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ABSTRACT 

This research seeks to understand the structure and shear responses of 

poly(ethylene oxide)-Laponite nanocomposite hydrogels and to relate the macroscopic 

physical properties to the nanoscopic structural changes. Understanding that relationship 

is necessary, in order to tailor material properties to specific applications. Information on 

the structure at rest on multiple length scales was obtained by combining microscopic and 

neutron scattering techniques. The structural changes that occur in response to a shear 

field were explored using rheology and neutron scattering. These structures were 

examined as a function of polymer molecular weight, polymer and clay concentrations, 

and sample preparation method. While the sample preparation method had no significant 

effect on these gels, the other two parameters were found to strongly influence the shear 

behavior of the systems. It was found that the dynamical behavior of these gels is 

controlled by the ability of a polymer chain to bridge clay platelets, which is influenced 

both by the length of the polymer and the clay and polymer concentrations. 
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CHAPTER  1 INTRODUCTION AND 
LITERATURE REVIEW 

 

1.1  Polymer-Nanoparticle Composites  

In the last 20 years, there has been a strong emphasis on the development of nano 

size composite materials consisting of an organic polymer and an inorganic compound. 

The increased interest on such materials can be attributed to the plethora of  applications 

these materials can find in areas such as electronics, data storage, communications, 

aerospace, sporting materials, health and medicine, environmental, transportation, and 

national defense.1 Nanocomposite materials have attracted the interest of a number of 

researchers because they combine the ease of processability of a polymer with the 

improved mechanical,2 electrical,3, 4 optical,3, 5 and thermal2, 6 properties of an inorganic 

particle. Typical nanoparticles that are currently used for composites are nanotubes, 

nanofibers, nanorods, nanowires, nanospheres, fullerenes, clays, etc. They are generally 

classified by their geometries into three main categories: fibrous, spherical, and layered 

materials.1   

Studies on fibrous materials have shown that their incorporation into conventional 

polymers can increase the electrical and thermal conductivity7-9 and/or toughen10-12 the 

polymers. Besides the extensive interest on bulk fibrous nanocomposites, there is also 

interest into fibers and films,9, 13, 14  since in these forms they can easily be integrated into 

devices and microsystems.15 For example, fibers of carbon nanotubes have been 

developed for different aerospace applications such as aircraft engine anti-icing and 

lightning strike protection materials, as well as fire retardant coatings.1 Films containing 
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metal (i.e. silver, gold) nanorods have also been synthesized, with optical polarization 

properties that can find applications as filters, signal modulators and optical devices.5 In 

the field of polymer-fibrous nanocomposites, two of the main challenges to date are the 

dispersion and alignment of the fibrous nanoparticles inside the polymer matrix. 

Achieving considerable dispersion and/or orientation will allow optimal property 

improvements, such as easier transfer of energy (electrical and/or thermal). Researchers 

have used a number of different techniques to disperse fibrous materials in polymer 

matrices, including chemical functionalization to tailor the interaction with polymers,16, 17 

ultrasonic dispersion in solution,18 melt processing,19 addition of surfactants,20 and many 

more. Other researchers have achieved nanoparticle alignment by applying a magnetic 

field21 or shear flow22 to a nanocomposite sample.  

Spherical nanoparticles can also drastically improve the properties of the polymer 

matrices. For example, aluminum (Al) nanoparticles are often added to increase the 

conductivity, whereas silicon carbide (SiC) nanoparticles are added to enhance the 

corrosion resistance and strength of a polymer.1 Interest in silica spheres has also 

remarkably grown, due to the availability of well structured, relatively monodisperse, and 

cost effective nanoparticles. A study on a nylon-6 filled with silica nanoparticles has 

shown increased strength and moduli of the material.23 Another study has shown that the 

incorporation of Al2O3 improved the toughness of brittle polyester resin systems.24 The 

dispersion and aggregation of polymer-spherical nanoparticles have captured the interest 

of many researchers. For example, Ohno et al.25 used a well defined polymer to coat gold 

nanospheres, so as to achieve optimal dispersion of the nanoparticles without the 
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formation of aggregates. Other researchers have used a coupling agent in a SiC/vinylester 

nanocomposite system to improve the dispersion quantity and strength.26  

When the filler particle has a plate-like structure, it is classified as a layered 

nanomaterial. Layered composites can be divided into two main types, intercalated, and 

delaminated or exfoliated structures.1 Intercalated structures have a single extended 

polymer chain intercalated between the layers, resulting in a well ordered multilayer with 

alternating polymer-inorganic layers. The delaminated structure has layers that are well 

dispersed and exfoliated in a continuous polymer matrix.1 The most studied layered 

nanocomposites are those where the inorganic particles are either graphite sheets,27, 28 or 

clay minerals29 also referred to as phyllosilicates. Studies performed on graphite 

reinforcement nanocomposites not only have shown improved thermal and electrical 

properties, but also an increase of the mechanical strength and stiffness.1, 27, 28 On the 

other hand, studies performed using clays have shown that when dispersed in a polymer 

matrix, they can greatly improve the dimensional stability and the barrier properties of 

the polymer.30-32 The incorporation of a nano-clay into a biodegradable polymer (such as 

polylactide) has shown improved biodegradability of the material, as a result of the 

catalytic role of the organoclay in the biodegradation mechanism.33 In addition, a study 

performed on clay nanocomposite films made of polyimide has shown a reduction in the 

transmission of gas and moisture through the film.34 

1.2  Polymer-Clay Nanocomposites 

 Among all polymer-nanoparticle composites, polymer-clay nanocomposites have 

gathered increased attention lately due to their advanced physical properties. They exhibit 

high moduli, increased strength and heat resistance, decreased solvent and gas 
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permeability, decreased flammability and increased biocompatibility and 

biodegradability.30, 31 Many of the improved mechanical properties have applications in 

the automotive and machine industries, for example as covers for mobile phones and 

pagers, door handles, impellers, tool housings, and stronger engine covers.35 Recently, 

Toyota’s research group has developed a nylon-layered silicate nanocomposite to be used 

as an automotive timing-belt cover. The nanocomposite contained as little as 2 vol % of 

clay, which was enough to double the tensile modulus and strength of the material, 

without much loss in impact resistance.36, 37 Also, since clay nanocomposites exhibit 

increased heat resistance and reduced flammability compared to pure polymers, they can 

be used in high-temperature applications, such as in fire retardant coatings.30, 31, 38, 39 

Boeing has demonstrated the potential use of clay nanocomposites in aerospace 

applications.1 Recently, researchers at NASA have developed transparent 

nanocomposites with chemically modified clay which have shown an increase in 

toughness and also resistance to micro cracking and heat.1 Additionally, these colloidal 

systems may find use in applications such as paints, coatings,25 cosmetics, 

pharmaceutical formulations, optical switches, thin films, barrier membranes,40 and even 

ceramic precursor materials.  

The improved properties of these nanocomposite materials are derived from: (1) 

the physical presence of the clay nanoparticle, (2) the interaction of the polymer with the 

clay nanoparticle, (3) the state of dispersion of the clay nanoparticle, and (4) the particle 

orientation within the polymer matrix. In order to design new materials with desired 

properties suitable for a specific application, it is essential to have a detailed 

understanding of these four issues. So far, several studies have employed microscopy and 
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rheology, in addition to light, x-ray, and neutron scattering to examine both the structure 

and polymer-clay interactions on all length scales.41-52 However, an additional and crucial 

issue that needs to be explored is the influence of shear on these polymer-clay 

nanocomposite systems. During processing for a specific application, these polymer-clay 

nanocomposites may experience significant shear-flow that may cause structural changes 

both in the nano and micro meter length scale. An example of structural change in the 

nanometer length scale is the orientation of the clay nanoparticle within the polymer 

matrix. These structural changes might in turn change the physical properties of the 

system. Thus, it is imperative not only to understand the polymer-clay interactions, but 

also the structural changes that occur on various length scales in response to shear.  

1.3  Flow Effects in Polymer-Clay Nanocomposites 

 Under the influence of flow (or stretch) anisotropic species like clay platelets can 

orient along three directions, often referred to in the literature, as ‘a’, ‘b’, and ‘c’ 

orientations. Figure 1.1 shows the three types of orientations: in the ‘a’-orientation, the 

platelets align with their face normal parallel to the neutral direction (the direction that is 

perpendicular to the flow and gradient), in the ‘b’-orientation the platelets align with their 

face normal parallel to the flow direction, and in the ‘c’-orientation the platelets align 

with their face normal parallel to the gradient direction.53 (Normal is called the vector 

which is perpendicular to the surface). The type of orientation the clay platelets achieve 

in a system depends on a variety of parameters, such as the clay type, the size and 

concentration of the particles, the interaction between the polymer and the clay, and 

many more. In what follows, a few examples of each of the three types of orientation are 

presented.  
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Generally when clay platelets are exposed to shear they align in the direction of 

flow (‘c’-orientation). This has been nicely described by Krishnamoorti et al.54, 55 and 

Kojima et al.,56 who performed experiments on nylon-6-clay hybrids and on poly(ε -

caprolactone)-Montmorillonite nanocomposites. In both cases, the authors have observed 

substantial alignment in the ‘c’-orientation when the nanocomposites were subjected to 

prolonged large amplitude oscillatory shear. Measurements performed by Lele et al.57 

using in situ rheo-x-ray diffraction also have shown a flow induced ‘c’-orientation of 

polypropylene-Montmorillonite nanocomposites melts. 

Figure 1.1: Schematic representation of the three types of orientation that clay platelets 
can attain under shear flow 
 

 In addition, the ‘c’-orientation has also been observed in polystyrene-clay 

nanocomposites, where under shear flow an ordered structure developed that was 

attributed to the orientation of the silicate layers as well as the phenyl groups of 

polystyrene.58 The influence of shear on viscoelastic solutions of poly(ethylene oxide) 

and Montmorillonite was investigated by Malwitz et al.,59 who observed alignment of the 

Montmorillonite platelets in the ‘c’-orientation. Cessation of shear led to partial and very 
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slow randomization of the Montmorillonite platelets within the polymer clay network. 

Studies performed on films composed of poly(ethylene oxide)-Laponite60, 61 and 

poly(ethylene oxide)-Montmorillonite61-63 also revealed the favored ‘c’-orientation with 

the platelets aligned in the spread direction of the film. Studies performed on pure clay 

solutions have shown a preferential alignment of particles in the direction of flow (‘c’-

orientation) for Montmorillonite dispersions, but no nanoscopic orientation has been 

observed for Laponite dispersions (up to 6 wt %) under shear.64 

 Recent transmission electron microscopy (TEM) images obtained by Okamoto et 

al.65 on polypropylene-Montmorillonite intercalated nanocomposite melts have revealed 

a strong strain-induced hardening and rheopexy features that arise from the perpendicular 

alignment of the silicate layers in the stretching direction (‘b’-orientation). The ‘b’-

orientation has also been observed on nanocomposite gels made of poly(N-

isopropylacrylamide) and Laponite clay.66, 67 A dispersion of inorganic platelets of nickel 

hydroxide with polyacrylate was studied under shear by Brown et al.,68 who observed 

that at low shear rates (below 1 s-1) the platelets aligned with their normal in the flow 

direction (‘b’-orientation), while at high shear rates (above 18 s-1) the platelets were 

aligned with their normal in the gradient direction (‘c’-orientation). At intermediate shear 

rates, a texture of co-existing domains of both ‘b’ and ‘c’ orientations was observed. 

 An ‘a’-orientation has been observed by Medellin-Rodriguez et al.69 on end-

tethered nylon-6 nanocomposites in response to steady shear in the melt state using small 

angle x-ray scattering (SAXS) and TEM measurements. In their studies, the clay platelets 

were oriented at relatively low shear rates at temperatures slightly higher than the melting 

point. More recent studies by Schmidt et al.43, 44 on poly(ethylene oxide)-Laponite 
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nanocomposites reveal that the clay platelets align in the ‘a’-orientation. Flow-

birefringence together with shear-SANS measurements (in deuterated and clay contrast 

matched solvents) suggested that with increasing shear rate the clay particles orient first, 

followed by the stretching of interconnected polymer chains. Studies by Lin-Gibson et 

al.70, 71 tried to explain the orientation in these systems by suggesting that the platelets 

orient in response to the biaxial stress arising from the shear and the elastic forces.  

 From the examples presented here, it is clear that in order to obtain control of the 

nanoscopic structure it is essential to study and understand the parameters that affect the 

structural changes.  

1.4  Model System: Poly(ethylene oxide)-Laponite 

The model system most commonly used to study polymer-clay interactions and 

structural changes under shear flow are aqueous dispersions of Laponite clay 

nanoparticles dispersed in a poly(ethylene oxide) matrix. The macroscopic and 

nanoscopic behavior of these colloidal dispersions can be tuned by changing parameters 

like composition, pH and ionic strength. Variation of such parameters leads to colloidal 

systems with dramatically different and unique properties. For example, by just varying 

the polymer and clay compositions one may generate solutions, shake gels, or permanent 

gum-like gels.43-45, 72-74 The research presented in this dissertation deals with aqueous 

dispersions of poly(ethylene oxide)-Laponite nanocomposites above the sol-gel transition 

where they form permanent gels. These hydrogels seem promising materials for 

biomedical applications such as drug delivery carriers and tissue growth scaffolds, due to 
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their low cost, low toxicity, high biocompatibility, high water content, and soft 

consistency.  

1.5  Laponite Clay 

Laponite is a synthetic clay with a well defined structure and chemical 

composition.75  Laponite belongs to the family of phyllosilicates, meaning that it contains 

parallel layers (sheets) of silicate atoms. The unit cell of an ideal crystal is shown in 

Figure 1.2 where the octahedral layer of six magnesium atoms is sandwiched between the 

two tetrahedral layers each one composed of four silicon atoms. These groups are 

balanced by twenty oxygen atoms and four hydroxyl groups, so that the ideal structure 

has an overall neutral charge. In reality however, either some magnesium atoms are 

substituted by lithium atoms (isomorphous substitution) or some magnesium sites are 

empty, giving the empirical formula [Na+
0.7(Mg5.5Li0.3)Si8O20(OH)4]-0.7. 75 This empirical 

formula has a negative charge of 0.7 per unit cell. The height of the unit cell represents 

the thickness of the Laponite crystal. Repeating the unit cell 30, 000 to 40, 000 times in 

the other two directions results in a disc shaped particle like that shown in Figure 1.3. 

 

Figure 1.2: The ideal structure of Laponite  
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Small angle neutron46, 76 and x-ray scattering77, 78 studies performed on dilute 

suspensions of Laponite showed that the disc shaped particles have diameter between 25 

nm and 30 nm and a thickness of ≈ 1 nm. However, depending on the origin of these 

particles, other studies have shown that the particles can be slightly polydisperse in 

size.79, 80 The large aspect ratio (ratio of the diameter to the thickness) of clay platelets 

may lead to supramolecular organizations reminiscent of other mesoscopic systems, such 

as liquid crystalline polymers, surfactants, or block copolymers.70, 81 

 

 

 

 
 
 
Figure 1.3: Schematic representation of a Laponite disc shaped particle that has a 
diameter between 25 and 30 nm and a thickness of ≈ 1 nm 
 

In the dry powder state, the clay platelets are arranged into stacks which are held 

together electrostatically by sharing sodium ions in the interlayer region.75 When 

dispersed in water, the sodium ions are hydrated and released into solution, creating an 

electrical double layer that causes the particles to repel each other and exfoliate.75 A 

single dispersed disk particle has a negative charge on the face produced by isomorphous 

substitution, whereas the charge on the particle edge is pH-dependent, with negative edge 

charges favored at high pH (pH ≈ 10) and positive edge charges favored at lower pH 

(pH ≈ 7).82, 83 The small localized charges at the edges are generated by ionization or 

protonation of the hydroxyl groups at the end of the crystal structure. Thompson et al.83   

 
25 - 30 nm

1 nm
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have proposed that at pH values lower than 7, Laponite platelets dissolves and releases 

silicate, Na+, Li+, Mg2+,  according to the following equation:  

[Na+
0.7(Mg5.5Li0.3)Si8O20(OH)4]-0.7 + 12H+ +8H2O  0.7 Na++8Si(OH)4+5.5Mg2++0.3Li+ 

1.6  Interactions between Laponite Particles 

With increasing particle concentration, aqueous Laponite suspensions have been 

observed to undergo a transition from a liquid to a gel and then to a birefringent gel.84-86 

Phase diagrams of Laponite suspensions showing the sol-gel behavior, as well as the 

transition to the birefringent phase have been constructed as a function of clay 

concentration and ionic strength.84-86 The existence of birefringent gels has been 

attributed to the formation of a nematic phase,87 where the clay particles have long-range 

orientational order but only short-range positional order. This means that the anisotropic 

particles are on average oriented in the same direction, but their centers of mass are not 

located on a lattice (Figure 1.4).81  

 
Figure 1.4: A nematic phase of particles has long range orientational order, but short 
range positional order   
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Lemaire et al.87 performed SAXS experiments on birefringent Laponite samples 

and obtained SAXS patterns that were anisotropic. In contrast, small angle neutron 

scattering (SANS) measurements from Lal et al.42 also on birefringent samples gave 

isotropic scattering patterns, suggesting that the nematic domains formed are powder 

averaged. Lal et al.42 however, used a different grade of Laponite from the one used by 

Lemaire et al.87 and also prepared their samples with a different procedure.  

So far, experiments on these systems have given conflicting results and the 

structure of Laponite in solution and/or gel remains a point of debate. Static and dynamic 

light scattering studies performed by Nicolai et al.88 on Laponite dispersions suggest that 

at the final stage of dispersion the system contains particles with a broad size distribution. 

This can be interpreted either as a size distribution of individual platelets, or as an 

incomplete dispersion of the clay containing monodisperse particles and some stacks. 

