD detector with an image plate; a 

beam stop is used to block the direct high intensity collimated x-ray beam. A simple 

schematic of the experimental setup is shown in Figure 2.7.  

 
Figure 2.7 Schematic of transmission SAXS experiment with 2D data collected showing isotropic 

scattering. 

 

2.5.3. SAXS data interpretation 

SAXS scattering occurs as a result of interactions between the beam and sample. In its 

simplest form, the contributions to the overall scattering intensity, I(q), is given by 

 

I(q) = CsS(q)P(q)  (2.1) 

 

where Cs= sample concentration, q is the scattering vector defined as q = 4π sin θ/λ , λ is 

the scattering wavelength, θ is half of the scattering angle. S(q) here represents the static 

structure factor while P(q) describes the form factor.   
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The static structure factor, S(q), represents the interaction between the scattering 

components and can be used to determine the overall structure or organization within the 

sample. On the other hand, the form factor, P(q), depends solely on the shape and size of 

scattering components. In a dilute suspension for example, there is no interaction between 

the particles. Consequently, S(q)  1 and the scattering profiles depend solely on the 

shape of the particle. Figure 2.8 shows the scattering profile expected for dilute solutions 

of particles of different shapes.  

 

 
Figure 2.8 Typical scattering profiles from dilute solutions with particles of different shapes from 

Svergun et al.  60. 

 

For disk shaped particles as is the case of Laponite clay, the form factor P(q)disk 61 is 

given by 

P(𝑞𝑞)disk ∝ �sin[𝑞Tcosα/2]
[𝑞Tcosα/2] 

. J1[𝑞R𝑐sinα]
[𝑞R𝑐sinα] 

�   (2.2) 

 

where R is the radius of the disk, T is the thickness and α refers to the angle between the 

face of the disk and the incident beam. J1 is the Bessel function of the 1st order. For low 
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concentrations, equation 2.2 can be applied to experimentally determine the average 

dimensions of the dispersed particles as discussed later in Chapter 4. 

 

Since at low concentrations, I(q)dil = P(q) the structure factor for concentrated dispersions 

can be determined experimentally using 62 

 

𝐶𝐶(𝑞𝑞)𝑒𝑥𝑝𝑡 =  𝐼(𝑞)𝑐𝑜𝑛𝑐
𝐼(𝑞)𝑑𝑖𝑙 

=  𝐼(𝑞)𝑐𝑜𝑛𝑐
𝑃(𝑞)

 . 𝐶𝑑𝑖𝑙
𝐶𝑐𝑜𝑛𝑐

    (2.3) 

 

where the subscripts dil and conc refer respectively to the dilute and concentrated 

samples.  

 

From this relationship, the length scales between scattering particles or clusters can in 

turn be determined. In general, when scattering objects interact with each other at a 

characteristic spacing, a plot of S(q)expt vs. q displays a strong correlation peak. For 

Laponite, the presence of this peak has been shown by Ruzicka et al. who also reported a 

change in the peak shape and position with aging time11. Tanaka et al. 14 further used the 

structure factor plots to differentiate between a gel and glassy phase (see Figure 2.9). 

Since these two states consist of different characteristic spacing where D*gel  <  D*glass, the 

peak position in a gel is typically observed at a higher q. More importantly, the gel state 

also displays a power law increase in S(q) at very low q values such that  

 

𝐶𝐶(𝑞𝑞)𝑒𝑥𝑝𝑡 ∝ 𝑞𝑞−𝑑𝑓  (2.4) 

 

df , in this case, represents the fractal dimension in the gel network.  
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Figure 2.9 Schematic of experimental structure factor curves, S(q), for the gel (dashed line) and glass 

(solid line) structures from Tanaka et al.14 

The characteristic peak is shifted to higher q value for the gel structure and the graph exhibits a power law 
decay corresponding to the fractal dimension at very low q values. This also reflects the existence of the 

characteristic size of the growing network structure. 

 

More recently, Paineau et al. studied structure in a variety of natural clay dispersions 

using SAXS 63. Rather than calculating an experimental structure factor as shown in 

equation 2.2, they use a simplified Lorentz corrected plot of I(q).q2 vs. q  where I(q).q2 is 

used as an analogue to S(q)expt to describe the structure (Figure 2.10). Again, their results 

demonstrated a peak in the structure factor that is attributed to the characteristic inter-

particle spacing in the system.  

 

Using this peak position, Paineau and co-workers describe the decrease in the 

characteristic spacing as a function of increasing concentrations of a variety of natural 

clays such as beidellite (from Idaho) and 3 types of montmorillonite (from Arizona, 

Wyoming and Greece) with samples containing particle diameters ranging from 60nm to 

350nm. Their results further show that as the volume fraction of clay increases and the 

samples undergo a sol-gel transition, a broadening of the maximum peak in I(q).q2 can be 

observed.  
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Figure 2.10 Graphs for S(q) represented at Lorentz-corrected, I(q).q2 plots from Paineau et al. 

Graph (A) illustrates the results obtained at fixed ionic strength and clay volume fraction for 4 different 
natural clays with ~200nm particle size while (B) shows the effect of increasing the clay volume fraction at 

constant ionic strength for Arizona montmorillonite and the arrow represents the sol-gel transition. 

 

2.6. Summary of thesis goals 

This thesis focuses on studying aqueous Laponite suspensions and the effect of adding a 

thermoresponsive triblock copolymer on both the bulk and nanoscale structure. SAXS 

and rheology are used to separately probe the structure and bulk properties as well as 

dynamic changes in the presence of F127 as a function of both temperature and UV light 

exposure. 

 

For the purposes of this thesis, 3 types of SAXS experiments were conducted to study the 

structural rearrangement of the Laponite particles as well as dynamic changes in 

responsive systems. The experiments include  

a) Room temperature SAXS from pure Laponite 

b) Variable temperature SAXS with pure F127 and Laponite/ F127  

c) Simultaneous time resolved UV-SAXS of Laponite/F127/PAG systems.  
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For each set of experiment conducted, data processing was carried out in the same 

manner. First, a background subtraction was conducted using scattering from pure water 

to remove noise from the data. The 2D images were then integrated azimuthally to obtain 

1D graphs of I(q) vs. q.  For all experiments, the samples were sealed with either Kapton 

(Brookhaven National Labs) or flame sealed wax when using capillaries (Argonne 

National Labs). 

 

The main goal of this thesis is to determine how structure and bulk properties in the 

Laponite/F127 dispersions can be related to each other. The experiments and collected 

data are discussed in more detail within the following chapters in the thesis. Equation 2.3 

was used to determine the changes in particle arrangement and structure of 3wt% 

Laponite with F127 dispersion as a function of temperature. On the other hand due to the 

complexity of the photo induced reaction described in Chapters 5 and 6, the method 

described by Paineau and coworkers for natural clays was applied to the time resolved 

data.  

 

While the SAXS data collected in each section was essential to obtain information about 

the structural arrangement, the dispersions were further characterized using several other 

methods including 

a) light scattering to measure particle sizes  

b) differential scanning calorimetry to address thermo-physical changes particularly 

in the micellization behavior as a function of formulation 

c) rheology to address the flow properties and the effect of adding different 

components on the material. In situ thermal and photo rheology were also 

conducted to analyze the effect of temperature changes and UV exposure on the 

sol-gel transitions for responsive fluids 

d) microscopy (optical, SEM, AFM and TEM) to analyze changes in the 

microstructure and organization within the gels. 
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CHAPTER 3 

3. Flow Properties of Aqueous Laponite/Pluronic F127 Dispersions 

3.1. Chapter overview 

In this chapter, the basic properties of aqueous Laponite clay dispersions and the effects 

of adding Pluronic F127 are characterized. Dynamic Light Scattering (DLS) and 

Differential Scanning Calorimetry (DSC) were first used to probe the interactions 

between the particles and polymer molecules in the aqueous phase. The bulk properties 

were then determined using visual observation, tube inversion and parallel plate 

rheometry experiments. Changes in the structure were assessed using electron 

microscopy (SEM and TEM) as well as atomic force microscopy (AFM). The results 

presented in this chapter demonstrate that the added F127 molecules interact directly with 

Laponite nanoparticles in the aqueous dispersions and that these interactions lead to 

significant changes in the bulk properties measured, including the ability to form a 

viscoelastic gel at room temperature. 

 

3.2. Introduction 

Clay suspensions have generated a large amount of interest due to their use in a variety of 

commercial applications ranging from oil and gas, electronics, household cleaners, paints, 

cosmetics and pharmaceuticals 1-3. Typically, these dispersions are formulated with 

various polymeric additives incorporated as rheology modifiers or stabilizers where the 

steric effect provided by the adsorbed polymer layers and the interactions occurring 

between the polymers and particles in the dispersion 4-9 has a significant effect on the 

dispersion properties. 
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The behavior of a polymer/clay suspension can differ significantly from pure solutions of 

either polymer or clay alone and understanding these changes remains a key factor in the 

development of new fluid phase applications. For example, natural clay particles in 

solution are known to form an irreversible bulk gel with a network of particles 10-13. The 

addition of polymers to the system can be used to tailor the conditions under which gel 

formation occurs as well as to prevent unwanted gelation 14-17. Consequently, 

understanding the polymer/clay interactions is a key step in designing fluid systems with 

specific functional properties.  

 

This study focuses on dispersions containing Laponite, a synthetic clay mineral with 

disk-like nanoparticles that are 20nm in diameter and 1nm thick3. Commercially available 

Pluronic F127 amphiphilic triblock copolymers, consisting of PEO-PPO-PEO where PEO 

is poly(ethylene oxide) and PPO is poly(propylene oxide), are used as the polymer 

surfactant component. F127 has been shown to adsorb onto the surface of the Laponite 

nanoparticles via interactions of the hydrophobic PPO block with the nanoparticles to 

stabilize the particles in solution and ensure relatively uniform dispersion 14, 18, 19. 

 

3.3. Experimental Methods 

Formulation: Aqueous dispersions of Laponite and F127 were prepared by adding the 

desired masses of Laponite and F127 to deionized water (d-H2O). In the case of Laponite 

suspensions, the appropriate mass of powder was added to the water while stirring to 

prevent agglomeration. The vials were then sealed and subject to vortex mixing for 2-3 

minutes followed by sonication for 20-30min until clear transparent sample were 

obtained.  

 

Pure F127 solutions were prepared by first making a high concentration stock by step-

wise dissolution of F127 powder in cold water. The stock solutions were kept in the 

refrigerator for at least 1 week for homogenization and diluted to desired concentrations 

prior to use. The final Laponite concentrations used ranged from 0.5-5wt% and F127 

concentrations of 0.5-10wt% were used. All samples were allowed to age at least 24 hrs 
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to minimize any contributions from aging as reported elsewhere 20-23.  To prepare the 

mixed Laponite/F127 dispersions, Laponite suspensions were prepared as described 

above followed by addition of the desired amounts of F127 powder.  

 

DLS: Dynamic Light Scattering (DLS) experiments were conducted on an ALV compact 

goniometer system (Model ALV/SP-125, Langen, Germany) equipped with an ALV/SO-

SIPD photon detector.  Dilute solutions of F127 and Laponite were analyzed to 

investigate the interactions between the nanoparticles and F127 molecules within the 

dispersion by probing the changes in particle sizes. A 200mW power Innova 70C argon 

ion laser (Coherent Inc., Santa Clara, CA) with a wavelength of 488nm was used as the 

light source and data was collected for 60s per spectrum after equilibration at 30°C at a 

90o fixed angle. Particle size distributions were calculated from the autocorrelation 

functions using a constrained regularized method (CONTIN) 24 built in the ALV fitting 

software.  

 

DSC: Differential scanning calorimetry (DSC) was performed using a Q2000 series DSC 

(TA instruments, DE) and hermetically sealed aluminum pans to suppress evaporation 

endotherms. Since F127 undergoes a micellization process prior to gelation, DSC was 

used to probe the changes in the micelle formation behavior upon addition of Laponite to 

different concentration F127 solutions. The experiments were carried out at a heating rate 

of 2oC/min from 0oC to 50oC. 

 

Bulk Rheometry: Rheometry experiments were carried out using an ARES rheometer 

(TA Instruments, DE) with a parallel plate geometry equipped with 25mm diameter 

plates. The linear viscoelastic regime (LVR) was first measured using fixed deformation 

frequency of 10rad/s at applied strains of 0.01-500%. Oscillatory shear experiments were 

then conducted within the LVR to determine the frequency response of the samples the 

range of 0.01-100 rad/s. In all cases, the samples were loaded into the rheometer and 

allowed to equilibrate for 30 min prior to taking any measurements to account for 

deformation and shearing during the loading process. 
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Microscopy: SEM imaging was done on a FEI Nova Nanolab SEM with 10 kV operating 

voltage. Samples imaged were prepared by either drop casting and drying the dispersion 

on freshly cleaved mica or by lyophilization prior to imaging. All samples were gold 

coated for 30s to minimize charging. AFM was also conducted on spin coated samples 

using a Bruker Dimension Icon AFM in tapping mode. Particle size distribution was 

determined using a Phillips CM-100 TEM operated at 60kV to minimize damage during 

imaging. 

 

3.4. Results and Discussion 

3.4.1. Dynamic Light Scattering (DLS) 25  

To investigate potential interactions between the Laponite nanoparticles and added F127 

molecules, DLS experiments were conducted at low concentrations of both F127 and 

Laponite (0.72wt% F127 with 0.2-0.6wt% Laponite). A pure Laponite dispersion without 

any added F127 was also measured to determine the average nanoparticle size. Low 

concentrations were used in all cases to avoid effects arising from interactions between 

particles in higher concentration dispersions as well as to minimize absorption of light 

during the DLS measurements. The scattered intensity data for each case was analyzed to 

generate a plot of hydrodynamic radii, RH. The results obtained for the particle size 

distributions are summarized in Figure 3.1. 

  

In the case of the pure 1.0wt% Laponite dispersion, DLS results show that the average 

particle size in the dispersion was ~17nm, a value consistent with the reported size of the 

disk-like nanoparticles. These values also agree closely with prior work by Nelson and 

Cosgrove 26 as well as Nicolai and Cocard 27 for measured bare Laponite particle radius 

on the order of 20nm.  

 

Addition of F127 causes an increase in the mean hydrodynamic radius from ~17nm for 

the bare particles up to ~36nm for Laponite/F127 dispersions as shown by the shift in the 

peak position in Figure 3.1. The increase in the average particle size observed is 

attributed to the formation of a polymer shell around the Laponite nanoparticles. These 
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results are consistent with prior work by Nelson and Cosgrove using DLS to first 

demonstrate a change in particle size followed by contrast matched SANS to show that 

Pluronic triblock copolymers can adsorb onto the surface of Laponite nanoparticles 18, 26 

to produce a larger effective particle size.  In all cases, the broad peaks obtained indicate 

polydispersity within the sample and can be attributed to several factors such as 

incomplete platelet separation, flocculation and possible clustering via particle 

aggregation. 

 
Figure 3.1 Hydrodynamic radii of aqueous dispersions from dynamic light scattering (DLS). 

DLS data was collected at 90o for pure 1wt% Laponite dispersion and hybrid 0.72wt% F127 with 0.2wt%, 
0.4wt% and 0.6wt% Laponite   

 

3.4.2. Differential Scanning Calorimetry (DSC) 

 Based on the DLS results, the increase in average particle size indicates that F127 

molecules can adsorb onto the surface of Laponite nanoparticles. This in turn results in a 

depletion of F127 molecules from the aqueous medium such that the concentration of 
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free molecules in the aqueous dispersion decreases. Since F127 in water has a well-

known micelle forming behavior even at low concentrations28, the adsorption of these 

molecules onto the Laponite and subsequent decrease of F127 concentration in solution is 

also expected to inhibit micelle formation since adsorbed molecules are no longer able to 

interact with each other. Consequently, DSC experiments probing the micellization 

thermodynamics was used to quantify this interaction and the depletion of F127 in 

solution. Two concentrations of 10wt% F127 and 25wt% F127 were initially used due to 

the presence of a large well studied micellization endotherm 28 at these values. 

 

Figure 3.2(a) shows an example of the thermograms obtained for 10wt% F127 aqueous 

solution with small concentrations of Laponite. Figure 3.2(b) summarizes the effect of 

adding Laponite on the enthalpy of micelle formation, determined by the area of the 

micelle formation endotherm, for the two different F127 concentrations of 10wt% and 

25wt% studied. 