These results are in contrast to those of Rosta et al.,89 who suggest the existence of 

tactoids, which are droplets of a nematic phase containing between two and four Laponite 

platelets with an average diameter of 30 ± 10 nm. Light scattering experiments by Kroon 

et al.80, 90, 91 on Laponite solutions of 3 wt % yield a fractal-like structure with a fractal 

dimension that evolved from 2.8 to 2.1 during the gelation process. Investigations by 

Pignon et al.92, 93 also suggest the existence of a fractal-like structure that was correlated 

with two characteristic length scales. The first length scale of the order of few μm  was 

linked to a fractal dimension of 3, and the second one for sizes bigger than 10 μm  was 

linked to a fractal dimension that increases from 1 to 1.8 with the particle volume 

fraction. These fractal dimensions have been questioned by Bonn et al.,94 who show that 

there is no apparent fractal dimension after filtering the samples. They suggested that 
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filtering removes or breaks up large aggregates and that the solution structure can be 

described as a repulsive glass, where long-range electrostatic repulsions dominate.94  

More recently, experimental results from Bhatia et al.95 prove that even after filtering the 

samples, the large-scale structure in Laponite gels exists, above the isotropic nematic 

transition. According to the authors, this transition occurs at concentrations around 3 wt 

% Laponite for solutions of 10-4 M ionic strength.95   

The mechanism of gel formation is still under considerable debate, with two 

prevailing hypotheses. The first hypothesis is that the electrostatic repulsion arising from 

the overlapping double layers dominates particle interactions and is responsible for the 

gelation process.78, 80, 84, 94, 96, 97 The second one is that attractive interactions driven either 

by Van der Waals forces or by electrostatic interactions between the edges and the faces 

of the particles are responsible for gel formation.65, 93, 98 This view implies the formation 

of T-shaped units, yielding the so called “house of cards” structure that was first 

proposed by van Olphen.99 Later on, Saunders et al.100 suggested that both mechanisms 

may be valid, depending on the clay concentration, the ionic strength, and the pH of the 

solution. In particular, they suggested that at high pH (pH ≈ 10) and low ionic strength (I 

≈ 0.005 M) electrostatic repulsion dominates the particle behavior, and face-face 

interaction is favored. The face-edge aggregation arises at lower pH (pH ≈ 7.5) and 

higher ionic strength ( I ≈ 0.01 M).100  

More recently, a phase diagram for Laponite particles at pH = 10 was published, 

which suggests that as the ionic strength increases, there is first a transition from a 

repulsive glass to an attractive glass (at I ≈ 0.0001 M), and then a second transition to an 

attractive gel (at I > 0.001 M).101 The repulsive glass is stabilized by long-range Coulomb 
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repulsions, whereas the attractive gel is formed by van der Waals attractions. The 

difference between the glassy state and the gel state is that the glassy state is obtained at 

high volume fractions of particles where there is no network present. The gel state may 

be obtained for low-volume fractions and in most cases is characterized by the existence 

of a fractal network.94 The kinetic phenomenon of the liquid-glass transition is called 

“aging”, while that of the sol-gel transition is called “gelation”. During aging the 

dynamics in Laponite dispersions slow down, the particles cannot escape from the 

“cages” formed by neighboring particles and the system becomes strongly nonergodic. 

On the other hand, during gelation the particles form clusters whose size increase with 

time. Finally, these clusters form a percolated network and the system becomes also 

nonergodic. Both processes can be characterized as an ergodic-to-nonergodic transition 

by the resulting appearance of elasticity.94, 97, 101-106  

1.7  Poly(ethylene oxide) in Solution  

Poly(ethylene oxide) (PEO) is one of the most researched synthetic polymers, due 

to its chemical simplicity and interesting solubility properties.107-115  The presence of the 

oxygen atom in the repeating unit -(CH2CH2O)-, completely changes the nature of 

interactions between the individual molecules and makes it soluble in both organic and 

aqueous solvents.107, 108  

When dissolved in water, PEO is characterized by hydrophilic interactions 

between the water molecules and the oxygen atoms of the polymer, as well as by 

hydrophobic interactions between the water and the CH2CH2 group. PEO can be 

dissolved in water because water molecules form a sheath around the PEO molecules, 

similar to the hydration layer around proteins.108 The hydration layers around the PEO 
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chains have been studied116, 117 and models have been presented that show cage-like 

structures, where the CH2CH2 groups are shielded from contacting water molecules 

similarly to hydrated structures.108 The main reason PEO dissolves in water for a wide 

range of temperatures and concentrations is that the oxygen-oxygen interdistance (2.88 

Å) on the PEO chain matches the oxygen-oxygen distance (2.85 Å) in the structure of 

pure water.108 The homologues PMO [-(CH2O)-] and PPO [-(CH(CH3)CH2O)] are not 

soluble in water.108  

The solubility of PEO in water decreases with increasing temperature, and phase 

separation occurs above a lower critical solution temperature (LCST) that depends on the 

polymer molecular weight. Upon continued heating, miscibility will occur again, due to 

the existence of an upper critical solution temperature (UCST). Thus, formation of closed 

loop regions of phase coexistence is one of the characteristic features of the behavior of 

aqueous PEO solutions.110 Phase diagrams of PEO aqueous solutions have been 

constructed by several authors and theoretical models have been used to describe the 

PEO phase behavior.110, 118-126 

The conformation of PEO chains in water has been investigated as well. Several 

studies have observed the formation of clusters when PEO dissolves in water.107-109, 127-129 

The origin of these clusters has been the subject of intense debates. The formation of the 

clusters has been attributed to the existence of impurities in the water, the crystallization 

of the PEO groups, the low temperature phase transition that produces a polymer rich 

phase, the hydrogen bonding between the chains, and the chain end effects. There has 

also been a hypothesis that PEO, which is known to form a helix in the solid crystalline 

state, retains some of its helicity even in dilute aqueous solution.116  
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1.8  Mechanism of Adsorption of PEO on Laponite Particles 

Poly(ethylene oxide) has been successfully used as a dispersant for colloidal 

particles (i.e. latex)130 and as a flocculant  for some oxide particles (i.e. silica)131, 132 due 

to its ability to adsorb onto the particle surfaces. The adsorption of PEO on oxide surfaces 

has been studied by many groups and a number of adsorption mechanisms have been 

proposed. From these mechanisms, one that seems most plausible to describe the 

adsorption of PEO on Laponite particles, is based on hydrogen bonding and comes from 

studies performed by Mathur et al.131 and Bjelopavlic et al.132 on oxide surfaces. This 

hydrogen bonding interaction is best described as a Bronsted acid – Lewis base 

interaction. The ether groups of the PEO segments can be considered Lewis bases, since 

they have two available electrons to be donated. In addition, groups on the oxide surfaces 

that have proton donor capabilities can be considered as Bronsted acids. On silica 

surfaces (SiO2), the proton donor groups were found to be the isolated silanols. Based on 

this, the silicon oxide groups present in the tetrahedral layer are possible binding sites for 

PEO segments onto Laponite particles. Even though there are no isolated silanols in the 

perfect Laponite crystal, these can be formed due to defects (broken bonds) in the 

structure. It is most likely that PEO segments hydrogen bond only with the silicon oxide 

groups and not with the magnesium or lithium oxide groups present in the octahedral 

layer, since studies indicate that PEO does not adsorb to oxides that are less acidic than 

SiO2.  

The second idea is that adsorption occurs as a result of electrostatic interactions 

between PEO and Laponite. This is based on the results of theoretical calculations for the 

binding of water molecules to Laponite particles.133 It was suggested that an attractive 
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interaction between a water oxygen lone pair and the positive zone created from the silica 

atoms on the Laponite surface, and/or an attractive interaction between the water 

hydrogen atoms and the oxygen atoms on the Laponite surface, lead to the adsorption of 

water molecules onto the charged Laponite surfaces. Even though a polymer will 

inherently adsorb in a different way to a small molecule, one can assume that PEO could 

interact with Laponite in a similar way. Therefore, there must be attractive interactions 

between the ether oxygen atoms of the PEO and the silica atoms of the Laponite and/or 

the hydrogen atoms of the PEO and the oxygen atoms of the Laponite. 

 

 

 

 

 

 

 

Figure 1.5: A schematic representation of polymer adsorption at an interface 
 

Despite the mechanism by which adsorption occurs, when polymers adsorb onto 

solid surfaces they may adopt three possible conformations: trains, loops and tails (Figure 

1.5).134 Trains are composed of a series of neighboring segments that are physically in 

contact with the surface. Loops are composed of a series of neighboring segments that 

extend out into the solution and are not in contact with the surface, and link two sets of 

trains together. Tails are formed by the ends of the polymer chains extending into the 

bulk solution. Studies by Nelson et al.46-48 suggest that when the PEO adsorbs onto 
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Laponite particles, it forms a compact layer of mostly trains and loops on the Laponite 

face, and long polymer chains are able to “wrap” around the particle extending from the 

top face to the bottom face, forming a loop around the edge of the particle.46  

1.9  Laponite-PEO Systems 

As mentioned above, PEO absorbs onto clay platelets. Low molecular weight 

polymers may inhibit aggregation of clay particles by classic steric hindrance and enable 

the formation of a stable fluid solution. Higher molecular weight polymers, especially at 

concentrations below the threshold for complete saturation of clay surface, produce 

“shake gels”.73, 74, 135 These gels are fluid but undergo a dramatic shear thickening 

behavior when subjected to vigorous shaking, in which state they can support their own 

weight upon inverting the vials. As a result, they are described as having the consistency 

of a “half-cooled gelatin dessert”.73 The shear-induced gelation is time reversible and 

strongly dependent on the PEO concentration and on temperature.74  The shear deforms 

the large polymer-clay flocs and exposes fresh surface area for the formation of new 

polymer bridges, which rapidly form a network that spans the entire solution and 

generates a gel. When the shaking stops, thermal fluctuations are sufficient to desorb the 

polymer and the gel relaxes back to a fluid.73 For these polymer clay gels no SANS 

anisotropy is observed in shear experiments, most probably because the applied shear is 

not high enough to overcome fast randomizing effects caused by the polymer and particle 

relaxation. 

The adsorption of PEO polymer chains onto Laponite clay platelets at low 

polymer and clay concentrations was studied by Lal et al.41, 42 using SANS. They 

observed that the gelation of the solution was either retarded or prevented depending on 
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the clay concentration, the polymer presence in the solution, and the molecular weight of 

the polymer. By varying the H2O/D2O ratio of the solvent, they managed to separate the 

contributions from bulk and adsorbed polymer chains. Thus, they calculated the adsorbed 

polymer layer thickness to be about 1.5 nm on each face, independent of the polymer’s 

molecular weight. The authors assumed that the SANS intensity arises from the dense 

part of adsorbed polymer while scattering intensity coming from polymer loops and tails 

was neglected. Their results are not sensitive to the shape of the polymer concentration 

profile. More recent SANS studies performed by Nelson et al.46 on the same polymer-

clay system with sufficient PEO concentration for complete saturation of the clay surface 

showed that the polymer adsorbs flatly and coats the clay particles. A larger shell was 

observed on the platelet sides (2.5nm – 5 nm thick) compared to the shell parallel to the 

face (1.5 nm thick).46 The authors suggested that the increased edge thickness is a result 

of the capability of polymer chains to wrap around the Laponite particles and form loops 

around the edges of the particles.46 

At high polymer and clay concentrations, Schmidt et al.43-45 reported strong gels 

with gum-like consistency. They suggested a dynamic adsorption-desorption equilibrium 

of the polymer chains onto the clay platelets, where the entangled polymer chains form a 

network with the clay particles as crosslinks. With increasing shear rate, these gels show 

a shear thinning behavior, a pronounced minimum in birefringence measurements, and an 

increasingly strong anisotropic scattering pattern. Taking into account their shear-SANS 

(in deuterated and contrast matched solvents), flow-birefringence, and rheological results, 

they propose that the shear flow induces orientation of the polymer and the platelets, 

where the clay platelets align by the flow with their face normal parallel to the neutral 
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direction. They also propose that the particles orient first in the flow field, followed at 

even higher shear rates, by the stretching of polymer chain that interconnect clay 

particles.43-45  

Lin-Gibson et al.70, 71 performed simultaneous light scattering and optical 

microscopy experiments under shear, on gels having the same polymer and clay 

composition as those reported by Schmidt et al.,43-45 to compare flow induced structural 

changes on micrometer length scales. The observed features result predominantly from 

shear orientation of network active polymer and clay components. They suggested that on 

a micron length scale as visualized by light scattering and optical microscopy, the shear 

disrupts the transient network, and the stress leads to the formation of spatially modulated 

macro-domains. Weak periodicity arising from enhanced domain-domain interactions 

leads to a butterfly-shaped light-scattering pattern. Meanwhile the clay particles orient in 

response to the biaxial stress arising from the shear and elastic forces.70, 71  

Baghdadi et al.82 studied the kinetics of gel formation of Laponite-PEO 

dispersions of varying polymer molecular weight (Mw) using rheology. They examine 

solutions at both pH = 7, where interparticle attractions are present and a network gel is 

formed, and at pH = 10, where repulsive forces dominate and Laponite forms a colloidal 

glass. They found that PEO of low Mw slows down gelation and decreases the viscosity 

and elastic modulus of the dispersion at both pHs. At pH = 7, the adsorbed PEO forms a 

steric barrier and prevents the formation of an attractive gel, whereas at pH = 10, the PEO 

chains induce a depletion attraction between particles, preventing or slowing the 

formation of a colloidal glass. At higher Mw, PEO chains are long enough to create 

bridges between particles and form an associative network, enhancing the viscosity and 
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elastic modulus for both pHs. According to this study, the mechanisms and kinetics of gel 

formation are time dependent. 

A more recent paper published by Daga et al.136 presents the viscoelasticity 

behavior of Laponite-poly(ethylene oxide) solutions over a range of particle and polymer 

concentrations. They generate rheological master curves for the system by time-

temperature superposition and time-concentration superposition. They observed that the 

addition of Laponite to a concentrated polymer solution increases the relaxation time but 

decreases the elastic modulus, which they attribute to the polymer adsorption and 

bridging.   

1.10  Research Objective 

Despite the extensive research on PEO-Laponite nanocomposites, these systems 

are still not well understood and there are many issues that still remain to be explored. 

Our interest is focused on nanocomposites with high enough polymer and clay 

concentrations, where permanent gels are formed. At these high concentrations the 

entangled polymer chains are in a dynamic adsorption-desorption equilibrium with the 

clay particles and form a network. The overall objective of the research presented here is 

to understand the nanoscopic and microscopic structures that exist in these poly(ethylene 

oxide)-Laponite nanocomposites and their shear responses. A combination of 

microscopic, rheological, and neutron scattering techniques is used to provide a more 

complete physical picture of the structures observed in these Laponite-PEO hydrogels 

and to explain some of the unique behaviors observed previously. For example, the 

reason why the low Mw hydrogels are weak and compliant and the high Mw hydrogels 

have a gum-like consistency will be addressed.  
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In Chapter 3, the structure at rest is explored for hydrogels with varying polymer 

molecular weight. Results obtained from static small and ultra-small angle neutron 

scattering experiments are presented that provide information on the structure of these 

hydrogels on length scales between 3 and 15,000 nm. Complimentary transmission and 

scanning electron microscopy images provide direct visualization of the nano and micro 

meter structures presented, respectively.  

In Chapter 4, a comprehensive rheological characterization for the different 

polymer molecular weight hydrogels is presented. The flow behavior of these polymer-

clay nanocomposite gels was studied through individual time dependent, constant rate 

experiments where the steady-state viscosities were measured as a function of shear rate. 

The viscoelastic properties of the gels at low deformations and low frequencies were also 

tested through oscillatory shear experiments. Finally, results from constant stress (creep) 

experiments are presented.  

In Chapter 5, the unique flow properties exhibited by these complex fluids are 

correlated with their structural deformation through shear-SANS experiments. The effects 

of changing the molecular weight, the polymer and clay concentration, along with the 

preparation method on the shear-induced structures are explored. Furthermore, shear-

SANS experiments in deuterated solvents were accompanied by experiments in contrast 

matched solvents, in order to elucidate the shear response of each nanoscopic component 

individually. 

Finally, in Chapter 6, the data presented are summarized and conclusions are 

drawn with an outlook to future directions in this field.  
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CHAPTER  2 METHODS AND PRINCIPLES  
 

2.1  Rheology 

The word rheology derives from the Greek words rhei (ρέει), which means to 

flow, and logos (λόγος), which means to study. Rheology is the study of flow and 

deformation of bodies when they are subjected to external mechanical forces.137 Materials 

will react to an applied force by exhibiting either elastic or viscous response, or more 

commonly, a combined response of the two, which is termed viscoelasticity.138 Elasticity 

is the ability of a material to store deformation energy, and regain its original shape after 

being deformed.138 Viscosity is the measurement of the material’s ability to resist flow 

and to dissipate deformational energy.138 The instruments that are commonly used to test 

the viscoelastic response of materials are called rheometers. The section that follows 

describes the three most commonly used shear-flow rheometric devices. 

2.1.1 Rheometric Devices 

The simplest rheological device is shown in Figure 2.1. The sample is placed 

between two parallel plates of area A that are separated by a distance Δy. When a force F 

is applied to the upper plate, the upper plate moves a distance Δx and establishes a 

velocity relative to the lower plate. The sample is forced to shear and its degree of 

deformation is measured.  

The shear stress, τ, is defined as the shear force required to move the top plate in 

relation to the bottom plate, divided by the area over which the force acts.137 

A
Fτ =        (2.1) 
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The shear strain, γ, is the amount of shear displacement (Δx) divided by the distance 

between shearing surfaces (Δy).  