 

From Figure 3.2(a), at 10wt% F127 a clear endotherm corresponding to F127 micelle 

formation was obtained for all concentrations of added Laponite up to 1wt%. However, 

as the concentration of Laponite increases, three things are noted as summarized in Table 

3.1: 

1. The size of the micellization endotherm and hence enthalpy of micelle formation, 

ΔHmic, decreases as the Laponite concentration increases 

2. The temperature at which the micelle formation starts, Ton, exhibits a slight 

increase consistent with a lower F127 concentration in solution 

3. The peak position of the endotherm, Tpeak, occurs at slightly higher temperatures 
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Figure 3.2 Typical DSC results for F127 and F127/Laponite dispersion.  

(a) Typical DSC results obtained for 10wt% F127 with different Laponite concentrations. The graphs are 
shifted vertically for clarity (L = Laponite and F = F127). (b) Summary of the effect of adding small 
amounts of Laponite nanoparticles to the enthalpy of micelle formation at 10wt% and 25wt% F127. 

(a) 

(b) 



32 

 

 

 
Table 3.1 Summary of thermodynamic properties from DSC data.  

Values shown are associated with the micelle formation process in F127 for 10wt% and 25wt% F127 with 
small amounts of added Laponite.  

 

The decrease in the magnitude of ΔH, as well as the shifts in both Ton and Tpeak are 

consistent with a lower effective polymer concentration present in the dispersion that can 

participate in micelle formation as the Laponite concentration in the system increases. As 

shown by the steeper slope for 10wt% F127 in Figure 3.2(b), the effect of small amounts 

of added Laponite is more pronounced at 10wt% F127 than at 25wt% F127 indicated by 

the larger slope. The difference in the extent to which the addition of Laponite affects the 

value of ΔH is attributed to the fact that for a given Laponite concentration, the depletion 

of F127 from solution due to surface adsorption is less significant with a high initial F127 

concentration and the effects are less pronounced.  

 

Interestingly, the results obtained differ from prior work by De Lisi et al. 29 and 

Boucenna et al. 6 who both report that adding Laponite particles to 10wt% F127 in water 

has no effect on the micellization endotherm. We attribute this difference to the much 

slower heating rate used in the current experiment (2oC/min relative to 10oC/min from 

prior reports) which allows for better resolution of small changes as well as the increased 

sensitivity of the instrument used throughout this study.  

 

The DSC and DLS results shown here, provide indications of significant interactions 

occurring between Laponite nanoparticles and F127 molecules in solution, most likely by 

F127 Laponite
0 15.08 18.63 3.85

0.7 20.62 24.23 0.56
1 21.99 25.63 0.35
0 12.04 15.42 5.39

0.7 17.40 21.02 1.04
1 19.27 22.78 0.68

Concentration (wt%) Ton 
(ᵒC)

Tpeak 
(ᵒC)

ΔH 
(J/g)

10

25
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surface adsorption of F127 on Laponite. However, no direct evidence of bulk property 

changes was obtained from these measurements. To determine whether these 

polymer/particle interactions have significant impact on the bulk level behavior, a series 

of rheology measurements were conducted on both neat Laponite dispersions as well as 

Laponite/F127 systems of varying compositions. The results from these measurements 

are presented in detail throughout the rest of this chapter. 

 

3.4.3. Rheology of pure Laponite dispersions 

The room temperature rheological behavior of the different dispersions was probed first 

using strain sweeps at a fixed applied frequency of 10rad/s to determine the linear 

viscoelastic regime (LVR) followed by frequency sweeps at fixed strain within the LVR 

were then conducted to study flow characteristics. From the strain sweep data shown in 

Figure 3.3, both storage modulus, G’, and loss modulus, G”, depend strongly on the 

Laponite concentration in the dispersion such that increasing the particle concentration 

causes both G’ and G” to increase. Several behavior regimes were observed: 

 

1. At low applied strains (γ < 10%) all samples behave linearly with G’ > G”, a trend 

characteristic of linear viscoelastic materials with solid-like character, indicated by 

G’, dominating the flow behavior and confirming the existence of a weak bulk gel. 

2. At larger applied strains, G’ and G” exhibit a general decrease with increasing γ such 

that for γ > 10%, G” exceeds G’. This transition is consistent with a shear thinning 

system where the material flows more readily with increased applied deformations (in 

this case, the applied strain, γ). 

3. G” exhibits a peak at a critical strain, γc, found to be ~30% for all concentrations. γc 

also corresponds to the point at which G’ and G” exhibit a crossover indicating a 

change in flow behavior from a solid like regime (G’ > G”) to a liquid like behavior 

(G’ < G”). This peak position in G” represents a transition regime and corresponds 

here to the characteristic strain, γc, needed for the material to flow. Below this strain 

value, G’ dominates and the material behaves similar to a viscoelastic solid while 

above this critical strain, G” dominates and the material behaves more like a liquid. 
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Figure 3.3 Results of strain sweeps at different Laponite concentrations in water.  

(G’ = solid and G” = open) 

 

The changes in the complex viscosity, η*, at each Laponite concentration are shown in 

Figure 3.4 and correlate well with the expected flow properties as a function of 

deformation. The insets indicate the corresponding possible structure of particles within 

the dispersion. Results from the frequency response measurements conducted within the 

LVR are shown in Figure 3.5-Figure 3.8.  
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Figure 3.4 Dynamic viscosity at different Laponite concentration. 

Data shows strain independent region (weak solid) and shear thinning region (viscous region). The insets 
illustrate the likely structure of particles in each region. 

 

 
Figure 3.5 Frequency dependent G’ for different Laponite concentrations in the LVR. 
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Figure 3.6  Concentration dependence of maximum G’ for aqueous Laponite dispersions. 

The dashed line is meant as a guide for the eye showing the change in G’ as concentration of Laponite 
particles increases. 

 

 
Figure 3.7 Frequency dependence of G” for different Laponite concentrations. 
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Figure 3.8 Frequency dependence of complex viscosity for different Laponite concentrations. 

In all cases, the samples exhibit shear thinning characterized by a power law relationship with the power 
law exponent ~-1. 

 

The storage modulus, G’, increases with increasing particle concentration reaching a 

maximum value achieved for concentrations > 2wt% Laponite. In all cases, dynamic 

rheology measurements show that G’ is relatively frequency independent and exhibits a 

linear profile over the entire range probed. Since G’ > G” the solid-like behavior 

dominates and these samples are visually seen to be self-supporting gels. The increase in 

G’ with increasing concentration indicates the formation of large elastic clusters. The 

formation of a plateau is consistent with possible saturation of elastic network junctions 

and indicates solid-like character within the physically associated network systems.   

 

For all samples, the complex viscosity profiles, η*, exhibit a shear thinning behavior with 

increasing deformation frequency, ω, as shown in Figure 3.8. This shear thinning 

character follows a power law relationship: 

𝜂𝜂∗ =  A𝜔𝜔−𝑘 (3.1) 

where A is a constant and k ~1. These results agree well with prior work by Mourchid et 

al. 30, 31 and Willenbacher 32 for pure Laponite gels with a 3D network structure. 
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3.4.4. Rheology of mixed Laponite/Pluronic F127 dispersions 

Since Laponite dispersions are often used in the presence of other components including 

polymers and surfactants, the effect of adding a commercially available triblock 

copolymer, Pluronic F127, on the bulk properties of aqueous Laponite dispersions was 

investigated. First the concentration of Laponite was kept fixed at 3wt% while F127 was 

added to the dispersion to achieve concentrations of up to 10wt% (picture of samples in 

Appendix 3A). The dynamic frequency response of each solution was probed at room 

temperature using 1% applied strain (previously found to be within the LVR) and the 

results are summarized in Figure 3.9.  

 

 
Figure 3.9 Room temperature frequency response for 3wt% Laponite with added F127. 

 

From Figure 3.9, addition of F127 causes a progressive and significant decrease in the 

value of the storage modulus, G’. Above 2wt% F127, G’ is no longer linear and well-

defined but exhibits a noisy profile at very low G’ value indicating that the sample 

behaves like a simple fluid at all probed frequencies. Since the gelation suppression upon 

adding small amounts of F127 is not instantaneous, the progressive loss of solid-like 

character with F127 addition indicates that a critical polymer/particle ratio is required to 

suppress the inter-particle interactions driving network (and subsequent gel) formation. 

0.01

0.1

1

10

100

1000

10000

0.01 0.1 1 10 100 1000

G
’ (

Pa
)

ω (rad/s)



39 

 

These effects were further probed at a fixed F127 concentration of 3.6wt% while 

changing Laponite content from 0-5wt%. These results are summarized in Figure 3.10.  

 

Adding trace amounts of Laponite to 3.6wt% F127 has a negligible effect on the dynamic 

rheology. Instead, samples with less than 5wt% Laponite exhibit liquid-like character 

rather than that of a viscoelastic solid. At 5wt% Laponite concentration, the viscoelastic 

behavior was again observed with a correspondingly large increase in the value of G’. 

Figure 3.10(c) provides a direct comparison describing the effect of adding 3.6wt% F127 

on the flow behavior of aqueous dispersions of 5wt% Laponite. As shown here, although 

the value of G’ decreases in the presence of the F127, the sample retains viscoelastic 

behavior, indicating that adding F127 results in a weaker solid.  
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Figure 3.10 Summary of solution properties of 3.6wt% F127 with 3wt% Laponite 

(a) photograph of 3.6wt% F127 with no particles (left) and with 3wt% Laponite (right). (b) Frequency 
response of G’ as a function of increasing Laponite concentration at fixed 3.6wt% F127. Select curves are 
shown for clarity. (c) Comparing G’ and G” data for 5wt% Laponite with no added F127 (OF) and 3.6wt% 

F127 (3.6F). 
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Since neat Laponite gels are formed by inter-particle interactions where the pure 

dispersions exhibit a behavior characteristic of the presence of an elastic network of 

clusters, the decrease in G’ with the presence of the F127 molecules is attributed to the 

screening of partial particle interactions. Here, due to the high particle to polymer ratio, 

these inter-particle interactions are not completely shielded resulting in an effective free 

particle concentration, Ceff where Ceff represents the concentration of particles that are still 

able to interact with each other to form elastic clusters responsible for the viscoelastic or 

gel-like behavior. Taking the screening effect into account and comparing G’ values to 

Figure 3.6 for neat Laponite, we find that for the G’ values measured in the case of 5wt% 

Laponite + 3.6wt% F127 dispersion, Ceff  corresponds to ~1.5-2.0wt% Laponite particles. 

This value for Ceff indicates that the presence of 3.6wt% F127 in the dispersion efficiently 

interacts with and inhibits 3-3.5wt% of the particles Laponite initially present in the 

5wt% dispersion from interacting with each other. These values indicate that complete 

shielding of particle/particle interactions and gel suppression is most likely to occur at 

Laponite to F127 ratio slightly less than 1; that is a slightly larger concentration of F127 

must be present in the dispersion for effective shielding of inter-particle interactions. This 

expected behavior is consistent with the results shown in Figure 3.9 where complete 

suppression of viscoelastic character in 3wt% Laponite dispersions was observed for 

concentrations of F127 ≥ 3wt%.  

 

3.4.5. Microstructure in mixed dispersions 

In a mixed dispersion, interactions between the particles and polymer lead to significant 

changes in the fluidity of the sample as shown by the bulk rheology experiments. Since 

structure and properties are intimately related to each other, these changes indicate that 

changing the formulation composition results in significant changes in structure and 

arrangement. To probe the structural changes, microscopy experiments were conducted 

first on samples drop cast and dried on freshly cleaved mica. Representative micrographs 

are shown in Figure 3.11 (A1 – D1) illustrate the changes in morphology of 3.6wt% F127 

with increasing amounts of Laponite.  
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With no added Laponite, the F127 film exhibits significant cracking upon drying while 

adding a small amount of Laponite results in a smooth and continuous film with little to 

no cracking. Further increase in Laponite content led to more evidence of agglomeration 

and micro-cracks (Figure 3.11, C1 and D1). This change in the morphology is attributed 

to aggregation of the Laponite particles into small domains at the higher concentration. 

The results here for 3.6wt% F127 and up to 3.0wt% added Laponite are typical of the 

morphology observed for dried films of polymer/clay and consistent with prior work by 

Pizzey et al. 33 .  

 

Drop casting and drying of the Laponite dispersion leads to a complete loss of three 

dimensional structure and arrangement responsible for the formation of a gel. To preserve 

the macroscopic arrangement, dispersions prepared at room temperature were instead 

lyophilized prior to imaging. Representative micrographs of these lyophilized samples 

obtained for 3.6wt% F127 with increasing Laponite concentration from 0wt% to 5wt% 

are shown in columns 2 and 3 of Figure 3.11 at low and high magnifications respectively. 

Figure 3.12 further depicts the morphologies of the lyophilized samples at high 

magnification in areas corresponding to the boxed regions of Figure 3.11.  
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Figure 3.11 Microstructure of 3.6wt% F127 dispersions with increasing Laponite content. 

A1-D1: Drop cast and dried samples result in films of different morphology while lyophilized samples (A2-
D3) retain the structure for samples prepared at RT and show clear differences with added Laponite (top to 
bottom: 0wt%, 0.7wt%, 3wt% and 5wt%). The arrows in panel D1 highlight clusters showing aggregates 

obtained at high Laponite concentration. 
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Figure 3.12 High magnification SEM of lyophilized samples.  

3.6wt% F127 with 0.7wt (a), 3wt% (b) and 5wt% (c) Laponite (Scale bar = 400nm)  

 

From Figure 3.11, as the Laponite content initially increases, the dried film and 

lyophilized structures both become more uniform and continuous with minimal cracks 

and little to no evidence of individual particles within the layered structure (Figure 3.11 

B1-B3 and Figure 3.12 (a)). With further increase in Laponite content to 3wt%, the air 

dried films start showing evidence of agglomeration while the lyophilized samples on the 

other hand, exhibit an interconnected layered structure as seen in Figure 3.11 C3. Further 

increasing the particle concentration in turn leads to an interconnected network (Figure 

3.12(b)). The morphologies shown here are typical of flexible natural clay platelets 

previously reported 13, 33 and the network structure obtained is believed to be caused by a 

bridging network of particles.  

 

Further increase in Laponite content to 5wt% showed particle aggregation. The arrows 

shown Figure 3.11 D1 highlight the presence of clusters noted on the drop-cast and air 

dried films. The cluster dimensions were found to be in the range of 65±12nm from these 

samples. In the case of the lyophilized 5wt% Laponite dispersions, areas consisting 

exclusively of a 3D network of bridge particles were also observed (Figure 3.12 (c)).  

 

Theses morphology changes provide additional support to the rheology measurements 

indicating stabilization of particles at the particle/polymer ratio much larger than 1:1 and 

the 3D network formation is attributed to incomplete particle shielding such that these 

particles can interact with each other and arrange into 3D networks. 
 

(a) (b) (c) 
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Figure 3.13 AFM from 3.6wt% F127 + 3wt% Laponite spin coated on freshly cleaved mica. 

Top row: 1 μm x 1μm scan topography maps ((a) 2D, (b) 3D); bottom row: 500nm x 500nm scan of 
“islands” ((c) = topography image; (d) = phase overlaid on topography image). Bright regions in the phase 

image shown in (d) are attributed to Laponite rich areas. 

 

Figure 3.13 illustrates AFM images taken of a film of 3.6wt% F127 with 3wt% Laponite 

spin coated onto freshly cleaved mica. The film indicates significant topography with (a) 

and (b) showing the height changes on the sample surface; while significant topography 

was observed, individual particles were difficult to locate from the height images even at 

high magnification as shown in (c). Instead a phase image overlaid on the topography 

was used to highlight regions of different compositions as shown in Figure 3.13(d). The 

light colored areas seen here are caused by regions rich in Laponite although individual 

particles were not clearly observed likely due to aggregation and collapse of the overall 

particle network.  

 

Further imaging was conducted using TEM to determine individual particle size and 

arrangement. Figure 3.14 shows images obtained for samples prepared by drop casting 

the aqueous dispersions directly onto a Cu grid and subsequent drying at room 

(a) (b) 

(c) (d) 
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temperature. Select images from neat 10wt% F127, neat 1wt% Laponite and a mixed 

dispersion of 10wt% F127 and 1wt% Laponite are shown.  

 

From Figure 3.14(a) and (d) obtained for 10wt% F127 clearly show the presence of 

spherical micelles. Individual micelles were found to have diameter of 30±3.9nm while 

aggregates of 2-4 micelles had diameters of 50±5.2nm. Figure 3.14(b) and (e) show 

images for 1wt% Laponite at low and high magnification respectively. Clusters of 

particles (Figure 3.14(b)) were noted on drying while higher magnification imaging 

reveals that individual particles with diameter 22±4.3nm are present within the clusters 

(Figure 3.14(e)). The Laponite particles were found arranged in both a face-to-face 

configuration as well as face-to-edge configuration with cluster sizes of ~50-70nm.   