Δy
Δxγ =      (2.2) 

The shear rate, γ& , can then be defined as the rate of the deformation (dγ/dt) for small 

values of Δx.  

dt
dγ

=γ&      (2.3) 

Figure 2.1: Schematic representation of a rheometer with sliding plates  
 

A sketch of a rheometer with parallel disks (plates) of radius R and a gap h 

between them is shown in Figure 2.2. The sample is placed between the plates and is 

forced to shear when one of the plates is rotating with a constant angular velocity of Ω , 

while the other one is stationary. If we assume that there is no slip at these surfaces and 

neglecting the inertial forces, then the shear strain ( γ ), shear rate ( γ& ), and shear stress 

( τ ) can be obtained from equations 2.4, 2.5, and 2.6 respectively:137  

h
θr (r) γ =      (2.4) 

 
 Δx 
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x 

Area = A  
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h
Ωr (r) γ =&     (2.5) 

⎥
⎦

⎤
⎢
⎣

⎡
+=

(r)γln d
lnM d3

R 2π
M(r) τ 3 &

    (2.6) 

where θ  is the angular displacement, r is the distance from the axis of rotation, h is the 

gap between the two plates, Ω  is the angular velocity and M is the measured torque.   

 

 

 

 

 

 

 

 

 
Figure 2.2: Schematic representation of a rheometer with parallel disks (plates)  
 

The third rheological device most commonly used is the Couette Rheometer. It is 

composed of two concentric cylinders and is mainly used for liquid-like samples. The 

sample is placed between the cylinders and is forced to shear when the outer cylinder of 

radius Ro is driven at a constant angular velocity of Ω  (usual units of rad/s) with respect 

to the inner cylinder of radius Ri, as illustrated in Figure 2.3. Using the assumption that 

there is no-slip of the fluid at the surface of the two cylinders, the velocity profiles at the 

boundary conditions are given by:137  

h 

Ω

R 
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Lrπ2
M(r) τ 2=      (2.9) 

where r is the distance from the axis of rotation, L is the length of the inner cylinder, Ω  

is the angular velocity and M is the measured torque.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3: Schematic representation of a Couette rheometer with concentric cylinders 

 
2.1.2 Elastic Solids and Viscous Liquids 

For solids, the simplest relation between force and deformation is Hooke’s law 

that says that the applied force is directly proportional to the deformation. It is expressed 

mathematically as:137 

 γGτ 0=      (2.10) 

Φ
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L 

Ω

x 

y 

z 
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where τ is the applied force per unit area (stress) and γ is the deformation developed in 

the material (strain). The proportionality constant, 0G , is known as the modulus of the 

material and is a measure of its stiffness or its ability to resist deformation.139 Materials 

for which Hooke's law is a useful approximation are known as ideal elastic solids.137 

For liquids, the simplest equation that describes the relation between the force and 

the deformation is Newton’s law. It states that the applied force per unit area (stress, τ) is 

directly proportional to the rate of deformation (shear rate, dγ/dt).137 

dt
dγ ητ 0=      (2.11) 

The proportionality constant, 0η , is the Newtonian viscosity.139 Materials for which 

Newton’s law is a useful approximation and their viscosity does not depend upon the 

shear rate are known as ideal viscous fluids or Newtonian fluids.137 

 In reality however, most materials deviate from Hooke's and Newton’s laws in a 

number of ways. For example, the viscosity of a fluid may change when it is sheared. 

This is called a non-Newtonian fluid and its viscosity η  is related to the shear rate dγ/dt 

through the following power-law equation:140  

m

dt
dγKη ⎟

⎠
⎞

⎜
⎝
⎛=      (2.12) 

In the above equation, K is called the consistency index and m is the power-law index. 

When the viscosity of a fluid increases with shear rate then the fluid is a shear-thickening 

fluid; however, if its viscosity decreases with shear rate then it is a shear-thinning fluid 

(Figure 2.4).139 The simplest example of a shear-thinning material is ketchup. If ketchup 

is left untouched in the bottle it will barely move, but when sheared it flows out from the 

bottle.137 A simple example of a shear-thickening material is a mixture of cornstarch and 
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water. When cornstarch is added to water, and the mixture is heated up and stirred, it 

thickens rapidly and mixing becomes more difficult.137 

 

Figure 2.4: The viscosity (η) as a function of shear rates ( γ&  = dγ/dt)  
 

 Generally, when a stress is applied, viscous materials deform linearly with time. 

Elastic materials deform instantly and once the stress is removed, they quickly return to 

their original state.137 On the other hand, viscoelastic materials like polymer-clay gels 

combine both of these properties and exhibit time dependent deformations. Thus, more 

complex equations are needed to describe their behavior such as the following:137 

    dt' )(t'γ )t'-G(t(t) τ
t

&∫
∞−

=     (2.13) 

In the above expression, the stress is an integral of the relaxation modulus G(t), 

multiplied by the rate of strain, )(t'γ& .137 Since the deformation might be changing with 

time, γ&  is also a function of time. The variable t'  is the past time and t is the present 

time.137  

2.1.3 Dynamical Experiments 

The viscoelastic behavior of materials is studied using dynamical oscillatory shear 

experiments. In dynamical experiments, the imposed oscillatory strain, γ , on the sample 

γ&
 

Newtonian 

 Shear Thickening 

Shear Thinning 

η 



 29

is a function of the initial strain, γ0, the frequency, ω, and the time, t, and is described by 

the following equation:137 

( )ωtsinγ=γ 0      (2.14) 

For viscoelastic samples, the responding stress will be shifted by a phase angle, δ, with 

respect to the strain wave. The stress, τ , can be expressed by the following equation:137 

( )δ-ωtsinτ=τ 0     (2.15) 

The response consists of two contributions. The first is the stress that is in phase with the 

strain and is called elastic stress ( 'τ ). The second contribution comes from the stress that 

is shifted by a factor of π/2 with respect to the strain and is in phase with the rate of 

strain. This is called viscous stress ( "τ ).137 

( ) ( ) ( )[ ] "+'=δsin ωtcos-δcos ωtsinτ=δ-ωtsinτ=τ 00 ττ   (2.16) 

The above equation can be written also as: 

( ) ( )ωtcos"τ-ωtsin'τ=τ 00     (2.17) 

Thus, the dynamic moduli (the ratio of stress to strain) can be given by the following two 

equations:137 

δ cos
γ
τ

γ
'τG'

0

0

0

0 ==      (2.18) 

 sinδ
γ
τ

γ
"τ

G"
0

0

0

0 ==      (2.19) 

In the above expression G'  is the elastic (or storage) modulus, which represents the 

ability of a material to store elastic energy, and G" is the viscous (or loss) modulus, 

which represents the ability of a material to dissipate energy.137  
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2.2  Small Angle Neutron Scattering (SANS) 

Small Angle Neutron Scattering (SANS) is a powerful technique for 

determination of particle shape and size in the range of 1 to 300 nm. It also can provide 

information about the orientation of particles and inter-particle correlations, as well as 

other system properties such as specific volume and surface area of a particle.141 SANS 

has been used for over 30 years to study the nanostructure of alloys, ceramics, polymers, 

colloids, and other materials.141, 142  The technique requires a neutron source, which can 

be either a nuclear reactor or a spallation source; therefore, the experiments are 

performed at large-scale facilities.143  

SANS is widely used in polymer and colloidal science because it is sensitive to 

light elements such as hydrogen, oxygen, carbon, nitrogen etc. It is also used to study 

magnetic samples, since the neutron has a magnetic moment that can interact with the 

magnetic moments of unpaired electrons in certain atoms.141 Additionally, since neutrons 

are highly penetrating, SANS can be employed to study thick samples that cannot be 

studied with the SAXS techique.144 Also SANS is a non-destructive technique, which 

makes it ideal for biological samples, that can be sensitive to the high energies, like those 

from x-ray sources.141 However, the “beauty of SANS” is that it can distinguish between 

isotopes. For example, hydrogen and deuterium have very different scattering lengths and 

for that, they are used in contrast variation measurements. In a multi-component system, 

the substitution of hydrogenated molecules with deuterated ones can alter the scattering 

from the system and enables the highlighting of scattering from different components in 

the system under study.143 
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2.2.1 The Scattering Vector 

In a neutron scattering experiment, the neutron beam is deflected from its original 

direction by interaction with the nuclei in the sample. Some of the incident neutrons are 

scattered from the atoms and change direction without loosing energy. This is called 

elastic scattering.144 Neutrons may exchange energy with the atoms in the material, 

giving rise to inelastic scattering.144 In addition, a fraction of the incident beam is 

transmitted through the sample unimpeded. The vector diagrams in Figure 2.5 illustrate 

(a) the elastic and (b) the inelastic scattering processes. The neutron incident beam has a 

wavelength λi, and is described by the wave vector ik
r

, where ki =2π/λi.144, 145 The 

incident beam when it hits the sample is scattered through an angle 2θ. The final scattered 

beam has a wavelength λf, and is described by the wave vector fk
r

.144, 145 

 (a) elastic scattering    (b) inelastic scattering 

Figure 2.5: Vector diagram showing the relationship between the incident wave vector 

ik
r

, the scattering wave vector fk
r

, and the momentum transfer qr , which is obtained by 
subtracting the scattering wave vector from the incident wave vector. For (a) elastic 
scattering the incident and scattered beams have the same energy, whereas for (b) 
inelastic scattering there is an energy change 
 

By subtracting the two wave vectors, one can obtain the momentum transfer qr :144 

cos2θk2kkkqkkq fi
2
f

2
ifi −+=⇒−=

rrrr    (2.20) 

If the scattering is elastic ( fi kk
rr

= ), then qr  is given by the following equation:144 
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sinθ
λ

4πq ⎟
⎠
⎞

⎜
⎝
⎛=

r
    (2.21) 

With the use of Bragg’s Law ( 2dsinθλ = ), the characteristic dimension of a material, d, 

which represents the period of repetition in the structure or the spacing between particles, 

can be calculated as follows:144 

q
2π

4π
qλ2

λ
2sinθ
λd =

⎟
⎠
⎞

⎜
⎝
⎛

==     (2.22) 

The inverse relationship between the distance d, and the momentum transfer q, shown in 

the above equation, indicates that measurements at high q reveal nanoscale structures, 

whereas at low q reveal large-scale structures.  

2.2.2 Scattering Lengths and Cross-Sections 

The scattering theory considers a neutron beam traveling in the x-direction 

towards a single atom that is fixed at the origin, as it is shown in Figure 2.6. The incident 

neutrons are described by a plane wave function:146 

) xk exp(iΨ ii =      (2.23) 

Since the scattering derives from a single atom, it is assumed to be isotropic; the 

scattering neutron beam spreads out in spherical waves:146 

r) k exp(i
r
bΨ fs ⎟

⎠
⎞

⎜
⎝
⎛−=      (2.24) 

The factor (1/r) in the wave function shows how a point field decays. The quantity b has 

the dimension of length and is called scattering length.146 It measures the strength of the 

interaction between the neutron and the nucleus. The scattering length, b, depends on the 

type and spin of the nucleus and varies randomly from one nuclide to another, thus, it is 
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determined experimentally.146 The unit of the scattering length, b, is the fermi (1 fermi = 

10-15 m). The minus sign in the wave function means that b is a positive number for a 

repulsive interaction between neutron and nucleus.146 

 

Figure 2.6: The incident neutron beam is described by plane waves; the scattering beam 
spreads out in spherical waves 
 

The scattering by a single nucleus can be described in terms of cross section, σ, 

measured in barns (1 barn = 10-28 m2) that is equivalent to the effective area that the 

nucleus presents to the passing neutron.147  

secondper  areaper  neutronsincident  ofnumber 
secondper  directions allin  neutrons scattered ofnumber 

=σ  (2.25) 

Both the scattering length and the cross section are a measure of the strength of the 

interaction between a neutron and a given nucleus. The cross section, σ, is related to the 

scattering length, b, by the simple relation:146 

2b  π4σ =      (2.26) 
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Since it is easier to think in terms of material properties rather than atomic properties the 

scattering length density, ρ , for a molecule with N atoms is used, which is defined as:143 

∑=
N

k
k

0

A b
M
N d

ρ      (2.27) 

In the above expression, bk is the scattering length of the kth of N atoms in a molecule, d 

is the density of the material, M0 is the molar mass of the material, and NA is Avogadro’s 

number (NA = 6.022 x 1023 mol-1). In a subvolume of a material not all the molecules 

have identical scattering length densities, and the scattering length density of the material 

fluctuates around a mean value.144  

The scattering cross section refers to scattering in all directions. In order to 

calculate the scattering into a unit solid angle Ω, the differential scattering cross section is 

used, also denoted as intensity, I( q
r

).144 The angular dependence on scattering 
dΩ
dσ  , is 

given by:144  

2

V

2N

k
kk rd )r q exp(i )rρ()r q iexp(b

V
1

dΩ
dσ)qI( ∫∑ ===

rrrrrrr   (2.28) 

In the above expression, bk is the scattering length of the kth atom located at some 

position vector kr
r , and )rρ(r  is the scattering length density of a subvolume of a particle 

located at some position vector rv , from the particle center of mass.144 The bracket 

represents an average over all possible equilibrium configurations.148 The neutron 

scattering intensity, I( q
r

), has units of reciprocal length (cm-1) and is a measure of the 

number of neutrons of a given wavelength, scattered through a particular angle, that 

arrive on a small area on the detector in a unit time.144  
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2.2.3 Coherent and Incoherent Scattering 

There are two types of scattering. The first is the coherent scattering in which the 

neutron wave interacts with the whole sample as a unit, and the scattered waves from 

different nuclei interfere with each other. This type of scattering depends on the relative 

distances between the atoms and gives structural information about the material.147 

Elastic coherent scattering gives information about the equilibrium structure. Inelastic 

coherent scattering provides information about the collective motions of the atoms (how a 

particle moves with respect to the other particles).147 The second type of scattering is the 

incoherent scattering. Here the neutron wave interacts independently with each nucleus 

in the sample and the scattered waves from different nuclei do not interfere.147 Incoherent 

scattering provides information about atomic diffusion (how a particle moves with 

respect to itself). The majority of isotopes and elements mostly scatter coherently, besides 

hydrogen that scatters very strongly incoherently.146  

The scattered intensity that is measured in a neutron scattering experiment, which 

results from scattering of N atoms, is the sum of both the coherent and incoherent 

scattering and is given by the following formula:146, 148 

)q(I)q(I ))r-r( q exp(ibb
V
1)r q exp(ib

V
1)qI( incohcoh

N

jk,
jkjk

2N

k
kk

rrvrrrrr
+=== ∑∑  (2.29) 

The vectors rk and rj represent the positions of k and j atoms respectively.148   

The work presented here deals mainly with elastic coherent scattering, which is q-

dependent and contains structural information. The incoherent scattering contributes only 

to the noise level and it is treated as a flat background.  
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2.2.4 Structure Factor and Form Factor 

For a system consisting of N identical particles dispersed in a solvent, the 

scattering intensity is proportional to the form factor )q(P
r

 of the particles, multiplied by 

the structure factor, )qS(
r

. The basic scattering equation is the following:143, 147   

back
2
pp

2
solvp I)qS( )qP( V N )ρ(ρ)qI( +−=

rrr    (2.30) 

where pN  is the number density of the particles, pV  is the volume of a particle, Iback is 

the isotropic incoherent background signal, and the contrast term 2
solvp )ρ(ρ −  refers to 

difference in the scattering length density between the particle and the medium (solvent), 

respectively. In most experimental situations the volume fraction ( pΦ ) is often a more 

convenient term to use than the number concentration ( ppp V N Φ= ), so the above 

equation can be rewritten as: 143, 147  

backpp
2

solvp I  )qS( )qP( V  )ρ(ρ)qI( +Φ−=
rrr    (2.31) 

The form factor )q(P
r

 is a function that describes how the scattering intensity is 

modulated by interference effects between neutrons scattered by different parts of the 

same particle.147 Therefore, this function contains information about the intraparticle 

structure. For dilute suspensions where the scattering intensity depends only on this 

factor, information about the particle size and shape can be obtained.147   

The structure factor )qS(
r

 corresponds to the interference effects between the 

neutrons scattered by different particles in a system. Therefore, )qS(
r

 is characteristic of 

the interparticle structure and gives information about the correlations between particles. 

One of the ways to calculate the )qS(
r

 in a concentrated dispersion is dividing the 
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scattering intensity from the concentrated dispersion ( )q(Iconc
r ), by the scattering intensity 

from a dilute dispersion ( )q(Idil
r ), and scaling by their respective volume fractions, as 

shown in equation 2.32.46  

concdil

dilconc

Φ)q(I
Φ)q(I

)qS(
⋅

⋅
= r

r
r       (2.32)  

This approach assumes that for the dilute dispersion the )qS(r  = 1 and the scattering 

intensity is determined only by the form factor, )q(P r
. )q(P r

 is a function of the particle 

dimensions, therefore for systems whose particle size and shape are independent of 

concentration, it must be identical for the dilute and concentrated dispersions. 