 

In the case of the 10wt% F127 and 1wt% F127 dispersion, the sample dries into a 

relatively uniform film shown in Figure 3.14(c). Again, at higher magnification, 

individual particles were observed. The film from the F127-Laponite system exhibits a 

relatively uniform distribution of well separated particles with diameter ~21±3.7nm. 

Interestingly, despite the high F127 concentration in the mixture, no evidence of micelle 

formation at room temperature in the presence of Laponite was observed.  
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Figure 3.14 Representative TEM from drop cast samples. 

Micrographs from samples by drop casting and drying 5μl of dispersion directly onto a Cu grid at room 
temperature. Micrographs show the structure for: (a) and (d) : neat 10wt%F127 with spherical micelles, (b) 

and (e):  neat 1wt% Laponite and (c) and (f): mixed 10wt%F127 with 1wt% Laponite. 
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Figure 3.15 Representative TEM micrcographs from lyophilized gels.  

Samples prepared at RT and lyophilized were embedded in epoxy and ultramicrotomed. Slices were stained 
with uranyl acetate prior to imaging. (a)-(c) illustrate images from 3wt% neat Laponite gel and (d)-(f) 

depict the structure upon adding 3.6wt% F127 to 3wt% Laponite. Inset in (a) shows SEM of lyophilized 
neat Laponite at 3wt% concentration with layered structure. 

 

As noted previously, the drop casting and drying process results in a loss of structure. To 

probe the internal arrangement in the system, the aqueous lyophilized samples described 
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previously, were embedded in epoxy and sliced using an ultra-microtome to prepare 

samples thin enough for TEM imaging. Prior to imaging the slices were stained with 

uranyl acetate to enhance contrast between the epoxy and the sample and representative 

images are shown in Figure 3.15.  

 

Figure 3.15(a)-(c) illustrate details of the layered morphology for neat 3wt% Laponite 

(SEM inset in (a)) while (d)-(f) depicts details of the structure in 3.6wt% F127 with 3wt% 

Laponite (SEM images in Figure 3.11 C1-C3). For neat Laponite gels, surprisingly 

individual particles were difficult to identify likely a consequence of the heavy metal 

staining procedure resulting in smearing of the structure. In the case of the F127/Laponite 

dispersions, the porous layers previously observed via SEM as shown in Figure 3.11  

were observed at low magnification. At high magnification, well dispersed individual 

particles of diameter 23±3.6nm were clearly identified throughout the layer of lyophilized 

material confirming both exfoliation and dispersion of the Laponite particles within the 

layers of the gel (Figure 3.15(f)).  

 

The combined SEM, AFM, and TEM results show that while, drying results in a collapse 

of the network structure, lyophilization enables preservation of the 3D network within a 

gel which can subsequently be imaged successfully. The micrographs shown clearly 

illustrate the morphology changes as a result of formulation differences. The initial 

results shown here provide a direct indication that morphology and properties are 

inherently related to each other. These results also indicate that significant interactions 

exist between the Laponite and F127 within the dispersion and confirm that for complete 

stabilization of Laponite particles and suppression of inter-particle interactions, the F127 

concentration must be higher than the Laponite concentration.  

 

3.5. Conclusions 

This chapter has focused on the room temperature behavior and structure of pure 

Laponite dispersions and the effect of adding a triblock copolymer surfactant, Pluronic 

F127, to these dispersions. The results presented show that Laponite nanoparticles 
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dispersed in water form a bulk gel with well-defined viscoelastic character. The solid-like 

character indicated by the storage modulus, G’, increases and becomes more dominant 

with increasing particle concentrations; a behavior consistent with the formation of a 

stiffer substance, in this case, a stiffer hydrogel. The G’ dependence on the Laponite 

concentration indicates the likelihood of forming elastic clusters that interact with each 

other increases with the particle concentration. At Laponite concentrations above 2wt%, 

G’ values reach a plateau and remain relatively constant up to the highest measured 

concentration of 5wt%.  

 

Upon adding F127 to Laponite dispersions, significant interactions take place between 

the particles and polymer leading to adsorption of the polymer molecules onto the 

nanoparticle surface. This adsorption is evidenced by both an increase in effective 

particle size obtained from DLS and a suppression of polymer micelle formation as 

measured via DSC. These interactions in turn lead to significant changes in the dispersion 

bulk properties including a decrease in G’ attributed to screening of inter-particle 

interactions leading to network formation and subsequent suppression of gelation.  

 

For complete suppression of the network formation, the results presented indicate that the 

polymer to particle ratio must be larger than 1. This behavior can be explained by the 

need to completely screen inter-particle interactions to fully prevent gels from forming. 

At lower polymer concentrations, the screening process remains incomplete leading to an 

effective particle concentration, Ceff, capable of interacting within the dispersion as 

described in this chapter.  

 

Images obtained show that drying of these gels results in complete collapse and loss of 

structure. Lyophilization, on the other hand, helps preserve the overall structure and 

shows that as the Laponite concentration increases in 3.6wt% F127, the bulk structure 

exhibits increased ordering. For a 5wt% concentration, regions of a 3D network of 

interacting particles were also observed consistent with rheology measurements 

indicating incomplete suppression of particle network formation. 
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APPENDIX 3-A: Images of dispersions 

Figure 3-A(a) shows the effect of increasing F127 from 0wt% to 10wt% with a 3wt% 

aqueous Laponite system and Figure 3-A(b) shows the macro scale suppression of gel 

formation using tube inversion 

 
Figure 3- A Photographs illustrating  3wt% with various F127 concentrations 

 (a) dispersions produced to investigate effect of increasing F127 concentration in 3wt% Laponite 
concentration showing that adding F127 turns the solution cloudy; (b) Tube inversion showing the effect of 

adding 0.5wt% F127 to 3wt% Laponite dispersions.  

 

 

Increasing F127 concentration with 3wt% Laponite
0% F127 -------------------------------------------10% F27

3% LRD 
0% F127 0.5% F127

3% LRD 
0% F127 0.5% F127

 
(a) 

(b) 
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CHAPTER 4 

4. Thermo-responsive Laponite/F127 dispersions: Gelation and structure 

4.1. Chapter overview 

The following chapter builds on the hybrid clay/polymer dispersions introduced in 

Chapter 3 and the added functionality and responsive behavior due to the inherent 

properties of the components in the hybrid formulation are further explored. In particular, 

since Pluronic F127 exhibits a well-known temperature response, the work presented here 

focuses on understanding these thermally induced changes on both the structure and bulk 

properties of Laponite/Pluronic F127 dispersions and the ability to achieve on-demand 

bulk gelation. Variable temperature rheometry was used to monitor bulk temperature 

dependent changes in the system.  

 

Microscopy results presented in Chapter 3 clearly illustrate changes in the structure 

depending on concentration. However, the need to dry the samples prior to imaging limits 

structural analysis especially when trying to understand temperature dependent effects. 

Here, structural analysis and temperature induced changes were studied using in situ 

synchrotron SAXS. The results presented here show the first quantified demonstration of 

the thermally induced structural changes and interactions between F127 and Laponite 

using synchrotron SAXS. 

 

4.2. Introduction 

Fluids such as colloids, emulsions, foams, polymers or surfactant solutions are often 

multiphasic materials. Significant effort has been devoted to the study of material 

structure and behaviors at different conditions to better understand the interactions within 

these systems 1-8. Recent work at low particle densities has shown that local arrested 

states are possible within the gel phase as a result of pair potential interactions 9-11. Due to 
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the complexity of these systems, studying the structural changes at the nanoscale and 

correlating these to bulk properties remains a key aspect to understanding the behavior of 

these systems. 

  

Aqueous suspensions of Laponite provide an ideal model system and have been widely 

studied in the last decade 1-8, 12-17. Several groups have also investigated the effect of 

adding surfactants 18-26 on the phase diagram, gelation, aging behavior and structure of 

Laponite dispersions. De Lisi et al. 21 reported retarded gelation as a function of 

surfactant concentration while Schexnailder et al. 27 studied the effect of heterogeneities 

in polyethylene oxide (PEO) hydrogels with crosslinked silicate nanoparticles. Zulian et 

al. 15 also noted retarded aging in the presence of surfactants. The interaction between 

Laponite particles and surfactants such as PEO and Pluronics has been reported using 

dynamic light scattering (DLS) and contrast matching in small angle neutron scattering 

(SANS) by Nelson and Cosgrove 18-20 who show an increase of 3.78nm in radius and 

3.45nm in thickness which they attributed to the formation of a polymer shell around the 

particles. 

 

In this chapter, the structure and arrangement of the Laponite as well as Laponite/F127 

aqueous dispersions (both liquid and gel) were probed using a variety of techniques 

including microscopy (SEM, AFM and TEM) and synchrotron small angle X-ray 

scattering (SAXS). Since Pluronic F127 is a thermo-responsive polymer with a well-

known phase behavior, the thermal response of the system was also analyzed by variable 

temperature rheometry and in situ SAXS. It should be noted that, although aqueous F127 

itself is well known to form a thermo-responsive micellar gel, the concentration used here 

is well below the typical gelation concentrations of aqueous F127 (> 10wt%) 24, 29, 31-34. 

 

 

4.3.  Experimental Methods 

Dispersions of Laponite and F127 in d-H2O were prepared as described previously. 



56 

 

Rheology: Variable temperature rheology measurements of Pluronic F127 and 

F127/Laponite dispersions were conducted using an Ares rheometer (TA Instruments) 

with a Peltier attachment for temperature control. Variable temperature sweeps were 

performed in the range of 0oC-70oC at constant applied strain of 1% and oscillation 

frequency of 10rad/s as in the LVR (as determined in Chapter 3). A heating rate of 

2oC/min was used for all experiments to allow structural rearrangement in the bulk to 

occur and a humidity cover was used to minimize evaporation at elevated temperatures 

for all experimental runs. 

 

Synchrotron SAXS: Synchrotron SAXS experiments were conducted at Beamline X10A 

at NSLS I, Brookhaven National Labs using a beam energy of 11 KeV and camera length 

of 1.8m. The q-vector range was calibrated using a silver behenate standard. SAXS 

measurements of pure Laponite dispersions were first conducted to determine the average 

particle dimensions and organization. A Linkham THMS600 stage was used for 

temperature control to conduct in situ variable temperature-SAXS measurements. 

Samples were loaded using a 2mm thick annular stainless steel sample holder to ensure 

heat transfer within the probed temperature range of 0oC to 60oC and sealed with Kapton 

tape. A schematic of the sample loading setup is shown in Figure 4.1.  
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Figure 4.1 SAXS setup at Brookhaven National Labs. 

Schematic of sample loading and experimental setup at Beamline X10A (NSLS) for temperature dependent 
SAXS of liquid and gel. 

 

4.4. Results 

Chapter 3 focused on the effects of adding Pluronic F127 to Laponite dispersions and 

subsequent changes in the gel formation. Here, the main focus is on demonstrating the 

ability to tune the response of the hybrid dispersion using the thermo-reversible behavior 

exhibited by F127 molecules and quantifying the structure in mixed Laponite/F127 

dispersions. 

 

Neat aqueous F127 dispersions are known to form thermo-reversible gels. At room 

temperature, concentrations >20wt% typically exist as a soft gel while lowering the F127 

content to 10wt% causes the gelation temperature to increase to ~40oC. At < 5wt% F127, 

thermal gelation prior to evaporation can be completely suppressed 28, 29. Sun et al. 
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recently remonstrated that in the presence of Laponite however, this thermo-reversible 

gelation can be seen at much lower F127 concentrations 30.  

Figure 4.2 shows an example of the bulk thermo-reversible gel at low F127 concentration 

of 3.6wt% and Laponite concentration of 3wt%.  

 

 
Figure 4.2 Thermo-reversible liquid to gel transition for 3.6wt% F127 with 3wt% Laponite. 

 

4.4.1. Variable temperature rheometry  

To quantify the thermally induced liquid to gel transition illustrated in the photographs in 

Figure 4.2, variable temperature rheology experiments were performed in the range of 

0oC to 70oC for different F127 and Laponite concentrations. The evolution of G’ was 

monitored over this temperature range. This work focuses primarily on three F127 

concentration regimes:  

a) A low concentration regime of 3.6wt% F127 where the aqueous samples are 

known to form micelles but not a bulk gel (Figure 4.3) 

b) A medium concentration of 10wt% F127 known to form a soft gel at elevated 

temperatures but exists as a viscous liquid at room conditions (Figure 4.4(a)) 

c) A high concentration of 25wt% F127 at which the samples exist as a bulk hard gel 

at room temperature (Figure 4.4(b)). 
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In each case, the effect of adding Laponite in the concentration range of 0.7-3wt% was 

investigated. The gelation kinetics and behavior were further quantified by applying a 

sigmoidal fit to the variable temperature measurements and the results of the fit are 

summarized in Table 4.1. 

 

 
Figure 4.3 Temperature dependent G’ for 3.6wt% F127 with Laponite.  

The graph represents variable temperature sweeps within the LVE for 3.6wt% F127 dispersion with 
varying Laponite content of 0wt%, 0.7wt%, 1wt% and 3wt%. 
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Figure 4.4 Effect of small Laponite additions to (a) 10wt% and (b) 25wt% F127.  

The graphs show the behavior for (a) neat 10wt% F127 and with 0.7wt% Laponite while (b) shows the 
effect of adding 0.7wt% and 1.0wt% Laponite on 25wt%F127 dispersions. 
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Table 4.1 Summary of thermal gelation and fit parameters. 

 

The results in each case can be summarized as follows:  

a) 3.6wt% F127 concentration with added Laponite: Figure 4.3 shows the effect 

of different Laponite particle concentrations on the thermal response of 3.6wt% 

F127 as a function of temperature. With 0wt% and 0.7wt% Laponite, G’ did not 

change in the range probed. As the Laponite concentration is further increased to 

1.0wt% and 3.0wt%, a clear and distinct increase in the value of G’ is observed. 

In both cases G’ > G”, confirming gel formation. The gel formation temperature, 

defined as Tgel, decreased with increasing Laponite concentration. As shown in 

Figure 4.3, at 1.0wt% Laponite, Tgel occurs at 56oC while at 3.0wt% Tgel 

decreases to 48oC. The fit results show that increasing the Laponite content in 

3.6wt% F127 dispersions decreases the temperature at which the liquid to gel 

transition starts while the rate of gelation, defined as the change in slope of G’ per 

unit time, increases by a factor of 2.  

 

At medium and high F127 concentrations of 10wt% and 25wt% respectively, the 

neat solutions exhibit thermal gelation. For these concentrations, the addition of 

Laponite was found to also affect both the onset temperature of gelation, gelation 

rate, as well as final gel stiffness.  
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b) 10wt% F127 + 0.7wt% Laponite: Figure 4.4(a) shows the variable temperature 

measurements for 10wt% F127 with 0wt% and 0.7wt% Laponite. As seen here, 

the presence of Laponite causes a delay in the initiation of gel formation and 

lowers the final gel stiffness. Table 4.1 shows that the presence of Laponite in 

10wt% F127 delays the onset of gelation by 5oC and also produces a 20-fold 

decrease in the gelation rate measured.  

 

c) 25wt% F127 with added Laponite (0.7wt% and 1wt%): Figure 4.4(b) shows 

the variable temperature measurements for 25wt% F127 with 0wt%, 0.7wt% and 

1wt% Laponite added. In the absence of Laponite, 25wt% F127 exhibits a rapid 

gel formation at ~23oC as expected based on prior reports. With the addition of 

0.7wt% Laponite, the temperature for the onset of gelation was delayed from 

~23oC to ~38oC and further increase in Laponite content to 1wt%, shifts Tgel to 

~42oC. The delay in gelation was accompanied with a decrease in gelation rate 

from ~93 Pa/s to ~5Pa/s.  

 

The delay in gelation onset upon adding Laponite to 10wt% and 25wt% F127 points to 

two possible effects. First, the interaction between the polymer and particles result in a 

depletion of polymer concentration able to participate in gel formation as described by a 

reduction in micelle formation in Chapter 3. This is further supported by the TEM images 

presented in Figure 3.14 for drop cast and dried samples of pure 10wt% F127, pure 1wt% 

Laponite and a mixture of 10wt% F127 with 1wt% Laponite. The micrographs clearly 

show a suppression of micelle formation in the 10wt% F127 sample dried at room 

temperature upon adding 1wt% Laponite. Secondly, the lower value of G’ at the end of 

gelation also points to potential defects in the quasi-crystalline structure of the F127 

liquid crystal gel at 20wt%. At low F127 concentrations, the gel formation is directed 

exclusively by the interactions between the particles. In this case, the copolymer 

molecules serve primarily as a surfactant rather than as a micelle and gel forming 

component. Hence, increasing the particle concentration produces more effective inter-

particle interactions and network formation resulting in larger G’ values. 
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4.4.2. Structure in dispersions and gels 

SEM and TEM images previously shown in section 3.4.5 of both drop-cast and 

lyophilized samples demonstrated significant dependence of structure on composition. 