2.2.5 Guinier Approximation 

As stated above, when the experiment is carried out on a dilute solution, the 

scattering intensity is equal to the form factor. In this case, the Guinier approximation 

(shown in equation 2.33) can be used to obtain information about the particle size.144, 147  

3
Rq

I(0)lnlnI(q)
2
g

2

−≈     (2.33) 

According to this approximation, which is only valid at low q values, the natural 

logarithm of the scattering intensity, lnI(q), is a linear function of the square of the 

scattering vector magnitude, q2. From a Guinier plot (shown in Figure 2.7), the radius of 

gyration Rg can be calculated from the slope at low q values, through the following 

equation:144 

slope3R g =     (2.34) 
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The radius of gyration is characteristic of the size of the particles and is explained in 

more detail in section 2.6.3. The Guinier approximation can be applied even if the 

particles are of irregular or unknown shape.144  

 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
Figure 2.7: A Guinier plot, where the lnI(q) is plotted as a function of q2 and the Rg is 
calculated from the slope in the low q region 
 

2.2.6 Contrast Matching 

In the case of a two-component system such as that presented in this work, a 

system of PEO and Laponite RD (LRD) dispersed in a solvent, the scattering intensity 

depends on three partial structure factors. These are related to the correlations of PEO-

PEO ( )q(S PEO-PEO
r ), LRD-LRD ( )q(S LRD-LRD

r ), and PEO-LRD ( )q(S LRD-PEO
r ):41, 42 
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In the above expression PEOρ , LRDρ  and solvρ  are the scattering length densities of the 

PEO, LRD and solvent, respectively and Iback is the isotropic incoherent background. 
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If one wishes to highlight the scattering from individual components, the contrast 

matching technique is very useful. Through this technique, the scattering of only one 

component is observed while the scattering of the other component is neglected. This can 

be achieved by tuning the scattering length density of the solvent to be equal to the 

scattering length density of one of the components. That component then appears 

“invisible” to the neutron beam and is said to be “contrast matched”. For example, in the 

above-mentioned system, if one tunes solvρ  to be equal to PEOρ , then the above equation 

becomes:66 

backLRD-LRD
2

solvLRD I )q(S)ρ(ρ)qI( +−≅
rr     (2.36) 

Hence, the scattering from the polymer is neglected and only information from the clay 

can be evaluated.66 Equally, one may make the clay invisible and observe the scattering 

from the polymer.66 

Figure 2.8: Schematic showing the different contributions to the total scattering as the 
scattering length density of the solvent is changed. The scattering length density of the 
solvent is matched (b) to the Laponite and (c) to the PEO 

 

The principle of contrast matching is shown as a cartoon in Figure 2.8. If the 

scattering length density of the solvent is different from the scattering length density of 

the polymer and the clay, then both polymer and clay contribute to the total scattering 

 

PEOLRDsolv ρρρ  (a) ≠≠ PEOLRDsolv ρρρ  (b) ≠= LRDPEOsolv ρρρ  (c) ≠=
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(Figure 2.8a). If the scattering length density of the solvent is matched to the scattering 

length density of the Laponite particle )ρ(ρ LRDsolv = , then the only contribution to the 

scattering is from the polymer (Figure 2.8b). If the scattering length density of the solvent 

is matched to the polymer chain, )ρ(ρ PEOsolv =  then the only contribution to the 

scattering is from the Laponite particle (Figure 2.8c).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9: The contrast match point for a particle can be obtained from the contrast 
match plot, where the square of the scattering intensity (at q = 0) is plotted against the 
volume percentage of D2O in the sample 
 

The easiest way of contrast matching a particle is by mixing hydrogenated and 

deuterated forms of the solvent in the correct ratio. In order to calculate the correct 

D2O/H2O ratio that has the same scattering length density as the particle, a series of 

solutions is prepared. These have the same particle concentration but varying D2O/H2O 

composition. The scattering intensity of each of these solutions is measured and plotted 

as a function of q. From the scattering profiles, the I(0) is obtained by extrapolating the 
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scattering intensity to q = 0.66 To create a contrast match plot (an example is shown in 

Figure 2.9), the square root of the I(0) minus the incoherent background is plotted against 

the volume percentage of D2O ( O2DΦ ) in the sample. According to equation 2.31 at the 

contrast match point where ( solvp ρρ = ) this plot has a minimum. From the volume 

fractions of D2O ( O2DΦ ) and H2O ( O2HΦ ) at the contrast match point, the scattering 

length density of the particle, pρ , can be calculated as follows:  

pO2HO2HO2DO2D ρ ρ ρ =Φ+Φ     (2.37) 

where O2Dρ  (= -2-6 Å106.36 × ) and O2Hρ  (= -2-6 Å100.56 ×− ) are the scattering length 

densities of the D2O and H2O.  

2.3  SANS under Shear (Shear-SANS)  

 As was already mentioned in section 1.3, shear may induce structural changes in 

systems that contain anisotropic species. To study the structural changes with neutron 

scattering, a Couette geometry shear cell149 (shown in Figure 2.10) can be used. The 

sample is placed in the cell and continuously sheared between the two concentric 

cylinders, one of which rotates while the other one is stationary. As Figure 2.10 

illustrates, in order to obtain information in the three directions of space (x, y, and z 

direction) SANS measurements have to be carried out in two configurations. In the 

standard configuration called radial beam geometry, the incident beam is parallel to the 

shear gradient (y direction) and passes through the center of the annular cell. In the 

second configuration called tangential beam geometry, the incident beam is parallel to 

the flow direction (x direction) and passes through the side of the cell (tangential to the 
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cell annulus).44 The radial beam configuration (y direction), provides information in the 

flow-neutral (x-z) plane, while the tangential beam configuration (x direction), provides 

information in the gradient-neutral (y-z) plane. From the 2D SANS patterns obtained in 

the two beam configurations, the intensity as a function of q can be calculated in the three 

directions of space (x, y, and z direction).53 

Figure 2.10: Schematic of a Couette type shear cell illustrating how the two beam 
configurations provide information in the three directions of space. Information in the 
flow-neutral (x-z) plane is obtained from the radial beam, while information in the 
gradient-neutral (y-z) plane is obtained from the tangential beam. Within the cell, a 
model shows the isotropic polymer-clay system. Insert: The radial and tangential beam 
geometries pass through the center and the side of the annular cell, respectively   
 

 By combining both radial and tangential 2D data, the 3D space orientation of the 

clay platelets can be determined as shown in Figure 2.11. If the platelets align with their 
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face normal parallel to the neutral (z) direction (‘a’-orientation), then both the radial and 

the tangential patterns will be anisotropic along the z-direction. If the platelets align with 

their face normal parallel to the flow (x) direction (‘b’-orientation), then anisotropy is 

developed along the x-direction in the radial pattern and the tangential pattern is 

isotropic. If the platelets align with their face normal parallel to the gradient (y) direction 

(‘c’-orientation), then the radial pattern is isotropic and anisotropy is developed along the 

y-direction in the tangential pattern.53   

Figure 2.11: SANS patterns revealing the orientation of clay platelets. The x-z plane is 
obtained from measurements in the radial beam and the y-z plane is obtained from 
measurements in the tangential beam. Platelets align with their face normal parallel to the 
(a) neutral – z, (b) flow – x, and (c) gradient - y direction. (Reprinted with permission 
from Current Opinion in Colloid & Interface Science, Schmidt, G.; Malwitz, M. M, 
Properties of polymer-nanoparticle composites, 2003, 8, 103-108. Copyright 2003 
Elsevier.) 
  

2.4  Ultra-Small Angle Neutron Scattering (USANS)  

When a material contains structures with larger length scales than those probed 

with SANS, then Ultra Small Angle Neutron Scattering (USANS)150 technique is used. 

The typical measurement range of the instrument extends from 3 x 10-5 Å-1 to 5 x 10-3 Å-1 

in scattering wave vector (q), providing information on material structure over the size 
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range from 0.1 μm to 20 μm.151 There are several complimentary techniques to study 

the structure of micron-sized particles, such as scanning electron microscopy, light 

scattering, and atomic force microscopy.152 However, these techniques cannot be applied 

to all types of materials, such as opaque materials (for light scattering), or materials with 

magnetic structures (for microscopy).152 In such cases, where contrast enrichment is 

necessary, neutron scattering can provide all the structural information. Furthermore, the 

ability to selectively deuterated molecules, gives unique information not available from 

other techniques. Of course, USANS, like any scattering technique gives a quantitative 

average value while microscopy only gives individual values. Systems that are mostly 

studied by USANS are mixtures of micro-particles, colloids, liquid crystals, silicon 

macropore arrays, filled polymers, cements, microporous media, and micro-emulsions, 

among others.153  

The USANS instrument consists of a double crystal diffractometer that uses multi 

reflections from large silicon perfect single crystals, to produce both high beam intensity 

and low instrument background.151 The diffraction from perfect crystals provides very 

high angular resolution and extends the q range to much smaller values than feasible 

(with pinhole collimation) SANS instruments.151 The sample is placed between the two 

crystals and the analyzer is rotated by a small angle from the aligned condition and 

reflects the scattered neutrons into the detector.151 The detector is placed such that it 

collects only neutrons coming from the diffracted beam from the analyzer.151 The setup 

provides excellent angular collimation in one direction only (horizontal), so that the 

obtained angular resolution in only good in that direction. The measured slit-smeared 

scattering intensity can be desmeared by several different inversion methods.151  
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2.5  Electron Microscopy 

Electron microscopy can provide higher magnification and a better resolution than 

optical microscopy, because electrons travel at shorter wavelengths than light. However, 

since electrons, and not photons, are used to enlarge the views of the specimens, the 

resulting images are black and white. Usually the sample is coated with a replica, to 

provide a path for the negatively charged electrons.154 Once the electrons encounter the 

specimen, they can scatter without losing energy (elastic scattering), or they can be 

absorbed by the specimen and produce secondary electrons (inelastic scattering), current, 

light, or any combination of the previous. They can also pass through the sample 

unimpeded. The two types of microscopy used in this work are: (a) scanning electron 

microscopy (SEM) and (b) transmission electron microscopy (TEM). 

2.5.1 Scanning Electron Microscopy (SEM)  

Scanning electron microscopy uses a focused beam of electrons to scan the 

surface of a specimen (that is placed at the end of beam) and to generate secondary 

electrons from the surface. Secondary electrons (or backscattered electrons) are collected 

by a detector and converted into an image on a screen.154 Thus, a three-dimensional 

image of the surface of the specimen is produced. The specimen should be electrically 

conductive, thus, it is coated with osmium, gold, palladium, iridium, or any combination 

of the previous.154 SEM yields information mostly about micrometer-scale structures. 

Environmental scanning electron microscopy is used to examine hydrated specimens at a 

reduced air pressure. Humid environmental conditions are retained by adjusting the 

temperature and the pressure in the chamber, to avoid solvent evaporation. ESEM is 
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particularly useful for hydrated samples such as plants, fruits, hydrogels, and many 

others.  

2.5.2 Transmission Electron Microscopy (TEM)  

In transmission electron microscopy, the specimens are examined by passing the 

electron beam through them and revealing more information about the internal structure 

of the specimens. The 2-D image is produced in the form of a shadow on a fluorescent 

screen.155  The samples are frozen or placed in a resin and sliced into ultra thin sections. 

The specimens are then treated with heavy metals to obtain better contrast. TEM yields 

information about structures on the nanometer and micrometer length scale.  

2.6  Physicochemical Principles 

2.6.1 Polymers in Solution  

Polymers are macromolecular materials built up of a large number of repeating 

units of identical structure called monomers, which are linked together by covalent 

bonds. The number of the repeat units in the polymer chain is called the degree of 

polymerization. Multiplying the degree of polymerization with the molecular weight of a 

single monomer, one can derive the polymer molecular weight. Most synthetic polymers 

contain chains with a wide molecular weight distribution.140 The exact breadth of this 

distribution depends on the specific conditions of the polymerization process. For 

example, the polymerization of some polyolefins results in an extremely broad 

molecular-weight distribution, while protein synthesis delivers near monodispersed 

distributions.140 In order to characterize an individual polymer sample, it is necessary to 

define an average molecular weight.  
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The number average molecular weight, Mn, is defined as:140   
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where Ni is the number of molecules with molecular weight Mi.  

The weight average molecular weight, Mw, is defined as:140 
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The ratio Mw/Mn is a measure of the polydispersity of the sample. Samples which posses 

a narrow molecular weight distribution normally have values of Mw/Mn < 1.1, where 

samples with Mw/Mn > 1.1, is usually considered polydisperse.140  

Another type of average that is z-average that is defined as: 
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2.6.2 An Ideal Chain in Dilute Solution 

A long polymer chain in solution has many degrees of freedom. For example, it is 

free to rotate around individual bonds and obtain almost a limitless number of 

conformations in three-dimensional space. The simplest way to describe the 

conformation of a polymer chain in a dilute solution is with the freely jointed model, 

otherwise known as the random walk model.156, 157 In this model, a polymer chain has n 
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segments, each one represented by a vector of equal length li, in a linear sequence with no 

restrictions on the angles between successive bonds (Figure 2.12).156, 157 

  

 

 

 

 

 
 

 

Figure 2.12: Schematic representation of a polymer chain with n segments of l length. 
The end-to-end distance, R

r
, is the vector sum of the bonds  

 

The end-to-end distance, R
r

, joining one end of the polymer to the other end is 

given by the vector sum of the bonds:156, 157  
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The average value of R
r

 is zero, since the end-to-end vector has the same probability of 

being R
r

 as of being - R
r

, and the two contributions cancel out.156 Therefore, in order to 

compute the average of all possible conformations of a polymer chain, the average of the 

square of R
r

 is used. It is referred to as the mean-square end-to-end distance and is 

calculated as:156 
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Real polymer chains differ from the above idealized, freely jointed model, since 

they have fixed angles between bonds and rotation is sometimes restricted due to steric 
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hindrance. Additionally real chains contain atoms that have a finite volume and therefore 

some volume is excluded. This means that a real atom cannot occupy the same space as 

any other atom. In order to include the effects of fixed bond angles, restricted rotation 

and excluded volume, we can modify the freely jointed model and obtain the mean-

square end-to-end distance using the following equation:140, 158 

2
n

22 α C ln R
rr

=     (2.43) 

In the above expression, α  is called the chain expansion factor, which is a measure of the 

excluded volume effect, and Cn is called the characteristic ratio, which contains the 

contribution from both fixed angles and restricted chain rotation.140 For long polymer 

chains Cn is a constant characteristic for each polymer with typical values ranging from 5 

to 10.140 

2.6.3 Radius of Gyration and Hydrodynamic Radius  

In section 2.6.2, a polymer chain was described as a series of bond vectors. If 

beads representing mass elements are added to the previous model, as shown in Figure 

2.13, then a new parameter called the radius of gyration, Rg, can be defined.158 This 

parameter is a more convenient way of expressing the size of a polymer than the mean-

square end-to-end distance and in addition, can be directly measured in experiments.156 

The Rg is defined as the root-mean-square of mass-weighted-distances of each bead on 

the chain from the center of mass:158 
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In the above expression, mi is the mass of each bead that is located at a vector position ri 

from the polymer center of mass (CM). 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 2.13: Schematic representation of a polymer chain. The vectors represent the 
bonds and the beads represent the mass elements, located at a vector position r from the 
polymer’s center of mass  
 

For an ideal chain, the radius of gyration is related to the mean-square end-to-end 

distance by the following equation:159  
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 Generally, the radius of gyration, Rg, is a mathematical concept that describes 

the distribution of the value of a parameter around its central value. Besides polymer 

coils, the Rg applies to solid particles as well. For a solid object, Rg is given by:144, 158   
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In the above equation, )rp(
r

 is the local density of a subvolume of a particle located at 

some position vector )r(
r

 from the particle center of mass. The radius of gyration is 

obtained mainly from scattering experiments, as was shown in section 2.2.5. The Rg for 
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most shapes can easily be derived as a function of the main parameters of the shape. For 

example, the radius of gyration for a sphere of radius R is given as:144  

R
5
3R g =   (2.47) 

The radius of gyration for a disc of radius R and thickness H is given as:144 
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 Another commonly used parameter for describing the size of a particle is the 

hydrodynamic radius, Rh, which is a measure of size of the solvated particle. The Rh is 

derived through the diffusional properties of the particle, and obtained mainly from 

sedimentation equilibrium and dynamic light scattering experiments. The hydrodynamic 

radius can be calculated from the Stokes-Einstein relationship:160, 161 
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In the above expression KB is the Boltzmann constant, T is the absolute temperature, η0 is 

the solvent viscosity and D0 is the diffusion coefficient of the particle.  

2.6.4 Overlap Threshold Concentration 

As mentioned in section 2.6.2, the freely jointed model ignores any influence 

arising from the finite volume of the segments and from the interactions between the 

chain segments and the molecules of the solvent. However, in reality the size of the 

polymer chain will greatly depend on the type of solvent that surrounds the polymer.156 In 

a good solvent the repulsions between polymer segments (since they tend to be in contact 

with solvent molecules rather than with other polymer segments) lead to an expansion the 

polymer dimensions.156 In a poor solvent, the attractions between the segments dominate 
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and thus, the polymer chain collapses and the size of the chain is dramatically reduced.156 

When the attractions between segments cancel out the repulsions among the segments 

then the chains behave ideally and this is called a theta system (theta solvent), in which 

the dimensions of the chain are undisturbed.162  

A schematic of the conformations of polymer chains in a good solvent as a 

function of concentration is shown in Figure 2.14. As the concentration of a polymer 

increases from a dilute regime, where the coils are separated, to a more concentrated 

regime, where the coils overlap, the coils pass through a region where they begin to 

overlap.160. This critical concentration between the dilute and the more concentrated (also 

called semi-dilute regime) is known as the overlap threshold concentration, c*, and can 

be calculated from the following equation:135, 157 
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where Mw is the molecular weight of the polymer, NA is Avogadro number, and Rg is the 

radius of gyration of the polymer.  

 

 
 
Figure 2.14: Schematic representation of (a) dilute, (b) overlap threshold, and (c) semi-
dilute solutions 

(a)  C < C* (b) C = C* (c) C > C* 
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CHAPTER  3 LAPONITE-PEO HYDROGELS AT 
REST* 

 
In this chapter the structure at rest of Laponite-PEO hydrogels with varying 

polymer molecular weight, is explored. Results obtained from static SANS and static 

USANS experiments that provide information on the structure of these hydrogels on 

multiple length scales are presented. Complimentary TEM and SEM images that provide 

direct visualization of the nano and micrometer structures, respectively, are also included.  

3.1  Experimental Procedures 

3.1.1 Sample Preparation 

Laponite RD (LRD) was obtained from Southern Clay Products, Inc. 

Poly(ethylene oxide) (PEO) of molecular weights of 100, 300, 600 and 1000 kg/mol and 

a polydispersity (Mw/Mn) of ≈ 1.5, were purchased from Polysciences Inc. The solvent 

used was D2O, which is preferred to H2O in neutron scattering experiments. D2O was 

also used for the rheological and microscopic experiments, to obtain results comparable 

to the neutron scattering experiments. Mixtures of D2O and H2O were only used for 

neutron scattering contrast matched experiments described in Chapter 5. To ensure 

chemical stability of the particles, the pH of the solutions was adjusted to be ≈ 10 by 

adding NaOH.83, 101 At this pH value, the particles are negatively charged. To screen the 

electrostatic interactions between the negatively charged particles, the ionic strength of 

                                                 
* Reproduced in part with permission from Macromolecules, Loizou, E.; Butler, P.D.; 
Porcar, L.; Talmon, Y.; Kesselman, E.; Dundigalla, A.; Schmidt, G., Large-scale 
Structures in Nanocomposite Hydrogels, 2005, 38, 2047-2049. Copyright 2005 American 
Chemical Society. 
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the solutions was adjusted by adding 10-3 mol/L NaCl.96, 101 Unfortunately, a decrease of 

the pH of the samples was observed with time, most probably due to dissolution of CO2 

from the air. Gels whose pH dropped below 8 were discarded. Highly reproducible 

measurements were possible within a window of 3 months after sample preparation. The 

majority of the results reported in this work were obtained from gels containing mass 

fractions of 3 % LRD and 2 % PEO (abbreviated as LRD3-PEO2-Mw (in kg/mol)) at 

room temperature. The hydrogels were prepared by mixing the PEO and the Laponite 

powders together first, and then adding the solvent. During the initial stages of mixing, 

large clumps are formed. However, with extensive mixing and centrifuging for a period 

of 3 weeks, one can achieve complete dissolution of the polymer and Laponite clusters 

and obtain macroscopically homogeneous transparent hydrogels.  

3.1.2 Neutron Scattering Measurements  

Small angle neutron scattering measurements (SANS) were performed at the 

National Institute of Standards and Technology (NIST) Center for Neutron Research in 

Gaithersburg, MD using the 30 m SANS instrument (NG7).163 Although a range of 

incident wavelengths, from 5 Å to 8 Å, was used, the majority of measurements were 

made with a wavelength of 8 Å. For each sample, data were gathered from either two or 

three sample-to-detector distances to provide information over the wide q range. The 

majority of measurements cover a q range of 0.0027 Å-1 to 0.24 Å-1. The scattering data 

from each sample were corrected for background noise, detector efficiency, empty cell 

scattering, and sample transmission using SANS-IGOR Pro Software provided by 

NIST.164 Intensities were calculated to be on an absolute scale (cm-1). The scattering 
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intensity I(q) as a function of the wave vector q was obtained by circularly averaging the 

isotropic SANS patterns.  

Ultra small angle neutron scattering (USANS) measurements were also performed 

at the Center for Neutron Research at NIST, using the thermal neutron double-crystal 

diffractometer (BT5).151 The neutron wavelength was 2.38 Å and the q-range covered 

was between 4 x 10-5 Å-1 and 2.7 x 10-3 Å-1. Scattering data were converted to absolute 

units, cm-1, by subtracting the empty cell scattering and normalizing by the sample 

thickness. The slit-smeared intensity was numerically desmeared using the SANS-IGOR 

Pro Software provided by NIST.164  

3.1.3 Electron Microscopy Measurements 

Transmission Electron Microscopy (TEM) images were obtained for a 

representative polymer-clay gel that contains PEO of Mw = 1000 kg/mol. For such 

measurements the sample was prepared by the freeze fracture (FF) technique, and then 

coated with a carbon-platinum replica. TEM images were also obtained for a pure 

Laponite clay solution containing less than 0.1 wt % of clay. This solution was vitrified 

and imaged in the frozen state using Cryo-TEM. All the TEM images were obtained by 

Dr. Kesselman and Dr. Talmon at the Technion-Israel Institute of Technology.  

Environmental Scanning Electron Microscopy (ESEM) images were also obtained 

for the representative LRD3-PEO2-Mw1000 sample. Images were taken with a FEI 

Quanta 200 Environmental SEM instrument that provides a controlled humidity sample 

environment. Careful attention was paid to minimize effects from solvent evaporation 

and condensation. All SEM samples were frozen in Freon (freezing point of -158 °C) to 

avoid ice crystal formation. The freeze fractured surfaces were imaged directly without 
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the use of replicas. The images were obtained 5 minutes after the sample was placed into 

the chamber. The ESEM images were obtained by Avinash Dundigalla. 

3.2  Results and Discussion 

3.2.1 Characteristics of Poly(ethylene oxide) in Solution  

Characteristic parameters of the poly(ethylene oxide) samples used in this work 

are given in Table 3.1. These include the molecular weight, Mw, the radius of gyration, 

Rg, the hydrodynamic radius, Rh, and the overlap threshold concentration, c*, of each 

PEO sample dissolved in water at 25 ºC. The overlap threshold concentration (c*) was 

calculated according to equation 2.50 (section 2.6.4). The radius of gyration and the 

hydrodynamic radius were calculated from the empirical equations 3.1 and 3.2 suggested 

by Devanand et al.,115 who performed dynamic light scattering experiments on aqueous 

solutions of PEO of different molecular weights.  

Rg (Å) = 0.215 ×  (Mw) 0.583      (3.1) 

 Rh (Å) = 0.145 ×  (Mw) 0.571      (3.2) 

 
Table 3.1: Characteristic parameters of PEO samples dissolved in water 
Molecular Weight 

Mw (kg/mol) 

Radius of Gyration 

Rg  (Å) 

Hydrodynamic Radius 

Rh (Å) 

Threshold 

Concentration 

c* (w/v, %) 

100  177 104 0.72 

300  335 194 0.32 

600  502 289 0.19 

1000  677 387 0.13 
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The mass density of PEO was measured with the DMA 5000 density meter to be 

0.84 g/cm3. Taking into account its density, the neutron scattering length density of PEO 

( PEOρ ) was calculated, using equation 2.27 as follows:  
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 The contrast match point for PEO (which is the ratio of D2O to H2O where the 

average scattering length density of the mixed solvent exactly matched that of the PEO), 

can be calculated through its scattering length density according to equation 2.37 as 

follows:  

PEOO2HO2HO2DO2D ρ ρ ρ =Φ+Φ  

) Å 100.475( )-)(1Å100.56( )Å10(6.36 -26
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OD %  vol15   2O2D =Φ  

To calculate the contrast match point for PEO experimentally, the contrast matched 

technique described in the section 2.2.6 was followed. The measurement gave a value for 

the contrast match point of 40 vol % D2O, which is much larger than predicted. After 

contacting the supplier we found out that the batch of polymer had a very small amount 

of large-size impurities and this was the reason for the larger contrast match point 

observed. To remove the impurities, the PEO was dissolved and centrifuged for a few 

days. The impurities fell to the bottom of the vial and the supernatant was freeze-dried to 
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obtain a pure polymer powder. The measurement for the contrast match point was 

repeated and this result was ≈ 20 vol % D2O. This value is a little bit higher that the 

theoretical one, implying that we may still have some impurities in the sample. To be 

safe, we prepared our PEO contrast matched samples with 17 vol % D2O, a value in 

between the theoretical and the experimental one. At this match point, the sample is well 

contrast matched. 

3.2.2 Characteristics of Laponite in Solution 

Laponite RD has a chemical composition of Na0.7Mg5.5Li0.3Si8O24H4 and a 

density134 of 2.65 g/cm3. The theoretical neutron scattering length density of LRD ( LRDρ ) 

was calculated using equation 2.27 as follows:  
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Through the theoretical scattering length density of Laponite, its contrast match 

point was calculated according to equation 2.37 and it was found to be around 65 vol % 

D2O. The contrast match point of Laponite was also determined experimentally as 

described in section 2.2.6 and was found to be ≈ 70 vol % D2O. From the experimental 

value of the contrast match point, the experimental neutron scattering length density of 

Laponite, ( LRD
'ρ ), was calculated using equation 2.37 as follows: 

LRD
'

O2HO2HO2DO2D ρ 'ρ' ρ =Φ+Φ  
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A difference in the two values of the scattering length densities of Laponite is not 

surprising. The theoretical value was calculated based on an empirical molecular formula 

for Laponite reported by the supplier and not on a precise atomic composition 

measurement, of our batch. To prepare the Laponite contrast matched samples, the 

experimental value of ≈ 70 vol % D2O was used as the contrast matched point.  

To obtain information about the dimensions of the Laponite particles, SANS 

measurements were performed on a dilute Laponite dispersion, such that the intensity 

depends mainly on the form factor of the particle. The scattering profile from a dilute 

Laponite solution with concentration 0.7 wt % )0029.0(Φ =  is shown in Figure 3.1. The 

data has been corrected for incoherent background (subtraction) to magnify the q 

dependence of the scattering intensity. In the q range 0.02 Å-1 < q < 0.2 Å-1, the data show 

a clear q-2 dependency, which is indicative of a disc shape object. At q values lower than 

0.01 Å-1, a q independent plateau is observed, which is predicted from the form factor. 

In this q regime that shows a plateau, the Guinier approximation (section 2.2.5) 

was used to determine the radius of gyration of the particle, and therefore the radius of 

the particle. The Guinier plot of ln(I) vs. q2 for values of qRg < 1 is shown in Figure 3.2. 

The radius of gyration was calculated from the slope of the Guinier plot (equation 2.34) 

and was found to be 100.40 ± 0.66 Å. The radius of thin discs is approximately equal to 

2  times the radius of gyration (equation 2.48). Therefore, the radius of the Laponite 

particle is calculated through the Guinier plot to be around 142 Å.  
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Figure 3.1: The scattering profile from a dilute Laponite dispersion with concentration 
0.7 wt %, in D2O. The data is fitted to a form factor for a disc with polydisperse radius 
 

Figure 3.2: A Guinier plot for the 0.7 wt % Laponite dispersion in D2O 
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In order to obtain further information about the particle dimensions, the scattering 

data were fitted to a model that is based on the form factor for a disc-shaped particle, 

which is given by the following equation:46  
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where H and R are the thickness and the radius of the disc, respectively. J1(x) is the first-

order Bessel function, and θ  is the angle between the normal to the face and the 

scattering wave vector q. 

The fit is shown in Figure 3.1 and it seems to follow the data well over the entire 

q-range studied. The fit parameters are presented in Table 3.2. The values for the volume 

fraction and the scattering length density difference were known and were kept fixed 

during the fitting procedure. The mean radius of the particles was found to be 93.78 ± 

3.52 Å, with a radial polydispersity of 0.56 ± 0.03 and a thickness of 9.01 ± 0.05 Å. The 

particle dimensions are similar to those presented in other studies.41, 42, 74, 134 

 
Table 3.2: Fit parameters derived from the scattering of Laponite dispersion in D2O 

Parameter 0.7 wt% Laponite 

Volume Fraction 0.0029 

Particle Radius (Å) 93.78 ± 3.52 

Particle Height (Å) 9.01 ± 0.05 

Polydispersity of Radius 0.56 ± 0.03 

Scattering Length Density Difference (Å-2) 2.05 610−×   

 

The slight difference in the value of the radius obtained from the two methods, 

most probably is due to the type of average used in the calculations. The radius obtained 
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from the Guinier fit is a z-average, whereas the radius obtained from the form factor fit is 

a number average. Usually in a monodisperse sample the number, weight, and z-averages 

are fairly close. However, in a relatively polydisperse sample like this one, a difference in 

the number and z-averages is expected.  

The dimensions of the clay platelets were also verified through cryo-TEM images 

from a very dilute pure clay solution embedded in vitreous ice. The cryo-TEM image is 

presented in Figure 3.3. The dark lines are clay platelets observed from the side, since 

diffraction contrast is strong enough only when the platelets are arranged with their 

normal surface parallel to the electron beam.165 Platelets that have their basal plane 

perpendicular to the electron beam are not so obvious, because the contrast is not strong 

enough. Even though interpreting an image like this that averages over depth one should 

be careful, the clay particles are confirmed to have an average diameter of approximately 

300 Å and an average thickness of approximately 10 Å.  

 
   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: Cryo-TEM from a pure Laponite clay solution showing the thickness of 
single clay platelets visualized from the side. Arrows indicate single platelets 

 500 Å 
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Based on the dimensions of the disc Laponite particle, (assuming an average 

diameter of 30 nm and an average thickness of 1 nm) and the bulk density of Laponite 

(2.65 g/cm3), the specific surface area of Laponite was calculated to be around 800 m2/g. 

3.2.3 Interparticle Distance 

In addition to the clay size, the average clay-clay interparticle distance is an 

important system parameter for understanding the structure and behavior of these LRD3-

PEO2-Mw gels. A number of methods were proposed to calculate this distance. These are 

based on the on the assumption that the interparticle distance is the same in a pure 

Laponite gel and in a Laponite-PEO gel that have the same clay concentration. Some of 

these methods are presented below and applied to our system of 3 wt % clay.  

Callaghan et al.166 calculated the particle separation distance, d, using the 

expression below:  

sclay

s

Am
V2d =       (3.4) 

where As is the specific surface area of the Laponite clay (As = 800 m2/g), mclay is the 

total mass of the clay, and Vs is the total volume of the solvent. This method assumes that 

the particles are arranged in continuous parallel sheets with no lateral separation between 

them, and that d is the distance between the parallel sheets. By applying the above 

equation to a 3 wt % clay sample (0.3 g of clay dissolved in 9.7 cm3 solvent), a particle 

separation distance of d ≈ 80 nm can be calculated. This number will be an 

overestimation due to the assumptions of this expression. This method is usually applied 

to dispersions that have concentrations above 20 wt %, where small interparticle 

separations are observed. 
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An alternative method to determine the particle separation in a Laponite gel, is the 

one suggested by Kroon et al.,80 in which the particles are considered equivalent spheres, 

such that the interparticle distance can be calculated from the number density of colloidal 

particles (Nd) as follows: 

3/1

dN
1d ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=       (3.5) 

For the 3 wt % clay sample and assuming the particles have 30 nm diameter and 10 nm 

thickness, the number density is Nd ≈ 1.65 2210×  m-3. This yields a particle separation 

distance of d ≈ 40 nm. However, it should be noted that this number is extremely 

sensitive to the exact dimensions of the particles.  

Schmidt et al.43 calculated the clay-clay distance from SANS experiments 

performed on Laponite-polymer gels (where the clay concentration was kept constant at 3 

wt % and the polymer concentration was varied). They found that the scattering profiles 

of the samples exhibit a shoulder at q ≈ 0.008 Å-1 that was attributed to the structure 

factor due to ordering between adjacent platelets. From this shoulder and using the 

equation d = 2π/q, a rough estimate of the average spacing between platelets can be made 

to be around d ≈ 80 nm. This is probably an overestimation of the interparticle distance, 

since the contribution of the form factor was not removed.  

Since all the methods presented contain a number of assumptions and as a result 

yield a value of the interparticle distance that might not be so accurate, we made a direct 

measurement using the SANS technique. SANS measurements were performed on a pure 

Laponite gel of 3 wt % concentration. This data is shown in Figure 3.4 and compared to 

the data from a non-interacting dilute Laponite solution of 0.5 wt %. Both curves show 
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that the scattering intensity follows a q-2 power-law decay at high q values, which is 

characteristic for randomly oriented thin discs.80, 90, 167 The main difference between the 

two data sets is that the curve for the 3 wt % Laponite solution (where the structure factor 

is a significant contributor to the overall scattering at low q) exhibits a shoulder at q ≈ 

0.013 Å-1. Using the equation d = 2π/q, we roughly estimate an interparticle-distance of 

480 Å (d ≈ 48 nm). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.4: Scattering intensity as a function of q for 0.5 wt % and 3 wt % pure Laponite 
dispersions 
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respective volume fractions (equation 2.32).100 Figure 3.5 shows the experimental 

structure factor calculated from the ratio of the scattering curves of the concentrated 3 wt 

% )0127.0(Φconc =  Laponite dispersion, to the dilute 0.5 wt % )0021.0( dil =Φ  Laponite 

dispersion. The structure factor curve shows a correlation peak. Despite the breadth of the 

peak and the relatively poor statistics, the peak position can be situated at q ≈ 0.018 Å-1. 

This corresponds to a clay-clay distance, (d = 2π/q), of d ≈ 350 Å (d ≈ 35 nm). This 

number is in good agreement with the averaged interparticle distance of 39 nm obtained 

by Kroon et al.80 from SAXS data. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.5: The structure factor, S(q) for a 3 wt % pure Laponite dispersion, calculated 
according to equation 2.32 
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A range of values can be obtained. From our point of view, the method that uses the peak 

position of the structure factor has the fewer assumptions, and also gives a direct 

measurement. Therefore, for the purpose of this thesis we will accept the value of  ≈ 35 

nm as being the average clay-clay distance in a 3 wt % clay solution. 

3.2.4 Saturation of Laponite Surface with PEO 

Another important parameter for understanding the structure of Laponite-PEO 

gels is the amount of PEO absorbed onto the Laponite surface. Lal et al.41, 42 and Nelson 

et al.46-48 calculated this from data obtained by contrast variation SANS measurements. 

Lal et al.41, 42 found values in the range of 0.59 mg/m2 to 0.87 mg/m2 with no systematic 

dependence on the polymer molecular weight. Nelson et al.46-48 found similar values, 

between 0.53 mg/m2 and 0.67 mg/m2, but their data suggested a slight molecular weight 

dependence. The adsorption amount for each of the molecular weights used in this work 

was obtained from the paper of Nelson et al.46-48. This amount was found to be within 

errors at 0.65 ± 0.05 mg/m2 for all the Mw studied. Based on the absorbed amount (0.65 

mg/m2) and the specific surface area of Laponite (800 m2/g), the fraction of PEO that is 

bound on the Laponite platelets can be calculated. Thus, for a Laponite-PEO system that 

contains 3 wt % clay, the bound fraction of PEO segments on the clay platelets is 

estimated to be ≈ 1.56 wt %. Since our systems contain 2 wt % PEO, it is expected that at 

equilibrium the clay surface is completely covered by the PEO segments and that there is 

also approximately 0.44 wt % free PEO that is not adsorbed onto the clay surface.  