However, limitations due to the sample preparation and high vacuum imaging requiring 

removal of any liquid in the system limit the ability to use these methods to determine 

dynamic temperature induced changes in these systems. Instead, small angle x-ray 

scattering (SAXS) experiments which can be conducted at ambient conditions using 

aqueous dispersions were carried out on a variety of samples. Finally, in situ variable 

temperature SAXS measurements were used to follow temperature induced changes 

during the gel formation. 

 

I. Neat Laponite dispersions 

The SAXS scattering profiles for aqueous Laponite dispersions at different 

concentrations are shown in Figure 4.5 and demonstrate two distinct behaviors as a 

function of the scattering vector, q. At intermediate and high values of q (q > 0.2nm-1), 

the scattering intensity, I(q), decays as a function of q-2 for all Laponite concentrations 

measured, a behavior consistent with the expected scattering from a dispersion of thin 

disk shaped particles with random orientation 35, 36. At low q-values (< 0.2nm-1), I(q) no 

longer follows q-2 with increasing concentration; instead the slope at small q-values 

exhibits a significant change consistent with particle aggregation suggesting structural 

arrangement and large scale organization 27, 37.  
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Figure 4.5 Room temperature SAXS plots for three different Laponite concentrations in water. 

The solid line is the calculated form factor, P(q), for a disk shaped particle with radius ~13nm and ~2nm 
thickness indicating that even at 1wt% concentration, Laponite particles exist as stacks of at least two 

individual particles. (inset) Low q scattering shows deviation from q-2 behavior as concentration increases. 

 

II. Thermo-responsive behavior of pure F127 

As shown earlier in Figure 4.3 and Figure 4.4, neat F127 exhibits a bulk change in 

viscosity indicating gel formation at high enough concentrations. The temperature 

dependent gelation is known to occur via aggregation and micellization as well as 

collapse of the PEO segments due to decreased solubility at high temperature. To 

investigate this behavior, first, the thermal response of neat F127 solutions heated from 

0oC to 60oC at 2oC/min was investigated. In addition to the in situ variable temperature 

SAXS measurements, samples were also lyophilized to directly image the room 

temperature structure and correlate the internal structure to the liquid and gel states as a 

function of sample concentration. These results are summarized in Figure 4.6. 

 

3wt% 

2wt% 

1wt% 
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At room temperature, in the low concentration regime (~3.6wt% F127), the aqueous 

dispersion typically exist as low viscosity liquids as a result of free PEO-PPO-PEO 

molecules. As the F127 concentration increases to 10wt%, the room temperature 

viscosity shows a corresponding increase although the dispersions maintain a fluid state. 

At higher F127 concentrations, free molecules coexist with micelles formed by 

aggregation of F127. The increase in viscosity is a result of inter-micellar interactions at 

the higher concentrations. When F127 concentration is further raised to 25wt%, aqueous 

F127 turns into a self-supporting gel at room temperature. This gel formation occurs as a 

result of higher micelle concentration such that steric interactions occur resulting in 

micelles arranged in a quasi-crystalline cubic lattice.  

 

SEM images of samples prepared at room temperature and lyophilized are shown in 

Figure 4.6 (middle row) and confirm the increase in local order of aqueous F127 at room 

temperature with increasing concentration. As shown here, 3.6wt% F127, no evidence of 

ordering was apparent. Increasing concentration to 10wt% F127 produces a layered 

morphology while further increase to 25wt% F127 yields a relatively well-ordered porous 

structure.  

 

In all cases, in situ SAXS data monitoring temperature induced changes show significant 

structural rearrangement. These spectra are shown in the bottom row of Figure 4.6. At 

low F127 concentration of 3.6wt% shown in Figure 4.6 (a), an increase in scattering 

intensity at low q-vector was observed when temperature was raised and is attributed to 

the formation of micelles as the F127 molecules aggregate such that the scattering objects 

change from extended chains into globular structures. At 10wt% F127 concentration, a 

broad peak is observed at q ~0.32nm-1 and is attributed to the formation of a liquid cubic 

crystalline lattice with some disorder. As the concentration is further increased to 25wt%, 

this broad peak becomes sharper and more distinct indicative of increased order within 

the sample. The overall structure at each concentration was found to be consistent with 

prior SANS reports by Hecht and Hoffman 41 as well as Hammouda et al. 42-44. 
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Figure 4.6: Summary of concentration and temperature effects on pure F127 solutions.  

Top: Summary of physical appearance at RT. Middle: SEM of lyophilized samples prepared at RT. As shown here, increasing F127 concentration results in a 
transition from no order (3.6wt%) to well-ordered porous structure (25wt%).Bottom: In situ SAXS as a function of F127 concentration. As concentration 

increases, the samples become more ordered with well-defined peak indicating liquid crystalline ordering.  
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III. Mixed Laponite/F127 dispersions 

Figure 4.7 shows the in situ SAXS spectra collected for different compositions of 

aqueous F127 and Laponite dispersions. In all cases, the presence of the Laponite 

nanoparticles, even at very low concentrations, results in a significant increase in the 

overall background scattering and a profile typical of pure Laponite dispersions as 

illustrated in Figure 4.5 was obtained. In all cases, the scattering from Laponite 

nanoparticles dominates the collected spectra due to the higher electron density of the 

inorganic nanoparticles. 

 

The results shown in Figure 4.7 are summarized as follows for each composition: 

a) 0.7wt% Laponite + 6.8wt% F127: As shown in Figure 4.7(a), in the presence of 

the Laponite in the dispersion, little to no change was observed in the scattering 

profile between temperatures of 0oC and 60oC. 

b) 0.7wt% Laponite + 17wt% F127: As the concentration of F127 was increased 

from 6.8wt% to 17wt%, a small peak appeared at q~0.311nm-1. At 17wt% F127, 

the neat dispersions typically form a self-supporting gel similar to 25wt% F127 

discussed in the previous section (Figure 4.6). Consequently, a strong temperature 

dependent peak corresponding to micelle ordering is expected, consistent with the 

peak shown for both neat 10wt% and 25wt% F127 dispersions shown in Figure 

4.6. However as illustrated in Figure 4.7(b) here, with the addition of the Laponite 

into the system, this peak intensity is strongly suppressed (dotted line shows the 

peak position) due to stronger scattering from the inorganic Laponite 

nanoparticles. 

c) 3.6wt% F127 + 1wt% or 3wt% Laponite: In the case of 3.6wt% F127 

dispersions with either 1wt% or 3wt% Laponite shown in Figure 4.7(c) and (d), 

scattering from Laponite nanoparticles again completely dominates the spectra 

and no apparent changes occur with changing temperature. At 3wt% Laponite, the 

scattering I(q) at small q increases with increasing temperature indicating the 

likely occurrence of aggregation or clustering of the particles into larger features.  
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However, this cannot be fully resolved due to the accessible q-range for SAXS 

experiments conducted at Beamline X10A (Brookhaven National Labs, NSLS I). 
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Figure 4.7 In situ temperature dependent SAXS for different Laponite/F127 dispersions. 

(a) 6.8wt% F127 with 0.7wt% Laponite (b) 17wt% F127 with 0.7wt% Laponite (c) 3.6wt% F127 with 
1wt% Laponite (d) 3.6wt% F127 with 3wt% Laponite. At higher F127 concentration of 17wt% as shown in 
(b) the presence of Laponite also appears to suppress crystalline ordering of the micelles. Inset in (d) shows 

changes at low q vector.  
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IV. Quantifying temperature induced changes in F127-Laponite from SAXS 

As described in Chapter 2, scattering contributions during SAXS experiments depend on 

the electron density of the scattering material. In this case, Laponite has a much higher 

electron density than F127 and the Laponite scattering contribution can dominate the 

collected spectra even at low Laponite content. To quantify the structural changes taking 

place, the data analysis was conducted using two different methods depending on the 

Laponite concentration in the dispersion (low vs. high).  

 

A. Low Laponite concentration regime (0.7wt%) 

In the low concentration regime, the scattering profile from a neat Laponite dispersion 

can be modeled using only the form factor, P(q), consistent with negligible inter-particle 

interactions between nanoparticles in a dilute suspension.  
 

  (4.1) 

where Δρ = electron density difference between Laponite and medium (in this case H2O), 

α = angle between scattering vector, q, and face of scattering particle, T = thickness of 

particles, Rp = radius of particles, and Vp = volume of scattering particle.  

 

As seen in Figure 4.7 (a) and (b), in the presence of as little as 0.7wt% added Laponite, 

the scattering profile becomes heavily dominated by the particle scattering. Prior work 

using contrast matched SANS by Nelson et al. 18-20 has shown that Laponite/F127 

interactions occur via the adsorption of F127 molecules onto the nanoparticle surface. 

The shape of the F127 coated Laponite particle can then be approximated as a simple 

core-shell structure consisting of a Laponite core and polymer shell shown schematically 

in Figure 4.8. 
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Figure 4.8 Schematic of Laponite/F127 core-shell structure.  

(a) Laponite particle coated with F127 molecules and (b) example of core shell cylinder and dimensions for 
data fitting. 

 

Since the dilute particle scattering contribution, I(q)dil, can be measured separately and 

described simply as a function of the shape of the Laponite particle such that I(q)dil α 

P(q)lap, the scattering from the shell can be determined by subtracting P(q)lap from the 

overall I(q). At low temperature, the form factor then becomes that of a core-shell 

cylinder as described in equation 4.2 below 

 

  (4.2) 

 

The first term in equation 4.2 then accounts for the particle at the core of the cylinder 

while the second term accounts for the shell layer scattering. Here, Δρ1 = electron density 

difference between Laponite and F127, Δρ2 = electron density difference between water 

P(q)𝐶𝐶𝐶𝐶 ∝ �∆ρ1. Vc.
sin �qT𝑐𝑐(cosα)

2 �

�qT𝑐𝑐(cosα)
2 � 

.
2J1[qR𝑐𝑐sinα]

[qR𝑐𝑐sinα] �

+  + �∆ρ2. Vcs .
sin �q(T𝑐𝑐 + 2∆T)(cosα)

2 �

�q(T𝑐𝑐 + 2∆T)(cosα)
2 � 

.
2J1[q(R𝑐𝑐 + ∆R)sinα]

[q(R𝑐𝑐 + ∆R)sinα] �
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and F127 shell, ΔT = increase in thickness, ΔR = increase in radius and Vcs = volume of 

core shell cylinder.  

 

By subtracting the particle contribution and background scatteringI from the overall 

sample scattering, equation 4.2 reduces to the scattering contribution corresponding to a 

core-shell cylinder with a hollow core. The temperature dependent spectra for 0.7wt% 

Laponite with 6.8wt% F127 and 17wt% F127 generated after subtracting scattering from 

0.7wt% Laponite are shown in Figure 4.9. This procedure enhances the spectral 

differences between each temperature shown for the different polymer concentrations 

which are otherwise non-obvious (Figure 4.7(a) and (b)). In both cases, the dispersions 

exhibit little to no order at low temperatures (evidenced by the lack of defined peaks) 

although increasing temperature results in clear spectral changes.  

 

At the higher polymer concentration of 17wt%, the long range inter-micelle interaction 

peak at q=0.311nm-1 becomes more apparent as the temperature is raised to 60oC. Figure 

4.9(c) shows a direct comparison between the room temperature (28oC) SAXS scattering 

profiles from aqueous F127 at concentrations of 6.8wt% and 17wt%; the arrow indicates 

the stronger correlation peak evident at 17wt% F127 concentration.  

 

Since F127 undergoes aggregation, micelle formation as well as collapse of the 

hydrophilic PEO chains 40-44, the core-shell cylinder model described by equation 4.2 was 

applied to the data using a least squares regression method in SasView II. In the case of 

the 17wt% F127 due to higher polymer content, a hard sphere interaction parameter 

                                                 

 

 

IObtained by separately collecting SAXS spectra from 0.7wt% Laponite dispersions 

II This work benefitted from SasView software, originally developed by the DANSE project under NSF 
award DMR-0520547. Data fitting with the core - shell model was done using a built in model in SASView 
software package (http://www.sasview.org/) and a least squares regression for q = 0.22 – 0.8nm-1. The core 
scattering was set equal to the background to account for a hollow core.  

http://www.sasview.org/
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between scattering objects was also included in the calculation. The model fit assumes a 

uniform shell thickness around the particle and the results are discussed below. 

 

Figure 4.10(a) depicts an example of the fit results obtained using a core-shell cylinder 

model with a hollow center for 17wt% F127 at room temperature while Figure 4.10(b) 

summarizes the fit results for both concentrations and temperatures. The core radius 

which corresponds to the size of the particle at the center of the core-shell scattering 

particle remained constant at ~12-13nm for all temperatures probed. The core thickness 

was extracted and found to be constant at ~2nm for all temperatures and both F127 

polymer concentrations used providing additional evidence that the inorganic Laponite 

particle size does not undergo changes during heating. The values for the core dimensions 

correspond to a particle diameter of ~26nm corresponding to 2 particles stacked together 

at the center of each core-shell cylinder, indicating incomplete platelet separation.  

 

 



 

74 

 

 
Figure 4.9 Variable temperature SAXS spectra after removing 0.7wt% Laponite scattering 

contribution. 

(a) 6.8wt% F127 and (b) 17wt% F127 after spectral subtraction to remove the particle scattering 
contribution with the curves vertically offset for clarity. Panel (c) illustrates a direct comparison between 
6.8wt% F127 and 17wt% F127 at 28oC with the arrow showing the peak arising from long range structure 

at higher F127 structure 

(a) 
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Figure 4.10 Fit results using a core-shell cylinder model.   

(a) Example of least squares core shell model fit (green line) to room temperature scattering for 17wt% 
F127 (blue line with symbols). (b) Summary of fit results showing changes in the core radius (open 

symbols) and overall dimension of core-shell cylinder (solid symbols). The lines are meant as a guide and 
in both cases, the error bars are smaller than data points. 

(a) 
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From the model fits, the overall size of the core-shell particle exhibits an overall decrease 

as the temperature is raised with an overall reduction in cylinder length from ~8.5nm to 

~5nm with 17wt% F127 while aqueous 6.8wt% F127 solutions exhibit a change in 

cylinder length from ~6.5nm to ~5nm. Since the scattering cylinder depends on the 

Laponite particles with an adsorbed F127 shell, and the Laponite particle does not change 

with temperature, the overall size and shape of the scattering object then depends on the 

size of the F127 shell. Hence, the decrease in cylinder length indicates that the surface 

adsorbed F127 molecules undergo significant changes with increasing temperature. Since 

prior work has demonstrated that the PPO midblock adsorbs directly onto the Laponite 

faces, the change in shell thickness indicates that the PEO side blocks in the F127 

molecules collapse and shrink as temperature increases.  

 

From these fits, the average F127 polymer shell thickness was found to be on the order of 

2-4nm, a value consistent with prior data from Nelson and Cosgrove using contrast 

matched SANS to determine an adsorbed layer thickness of 2.83-3.78nm 18. The low 

temperature F127 shell thickness was found to be larger at higher F127 concentration and 

this is attributed to a larger number of free molecules likely present in the solution at 

17wt%. Interactions and entanglements between these free molecules and the adsorbed 

chains can then lead to an overestimate of the shell thickness. The temperature dependent 

changes in shell thickness reported here are consistent with prior reports on the 

dehydration of the PEO block as temperature rises. This decrease in polymer thickness 

around the particles no longer effectively shields the inter-particle interactions such that 

the particles are able to interact with each other to form large scale aggregates big enough 

to scatter light visually. The particle aggregation also increases the sample viscosity 

resulting in cloudy gel seen in Figure 4.2.  Figure 4.11 shows a schematic illustration of 

this temperature induced liquid to gel transition. 
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Figure 4.11 Schematic of changes in structure during thermal gel formation. 

 

B. High Laponite concentration regime (3wt%) 

For higher Laponite concentration dispersions, the particles are able to interact with each 

other and a structure factor contribution, S(q), is present in the overall scattering intensity 

profile. Consequently, the collected data can no longer be analyzed by simply subtracting 

the low concentration scattering. Instead, an experimental structure factor, S(q)expt 
38, 39

, 

can be used to describe the structural changes. Here, equation 4.3 shown below can be 

used to extract S(q)expt which can be plotted as a function of temperature. 

 

 (4.3) 

 

Figure 4.12 depicts the changes in S(q)expt with increasing Laponite concentrations at 

room temperature using the data shown previously in Figure 4.5.  As indicated here, a 

𝐶𝐶(𝑞𝑞)𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =  
𝐼𝐼(𝑞𝑞)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝐼𝐼(𝑞𝑞)𝑑𝑑𝑑𝑑𝑑𝑑  

=  
𝐼𝐼(𝑞𝑞)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑃𝑃(𝑞𝑞)  .

𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑
𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
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peak in the structure factor curve is observed and the peak position shifts to higher q 

when Laponite particle concentration increases. These changes are consistent with 

calculated structure factor distributions reported by Ruzicka et al. for neat Laponite 

dispersions13 and peak position is attributed to a characteristic spacing, D*, between 

scattering clusters in the sample given by: 

   

 (4.4) 

In the case of Laponite, these scattering clusters can consist of individual particles or 

several particles arrested in close proximity to each other as shown in the TEM images 

from Figure 3.13. The shift to higher q with increasing concentrations indicates that the 

clusters are closer to each other (30nm apart at 2wt% vs. 27.4nm apart at 3wt%). The 

values obtained are in good agreement with prior work on Laponite solutions containing 

large scale aggregates 13, 18, 39. 

 

 
Figure 4.12 Experimental structure factor in neat Laponite dispersions. 

 

𝐷𝐷∗ = 2𝜋𝜋/𝑞𝑞𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝  
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Figure 4.13 summarizes the change in the characteristic spacing obtained from S(q)expt 

plots for a dispersion containing 3.6wt% F127 and 3wt% Laponite as a function of 

temperature. As expected, the characteristic spacing exhibits a measurable decrease from 

~27nm to ~24nm as temperature was raised up to 70oC providing evidence for the 

formation of aggregated clusters. This is again consistent with the existence of extended 

PEO chains from the F127 side-arms at low temperature while the fast drop in spacing to 

~25nm observed at 30oC supports micelle formation via polymer aggregation and 

depletion (Figure 4.6).  

 

The slower rate of decrease in the spacing D* as temperature rises to 60oC is consistent 

with potential dehydration and subsequent collapse in the PEO chain keeping the 

scattering centers apart. The larger error bars obtained at high temperature occur as a 

result of peak broadening of S(q)expt. This peak broadening is a characteristic feature of a 

glassy network within the gel where the clusters are under dynamic arrest and has been 

demonstrated in several natural clays underdoing the sol-gel transition with increasing 

concentration 46.  

 

 
Figure 4.13 Temperature dependent characteristic spacing.for 3wt% Laponite with 3.6wt% F127.  

(The dotted line is drawn as a guide) 
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4.5. Conclusion 

The work presented in this chapter shows that a well-defined thermally reversible liquid 

to gel phase transition occurs in both neat aqueous F127 and in different formulations 

containing both Laponite and F127. This phase transition was studied using both 

rheology and small angle x-ray scattering (SAXS) at room temperature as well as under 

variable temperature conditions. 

 

At concentrations of 10wt% and 25wt%, liquid crystal structure and ordering as well as 

bulk gel formation was observed and attributed to micelle formation and subsequent 

interactions of these micelles with each other. As concentration of F127 decreases to 

3.6wt%, the corresponding micelle concentration also decreases such that gelation no 

longer occurs at the low F127 concentrations. Subsequent addition of Laponite 

nanoparticles to aqueous F127 was found to have a significant effect on the thermal 

response of these dispersions.  

 

At 3.6wt% F127, the addition of Laponite nanoparticles favors the formation of a thermal 

gel in the mixed dispersion; increasing the concentration of Laponite decreases the 

gelation onset temperature. However, for concentrations of 10wt% and 25wt% F127 

which undergo thermal gelation in the neat state, the addition of Laponite instead caused 

a delay in the onset of gelation. Based on these effects, we determine that the presence of 

nanoparticles is required for network formation and subsequent gelation in the case of 

dilute F127 solutions well below the micellar gel forming concentration while at higher 

F127 concentrations the Laponite particles likely act as defects preventing effective 

micelle formation. Further, the difference in behavior indicates that the gels created likely 

have a different structural arrangement. In the presence of Laponite, at low F127 

concentrations, gels likely form via particle aggregation and rearrangement; on the other 

hand, at high F127 concentration, the micellization of free F127 and subsequent 

interactions of these micelles dominate the gelation process.   
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Results from the in situ variable temperature SAXS experiments clearly demonstrate the 

changes and ordering in neat F127 at the three concentrations. Upon adding Laponite 

particles, the temperature dependence of the aqueous dispersions was no longer evident. 

Furthermore, the characteristic peak at q ~0.311nm-1 for the micelle interactions was 

suppressed indicating decreased micelle ordering and reduced liquid crystalline order. 

Data analysis at low particle concentration showed that the adsorbed polymer shell 

thickness decreased as temperature was raised. Finally, by plotting the experimental 

structure factor parameter, S(q)expt, from the collected I(q) scattering data, the 

characteristic spacing, D*, between scattering clusters was obtained. The data indicates 

that D* decreases with temperature and confirms aggregation of particles into clusters as 

the temperature was raised.  

 

The results presented in this chapter are a first demonstration of the changes in both the 

F127 shell thickness and the decrease in characteristic cluster spacing with temperature 

determined using in situ variable temperature synchrotron SAXS measurements.  
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APPENDIX 4-A: Details of log –Boltzmann Sigmoidal mathematical fit 

Overview of log Boltzmann sigmoidal fit to quantify thermogel formation. 

A log-Boltzmann sigmoid model was applied to the temperature dependent 

rheology data to quantify the gelation kinetics of the F127 containing samples. Equation 

4-A describes the model fit used where t0 denotes the inflection temperature, the 

temperature at which the complex viscosity has reached halfway between its initial and 

final values. Figure 4-A illustrates a representative Boltzmann sigmoid curve and 

illustrates the four relevant fitting parameters: η0, ηf, t0, and Δt. 

  (Equation 4-A) 

 

Figure 4- A Schematic of the log Boltmann sigmoidal model curve showing the relevant parameters. 
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CHAPTER 5 

5. In situ photogelation kinetics of Laponite nanoparticle-based photorheological 

dispersions 

5.1 Chapter summary 

Chapters 3 and 4 focused on the thermoresponsive behavior of F127/Laponite aqueous 

dispersions and showing that this response can be characterized at the bulk scale as well 

as at the microstructural levels. While the thermal response described in Chapter 4 has 

several advantages such as reversibility as well as a large tunable space by simply 

formulating dispersions appropriately, the need to apply heat can have limitations on 

potential applications where liquid to gel phase transitions and irreversible changes at 

constant temperature is needed. The current chapter explores the use of UV light to tune 

the gelation of F127/Laponite systems using a formulation based approach where a UV 

light activated reaction triggers gel formation. This chapter looks in particular at 

understanding the factors that affect the UV induced photogelation kinetics utilizing a 

commercially available photo-acid generator. 

 

5.2 Introduction 

Over the past decade, there has been increasing interest in stimuli-responsive fluids and 

other materials, whose properties can be influenced by external factors including electric 

fields, magnetic fields and, of increasing interest, light 1-7. Stimuli responsive fluids 

where exposure to different wavelengths of light produces a change in viscosity are 

referred to as photorheological (PR) fluids 8 and have generated a large amount of interest 

due to a myriad of possible applications in flow sensors and microfluidic devices 9.

 

The main challenge in developing PR systems has been the synthesis of novel light 

sensitive molecules 10-12 as evidenced by the work of Wolff et al. on the photorheological 
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effects in micelle solutions based on light sensitive anthracene derivatives 8 and by Sakai 

et al. on azobenzene modified cationic surfactants to produce reversible changes in 

viscosity using light 2. In recent years, development of PR fluids requiring less involved 

synthesis has generated more interest in this field. In the last decade, there have been 

reports on a series of photogelling system formulations including zwitterionic worm-like 

micelles 13, cationic surfactant solutions with a photosensitive acid or salt 9, as well as 

dispersions containing synthetic nanoparticles combined with a surfactant and 

photoactive acid generator 14. 

 

While the dynamic driving force for gel formation in these nanoparticle-based PR 

systems has been established as a structural rearrangement of the dispersion components, 

little is known about the kinetics of gelation. To further understand and explore these 

systems, we have conducted a set of in situ photorheological experiments focusing on a 

Laponite-containing PR fluid recently reported by Sun et al. 14. 

 

The nanoparticle-based PR fluid dispersion in this work consists of Laponite 

nanoparticles formulated with F127 as well as a commercially available photoactive acid 

generator (PAG), diphenyliodonium-2-carboxylate monohydrate. The PAG is the 

photoactive component and, upon UV irradiation, undergoes photolysis to generate 

benzoic acid and iodobenzene reducing the pH from ~9 to ~7. According to the proposed 

photogelling mechanism 14, the photolysis of the PAG causes the F127 desorb from the 

surface of the Laponite particles while the pH drop induces the generation of surface 

charges on the Laponite nanoparticles 18, 19. To minimize electrostatic repulsions, the 

Laponite nanoparticles rearrange in an edge to edge or face to edge structure within the 

solution and producing a gel (Figure 5.1).  
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Figure 5.1 Schematic of photogelation mechanism (adapted from Sun et al.14) 

 

The rest of this chapter focuses on further understanding the gelation mechanism and 

interactions within the system with a particular emphasis on the kinetics leading to gel 

formation. The primary goal of the current chapter is to understand gelation kinetics and 

establish a foundation for future intelligent design of Laponite nanoparticle-based PR 

fluids. 

 

5.3 Experimental Methods 

Formulation: Dispersions of Laponite and F127 were prepared in d-H2O as described in 

Chapter 3. To prepare the formulations for photorheology studies, desired amounts of the 

PAG were then added to achieve final solution compositions spanning 0-10wt% F127, 0-

4wt% Laponite and 5-20mM PAG. To ensure complete dissolution of both F127 and 

PAG as well as uniform distribution of Laponite nanoparticles, all dispersions were 

stirred overnight prior to use. All samples containing the PAG were isolated from 

ambient light to preserve the integrity of the chemical compound. 

 

DSC: Differential scanning calorimetry (DSC) was performed using a Q2000 series DSC 

(TA instruments, DE) and hermetically sealed aluminum pans to suppress evaporation 

endotherms. Different formulations were investigated both before and after UV 
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irradiation. 10 mg of sample was placed into a DSC pan and hermetically sealed. To 

determine the effect of UV exposure on the dispersions, DSC pans containing the 

dispersions were exposed to UV at an intensity of 150mW/cm2 for 10min. The UV 

treated pan was then weighed again to account for possible evaporation during the 

irradiation process followed by hermetic sealing. In all cases, UV exposure was found to 

cause less than 0.2mg of mass loss attributed to evaporation of water. All DSC 

experiments were carried out at a heating rate of 5oC/min from 0oC to 80oC.  

 

Photorheology: Rheometry measurements were conducted on an ARES rheometer (TA 

Instruments, DE) in parallel plate geometry. For each formulation, initial complex 

viscosity measurements were carried out using a dynamic frequency sweep test between 

1-15 rad/s at 0.05 rad/s increments.  A PhotoCuring Accessory (TA instruments, DE) 

equipped with a high pressure mercury lamp (λ = 320-500nm) was fitted to the ARES 

rheometer and a transparent acrylic plate was used as the top plate for in situ 

photorheology experiments. To ensure constant UV intensity during the experiments, the 

lamp was turned on at least 30 minutes prior to calibrating the intensity at the sample 

surface. Variation in UV intensity across the sample surface was no greater than 10% as 

determined by calibration measurements at five different locations. All experiments were 

conducted with a gap size of < 1.2mM to ensure uniform UV exposure throughout the 

sample and minimize the effect of thickness variations on the absorption of UV light. 

 

Experiments investigating the effect of dispersion formulations on gelation behavior were 

conducted at constant UV intensity of 150mW/cm2. Separately, the effect of UV intensity 

on the photogelation kinetics was explored for fixed sample composition by varying the 

intensity measured at the sample surface between 100-150mW/cm2. Oscillatory shear 

tests were conducted at fixed strain of 5% and frequency of 10rad/s to monitor the 

evolution of the complex viscosity under minimal sample deformation. Initiation of UV 

exposure occurred 60 seconds after the onset of data collection. All experiments were 

conducted at ambient conditions to eliminate temperature effects. An additional dynamic 

frequency sweep was conducted at the end of the photogelation process to confirm that 
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the shear test parameters of 5% strain and 10rad/s were within the linear viscoelastic 

regime of the final gel produced. 

 

Structure analysis: To determine the effect of both PAG addition and UV irradiation on 

the microstructure, SEM images of lyophilized samples with the PAG were analyzed 

before and after irradiation. Temperature dependent SAXS experiments as described in 

Chapter 4 were also conducted on irradiated samples to determine the thermal stability of 

the photo gel. Samples for SAXS were prepared as described previously; to prepare gels, 

the dispersions were loaded into the metal washer followed by UV irradiated to form the 

gel phase prior to being sealed. 

 

5.4 Results  

5.4.1 Effect of composition and UV exposure on calorimetric behavior 

Differential Scanning Calorimetry (DSC) has been widely used to investigate the 

micellization in a variety of Pluronic materials 21-25. Several groups have investigated the 

influence of various particles on the micellization of these block copolymers. Lin and 

Alexandridis 26 probed the adsorption of F127 onto carbon black particles while De Lisi 

et al. 27 studied the effect of Laponite particles in both homopolymer and several 

commercially available triblock copolymers. Boucenna et al. 28 recently reported that the 

addition of low concentrations of Laponite (1-4wt%) to a 17wt% F127 solution has little 

to no effect on the micelle formation of the F127 solution. In each of these studies, the 

surfactant concentration investigated was >10 %. The current study probes the effect of 

sample composition as well as UV treatment on the micelle formation in complex 

solutions at F127 concentration of less than 10wt%. 
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Figure 5.2 Representative DSC thermograms. 

The data illustrates changes in the micellization endotherm as a function of sample composition and UV 
exposure. (Gel system = 3.6wt% F127, 3wt% Laponite and 13mM PAG, No Laponite = 3.6wt% F127 and 

13mM PAG and No PAG = 3.6wt% F127 and 3wt% Laponite) 

 

Figure 5.2 shows DSC thermograms obtained for different compositions before and after 

UV exposure. The presence of Laponite and/or PAG in the aqueous F127 solutions was 

found to affect the thermodynamics of F127 micelle formation as evidenced by the 

changes observed in the micellization endotherm. To quantify the DSC results, the 

temperature for the onset of micellization, TOM, and the total enthalpy change, ΔH, during 

micelle formation were compared both before and after UV exposure. The results are 

summarized in Table 5.1. 
 

 
EXO up 
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Sample composition Calorimetric data 

F127 (wt%) Laponite (wt%) PAG (mM) TOM (oC) ΔH (J/g) 

1.8 

0 0 

24.8 ± 2.00 0.54 ± 0.19 

3.6 23.0 ± 1.80 1.09 ± 0.29 

5.4 21.3 ± 0.15 1.59 ± 0.40 

7.2 19.9 ± 0.12 2.62 ± 0.24 

10 18.4 ± 0.01 3.28 ± 0.00 

3.6 

0 

13 

22.0 ± 0.55 0.68 ± 0.30 

1 19.7 ± 0.47 0.65 ± 0.11 

2 23.1 ± 0.85 0.27 ± 0.14 

3 20.9 ± 0.45 0.37 ± 0.13 

4 No discernible micelle peak 

3.6 3 

0 24.0 ± 0.78 0.973 ± 0.15 

5 25.5 ± 0.37 0.575 ± 0.17 

13 20.9 ± 0.45 0.373 ± 0.13 

20 No discernible micelle peak 

After UV exposure for 10 min @ 150mW/cm2 

3.6 3 13 24.3 ± 0.50 0.309 ± 0.05 

3.6 3 0 24.2 ± 2.30 0.303 ± 0.03 

3.6 0 13 23.0 ± 0.03 2.10 ± 0.09 

  
Table 5.1 Summary of effect of additives on thermal behavior of the dispersions.  

TOM represents the temperature for the onset of micellization while ΔH is the micellization enthalpy. 

 

 

The results summarized in Table 5.1 clearly show that addition of Laponite and/or PAG 

to a 3.6wt% F127 solution causes a significant drop in the enthalpy of micellization, ΔH, 

from ~1.09J/g for pure F127 to as little as 0.373J/g in the presence of 3wt% Laponite and 

13mM PAG. As the concentration of Laponite and PAG was further increased to 4wt% 

and 20mM respectively, the micellization endotherm is completely suppressed. The 

distinct and measurable difference in the ΔH caused by the presence of these additives is 
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attributed to the subsequent lower concentration of F127 used in this work.  The 

suppression of the micellization endotherm in Figure 5.2 and Table 5.1 is attributed to the 

interactions of the additives with the F127 molecules. Upon the addition of Laponite 

nanoparticles, the surfactant molecules in solution can adsorb onto the nanoparticle as 

well as interact with the PAG molecules to help stabilize the dispersions.  