It should be noted once again here that the value reported for the surface area is 

not based on any direct measurement, but is calculated from the dimensions of the 

particle, and as a result this value is extremely sensitive to the exact dimensions and 



 68

polydispersity of the particles. Nonetheless, even for the highest reported values of the 

surface area, the amount of adsorbed polymer is still less than 2 wt %, leaving some 

excess polymer that is not bound to the clay. The presence of excess PEO is expected to 

influence the “at rest” structure, as well as to stabilize the structure under shear. As an 

example, in the absence of excess polymer, poly(ethylene oxide)-Laponite samples have 

been found to phase separate under shear.43  

3.2.5 Laponite-PEO Hydrogels 

Our current understanding of previous results reported by Schmidt et al.43-45 from 

a representative LRD3-PEO2-Mw1000 sample is that the polymer chains are in a 

dynamic adsorption-desorption equilibrium with the clay particles. Since there is more 

than enough polymer available to cover all the clay platelets, we expect the diffuse 

polymer chains to bridge neighboring clay particles and influence the structure, if they 

are long enough. In order to explore the effects of polymer length on the structure, gels 

with the same polymer and clay concentration but different molecular weights of PEO 

were prepared. To study the structure at rest on multiple length scales, small and ultra-

small angle neutron scattering experiments were performed. In addition, complimentary 

environmental-scanning and transmission electron microscopy images, which were 

obtained to provide a direct visualization of the structures, are presented here. 

SANS data obtained from gels containing 3 wt % LRD and 2 wt % PEO (LRD3-

PEO2-Mw) of several different molecular weights (Mw) are shown in Figure 3.6. In the q 

regime between 0.0027 Å-1 and 0.24 Å-1, which probes length-scales up to slightly larger 

than the size of an individual disc, the data clearly show a complete lack of Mw 

dependence. This is consistent  with (i) the findings of Lal et al.41, 42 and Nelson et al.,46 
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who found that the adsorbed polymer layer thickness is independent of molecular weight, 

and (ii) the fact that the scattering intensity from a polymer network above c* is also 

independent of molecular weight. At high q values, the scattering intensity drops with a 

slope of -2.2 (i.e. a q-2.2 dependence). The slight deviation from -2 slope that was 

expected for disc-like structures, is not surprising given that the free polymer coils must 

also contribute to the scattering in this regime.80, 90, 167 From a Guinier fit to the low q 

data, an “apparent” Rg of ≈ 10 nm can be obtained. This Rg is consistent with the Rg of 

10 nm obtained in section 3.2.2 for thin discs with 30 nm diameter and 1 nm thickness. 

However, attempts to fit the full curve to a core-shell model similar to what Nelson et 

al.46 did for dilute systems (0.5 w/v % LRD and 0.35 w/v % PEO) failed, probably due to 

the higher concentrations used here and the excess free polymer in the solution.   

In order to cover a wide range of length scales and elucidate the macroscopic 

structures within the system, SANS measurements were accompanied by USANS 

measurements that probe structural information at length scales up to several microns. 

Smeared USANS data in the q range from 4 x 10-5 Å-1 to 2.7 x 10-3 Å-1, obtained from the 

same polymer-clay gels which contain polymer of different molecular weights, are shown 

in Figure 3.7. At the very low values of q observed with USANS, the scattering intensity 

decreases with a slope of -1.5 ± 0.2 confirming the existence of a network-type large 

structure. The existence of these larger scale structures in the polymer-clay hydrogels is 

not surprising given that we have a polymer-coated clay network. Furthermore, the 

USANS profiles for all the samples overlap, revealing that the size of this network is not 

dependent on the polymer molecular weight.  
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Figure 3.6: SANS scattering intensity as a function of q from the LRD3-PEO2-Mw 
hydrogels for several different molecular weights 
 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.7: Measured smeared USANS data from the LRD3-PEO2-Mw hydrogels 
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The slit-smeared USANS data can be directly compared to the SANS data 

obtained from a pin-hole collimation. This is done by desmearing the USANS data to 

obtain scattering intensities on an absolute scale (cm-1). The combined SANS and 

(desmeared) USANS intensity profiles cover four orders of magnitude in q from 

4 x 10-5 Å-1 to 0.24 Å-1. The data is shown in Figure 3.8 for all the molecular weight 

polymer-clay hydrogels. The intermediate q region where the USANS and SANS data 

merge, shows a plateau of the scattering intensity. A similar behavior was seen in pure 

Laponite dispersions46, 80, 167 at concentrations above the gel transition (see also section 

3.2.3). For these systems, it was demonstrated that the plateau region (slope of zero) 

includes a structure factor due to ordering between adjacent platelets. Here the plateau 

region is likely a convolution of the disc form factor (or network form factor) with the 

structure factor of the polymer-clay network. In order to obtain the structure factor, it is 

necessary to divide out the form factor similar to what was done in section 3.2.3 for the 

pure Laponite solution. However, this is not trivial for the hydrogels due to the presence 

of excess polymer.   

The scattering observed at very low q (in Figure 3.8) arises from large-scale 

inhomogeneities in the system, most likely caused by spatial variations in the 

concentration of polymer-coated platelets. For example, the existence of clay-rich areas 

separated by less dense (clay-poor) regions.92 In this q region, the intensity scales with 

q-2.5 (note the desmearing changed the slope). Even though the scaling covers only 2 

orders of magnitude of q, an interpretation in terms of a “fractal” structure with a fractal 

dimension of 2.5 could possibly be made. This value of the fractal dimension suggests 

that the polymer-clay system forms a relatively dense network. This is similar to what 
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was proposed for pure Laponite systems. Light scattering experiments by Kroon et al.80, 

90, 91 on such pure clay systems also yielded a fractal-like structure with a fractal 

dimension that evolved from 2.8 to 2.1 during the gelation process. Investigations by 

Pignon et al.92, 93 also suggested the existence of a fractal-like structure with a fractal 

dimension of 3 that was correlated to length scale of the order of few μm  in size.   

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 3.8: Combined together SANS and desmeared-USANS profiles from the LRD3-
PEO2-Mw hydrogels at rest 
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50 nm. This is in good agreement with the results obtained for the clay-clay interparticle 

distance from SANS measurements. The thickness of these strings is ≈ 4 nm while the 

thickness of a single clay platelet is ≈ 1 nm. Interpreting the lines in Figure 3.9 as 

polymer coated platelets viewed from the side leads to an adsorbed layer thickness of 

≈ 1.5 nm on each side, which is in perfect agreement with the values obtained from dilute 

solutions below the gel transition.41, 42, 46   

Figure 3.9: Freeze fracture TEM images from the polymer-clay hydrogel with polymer 
Mw = 1000 kg/mol, showing a network like structure on a nanometer length scale. 
Arrows point to areas with network-like structure and white asterisks indicate smooth 
areas.   
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(smooth areas). An interpretation of this would be that at these length scales the polymer 

coated platelets form a relatively tight network with hundreds of nanometer pockets of 

solution. Figure 3.9 also provides evidence that the clay platelets can interconnect by 

network-active polymer through their edges, with many strings being much longer than 

the 30 nm nominal platelet diameter. 

Although all samples are completely transparent to the eye and to optical 

microscopy, as are multilayered nanocomposite films made from the same polymer and 

clay components,60 structures can be observed on a micron length scale using 

Environmental Scanning Electron Microscopy (ESEM). Optical transparency of samples 

with micron size texture is usually possible when refractive index matching of the large-

scale structures with the surrounding solution is present. SEM, on the other hand, “sees” 

by reflection from the electron density and thus will clearly show areas of high electron 

density form the clay as bright areas, while the low, and nearly equal electron density 

(H2O and H2C are fairly similar in density), will show up as darker regions (LRD 

contains many electron rich atoms). 

A representative SEM image from a freeze fractured surface of a polymer-clay 

hydrogel with polymer Mw = 1000 kg/mol is shown in Figure 3.10. The SEM image 

reveals an exquisite, lacey, sponge like texture on a micron length scale with on average 

5 μm  large clay-poor regions (dark areas) and ≈ 1.5 μm  thick interconnected membranes 

of clay-rich areas (bright lines). Several areas show fine network structures within the 

5 μm  size pores. Assuming the TEM interpretation is correct, this network like structure 

on the micron length scale, is self similar to that on the nanometer length scale observed 

by TEM (Figure 3.9). Data obtained from a Fourier transformation of the real-space SEM 
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image, reveal a fractal dimension of 1.5, suggesting that at these length scales the 

polymer-clay network forms a much more open fractal-like structure. Therefore, the 

micrometer-sized relatively dense network observed with USANS, must be more loosely 

aggregated to form a much more open fractal-like structure at larger length scales (as 

those observed with SEM). This is in good agreement with the two characteristic length 

scales observed by Pignon et al.92, 93 on pure Laponite dispersions. The authors suggested 

the existence of a fractal-like structure that was correlated with two characteristic length 

scales. The first length scale of the order of few μm  was linked to a fractal dimension of 

3, and the second one for sizes bigger than 10 μm  was linked to a fractal dimension that 

increases from 1 to 1.8 with the particle volume fraction. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10: A representative SEM image from a freeze fractured surface of a polymer-
clay hydrogel with polymer Mw = 1000 kg/mol, showing the network-like structure on a 
micron length scale 
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3.3  Conclusions 

A combination of small and ultra-small angle neutron scattering, as well as 

microscopic techniques was used to describe and correlate microscopic and nanoscopic 

structures present in Laponite-PEO hydrogels. In these gels, the polymer and clay 

concentrations were kept constant, but the molecular weight of PEO was varied, in order 

to explore the effects of polymer length on the structure. The picture that begins to 

emerge for these gels is one in which clay platelets covered by a polymer coating of 

1.5 nm thickness, are tethered together in fibrous bundles that form a fractal-like network 

structure from the nano up to the micron regime. This network structure is completely 

independent of the polymer molecular weight. This is not surprising for these gels that 

are above the overlap concentration and the only two differences between the samples are 

the mesh nodes per molecule and whether one molecule bridges all the way between two 

platelets. Those differences are not expected to influence the structure at rest, however, 

are expected to have an effect on the dynamics and therefore the structure under shear.  
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CHAPTER  4  RHEOLOGY OF LAPONITE-PEO 
HYDROGELS† 

 
In this chapter, a comprehensive rheological characterization of the different 

polymer molecular weight hydrogels is presented. The flow behavior of these polymer-

clay nanocomposite gels was studied by measuring the steady-state viscosities as a 

function of shear rate. The viscoelastic properties of the gels at low deformations and low 

frequencies were also tested through oscillatory shear experiments. Finally, results from 

constant stress (creep) experiments are presented.  

4.1  Experimental Procedures 

4.1.1 Sample Preparation 

Samples for the rheological experiments containing 3 wt % Laponite and 2 wt % 

PEO, were also prepared in D2O. The solutions had a pH ≈ 10 and a sodium chloride 

concentration of 10-3 mol/L. The samples were prepared in the same way as described in 

section 3.1.1.  

4.1.2 Flow Experiments 

Rheological flow measurements were performed on a Rheometric Scientific 

ARES strain-controlled rheometer (TA Instruments Ltd). Measurements were obtained 

using a parallel plate configuration with 38 mm diameter plates and 1mm gap. The steady 

state viscosity for each shear rate was obtained by performing individual, time-

                                                 
† Reproduced in part with permission from Macromolecules, Loizou, E.; Butler, P. D.; 
Porcar, L.; Schmidt, G., Dynamic Responses in Nanocomposite Hydrogels, 2006, 39, 
1614-1619. Copyright 2006 American Chemical Society. 
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dependent, constant-shear rate experiments. Once the samples equilibrated to a steady 

state viscosity, the viscosity was recorded, and another time-dependent constant-shear 

rate experiment was performed. In order to achieve steady-state, constant shear rates had 

to be applied for times ranging from ≈ 5000 s at the lowest shear rates down to ≈ 20 s at 

the highest shear rates. Solvent evaporation was prevented by coating the sample with a 

thin layer of silicon oil. The effect of the silicon oil on the overall rheological behavior 

was measured and was found to be negligible. To check for reproducibility of results, 

duplicate measurements were taken with a new sample. Steady state values were 

reproduced within a relative uncertainty of < 9 %. 

4.1.3 Oscillatory Experiments 

Oscillatory experiments were also performed on the ARES strain-controlled 

rheometer using the parallel plate geometry. For these experiments, a sinusoidal strain 

was applied to the sample and the response stress was computed from a torque transducer 

connected to the stator. The elastic ( G' ) and viscous ( G") moduli were measured as a 

function of frequency and as a function of strain. Frequency sweep tests were performed 

by keeping the amplitude of applied strain constant at γ = 1 %. Strain sweep tests were 

performed by keeping the frequency of oscillations constant at ω = 1 Hz. Duplicate 

measurements with a new sample showed reproducibility of moduli values within a 

relative uncertainty of 15 % for the low Mw gel and less than 7 % for all other gels. 

4.1.4 Creep Experiments 

Creep experiments were performed on the Advanced 1000 stress-controlled 

rheometer (TA Instruments Ltd). Measurements were obtained using a parallel plate 

configuration with 40 mm diameter plates and 1 mm gap. A constant stress of τ = 2 Pa 
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was applied on the samples for 5000 s and the response deformation (strain) was 

recorded. To record the recovery of the samples, a stress of 0 Pa was programmed for an 

additional 5000 s. For two representatives polymer-clay gels, with Mw = 300 kg/mol and 

Mw = 1000 kg/mol, a series of constant stress experiments was performed with applied 

stresses of  τ = 1, 2, 5, 20, 500, and 1500 Pa. When the applied stress was changed, a new 

sample was employed in order to avoid remnant shear effects. To minimize the effects of 

any shear associated with loading the samples, experiments were performed 15 min after 

loading. To prevent solvent evaporation, a solvent trap was used.  

4.2  Results and Discussions 

4.2.1 Flow Experiments 

The steady state viscosity (η) as a function of shear rate (dγ/dt) for the LRD3-

PEO2-Mw100, 300, 600, and 1000 gels are shown in Figure 4.1. All the gels show a 

shear thinning behavior over a large range of applied shear rates. The double logarithmic 

plot, exhibits a near power law behavior. The data was fitted to the power law 

η = K(dγ/dt)m and the power law exponents (m) were calculated form the slope. Values 

vary between m = 0.6 for the high molecular weight sample to m = 0.9 for the low 

molecular weight sample. Deviations from linearity are observed at the highest shear 

rates and are a result of normal forces that push the sample out of the shear cell. 

At low shear rates (0.01 s-1 - 0.5 s-1), the viscosity shows a weak dependence on 

the Mw, with all the gels having approximately the same viscosity at the lowest measured 

shear rate. Therefore, these polymer-clay gels cannot be compared with simple polymer 

solutions, where a distinct Mw dependence of the viscosity is observed at the lowest 
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measured shear rates.168 At higher shear rates (10 s-1 - 500 s-1), there is a strong 

dependence of the viscosity on the polymer Mw, the higher the Mw of the sample the 

higher the viscosity. These results are consistent with our earlier hypothesis that the 

polymer chains are in a dynamic absorption-desorption equilibrium with the clay 

particles. At low shear rates, the mechanical coupling between clay platelets and long 

polymer chains has only marginal consequences on the flow properties. As the shear rate 

increases, any polymer-clay interactions become increasingly important. This is reflected 

first in the steady state viscosity, which increases for a given shear rate in the series 

LRD3-PEO2-Mw100, 300, 600, and 1000 and second in the microstructural orientation 

which will be discussed later in section 5.2.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Steady state viscosity (η) as a function of shear rate (dγ/dt), for the LRD3-
PEO2-Mw series. Power law exponents (m) obtained via η = K(dγ/dt)m are shown. 
Experiments can be reproduced with a new sample with a relative uncertainty of < 9 % 
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Usually, solutions containing anisotropic particles shear thin by alignment of the 

particles with the flow, allowing them to slide past each other more easily. However, in 

connected gels, like those studied here, breaking the connectivity would also lead to shear 

thinning. The fact that at high shear rates, the high Mw samples are more viscous, 

suggests the presence of more interactions between the network active long polymer 

chains and the clay particles. Many interconnecting polymer chains (such as for the 

LRD3-PEO2-Mw1000 sample) will immobilize the micro-structure more than a few 

interconnecting chains or no connecting chains (such as for the LRD3-PEO2-Mw100 

sample). Therefore, the high Mw samples will produce a more rigid network that will 

exhibit higher resistance to flow.  

4.2.2 Oscillatory Experiments 

In order to test the viscoelastic properties at low deformations, frequency 

dependent oscillatory shear experiments were performed. Results for the LRD3-PEO2-

Mw series are shown in Figure 4.2. At a constant strain of 1 % the data are well within a 

relatively broad linear viscoelastic range. For all the gels the storage modulus, 'G , is 

always larger than the loss modulus, G", indicating that the gels behave mostly like 

elastic solids within the frequency range studied. The LRD3-PEO2-Mw100 exhibits 

similar rheological characteristics to that of a pure 3 wt % LRD gel, with a storage 

modulus that is frequency independent.70, 71 For all other (higher) Mw samples, the 

storage modulus displays some dependence on frequency, with the storage modulus 

increasing with frequency and polymer molecular weight. This may be related to the 

formation of a transient network in which the clay platelets are “bridged” by the PEO. At 

the lower frequencies, the LRD3-PEO2-Mw100 sample appears to have a slightly higher 
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elastic modulus than the other gels; however, the relative uncertainty on the moduli of the 

LRD3-PEO2-Mw100 sample is ≈ 15 % while that of the moduli for the other gels is less 

than 7 %. 