 

The adsorbed molecules are no longer free to interact with other solubilized F127 

molecules in solutions and cannot contribute to the temperature-induced micellization of 

F127 monitored via DSC as described in Chapter 3. At the higher surfactant 

concentrations previously investigated by De Lisi et al. 27 (> 10wt% F127), this depleted 

fraction of F127 is negligible relative to the total number of molecules in solution and the 

micellization endotherm appears unaffected. Consequently, any change in the enthalpy of 

micelle formation was not detected. At 3.6wt% F127 investigated in the current study, 

F127 depletion via interactions with Laponite plays a much more important role and 

results in a significantly lower number of F127 molecules available for micelle formation 

which can explain the observed suppression of the micellization endotherm analogous to 

a lower micelle concentration. 

 

Since gelation of the PR fluid formulation occurs after UV exposure, DSC was carried 

out on a series of samples after UV-induced gelation. For a given composition, UV 

exposure caused the onset of micellization to occur at slightly higher temperatures. A 

significant decrease in the enthalpy associated with micelle formation was observed for 

samples containing Laponite indicating a further suppression of micelle formation after 

UV exposure. In the absence of Laponite particles, surprisingly the enthalpy associated 

with micelle formation for a 3.6wt% F127 and 13mM PAG solution showed an increase 

from 0.681J/g prior to UV exposure to 2.10J/g after UV exposure. We attribute this 

behavior to the presence of relatively hydrophobic iodobenzene after UV photolysis of 

the PAG. The endotherm associated with micelle formation in Pluronic block copolymers 

has been attributed to the desolvation of the hydrophobic PPO blocks 29, the increase in 

enthalpy after UV photolysis of the PAG is likely due to the higher concentration of 
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hydrophobic components in the aqueous dispersion in the form of iodobenzene 

encapsulated within the PPO-rich micelle cores. 

 

5.4.2 Effect of solution formulation and UV intensity on gelation kinetics 

Photogelation of the F127, Laponite and PAG containing dispersion formulation is a 

multi-step process involving (a) photolysis of the PAG, (b) desorption of the Pluronic 

F127 from the surface of the Laponite nanoparticles, and (c) reorganization of the 

dispersed Laponite nanoparticles into a house of cards network to form the gel state. 

Each of these steps is time-dependent and can have a significant effect on the gelation 

kinetics. A series of experiments were conducted surrounding a dispersion formulation of 

3.6wt% F127, 3wt% Laponite and 13mM PAG to investigate the effect of solution 

composition on the gelation behavior. Since the PAG is the primary UV active 

component of the system, in situ photorheology at a fixed sample composition but 

different UV intensity (100-150mW/cm2) was also performed to probe the effect of PAG 

photolysis. 

 

Figure 5.3 below shows a summary of the results obtained when each component within 

the formulation is varied independently ((a)-(c)) as well as when the UV intensity is 

varied at constant formulation composition (Figure 5.3 (d)). Figure 5.3 tracks the 

evolution of the complex viscosity as a function of time while Figure 5.4 shows the 

behavior for the storage and loss moduli (G’ and G” respectively) during the gelation 

process. 
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Figure 5.3 Summary of in-situ photogelation kinetics showing changes in complex viscosity.  

Results are shown as a function of dispersion formulation. Effect of (a) PAG concentration (5-20mM) with 
3.6wt% F127 + 3wt% Laponite (b) F127 concentration (1.8-7.2wt%) with 3wt% Laponite + 13mM 

PAGand (c) Laponite concentration (0-4wt%) with 3.6wt% F127 + 13mM PAG. (UV intensity = 150 
mW/cm2) (d) Effect of UV intensity on photogelation kinetics for a dispersion containing 3.6wt% F127, 

3wt% Laponite and 13mM PAG. The graphs illustrate the change in the complex viscosity of the system as 
a function of time while under UV illumination. 
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Figure 5.4 G’ (open) and G” (filled) profiles as a function of UV exposure time. 

Left: Effect of changing F127 concentration (top: 1.8wt%, middle: 5.4wt% and lower: 7.2wt%) with 3wt% 
Laponite and 13mM PAG; Right: Effect of changing Laponite concentration with 3.6wt% F127 and 13mM 

PAG (top: 2wt%, middle: 3wt% and lower: 4wt%). 
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5.4.3 Quantifying kinetics of gelation via photorheological studies 

While the complex viscosity evolution with time shows the effect of UV on the gelation, 

further quantification of the reaction kinetics was achieved by applying a log-Boltzmann 

sigmoidal fit, described by Equation 5.1, to the data.  

log 𝜂𝜂∗(𝑒𝑒) = log�𝜂𝜂𝑓∗� +
log(𝜂0∗)−log�𝜂𝑓

∗�

�1−𝑒
4(𝑡−𝑡0)

Δ𝑡 �
    (5.1) 

where 𝜂𝜂0∗  and 𝜂𝜂𝑓∗  are the measured viscosities before illumination (initial viscosity) and 

after network formation at long times of illumination (final viscosity) respectively. t0 

corresponds to the time necessary for log η*(t) to reach a value midway between log (𝜂𝜂0∗) 

and log (𝜂𝜂𝑓∗ ) while Δt describes the period associated with the sigmoidal transition region 

as complex viscosity toggles from 𝜂𝜂0∗  to 𝜂𝜂𝑓∗  30-33. 

 

 As Δt gets smaller, the time to achieve final viscosity also decreases; Δt can 

therefore be used as the characteristic gelation time within the log-Boltzmann sigmoid 

model. The results obtained from the fits for each data set is summarized in  

Table 5.2 and Table 5.3 respectively. 
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Solution Composition Log-Boltzmann Sigmoidal Fit Parameters 

F127 

(wt%) 

Laponite 

(wt%) 

PAG 

(mM) 

𝛈𝛈𝟎𝟎∗   

(Pa-s) 

𝛈𝛈𝒇𝒇∗   

(Pa-s) 

to 

(s) 

Δt/4 

(s) 

1.8 

3 13 

3.39 x 10-3 178.0 ± 1.3 295 ± 24 41.9 ± 3.7 

3.6 8.32 x 10-3 79.4 ± 1.5 438 ± 93 58.7 ± 9.6 

5.4 4.68 x 10-3 70.8 ± 1.6 417 ± 51 55.4 ± 10.2 

7.2 7.41 x 10-3 67.6 ± 1.1 350 ± 8 47.4 ± 2.3 

3.6 

2 

13 

2.09 x 10-3 66.1 ± 1.0 386 ± 25 51.1 ± 1.9 

3 8.32 x 10-3 79.4 ± 1.5 438 ± 93 58.7 ± 9.6 

4 2.40 x 10-1 83.2 ± 1.6 355 ± 109 23.1 ± 6.7 

3.6 3 

5 5.62 x 10-3 17.4 ± 1.4 1960 ± 150 167.0 ± 24.0 

13 8.32 x 10-3 79.4 ± 1.5 438 ± 93 58.7 ± 9.6 

20 1.17 x 10-2 89.5 ± 1.2 463 ± 54 30.0 ± 0.0 

 
 

 

Table 5.2 Summary of sigmoidal fit results for gelation kinetics as a function of sample composition. 

 

UV intensity 

(mW/cm2) 

PAG 

(mM) 

𝛈𝛈𝟎𝟎∗   

(Pa-s) 

𝛈𝛈𝒇𝒇∗   

(Pa-s) 

to 

(s) 

Δt/4 

(s) 

100 

5 5.62 x 10-3 No gelation after 3600 s of UV exposure 

13 8.32 x 10-3 61.7 ± 1.0 832 ± 82 80.0 ± 14.0 

20 1.17 x 10-2 224.0 ± 1.1 538 ± 164 40.0 ± 13.0 

120 13 8.32 x 10-3 80.7 ± 1.2 630  ± 93 53.0 ± 8.0 

150 

 

5 5.62 x 10-3 17.4 ±1.4 1960 ± 150 167.0 ± 24.0 

13 8.32 x 10-3 79.4 ± 1.5 438 ± 93 58.7 ± 9.6 

20 1.17 x 10-2 89.5 ± 1.2 463 ± 54 30.0 ± 0.0 

 
 

Table 5.3 Summary of sigmoidal fit for different UV exposure intensity and PAG concentrations. 

Dispersions contain fixed concentrations of Laponite (3wt%) and F127 (3.6wt%) 
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From these parameters, a gelation rate defined mathematically as the time taken for the 

complex viscosity to increase from initial (𝜂𝜂0∗) to final (𝜂𝜂𝑓∗ ) values was calculated for each 

case using equation 5.2.  

𝑅𝑝𝑝𝑒𝑒𝑒𝑒 ∝  
𝜂𝑓
∗−𝜂0∗

Δ𝑡
   (5.2) 

Figure 5.5 illustrates how the gelation rate was affected by composition as well as UV 

intensity. The concentration of F127 was found to have a negligible effect on the 

photogelation kinetics for dispersions containing more than 3.6wt% F127 as shown in 

Figure 5.5(a). However, at a lower concentration of 1.8wt% F127, the gelation rate is 

much higher. This behavior is attributed to the higher ratio of Laponite to F127 and faster 

rearrangement of the nanoparticles as a result of fewer F127 molecules available and able 

to adsorb onto the particle surface.  

 
Figure 5.5  Gelation rate variations as a function of composition.   

Dispersions formulations varied surrounding 3.6wt% F127, 3wt% Laponite and 13mM PAG exposed to 
150 mW/cm2 UV intensity and the effect of (a) F127 concentration, (b) Laponite concentration, (c) PAG 

concentration and (d) UV intensity. The gelation rate is defined as the rate of increase of the complex 
viscosity of the sample and is given in (Pa-s)/s. 
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Figure 5.5(b) shows that increasing the Laponite particle concentration results in a higher 

gelation rate. Figure 5.3(c) shows that the presence of Laponite nanoparticles is essential 

for photogelation as the sample viscosity remains constant in the absence of 

nanoparticles. As Laponite concentration, hence number of Laponite particles, within a 

fixed volume increase, the corresponding probability of interactions between individual 

particles leading to cluster formation and creating stiff regions that contribute to the 

viscosity rise. This interaction probability scales with the Laponite concentration since 

the inter-particle distance decreases as concentration increases. At high Laponite 

concentration, the attractive electrostatic interactions producing the nanoparticle network 

can therefore occur much more readily once depletion of free F127 has taken place and 

surface charges have been generated resulting in a higher gelation rate. 

 

Since the PAG is the photoactive component, it is expected to have a large influence on 

the gelation kinetics as shown by the large, almost linear, increase in gelation rate with 

PAG concentration shown in Figure 5.5(c).  Increasing the UV intensity causes the 

gelation rate to increase as shown in Figure 5.5(d) since the photon flux contributing to 

photolysis also increases. The PAG can therefore undergo photolysis at a faster rate 

leading to faster F127 desorption from Laponite nanoparticles and subsequent 

rearrangement into a house of cards network. The dependence of the gelation rate on both 

the PAG concentration and UV intensity provide further evidence of the importance of 

the PAG photolysis in the photogelation process. 

 

5.4.4 Photogelation mechanism, kinetics and structure  

The final gel viscosity of the system can be related to the overall structure and 

arrangement within the gel system. Changes in the gel viscosity measured as a function 

of sample composition thus provide insight into the possible network structure. Figure 5.6 

shows the variation in the final gel viscosity when each component of the sample is 

varied.  
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Figure 5.6 Final viscosity of the gels with different dispersions.  

Results obtained from starting formulation composition 3.6wt% F127, 3wt% Laponite and 13mM PAG and 
varying components one at a time in the range of  F127 (1.8-7.2wt%), Laponite (2-4wt%) and PAG (5-

13mM). 

 

Increasing the F127 concentration causes a significant drop in the final gel viscosity 

indicating a weaker gel. We attribute this to two possible effects. First, as indicated by the 

DSC results discussed earlier, increasing the F127 concentration results in a larger 

number of "free" molecules available to encapsulate the generated iodobenzene. 

Consequently, de-shielding of Laponite nanoparticles is delayed, thus preventing network 

formation and subsequent gelation. Secondly, at high enough PAG concentrations 

resulting in de-shielding and particle network formation, the increased F127 

concentration may result in formation of a larger number of micelles, which can 

subsequently act as defects within the gel, causing it to be weaker. Figure 5.7 illustrates 

the proposed gel structure resulting from each of these cases.   
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Figure 5.7 Schematic of proposed final gel structure at high F127 concentration.  

The presence of excess polymer accounts for lower final viscosity. (a) Insufficient de-shielding of Laponite 
nanoparticles for network formation and (b) Large areas of micelles grouped together preventing 

continuous network of nanoparticles 

 

On the other hand, increasing both Laponite and PAG concentration results in an increase 

in final viscosity of the gel. The gel viscosity is then correlated to the macromolecular gel 

structure. The Laponite particles are essential in creating a nanoparticle network as 

indicated by the constant viscosity and maintained fluid state of dispersions with no 

Laponite in Figure 5.3(c). As the nanoparticle concentration increases, the final gel 

structure can change from having a few pockets of interacting particles to a percolating 

network, which provides added rigidity to the material and produces a higher final 

viscosity. This proposed variation is illustrated in Figure 5.8. 

 

Finally, increasing the PAG concentration also causes an increase in final viscosity. This 

is attributed to the strength of the network formed after UV-induced photolysis. As PAG 

concentration increases, the concentration of both iodobenzene and benzoic acid after 

photolysis also increases. More efficient de-shielding of the Laponite nanoparticles 

occurs and the charged Laponite particles may experience stronger electrostatic forces. A 

stronger network is produced from the charged particles being held together more 

strongly producing a higher final viscosity. 
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Using the current work, we have identified a framework for intelligent design and 

formulation of photoactive systems. For example, to maximize the gel strength as 

measured by the final viscosity, the concentration of Laponite particles needs to increase 

while that of F127 needs to be minimized. At the same time, since rate of gelation of the 

system plays a significant role in possible applications of such systems, the gelation rate 

can now be tuned by simply changing the concentration of the PAG in the dispersion. A 

high PAG concentration will lead to a fast gelling system even at low UV intensity while 

the reverse is also true.  The photogelation rates can also be tuned by using different 

PAGs with more efficient UV absorption and subsequent photolysis leading to a quicker 

lowering in the pH of the system. Figure 5.9 below provides a simplified view of this 

complex three-phase dispersion and summarizes the effect of sample composition on the 

gelation rate and final viscosity of the gel formed identified through the current work 
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Figure 5.8 Schematic of resulting gel as a function of Laponite particle concentration 
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Figure 5.9 Parameter space mapping for Laponite dispersion photogelation kinetics and final 

viscosity (UV intensity=150 mW/cm2). 

 

5.4.5 Microstructure and SAXS 

SEM of the bulk microstructure after lyophilization was done to determine changes due 

to the addition of the PAG and subsequent effect of UV irradiation. Representative 

images are shown in Figure 5.10 illustrating the changes in the microstructure upon 

adding the PAG molecules and the effect of UV irradiation.  

 

As shown in Figure 5.10 B1-B3, addition of the PAG changes the microstructure and 

results in a relatively uniform microstructure with globular features. The presence of the 

Laponite particle network described in Chapter 4 and shown here in Figure 5.10 A3 is no 

longer evident indicating improved dispersion with the added PAG, although the 

roughness becomes obvious at higher magnification (Figure 5.10 B3). 
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Figure 5.10 Representative SEM images of lyophilized samples.  

A1-A3 = 3wt% F127 with 3wt% Laponite; B1-B3: Same as A1-A3 with 5mM PAG and before UV 
irradiation; C1-C3: same as B1-B3 but after UV irradiation. Scale bars in left column = 50um, middle 

column = 5um and right = 400nm 

 

UV exposure has a significant effect and increases the order and arrangement within the 

samples. Figure 5.10 C1 shows well aligned layers at low magnification exhibiting an 

interconnected network of large pores as shown in C2. C3 shows a high magnification 

image of the individual layers after UV irradiation showing relatively uniform thickness 

on the order of 300nm. However, the resolution of the SEM images as well as the need to 

extract water prior to imaging does not provide detailed (or accurate) information about 

the particle arrangement and spacing. Instead, variable temperature SAXS of the 
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dispersions before and after gelation was used to probe the structure and determine the 

characteristic spacing in the dispersion. 

 

The SAXS results summarized in Figure 5.11 indicate that, before UV irradiation, the 

dispersion exhibits a similar ordering in the presence of the PAG as reported in Chapter 4 

for dispersions with no PAG. However, after gel formation by UV exposure, the 

characteristic spacing is no longer temperature dependent; instead, a spacing on the order 

of 22nm was extracted for all temperatures. Again, the large error bar for the photogel 

samples shown here were due to the broad peak in the structure factor curves obtained 

indicating polydispersity in the spacing and arrangement.  

 

 
Figure 5.11 Summary of temperature dependent SAXS results before and after UV exposure  

The data indicates that UV induced gel formation results in a “frozen” structure with fixed arrangement 
throughout the temperature range probed (solid markers). The dispersion composition used here contained 

3.6wt% F127, 3wt% Laponite and 5mM PAG.  

 

Since UV induced gelation occurs via a chemical reaction, the gel formed is expected to 

be permanent and independent of thermal changes when sealed. The fixed spacing after 



 

107 

 

UV exposure also provides further evidence of the gelation mechanism described 

throughout this chapter. The fixed spacing provided evidence that the gel produced 

contains particles or clusters that are not affected by changes in the F127 molecules; 

instead changes in the polymer likely to occur at different temperatures has no effect on 

the arrangement of Laponite particles within the gel. TEM images (Figure 5.12) of 

lyophilized samples after UV exposure indicated that the particles are relatively well 

dispersed throughout the layers shown Figure 5.10 C3. The particles are again arranged 

in both face to edge and edge to edge configurations.  

 

 
Figure 5.12 Representative TEM of lyophilized gel after UV exposure.  

Dispersion composition of 3.6wt% F127, 3wt% Laponite and 5mM PAG (scale bar = 100nm). 

 

5.5 Conclusion 

A detailed study into the kinetics of photogelation of PR fluid dispersions was conducted 

in the low concentration regime of Pluronic F127, Laponite nanoparticles and a photoacid 

generator (PAG) using in situ photorheology as the primary tool to characterize bulk 

gelation. The results show the effect of dispersion formulation on the gelation kinetics. 

Increasing F127 concentration delays the time required for onset of gelation and lowers 
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the final viscosity while the presence of Laponite nanoparticles in the system was found 

to be essential for photogelation to occur. PAG concentration and PAG photolysis were 

both significant factors affecting the gelation kinetics of the dispersion.  

 

Using DSC, we demonstrate that for F127 concentrations below 10wt%, the interaction 

between F127 and Laponite has a significant effect on the ability of F127 to form 

micelles in solution. Temperature dependent SAXS data further supports the formation of 

a permanent gel with fixed arrangement and supports the gel formation mechanism 

described. 

 

We further build on the gelation mechanism and propose a scheme describing the 

influence of the starting composition on the resulting gel structure and correlate this with 

the measured final viscosity. While this scheme provides a simplified view of a 

complicated system, additional work remains necessary to fully understand the gelation 

kinetics and complex interactions in these nanoparticle-based photoactive systems. 

Identification of the rate limiting steps in photogelation of these systems remains a key 

requirement for full optimization and design of PR fluid formulations to be used in 

applications where control of time-dependent response is essential.  
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APPENDIX 5-A: UV intensity calibration at sample surface 

Prior to running the photorheology experiments, the UV shield and light pipe are 

attached to the rheometer surrounding the parallel plates. The UV lamp was turned on at 

least 30 minutes prior to running the experiments to allow the lamp to warm up and 

stabilize. To ensure uniform UV intensity on the sample surface, a UV radiometer was 

placed between the parallel plates at 5 different positions shown below in Figure 5-A and 

the intensity measured in each case. The position of the light guide and lens housing was 

adjusted by turning the screws connecting the UV light pipe and lens to adjust the 

alignment until the measured intensity variation at the 5 positions (a)-(e) was less than 

10%.  

 

 

Figure 5- A Schematic of positions used to calibrate UV intensity to ensure uniform UV exposure on 
sample. 
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APPENDIX 5-B: Illustration of Lorentz-corrected plots to determine structure 

Figure 4-B shows the scattering profile from of the 3% Laponite/ 3.6% F127 dispersions 

as a function of temperature. As shown here, little to no changes are immediately 

apparent.  

 
Figure 5- B Scattering data from 3wt% Laponite with 3.6wt% F127 as a function of temperature.  

Figure 4-C shows the Lorentz-corrected plot following the method by Paineau et al. The 

peak position shifts to the right and becomes broader as temperature increases (blue to 

red lines). 

 
Figure 5- C Lorentz corrected from scattering data before UV exposure showing change in peak.  

The graph shows the characteristic peak position in 3wt% Laponite and 3.6wt% F127 which shifts from 
low to high q as temperature increases. 
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CHAPTER 6 

6. In situ time resolved UV-SAXS: Correlating bulk and nanosccale changes 

during photogelation 

6.1 Chapter Summary 

Chapter 6 focuses on determining structural changes during the photo induced gel 

formation process described in Chapter 5 where, by simply changing the formulation 

composition and adding a photoacid generator, the liquid to gel transition occurs upon 

UV irradiation. SAXS results show that such a gel has a stable structure with variable 

temperature. The current chapter focuses on the structural changes that occur during the 

UV irradiation process to produce the gel. In particular, the goal here is to compare the 

dynamics of the structural changes to the bulk gelation and assess the role of different 

chemistry by changing the photoacid generator used.  

 

6.2 Introduction  

The ability to create 3D structures of nanoparticles by using either a template or by 

applying an external stimulus has been widely studied 1-5. These structures are governed 

in general by a balance of attractive and repulsive forces in the system 3, 6-9. Among the 

most studied materials are colloidal nanoparticles, particularly spherical particles. The 

study of non-spherical particles such as disks and rods remains a challenge due to the 

asymmetrical shape and complex interactions 4. Disk shaped clay particles such as natural 

clays as well as synthetic Laponite clays have been widely studied in the last decade both 

as a model colloidal system and a nano-filler for various composite materials 10-17. These 

particles are known to self-assemble into a network in solution 11, 18-21. Clay dispersions 

have been widely probed with various techniques such as rheology 22-24, scattering 

methods 25-30 and TEM 31, 32. 
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Prior work using both contrast matched small angle neutron scattering (SANS) 16, 25-27, 29, 

33 and ultra-small angle neutron scattering (USANS) 25 has demonstrated that Laponite 

nanoparticles can form large scale aggregates in a dispersion while the addition of a 

polymer results in a core-shell structure. SANS data taken at different temperatures has 

provided evidence of aggregation in thermally gelling Laponite/polymer systems 16. 

However, one limitation of SANS experiments is the long data collection time required to 

increase the signal to noise ratio. More recently, Ruzicka et al. showed that the structure 

of Laponite dispersions can change significantly with time using synchrotron SAXS 

experiments conducted over extended time periods of up to 30,000hrs 34. However, to 

date, little to no work exists on the dynamic structural evolution occurring in a Laponite 

containing responsive system. 

 

The work presented so far has demonstrated that the presence of different components in 

aqueous Laponite dispersions has a significant effect on both the structural organization 

and the properties of these dispersions. Chapter 5 showed the ability to achieve on 

demand liquid to gel transition by simply adding a commercially available photoacid 

generator to the dispersions and probed the kinetics of such a transition. However, the 

particle rearrangement taking place during the gel formation and the relationship between 

the time relating the bulk and nanoscale changes has not been studied. The evidence 

presented in Chapter 5 suggests that gelation occurs via assembly of the Laponite 

nanoparticles into a fixed 3D structure upon UV irradiation. The following chapter shows 

that the particle rearrangement can be directly probed using simultaneous time resolved 

UV-SAXS measurements. Finally, the time scale at which structure evolution occurs is 

compared and correlated to the bulk gelation kinetics. 

 

6.3 Experimental Methods 

Formulation: Dispersions of Laponite and F127 were prepared in d-H2O as described in 

Chapter 3. The dispersions discussed here contain 3wt% and 3.6wt% F127. Photogelling 

dispersions were prepared as described in Chapter 5. Three different commercially 

available PAGs shown in Table 6.1 were used to in the concentration range of 5mM-

20mM.  
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Table 6.1 Summary of photoacid generator (PAG) compounds used in this study 

 

Photorheology: Rheometry and photorheometry experiments were conducted as 

previously described in Chapter 5. All experiments were conducted with a gap size of < 

1.0mM to ensure uniform UV exposure throughout the sample and minimize the effect of 

thickness variations on the absorption of UV light. In all cases, UV exposure was started 

60 seconds after the onset of data collection. 

 

NMR: Nuclear Magnetic Resonance (NMR) experiments were conducted as a function 

of UV exposure time on PAG samples dissolved in D2O to determine the irradiation 

induced chemical changes and the time taken for these to occur. To ensure that samples 

were not accidentally exposed to ambient light, the solutions for the initial chemical 

structure were loaded in amber tinted tubes impervious to UV. Samples undergoing UV 

irradiation were loaded in quartz tubes, sealed and exposed to broadband UV (λ = 320-

500nm) for different time periods and spectra were collected using a Varian 400 NMR 

spectrometer. 
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Time resolved UV-SAXS:  Time resolved simultaneous UV-SAXS experiments were 

conducted at Beamline 12-ID (B,C and D) at the Advanced Photon Source (APS) at 

Argonne National Labs (Lemont, IL). Due to the long sample to detector distance, a 

larger q-range (0.08-4.5nm-1) relative to the results from experiments described in 

Chapter 5 was accessible. All samples were loaded in a quartz capillary placed inside a 

Peltier controller before being placed in the Beamline and data was collected using a 2D 

MarCCD detector. An optical cable was mounted perpendicular to x-ray beam in order to 

conduct simultaneous UV-SAXS measurements. The UV intensity was calibrated using a 

radiometer mounted behind the sample and UV onset was controlled remotely. Figure 6.1 

shows the UV-SAXS setup used for the combined UV-SAXS experiments.  

 

 
Figure 6.1 Picture of setup used for simultaneous UV-SAXS at 12-ID at the Advanced Photon Source. 

 

To ensure that beam damage did not occur, time resolved SAXS spectra were initially 

collected without UV; the intensity and data acquisition parameters were adjusted until 

no change in the scattering occurred over a 60 min collection period ensuring the 

integrity of the sample in the absence of UV irradiation. Time resolved measurements 

were collected at 1s/frame. An average of 10 frames per spectrum was collected and 

spectra were collected at a rate of 6 per minute. 
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6.4 Results 

6.4.1 Photogelation  

The type of PAG used was found to have a significant effect on the photogelation 

kinetics. Figure 6.2 shows the complex viscosity advancement of samples containing 

5mM PAG with 3wt% Laponite and 3.6wt% F127 as a function of UV exposure times. In 

each case, UV onset in each case occurred at 60s. As shown here, PAG 1 exhibits the 

slowest gelation with gel formation onset only occurring after 1500s of UV exposure. An 

increase in complex viscosity is noted within 500s in the case of both PAG 2 and PAG 3. 

 

The differences in gelation rate were attributed to the type of molecules being used. PAG 

1 is a covalently bonded molecule and photoacid generation requires breaking of covalent 

bonds while PAG 2 and PAG 3, on the other hand, are both ionic and therefore react 

more readily to UV exposure. The chemical changes induced in each PAG by UV 

exposure were probed using NMR as shown in the next section. 

 
Figure 6.2 Photogelation profiles for dispersions containing of 5mM of PAG 1, 2, and 3. 

The dispersions were formulated with 3wt% Laponite and 3.6wt% F127. 
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6.4.2 NMR results 

The time dependent chemical changes were further confirmed by 1H-NMR results as a 

function of known UV exposure times for each PAG component. 13C-NMR spectra were 

also collected; however, the signal obtained for each compound, particularly after UV 

exposure, was found to be too weak even after 30 min of data collection for reliable 

measurements. 

 

 

 

 
 

 

 

Figure 6.3 shows the changes occurring within the aromatic region of the spectra. PAG 1 

exhibits an increased number of peaks after the first 120s of UV exposure indicating the 

formation of additional compounds. The complete disappearance of the peaks initially 

assigned to carbon atoms at positions a, b, d and e ( 

 

 
 

 

 

Figure 6.3) indicates a complete breakdown of the -C-I+-C- bond in the iodinium 

compound. The final spectrum after 1800s indicates the presence of a mixture of aromatic 

products consistent with prior studies on alkyl iodinium containing PAG compounds 35-37. 

 

The 1H-NMR spectra for PAG 2 show that the peak positions and shape in the aromatic 

region do not change although the overall peak intensity decreases by almost 50% after 

the initial 120s of UV exposure. PAG 3 also exhibits a decrease in the intensity within the 

aromatic regions as well as the appearance of new peak at δ= 6.75ppm and δ= 7.4ppm 

corresponding to incomplete photolysis of -C-I+-C- bonds and formation of new products. 

The intensity decrease in both cases indicates a likely decrease in concentration of the 
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moieties responsible for these peak positions consistent with chemical changes occurring 

when the sample is exposed to UV 38. 

 

In addition to the NMR from the aromatic region, Figure 6.4 shows the 1H-NMR data 

corresponding to aliphatic and sulfur regions (δ= 3.0-4.5ppm) in PAG 2 and PAG 3. In 

both cases, significant changes were observed in this spectral region consistent with prior 

reports on similar PAG compounds 35, 36. These were caused by UV induced changes in 

the triflate (CF3SO3
-) component.  
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Figure 6.3 1H-NMR aromatic region as a function of UV exposure time for 5mM PAG in D2O.  

The graphs are shown for the aromatic carbon region PAG 1(left), PAG 2(middle), and PAG 3(right).
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Figure 6.4 1H-NMR aliphatic and sulfur regions for 5mM PAG 2 and PAG 3 in D2O.  

The graphs show the low chemical shift region corresponding in this case to changes in the triflate 
component. No changes are seen in this region of the spectrμmfor PAG 1 (not shown). 

 

In all 3 cases, UV irradiation causes significant breakdown of the chemical structure. In 

the aromatic region, PAG 1 continued changing throughout more than 600s of UV 

exposure while PAG 2 and PAG 3 exhibited the most changes within the first 120s of 

irradiation but remained unchanged afterwards. In the aliphatic and sulfur portion of the 

spectra, interestingly, the reaction appears to occur in two stages. The first stage with 

produces a dramatic change in peak positions was observed within 120s of UV exposure. 

As irradiation continued, the samples retained their chemical structure until the 600s-

1800s. However, due to the complicated nature of the spectra shown here, these moieties 

contributing to these changes could not be identified conclusively. 

 

6.4.3 Microstructure changes 

Lyophilized samples with the different PAGs were imaged both before and after UV 

exposure to determine potential changes in the microstructure as a result of 
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photogelation. As already described in Chapter 5, SEM images for samples containing 

PAG 1 (Figure 6.5 B1-B3) exhibits a random structure with little to no organization in the 

liquid state; the gel state (C1-C3) produced after UV irradiation on the other hand was 

found to have a well ordered layered structure with interconnected pores.  

 

UV irradiation and changing from a liquid to a gel did not produce significant changes in 

the microstructure of samples containing PAG 2 and PAG 3 as shown in Figure 6.6 and 

Figure 6.7 respectively. The dispersion formulated with 5mM of PAG 2 had a layered 

microstructure both before and after UV exposure with no evidence of pores (Figure 6.6) 

while dispersions containing 5mM PAG 3, on the other hand, displayed a 3D structure 

with a well-ordered array of pores (Figure 6.7 (b) and (e)). These pores were found to be 

non-uniform with sizes ranging up to several microns in diameter. 

 

 
Figure 6.5 SEM images of lyophilized samples with 3wt% Laponite, 3.6wt% F127 and 5mM PAG 1.  

Adapted from Figure 5.10. B1-B3 = PAG 1 before UV irradiation; C1-C3: PAG 1 after UV irradiation. 
Scale bars Column 1= 50μm, Column 2= 5μm and Column 3= 400nm 
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Figure 6.6 SEM images obtained 3wt% Laponite, 3.6wt% F127 and 5mM PAG 2. 

Samples shown were lyophilized before UV exposure (top row) and after photogelling by UV exposure 
(bottom row). Scale bars shown: (a) and (d) = 50μm, (b) and (e) = 5μm and (c) and (f) 1μm. 

 
Figure 6.7 SEM images 3wt% Laponite, 3.6wt% F127 and 5mM PAG 3.  

Samples shown were lyophilized before UV exposure (top row) and after photogelling by UV exposure 
(bottom row). Scale bars shown: (a) and (d) = 50μm, (b) and (e) = 5μm and (c) and (f) 1μm. 

 



 

124 

 

From the photorheology and SEM images, it is apparent that simply changing the PAG 

type not only changes the rates for UV gelation but also results in significantly different 

microstructures. However the microstructure of the lyophilized samples provides no 

information on the clustering and organization of the Laponite nanoparticles with the 

bulk material. Instead, time resolved simultaneous UV-SAXS experiments were used to 

follow the dynamic structural changes during UV exposure. 
 