  

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 4.2: Frequency dependence of G'  (full symbols) and G" (open symbols) for the 
polymer-clay gels  
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is increased from 100 kg/mol to 300 kg/mol, the minimum in G" shifts to a significantly 

lower frequency. As the molecular weight of PEO is further increased, the frequency at 

which the "
minG  is found slowly shifts to lower values. This shift most likely is due to an 

increase of the high frequency mode of G", indicating that viscous relaxation becomes 

increasingly dominant at the higher frequencies as the polymer molecular weight 

increases. At these low deformations of 1 %, the flow history does not change the 

equilibrium structure of the gel at rest and all experiments were reproducible.  

In order to test the viscoelastic properties of these polymer-clay gels at a series of 

deformations, strain dependent oscillatory shear experiments were performed. Results for 

the LRD3-PEO2-Mw series are shown Figure 4.3. The frequency of oscillation was kept 

constant for all experiments at ω = 1 Hz. At low deformations (strain < 10 %), the elastic 

modulus, G' , for all the gels is constant and its values are always larger than values for 

the loss modulus, G". Thus, at sufficiently small strains, the gels behave like elastic 

solids. The samples with Mw = 300, 600, and 1000 kg/mol display elastic moduli, which 

increase with Mw. In contrast, the LRD3-PEO2-Mw100 sample does not follow that 

trend. Thus, the elasticity of the high Mw samples arises most probably from the ability of 

the sample to form a network in which the clay platelets are “bridged” by the polymer 

chains. The elasticity of the low Mw sample, which is not expected to be able to bridge, 

could be arising from the clay network itself.   

As the deformations increases above 10 %, the elastic modulus decreases 

dramatically for all gels. The gels start to flow with the LRD3-PEO2-Mw100 gel flowing 

first and the LRD3-PEO2-Mw1000 flowing last. At really high deformations (∼ 100 %), 

the viscous modulus, G", initially rises and then quickly falls. In all the cases however, 
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the value of G" crosses over that of G' , making the samples behave more like viscous 

fluids than elastic solids at these high deformations. The fact that the G" dominates at 

high deformations, reflects the increased loss due to large-scale rearrangements or flow 

of the micro-domains as the strain increases above the yield value.169 These micro-

domain rearrangements will occur more easily in a non-connecting gel like the LRD3-

PEO2-Mw100 gel, rather than in a gel that has more interconnections and can display 

more resistance to flow.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.3: Strain dependence of G'  (full symbols) and G" (open symbols) for the 
polymer-clay gels  
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were performed. A constant stress of 2 Pa was applied to the samples for 5000 s and the 

resulting deformation (= strain) was recorded as a function of time. After cessation of 

shear, the strain recovery was recorded for an additional 5000 s (Figure 4.4).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.4: Time dependence of the resulting strain of creep experiments performed at a 
constant stress of 2 Pa on different Mw samples. Shear was applied for 5000 s, then 
stopped and data collected for an additional 5000s  
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the polymer-clay gels continue to deform with time. The sample with the lowest Mw 

exhibits the highest deformation. This can be attributed to the existence of non- 

connecting micro-domains that can slide past each other and easily rearrange in the low 
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since in that gel the number of interconnections is higher and therefore the micro-

domains display more resistance to flow.  

 

Figure 4.5: Results from creep experiments of a series of low (a and b) and high (c and 
d) stresses for the LRD3-PEO2-Mw300 (a and c) and the LRD3-PEO2-Mw1000 (b and 
d) hydrogels  
 

After cessation of shear (Figure 4.4), all the samples show only partial recovery of 

the strain. There is no evidence of complete recovery, even after 5000 s. Moreover, at the 

recovery part there is no visible asymptotic plateau at long times. This behavior was also 
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observed in pure Laponite dispersions of 3 wt % and is indicative of a viscoelastic 

behavior having slow or very slow relaxation mechanisms.84 

The effect of stress was studied by performing a series of constant stress 

experiments at values of τ 1, 2, 5, 20, 500, and 1500 Pa, for two representative molecular 

weights, 300 kg/mol and 1000 kg/mol, gels. The results are shown in Figure 4.5. At low 

applied stresses, up to 20 Pa (Figures 4.5 a and b), the hydrogels behave like viscoelastic 

materials since there is a partial recovery of the strain after cessation of shear. As the 

applied stress increases (Figures 4.5 c and d), the hydrogels behave more like a viscous 

fluid, where a steady rate of strain is observed with no recovery of the strain after 

cessation of shear. Comparing the data from the two hydrogels it is clear that at a given 

stress the deformation of the LRD3-PEO2-Mw1000 sample is always lower than that of 

the LRD3-PEO2-Mw300 sample. This most probably is due to the higher 

interconnectivity between long polymer chains and Laponite cross-links that exist in the 

high Mw samples, making them more elastic and thus more resistant to deformation.  

4.3  Conclusions 

At a constant composition by mass and only changing polymer Mw the total 

contour length of the linear chains in solution stays constant. What is changing is the 

interconnectivity between the polymer and the clay. One long string versus hundreds of 

shorter ones means the number of points with relatively infinite degrees of freedom 

increases. This increased freedom does not significantly influence the viscoelastic range 

observed at small deformations (Figure 4.2) and small frequencies (Figure 4.3) but 

changes the dynamics at high deformations where interconnectedness or cross-linking 

becomes important (Figure 4.1). 
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Based on the similarities of the structures of all the samples at rest (Chapter 3), 

and also of the identical viscosities at very low shear-rates, it seems that all the gels 

contain micron-size polymer-clay domains that look alike when at rest and do not depend 

on the Mw of the polymer. Under shear though, the polymer length becomes important as 

these micro-domains are interconnected and cannot easily rearrange.   
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CHAPTER  5 LAPONITE-PEO HYDROGELS 
MONITORED BY SHEAR-SANS‡ 

 
In this chapter, the unique flow properties exhibited by these complex fluids are 

correlated with their structural deformation through SANS experiments performed under 

shear. The effect of molecular weight, polymer and clay concentrations, as well as 

preparation method on the shear-induced structures, were explored. Some of these were 

complemented by experiments in contrast matched solvents, to elucidate the shear 

response of individual components.  

5.1  Experimental Procedures  

In order to study the behavior of these systems in the three directions in space, 

scattering measurements are typically carried out in the two geometries discussed in 

section 2.3. Tangential geometry data require much longer counting times because the 

sample area is much reduced, and the effective thickness is much increased which leads 

to significant transmission losses. Furthermore, the tangential geometry data has 

complicated contributions from reflections of the scattering beam on the cell curvature, 

which make quantitative analysis very difficult. However, important qualitative 

information is easily extracted. For these reasons, most of our measurements were carried 

out in the radial beam geometry that provides information in the flow and neutral 

direction. Data in the tangential beam geometry (not shown here) were only obtained for 

                                                 
‡ Reproduced in part with permission from Macromolecules, Loizou, E.; Butler, P. D.; 
Porcar, L.; Schmidt, G., Dynamic Responses in Nanocomposite Hydrogels, 2006, 39, 
1614-1619. Copyright 2006 American Chemical Society. 
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selected samples and shear rates, in order to verify the type of orientation suggested by 

radial measurements. 

 Small angle neutron scattering measurements were performed at the NIST Center 

for Neutron Research using both NG3 and NG7 SANS instruments.163 The typical q-

range used for these measurements is from 0.003 Å-1 to 0.25 Å-1, corresponding to a 

characteristic distance (d = 2π/q) probed of ≈ 2000 Å to 25 Å. The incident neutron beam 

had a wavelength of either 6 Å or 8 Å. Couette cells with gaps of 0.5 mm and 1mm were 

used giving a total path length through the sample of 1 mm and 2 mm, respectively. The 

temperature of the samples was set at 23 ºC and was controlled by a thermostating fluid 

that circulated around the Couette cell. A solvent trap was used to prevent solvent 

evaporation. The scattering data from each sample were corrected for background noise, 

detector efficiency, empty cell scattering, sample transmission, and intensities were 

placed on an absolute scale (cm-1) using beam flux measurements.164 

5.2  Structural Dependence on the Molecular Weight (Mw)  

The influence of shear flow on Laponite-PEO suspensions has been investigated 

by Schmidt et al.43-45 using the shear-SANS technique. Their measurements showed that 

sufficient shearing induces nanoscale orientation to a sample containing 3 wt % Laponite 

and 2 wt % PEO (Mw = 1000 kg/mol). In contrast, a pure 2 wt % PEO solution and a pure 

3 wt % Laponite solution, showed no nanoscale orientation. The orientation was 

attributed to interconnected clay platelets being forced to align along the flow direction 

and to the bridged polymer chains being stretched under shear. The authors suggested 

that the observed orientation arises from the dynamic coupling of the polymer chains 

with the clay platelets. While long polymer chains may indeed be able to bridge clay 
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platelets, sufficiently short ones might not be able to do so. While in Chapter 3 the 

structure at rest was found to be independent of molecular weight, one would expect the 

dynamics to be dramatically different once the chains are too small to bridge the clay 

platelets. To test the validity of the above picture and investigate the influence of polymer 

length on the shear-induced structures, shear-SANS measurements were performed on a 

series of polymer-clay gels with varying polymer molecular weight. These measurements 

allow us to explore the effect of bridging on the shear responses of the gels.    

5.2.1 Sample Preparation  

Samples containing 3 wt % Laponite and 2 wt % PEO of varying molecular 

weight (LRD3-PEO2-Mw) were prepared in D2O. The solutions had a pH value of ≈ 10 

and a sodium chloride concentration of 10-3 mol/L and were prepared as was described in 

section 3.1.1. 

5.2.2 Results and Discussion 

The two dimensional SANS patterns for the different Mw hydrogels, at rest and 

for selected shear rates, are shown in Figure 5.1. As was shown in Chapter 3, at rest 

(0 s-1), the isotropic 2D-SANS patterns suggest that all the gels exhibit a random 

orientation of their nanometer structure. At low shear rates, the scattering patterns are 

characterized by an increase of the intensity in the direction parallel to the flow field (x-

direction). These scattering patterns are usually referred to in the literature as “butterfly 

patterns” (see for example the scattering pattern of LRD3-PEO2-Mw300 at 30 s-1). This 

increase in the intensity occurs at small q values (close to the beam-stop) and reveals that 

the low-shear induces the formation of large-scale structures (of sizes > 2000 Å) that 

orient along the neutral direction. The range of shear rates at which butterfly patterns are 
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observed is different for each sample; it decreases and shifts to lower values with 

increasing polymer molecular weight.  

 

Figure 5.1: Two dimensional SANS patterns for the four LRD3-PEO2-Mw hydrogels at 
rest, at different shear rates, and upon cessation of shear. Data obtained in the radial beam 
geometry. Measurements for the LRD3-PEO2-Mw1000 sample were difficult to obtain at 
shear rates higher than 120 s-1, due to high forces pushing the sample out of the shear cell 
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and polymer molecular weight. The anisotropic scattering patterns become isotropic 
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nanoscale structures has been reported to be ≈ 0.05 s for these systems.43 While SANS 

studies on these polymer-clay solutions reveal very fast relaxation of anisotropy, stress-

relaxation measurements (section 4.2.3) show that full relaxation of the samples requires 

very long times. These two results imply the presence of two relaxation processes, a fast 

relaxation of nanoscopic structures, and a much slower stress relaxation mode of the 

macroscopic structures. 

To quantitatively analyze the scattering data and obtain the scattered intensity as a 

function of the scattering vector, q, in each direction, all SANS patterns were averaged in 

10° sectors parallel to the flow (x) and neutral (z) directions. Figures 5.2, 5.3, and 5.4 

show the averaged scattering profiles from the LRD3-PEO2-Mw100, 300 and 600 gels 

respectively, at rest and at different shear rates.  

Figure 5.2: Intensity vs. q for the LRD3-PEO2-Mw100 gel at rest (0 s-1) and at different 
shear rates. The data were averaged parallel to the flow (x) and neutral (z) directions. 
Relative error is smaller than the symbols. Inserts: 2D SANS patters showing the sectors 
used for averaging the intensity  
 

The data at rest were explained in detail in Chapter 3. As a reminder, the 
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disc-like structures at high q values. This value is not surprising given that the free 

polymer must also contribute to the scattering in this regime. At low q values all the gels 

exhibit a strong rollover (plateau). From a Guinier fit to that region, an “apparent” Rg of  

≈ 10 nm was calculated. This Rg is consistent with the Rg obtained for thin discs of 25-30 

nm in diameter (section 3.2.2).  

 
 

Figure 5.3: Intensity vs. q for the LRD3-PEO2-Mw300 gel at rest (0 s-1) and at different 
shear rates. The data were averaged parallel to the flow (x) and neutral (z) directions. 
Relative error is smaller than the symbols. Inserts: 2D SANS patters showing the sectors 
used for averaging the intensity 
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“at rest” curve indicating they are probing more of the longer dimension. The curves 

parallel to the neutral (z) direction, which are increasing in intensity, are probing more of 

the shorter dimension. Thus, a nanoscopic orientation occurs only within the high Mw 

samples.  

 

Figure 5.4: Intensity vs. q for the LRD3-PEO2-Mw600 gel at rest (0 s-1) and at different 
shear rates. The data were averaged parallel to the flow (x) and neutral (z) directions. 
Relative error is smaller than the symbols. Inserts: 2D SANS patters showing the sectors 
used for averaging the intensity  
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directions studied. The main difference though is that at low shear rates (such as 10 s-1) 

the intensity parallel to the flow (x) direction is higher, while at high shear rates (such as 

500 s-1) the intensity parallel to the neutral (z) direction is higher. This indicates that 

besides the nanoscale alignment, shear induces the formation of a large-scale structure, 

which is also anisotropic and aligns at low shear rates in the neutral (z) direction, while 

orientation in the flow (x) direction appears to dominate at high shears. However, it 

should be noted that for some of these samples, the literature70, 71 indicates that the large-

scale structure retains its neutral (z) direction orientation. It is likely that at the very low q 

presented here, the nanoscopic orientation in the flow direction dominates the scattering 

and overwhelms the tail of the signal arising from the large-scale structure. This would of 

course also imply that the large-scale structure forms prior to significant local alignment. 

 

 
Figure 5.5: Intensity vs. q for the LRD3-PEO2-Mw600 gel at rest (0 s-1) and at shear 
rates of 10 s-1 (left) and 500 s-1 (right). The data were averaged parallel to the flow (x) 
and neutral (z) directions. Relative error is smaller than the symbols 
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lowest molecular weight (Mw = 100 kg/mol) show high q anisotropy. This anisotropy 

increases as a function of molecular weight, suggesting a higher degree of oriented 

nanostructures in these gels. This then supports the original hypothesis that the higher the 

Mw of the polymer in the gel, the more interconnections can be supported and the 

stronger the resulting network, which in turn leads to an increased ability to orient the 

platelets under shear. Even though the shear flow is expected to disrupt the network and 

break some of the connectivity, if the number of polymer bridges is high enough, some 

bridges will remain. Furthermore, long polymer chains will have a higher probability to 

bridge to another clay platelet located nearby after desorbing from a particular clay 

platelet. Therefore, the coupling of clay platelets with longer polymer chains will restrict 

the mobility of higher amounts of coated-clay platelets and lead to their shear orientation.  

 
 

Figure 5.6: Intensity vs. q for the LRD3-PEO2-Mw samples, at a shear rate of 90 s-1. The 
data were averaged parallel to the flow (x) and neutral (z) directions. Relative error is 
smaller than the symbols. Inserts: 2D SANS anisotropic scattering patterns showing the 
sectors used for averaging the intensity 
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A common method for quantifying the degree of orientation in oriented samples 

involves calculating an annular average of the scattering intensity. This is an average of 

the intensity over the area between two concentric rings that have the beam-stop as their 

centers. From this type of average the scattering intensity at a specific q value (± Δq ) is 

obtained as a function of the annular angle. For all the scattering data, the annular 

intensity was calculated at two different q values. At q = 0.0040 ± 0.0008 Å-1 so as to 

obtain information about the large-scale structures (of sizes ~ 1570 Å), and at q = 0.0100 

± 0.0008 Å-1 so as to obtain information about structures slightly larger than an individual 

disk (of sizes ~ 628 Å). As an example Figure 5.7 shows the annular averages at the two 

different q values for the 2D SANS pattern of the LRD3-PEO2-Mw300 sample at 30 s-1.  

 

Figure 5.7: 2D SANS pattern (of the LRD3-PEO2-Mw300 sample at 30 s-1) showing 
annular average (left) of the intensity at two different q values, at q = 0.004 Å-1 and at q = 
0.01 Å-1. From this type of average, the annular scattering intensity )(ΦIq  is obtained as 
a function of the annular angle Φ  (right). Reference direction is the flow direction 
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The annular scattered intensity, )(ΦIq , and the annular angle, Φ , were used to 

calculated the Herman’s orientation function (also called Herman parameter) using the 

following equation:144, 170 
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The Herman parameter has a value of -0.5 when the components in the system are 

perfectly oriented parallel to the flow direction, a value of 1 when the components are 

perfectly oriented perpendicular to the flow direction (parallel to the neutral direction) 

and a value of 0 when the orientation is random (see Table 5.1).144, 170  

 

Table 5.1: Values of Herman parameter and their interpretation on structure orientation 
Values for Herman parameter Interpretation of Structure Orientation 

fq = -0.5 perfect orientation in the flow direction 

-0.5 < fq < 0 average orientation in the flow direction 

fq = 0 random orientation 

0 < fq < 1 average orientation in the neutral direction 

fq = 1 perfect orientation in the neutral direction 

 

Figure 5.8 summarizes the shear-SANS results by plotting the Herman parameter, 

as a function of shear rate for each of the gels in the series (LRD3-PEO2-Mw100, 300, 
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600, 1000). The Herman parameter was calculated at two different q values of 0.004 Å-1 

and 0.01 Å-1. At q = 0.01 Å-1, the LRD3-PEO2-Mw100 sample exhibits similar behavior 

to a pure 3 wt % Laponite gel with the Herman parameter fluctuating around zero, 

indicating that in these gels the nano structures maintain their random orientation up to 

shear rates of 2580 s-1. However, the LRD3-PEO2-Mw300, 600 and 1000 samples 

display mostly negative values of the Herman parameter, revealing nanoscopic 

orientation along the flow direction, which increases with increasing Mw and shear rate. 