6.4.4 Time resolved simultaneous UV-SAXS  

Time resolved simultaneous UV-SAXS measurements were conducted to determine the 

effect of UV on the structure during photogelation. In all cases, several spectra were first 

collected without UV to obtain a baseline of the initial particle arrangement. UV onset 

time was noted and SAXS spectra collected continuously until no further changes were 

observed (typically ~1500s) at a rate of 6 frames per minute. Time resolved UV-SAXS 

data for each of the 3 PAGs are shown in Figure 6.8 and Figure 6.9.  

 

Figure 6.8 (a), (c) and (e) depict 3D plots of the time resolved SAXS obtained over the 

entire accessible q-range for PAGs 1, 2 and 3 respectively while Figure 6.8 (b), (d) and 

(f) shows the corresponding I(q) vs. q overlay plots. The dotted arrow in each case points 

to a peak that appears in the high q region and centered at q ~3.2nm-1. This peak is 

consistent with recently reported values for temperature triggered self-assembly of 

Laponite/Pluronic systems reported by Boucenna et al. 39. They report a similar peak 

position in contrast matched SANS data normalized by the Laponite form factor and 

attribute this to strong inter-particle interactions. Using a similar treatment, the Laponite 

concentration effect can be determined using 

 

𝜙 = 𝑒𝑒 𝑞𝑝𝑒𝑎𝑘
2𝜋

  (6.1) 

 

where 𝜙 is the local effective volume fraction of Laponite disks with thickness, t.  
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Assuming single platelets of thickness 0.9nm, this yields a volume fraction 𝜙 ~0.046, 

which in turn corresponds to a local Laponite concentration on the order of 15wt%, a 

value much larger than the average concentration of 3wt%. Since the SEM images show 

a network with large empty areas, the higher value determined for 𝜙 is consistent with 

larger Laponite concentration due to particles located primarily within the network while 

the majority of the space contains water.  

 

The insets within the I(q) vs. q plots indicate the changes occurring in the low q region of 

0.09-0.25nm-1. The arrow indicates the variation of the scattering intensity I(q) from t = 

0s to t=1500s. The change in scattering intensity is attributed to large scale structure and 

ordering expected as Laponite gels are formed 12, 34, 40-44 similar to the thermal gelation 

process described in Chapter 5.  

 

The surface plot shown in Figure 6.9 illustrates the intensity variation as a function of 

time and scattering vector q. The onset of UV irradiation is shown by the dotted line 

while the contour lines are meant as a guide when viewing the intensity changes. As 

shown here, the most significant change occurs in the low q region. Each PAG used had 

scattering intensity changes occurring after different times of UV exposure. Since the 

scattering intensity corresponds to the structural arrangement in the system, this indicates 

that re-structuring occurs at different times and rates depending on the PAG used. This 

structural rearrangement will be discussed in more detail in the following section.  
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Figure 6.8 Time resolved SAXS for 3.6wt% F127 with 3wt% Laponite and 5mM PAG. 

The different PAGs used are shown in separate images. PAG 1 = (a) and (b); PAG2 = (c) and (d) and PAG 
3 = (e) and (f). Graphs (a), (c) and (e) represent 3D plots of the time dependent change in the scattering 

spectra while (b), (d) and (f) show a 2D overlay plot. The inset in each case highlights changes in slope in 
the low q region of 0.09-0.25nm-1 
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Figure 6.9 Surface plot of time resolved data showing intensity variation.  

Graphs show data for samples containing 3wt% Laponite, 3.6wt% F127 and 5mM of PAG 1 (a), PAG 2 (b) 
and PAG 3 (c). In each case the contour lines are included as a guide to the eye. In each case, the dotted 

line represents the time at which UV irradiation was started. 
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6.4.5 Structural rearrangement and bulk gelation 

The UV-SAXS data shows time dependent changes at low q while photorheology 

indicates that the bulk properties of the dispersions change from a liquid to that of a gel. 

Since structure and bulk properties are related to each other, the changes measured from 

UV-SAXS can be related to bulk changes. The following section looks at correlating the 

time scale at which the structural rearrangement occurs to the formation of a bulk gel 

measured in these dispersions. 

 

Since the formulations used contained 3wt% Laponite, the particles are expected to 

interact with each other as described previously in Chapters 4 and 5. To determine and 

quantify these interactions, the structural changes were determined by plotting an 

analogue representation of the structure factor, S(q)expt, described in Chapter 4. Instead, a 

Lorentz-corrected plot of I(q).q2 as a function of q, consistent with prior reports by  

Paineau et al. 45 for a series of natural clays, was derived for each PAG and used to 

determine the structure evolution with UV exposure.  

 

The 3D time resolved data for PAGs 1, 2 and 3 and corresponding 2D plots are shown in 

Figure 6.10. The peak observed at low q-vector is attributed to the characteristic 

structural spacing of the scattering particle clusters. The surface plots in Figure 6.11 

further show the intensity distribution and the differences in structural arrangement with 

the different PAGs present in the system. In each case, the peak exhibits a significant 

dependence on the UV irradiation time. 

 

A significant change in both the peak intensity and peak shape occurs as UV irradiation 

takes place. For all three PAGs, prior to UV exposure as well as during the early stages, 

the Lorentz-corrected plot shows a sharp structure factor peak. As UV irradiation takes 

place, the peak intensity initially decreases followed by peak broadening. This is 

subsequently followed by a shift in the peak position and further broadening, a behavior 

characteristic of glassy structures where clusters are unable to rearrange themselves but 

are instead at fixed positions 18-20. The peak intensity for dispersions containing PAG 2 
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increases after the initial peak shift to higher q. In the case of PAGs 1 and 3, an overall 

decrease in peak intensity was also noted.  

 
Figure 6.10 3D and 2D Lorentz corrected plots for time resolved UV-SAXS results. 

All samples were formulated with 3.6wt% F127, 3wt% Laponite and 5mM of PAGs 1((a) and (b)), 2((c) 
and (d)) and 3((e) and (f)). The arrows in (b), (d) and (f) show the peak position before (t=0s) and after 

(t=1800s) UV exposure. UV irradiation was started after the first 60s in each case. 
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(a) 

(b) 
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Figure 6.11 Contour plot illustrating time dependent changes in Lorentz corrected data. 

Results were obtained for 5mM (a) PAG 1, (b) PAG 2 and (c) PAG 3. UV irradiation was initiated at 60s in 
each case. 

 

The peak position, qpeak, in the Lorentz-corrected plot is related to the characteristic 

cluster spacing, D*, by  

𝐷𝐷∗ = 2𝜋
𝑞𝑝𝑒𝑎𝑘

 (6.2) 

 

Since the peak position varies with time of UV irradiation, the corresponding UV time-

dependent D* for each PAG can be calculated using a Gaussian fit to determine the value 

of qpeak for each SAXS spectrum.  Finally, to relate the time dependent changes in D* and 

complex viscosity were compared. Figure 6.12 compares the UV irradiation time 

dependent changes in characteristic spacing and complex viscosity for each of the three 

PAGs used. 

(c) 
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(a) 

(b) 
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Figure 6.12 Time dependent variation in structural spacing and bulk complex viscosity 

 (a) PAG 1, (b) PAG 2 and (c) PAG 3. In each case, UV irradiation was initiated at t = 60s. 

 

For each type of PAG used, three distinct and different behavior regimes were noted and 

are described below: 

(a) Regime I: This regime represents the initial stage of the UV induced reaction and 

chemical due to photolysis induced changes in the PAGs. At this stage, the 

Laponite particles remain well-surrounded by the F127 shells. No re-structuring 

of the particles occurs at this stage and both D* and η* remain constant as the 

sample retains its liquid state. 

(b) Regime II: As the UV induced reaction progresses, desorption of the F127 

polymer shell takes place. The particles are then able to interact with each other 

and can move into clusters/ aggregates closer together producing a decrease in 

D*. As UV exposure continues, a corresponding rise in the complex bulk 

viscosity is also observed. 

(c) 
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(c) Regime III: The interacting particles and clusters achieve a stable or arrested 

state where the spacing D* remains fairly constant. In all cases, this final D* 

value is less than the initial spacing with a decrease of 8-10nm in D* occurring 

over the course of UV exposure. The viscosity continues to increase within this 

regime until a plateau is achieved for longer UV exposure times.  

 

For all three PAGs used, a delay exists between the initial change in D* and a 

corresponding bulk viscosity increase. Since SAXS measurements probe small scale 

rearrangement and clustering, we believe that the initial decrease in D* corresponds to 

the nucleation of small clusters of particles. As UV exposure time increases, a larger 

number of clusters are formed. For the bulk properties to change, these clusters must be 

able to interact with each other within the material. Since the photorheology experiments 

typically uses a gap size on the order of 0.5mm, the delay between changes in D* and 

bulk viscosity changes is then caused by the time it takes for clusters to be able to interact 

in the volume between the parallel plates.  

 

6.5 Conclusions 

The work presented in this chapter shows that the kinetics of gel formation depends 

strongly on the type of PAG used and can be easily controlled choosing a suitable 

molecule. The data presented clearly indicates that PAG chemistry affects gelation rates, 

bulk microstructure and nanoscale cluster arrangement.  We also show that simultaneous 

UV-SAXS provides a reliable method to probe the rearrangement of clusters during UV-

induced photogelation in Laponite nanoparticle gels.  

 

Comparing the nanostructure rearrangement kinetics with the bulk UV induced gelation 

results, we show that there is very good agreement between the time scales for 

nanostructure changes and bulk complex viscosity changes. The results show 3 distinct 

regimes occurring during the gel formation starting with UV-induced chemical reaction 

during which structure does not change. This is followed by a decrease in the 

characteristic cluster spacing to a stable value and these changes are reflected in an 
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increase in the complex viscosity indicating bulk gel formation. A delay is observed 

between the time at which cluster spacing starts to decrease and the initial increase in 

complex viscosity for all three PAGs used. This decrease is consistent with the initial 

formation of non-interacting clusters during which viscosity remains constant. As clusters 

begin interacting, the viscosity starts to rise until frozen or arrested clusters lead to a bulk 

gel network. 

 

This approach of combining multi-scale characterization methods to obtain new insight 

and understand how structure relates to bulk properties in dispersions can be applied to 

other systems where bulk changes depend on structural organization. These experiments 

provide a unique way of correlating the changes occurring at two very different scales.  
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CHAPTER 7 

7. Summary and Future Work 

7.1. Thesis Summary 

In this work, I have presented a detailed study of aqueous dispersions of Laponite and the 

effect of adding a triblock thermoresponsive surfactant, Pluronic F127, to these 

dispersions. I have demonstrated that the presence of even small amounts of F127 can 

have a significant effect on the gel forming ability of these Laponite dispersions. From 

the initial work conducted at room temperature, the thermal response of the dispersions 

was also measured and the results presented clearly show the ability of F127 to induce 

gel formation with increasing temperature.  Finally, by simply adding a chemically 

reactive component to the Laponite/F127 dispersions, the results presented clearly show 

light induced sol-gel transitions.  

 

A large portion of the work presented has demonstrated the use of SAXS to quantify 

particle-polymer interactions and particle structure despite the lack of long range order 

and Bragg peaks in the scattering spectra of Laponite containing samples. While the 

inability to contrast match scattering contributions in SAXS, the analysis methods 

described here have demonstrated by designing the experiments such that the scattering 

contributions from one of the components can be removed or neglected, a detailed 

analysis of the changes occurring can be conducted. In particular, this is the first 

demonstration and quantification of the temperature induced changes in the F127 shell 

adsorbed on the surface of Laponite particles as discussed in Chapter 4.  

 

The last portion of this work is the only simultaneous UV-SAXS work that we are aware 

of probing structural re-arrangement and kinetics as a result UV induced chemical 

reactions and subsequent self-assembly. This work demonstrates that SAXS is an ideal 
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method to determine structure and organization kinetics in nanoparticle sustpensions 

when the appropriate data treatment methods are used. The results of these time resolved 

experiments have finally allowed us to quantify and relate the structural changes with the 

macroscale behavior and gelation kinetics determined by UV-rheology. 

 

7.2. Future Directions 

As a pioneering study into the dynamic restructuring in Laponite gels and correlation to 

macroscopic properties, this work opens the door to a new design space and analysis that 

is yet to be studied in the areas of colloids and self-assembly particularly in responsive 

systems. Obvious steps moving forward include probing the behavior or other 

commercially relevant dispersions particular those that are known to exhibit additional 

functionalities. Easy systems to study induced structuring with include magnetic 

nanoparticles and platelets while other UV active particles include a variety of other 

oxide materials (ZnO, TiO2, Ceria to name a few).  

 

In the case of the current Laponite / F127 aqueous dispersion, the changes in the 3D 

lyophilized microstructure as well as the drop cast films merit further investigation. The 

potential ability to tune these structures show promise for applications as active films or 

coatings as well as 3D scaffolds or templates for future applications.  

 

Finally, the new insight into the structural organization and kinetics also yields a 

framework for probing possible applications including potential use of these 

Laponite/F127 gels in applications where tunable viscosity is desirable. These include 

targeted drug delivery systems where the sol can be delivered to the desired location. 

This could then be followed by UV irradiation to form a gel that stays at the desired spot 

slowly releasing a particular drug incorporated in the formulation.  

 

 


	DEDICATION
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF FIGURES
	LIST OF TABLES
	CHAPTERS
	1. Introduction and Motivation
	1.1. Introduction
	1.2. Motivation and goals
	1.3. Thesis scope and outline
	1.4. References

	2. Background
	2.1. Dispersions and gels
	2.2. Clay colloids
	2.2.1. Laponite
	2.2.2. Phases of Laponite
	2.3. Pluronic Surfactant
	2.4. Clay/polymer interactions
	2.5. Small Angle X-ray Scattering (SAXS)
	2.5.1. Basics of SAXS
	2.5.2. SAXS experiments
	2.5.3. SAXS data interpretation
	2.6. Summary of thesis goals
	2.7. References

	3. Flow Properties of Aqueous Laponite/Pluronic F127 Dispersions
	3.1. Chapter overview
	3.2. Introduction
	3.3. Experimental Methods
	3.4. Results and Discussion
	3.4.1. Dynamic Light Scattering (DLS) 25
	3.4.2. Differential Scanning Calorimetry (DSC)
	3.4.3. Rheology of pure Laponite dispersions
	3.4.4. Rheology of mixed Laponite/Pluronic F127 dispersions
	3.4.5. Microstructure in mixed dispersions
	3.5. Conclusions
	3.6. References
	APPENDIX 3-A: Images of dispersions

	4. Thermo-responsive Laponite/F127 dispersions: Gelation and structure
	4.1. Chapter overview
	4.2. Introduction
	4.3.  Experimental Methods
	4.4. Results
	4.4.1. Variable temperature rheometry
	4.4.2. Structure in dispersions and gels
	I. Neat Laponite dispersions
	II. Thermo-responsive behavior of pure F127
	III. Mixed Laponite/F127 dispersions
	IV. Quantifying temperature induced changes in F127-Laponite from SAXS
	A. Low Laponite concentration regime (0.7wt%)
	B. High Laponite concentration regime (3wt%)
	4.5. Conclusion
	4.6. References
	APPENDIX 4-A: Details of log –Boltzmann Sigmoidal mathematical fit

	5. In situ photogelation kinetics of Laponite nanoparticle-based photorheological dispersions
	5.1 Chapter summary
	5.2 Introduction
	5.3 Experimental Methods
	5.4 Results
	5.4.1 Effect of composition and UV exposure on calorimetric behavior
	5.4.2 Effect of solution formulation and UV intensity on gelation kinetics
	5.4.3 Quantifying kinetics of gelation via photorheological studies
	5.4.4 Photogelation mechanism, kinetics and structure
	5.4.5 Microstructure and SAXS
	5.5 Conclusion
	5.6  References
	APPENDIX 5-A: UV intensity calibration at sample surface
	APPENDIX 5-B: Illustration of Lorentz-corrected plots to determine structure

	6. In situ time resolved UV-SAXS: Correlating bulk and nanosccale changes during photogelation
	6.1 Chapter Summary
	6.2 Introduction
	6.3 Experimental Methods
	6.4 Results
	6.4.1 Photogelation
	6.4.2 NMR results
	6.4.3 Microstructure changes
	6.4.4 Time resolved simultaneous UV-SAXS
	6.4.5 Structural rearrangement and bulk gelation
	6.5 Conclusions
	6.6 References

	7. Summary and Future Work
	7.1. Thesis Summary
	7.2. Future Directions