This verifies our earlier suggestion that the observed alignment in the hydrogels arises 

from the coupling between the clay platelets and the polymer chains. Sufficiently long 

polymer chains bridge the platelets, but short polymer chains like those of Mw = 100 

kg/mol cannot tie the clay platelets together. The low q data at 0.004 Å-1 reveal the 

presence of shear induced large-scale structures in all the hydrogels. These large-scale 

structures orient at low shear rates along the neutral direction (positive Herman 

parameter).  

Figure 5.8: Herman parameter calculated at q values of 0.01 Å-1 (left) and 0.004 Å-1 
(right) as a function of shear rate, for the different Mw hydrogels. For comparison, data 
from a pure 3 wt % Laponite solution are also plotted  

0.1 1 10 100 1000
-0.16

-0.12

-0.08

-0.04

0.00

0.04

0.08

Mw (kg/mol)
100
300
600
1000
pure LRD3

LRD3-PEO2-Mw
q=0.004Å-1

H
er

m
an

 P
ar

am
et

er

Shear Rates / s-1

0.1 1 10 100 1000
-0.16

-0.12

-0.08

-0.04

0.00

0.04

0.08

100
300
600
1000
pure LRD3

Mw (kg/mol)

q=0.01Å-1

H
er

m
an

 P
ar

am
et

er

Shear Rates / s-1

LRD3-PEO2-Mw



 101

Combining our previous results with the present measurements for these 

Laponite-PEO systems, the picture that emerges is that the clay platelets are completely 

covered by adsorbed PEO segments, with some additional excess PEO that is not bound 

to the clay. If long enough, the adsorbed polymer chains can bridge neighboring clay 

particles and form a network. At rest, the system is free of stress, so that the coated-clay 

particles and the diffuse polymer chains are randomly oriented giving rise to isotropic 

scattering patterns. When a shear field is applied, the SANS patterns develop an 

anisotropy along the neutral direction for the gels with higher polymer Mw. This would 

be due to the long polymer chains bridging several coated clay platelets, restricting their 

ability to move freely and causing them to orient along the flow direction (with their face 

normal parallel to the neutral direction, ‘a’-orientation). On the other hand, the systems 

containing very short polymer chains (for example Mw = 100 kg/mol) do not exhibit this 

anisotropic pattern under shear, indicating that there is no platelet alignment. At these 

shorter lengths, the polymer is unable to interconnect several platelets and thus the clay is 

not restricted in its response to the flow, behaving much like a simple clay suspension 

without added polymer. Upon cessation of shear, the nanoscopic structure recovers 

immediately. The recovery from the anisotropic SANS patterns is faster than expected 

from simple Brownian dynamics of clay particles in a viscous medium.43, 44  Thus it is 

likely that as the chains retract on cessation of shear, the dynamic coupling between the 

polymer chains and the clay platelets, no doubt, contributes strongly to the randomization 

of the clay orientation.  

Oriented large-scale structures induced by flow have been observed in various 

systems, for example in: networks swollen by short polymer chains,171 mixtures of short 
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and long homopolymers,172 cross-linked networks,171, 173, 174 worm-like micelles,175, 176 

mixtures of polymer with latex particles,177 clay suspensions,167 silica-filled 

polydimethylsiloxane composites,178 entangled polymer melts,172 and many more. 

Although the origin of the induced large-scale structures may be different for each of the 

above systems, their scattering patterns have similar features. They are characterized by 

an increase of the intensity in the direction parallel to the flow and are known as 

“butterfly patterns”.179 According to Vermant,180 large-scale structures can develop 

colloidal dispersions that are intrinsically inhomogeneous (for example in the case of 

aggregated or flocculated suspensions) or materials that can become inhomogeneous 

during flow. In our case, as it was shown in Chapter 3 from the USANS data together 

with ESEM images, large-scale sponge-like structures exist at rest. When these polymer-

clay gels are subjected to flow, the existing large-scale inhomogeneities become much 

more pronounced and in fact extend to higher q than the at rest structures. Therefore 

under shear they become detectable at the lowest q values of the SANS regime. A 

possible explanation for this is that under the effect of hydrodynamic forces, the 

structures within the fractal-like network contract and roll-up on themselves.167 Thus, 

along the neutral direction, cigar-like banded structures may develop, giving rise to 

butterfly scattering patterns along the flow direction.180 These shear induced structures 

are consistent with findings by Gibson et al.,70, 71 who concluded that transient micron- 

scale heterogeneities develop during shear.   

5.3  Contrast Matched Data 

In order to explore the contributions of the individual components of the system 

(clay and polymer) to the structural rearrangements under flow, measurements were made 
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in two mixed solvents: contrasting out the polymer and the clay, respectively. Thus, in 

this section shear-SANS data obtained from samples in contrast matched solvents are 

presented and are compared with data obtained in D2O.  

 
5.3.1 Sample Preparation  

The samples consisted of 3 wt % Laponite clay and 2 wt % PEO of different 

molecular weights and were prepared in contrast matched solvents. The solvent used to 

contrast match the Laponite clay particles contained 70 vol % D2O and 30 vol %. To 

contrast match the PEO chains, a solvent with 17 vol % D2O and 83 vol % H2O was used. 

All solutions had a pH value ≈ 10 and a sodium chloride concentration of 10-3 mol/L. The 

samples were prepared as described in section 3.1.1. 

5.3.2 Results and Discussion 

Figures 5.9 and 5.10 summarize the shear-SANS data obtained from samples in 

contrast matched solvents. The Herman parameters calculated at q values of 0.01 Å-1 and 

0.004 Å-1, are plotted as a function of shear rates for each sample. Figure 5.9 shows data 

from samples where the solvent is contrast matched to the PEO polymer chains, 

abbreviated as PEOcm. In this case, the scattering comes only from the clay particles. 

From the high q data (q = 0.01 Å-1), it is obvious that shear induces orientation of the clay 

platelets only for the high Mw samples. The degree of orientation in these samples 

increases with increasing polymer Mw and shear rates, as noted previously. Figure 5.10 

shows data from samples where the solvent is contrast matched to the Laponite particles, 

abbreviated as LRDcm. In this case, the clay platelets appear invisible even though they 

are present and contribute to the structure, and the scattering arises from the polymer-

polymer correlations. The polymer contribution to the scattering however comes from the 
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polymer network bridging the platelets, the free polymer chains, and the polymer coating 

the clay. The latter will behave structurally exactly like the clay, making it difficult to 

separate out signals coming from the bridging polymer alone. 

 

Figure 5.9: Herman parameter calculated at q values of 0.01 Å-1 (left) and 0.004 Å-1 
(right) as a function of shear rate, for all the Mw samples. Solvent is contrast matched to 
the PEO polymer chains 
 

Figure 5.10: Herman parameter calculated at q values of 0.01 Å-1 (left) and 0.004 Å-1 
(right) as a function of shear rate, for all the Mw samples. Solvent is contrast matched to 
the Laponite clay particles 
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At low q (q = 0.004 Å-1) it can be seen from the data presented in Figures 5.9 and 

5.10, that both the clay platelets and the polymer chains contribute to the existence of 

large-scale structures. Here as well, it is nearly impossible to separate the contributions 

from the polymer chains coating the clay platelets and from the bridged polymer chains. 

However, it is clear that these elongated columns of material that orient along the neutral 

direction, include clay density fluctuations, and are not solely due to the polymer.  

 

 
Figure 5.11: Herman parameter calculated at q values of 0.01 Å-1 (left) and 0.004 Å-1 
(right) as a function of shear rate. The data are form LRD3-PEO2-Mw100 samples in 
D2O and in contrast match solvents 
 

The calculated Herman parameter (at q values of 0.004 Å-1 and 0.01 Å-1) as a 

function of shear rate for the LRD3-PEO2-Mw100 sample in D2O and in contrast 

matched solvents is presented in Figure 5.11. For this hydrogel, at high q (q = 0.01 Å-1), 

the Herman parameter in the three solvent conditions fluctuates around zero, for all 

measured shear rates. This indicates that both the clay nanoparticles and the polymer 

chains maintain their random orientation under shear. At low q ( q = 0.004 Å-1), both the 
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clay platelets and the polymer chains contribute to the development of large-scale 

structures under shear that orient along the neutral direction for the entire range of shear 

rates, as it was suggested they do in the case of the larger Mw polymers.70, 71  

The Herman parameter (at q values of 0.01 Å-1 and 0.004 Å-1) as a function of shear 

rate for the LRD3-PEO2-Mw300 and the LRD3-PEO2-Mw600 samples is shown in 

Figures 5.12 and 5.13, respectively. The data are from samples prepared in D2O and in 

contrast matched solvents. The q = 0.01 Å-1 data shows that the contrast matched samples 

show the same signature as those in D2O, with the orientation coming from both 

components as mentioned previously. At low shear rates, the degree of orientation of the 

polymer and the clay platelets is similar. At high shear rates, however the LRDcm sample 

(in which the Laponite is contrast matched to the solvent), displays larger values of the 

Herman parameter compared to the PEOcm sample (the PEO is contrast matched to the 

solvent). This suggests that at these high shear rates the polymer exhibits a higher degree 

of orientation compared to the clay platelets, while the sample in D2O has an even higher 

value of the Herman parameter compared to the contrast matched samples. One 

hypothesis consistent with these data is that the clay platelets align at lower shear than the 

polymer. This could be due to the lack of internal flexibility of the rigid clay particles, as 

well as the lack of external flexibility due to coupling with the polymer chains, which 

makes it easier for the clay platelets to align under the flow compared to the flexible 

polymer chains. As the shear rate increases, the polymer chains that are coupled to the 

clay platelets start to stretch and to orient along the flow direction as well. In this 

scenario, any polymer contributions to the alignment at low shear would come from the 

polymer coating the clay, explaining why both clay and polymer chains seem to have the 
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same degree of orientation at these shear rates. At higher shear rates, the bridging 

polymer chains begin to stretch and start to contribute to the alignment.  As the shear 

continues to increase, these stretched chains exhibit a higher degree of alignment than the 

clay leading to the observed increase in the Herman parameter. The sample in D2O has an 

even higher value of the Herman parameter compared to the contrast matched samples, 

most probably because this sample has contributions to the orientation from both the clay 

platelets and the polymer chains. This scenario is in excellent agreement with the findings 

from Schmidt et al.,44 who proposed that for a sample with Mw = 1000 kg/mol the clay 

platelets align first, followed by the stretching of interconnected polymer chains, based 

on their flow-birefringence data.  

At q=0.004, the error bars are too large to distinguish any subtle differences 

between the contributions of each component to the large-scale structure.  The fact that 

both contribute to that structure as mentioned earlier remains the only thing that can be 

unambiguously stated from these data. 

Figure 5.12: Herman parameter calculated at q values of 0.01 Å-1 (left) and 0.004 Å-1 
(right) as a function of shear rate. The data are form LRD3-PEO2-Mw300 samples in 
D2O and in contrast matched solvents 
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Figure 5.13: Herman parameter calculated at q values of 0.01 Å-1 (left) and 0.004 Å-1 
(right) as a function of shear rate. The data are from LRD3-PEO2-Mw600 samples in 
D2O and in contrast matched solvents 
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a high entangled system with Mw = 100 kg/mol is expected to show nanoscopic 

orientation. 

5.4.1 Sample Preparation  

In order to investigate the influence of concentration on the shear induced 

structures, samples with different polymer and clay concentrations were prepared. These 

samples were abbreviated as LRDa-PEOb-Mw, where a and b denote the weight fraction 

of Laponite and PEO, respectively. These samples were prepared as usual in a D2O 

solution with a pH value ≈ 10 and a sodium chloride concentration of 10-3 mol/L. The 

preparation method was the same as described in section 3.1.1. 

5.4.2 Results and Discussion 

Figures 5.14 and 5.15 show the Herman parameter as a function of shear rate, for 

the samples with Mw = 100 kg/mol with varying polymer and clay concentrations, 

calculated at q values of 0.01 Å-1 and 0.004 Å-1. The high q data (q = 0.01 Å-1) shows that 

neither increasing the polymer concentration nor decreasing the clay concentration, gives 

rise to any visible nanoscopic orientation in these hydrogels. This confirms that 

entanglement of the polymer chains has no influence on clay alignment. These results 

suggest that the connections between the clay platelets and the polymer chains are 

essential to align them and that simple entanglement between the adsorbed and the free 

polymer is not enough.  

At low q (q = 0.004 Å-1) the data in Figures 5.14 and 5.15 suggest that the degree of 

orientation of the large-scale structures does not change much either with polymer 

concentration. However, decreasing the number of Laponite platelets in the system 
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appears to decrease the degree of orientation. This suggests that the clay particles are in 

fact crucial to the mechanism of forming the large-scale structures. 

 

Figure 5.14: Herman parameter calculated at q values of 0.01 Å-1 (left) and 0.004 Å-1 
(right) as a function of shear rate. The data are from samples with Mw = 100 kg/mol, with 
constant clay concentration and varied polymer concentration 
 

Figure 5.15: Herman parameter calculated at q values of 0.01 Å-1 (left) and 0.004 Å-1 
(right) as a function of shear rate. The data are from samples with Mw = 100 kg/mol, with 
constant polymer concentration and varied clay concentration 
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and 0.004 Å-1. For these systems the clay concentration was kept constant and only the 

polymer concentration was varied. The data averaged at high q (q = 0.01 Å-1) shows that 

increasing the amount of polymer in the sample, decreases the degree of orientation. 

Given that the orientation of the clay platelets is due to their interaction with bridging 

polymer chains, one might suggest that increasing the polymer concentration must 

somehow decrease the amount of bridging. One way for this to happen would be to 

assume that all polymer chains compete for the available clay surface. In this scheme, 

increasing the amount of excess polymer in the sample would lead to an increase in 

competition between the polymer chains for the clay surface. Thus, when one polymer 

chain is adsorbed onto one platelet, the probability of finding an empty space on the 

surface of a neighboring platelet to adsorb onto will decrease with increasing relative 

polymer concentration. Consequently, the polymer chains will find it difficult to tether 

neighboring clay platelets and the system will have fewer interconnections, thus leading 

to the observed decrease in the degree of orientation. 

 
Figure 5.16: Herman parameter calculated at q values of 0.01 Å-1 (left) and 0.004 Å-1 
(right) as a function of shear rate. The data are from samples with Mw = 300 kg/mol, with 
constant clay concentration and varied polymer concentration 

0.1 1 10 100 1000
-0.32

-0.24

-0.16

-0.08

0.00

0.08

0.16

 LRD3-PEO1.4-Mw300
 LRD3-PEO2-Mw300
 LRD3-PEO5-Mw300

q=0.01Å-1

H
er

m
an

 P
ar

am
et

er

Shear Rates / s-1
0.1 1 10 100 1000

-0.32

-0.24

-0.16

-0.08

0.00

0.08

0.16
q=0.004Å-1

H
er

m
an

 P
ar

am
et

er

Shear Rates / s-1

 LRD3-PEO1.4-Mw300
 LRD3-PEO2-Mw300
 LRD3-PEO5-Mw300



 112

Figure 5.17: Herman parameter calculated at q values of 0.01 Å-1 (left) and 0.004 Å-1 
(right) as a function of shear rate. The data are from samples with Mw = 600 kg/mol, with 
constant clay concentration and varied polymer concentration 
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Figure 5.18 shows the Herman parameter as a function of shear rate, for samples 

with a constant polymer concentration (2 wt % polymer of Mw = 600 kg/mol) and varying 

clay concentration. As usual, data is shown for both q values of 0.01 Å-1 and 0.004 Å-1. 

At both q values, the sample with less clay concentration shows a lower degree of 

orientation. This is consistent with the previous results, which indicate that lowering the 

clay concentration, increases the excess polymer leading to fewer interconnections. An 

additional reason is that with fewer particles in the system, the interparticle clay-clay 

distance increases, making bridging more difficult to occur, in a specific polymer 

molecular weight sample.  

 

Figure 5.18: Herman parameter calculated at q values of 0.01 Å-1 (left) and 0.004 Å-1 
(right) as a function of shear rate. The data are from samples with Mw = 600 kg/mol, with 
constant polymer concentration and varied clay concentration 
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exfoliated in one preparation method than the other, the clay surface area available for 

polymer adsorption will decrease affecting the resulting bridging. 

5.5.1 Sample Preparation  

The samples used contained 3 wt % Laponite clay and 2 wt % PEO of Mw = 300 

kg/mol, dissolved in D2O. The samples as usual had a pH value ≈ 10 and a sodium 

chloride concentration of 10-3 mol/L. The first method (referred here as method A) used 

to prepare the hydrogels involved mixing the two powders together and then adding the 

solvent. At the start, large clumps of material form, but after extensive mixing and 

centrifuging (for a period of approximately 3 weeks), the polymer and Laponite clusters 

were completely dissolved to obtain hydrogels that looked transparent and homogeneous 

by visual inspection. In the second method (referred here as method B) the polymer 

powder was first dissolved in the D2O solvent. After a period of 4-5 hours, the polymer 

dissolved and the clay powder was added to the polymer solution under continuous 

stirring. With this preparation method, macroscopically homogeneous transparent 

hydrogels (by visual inspection) could be produced within approximately 2-3 days. Even 

though with this method the samples could be ready sooner, in order to have comparable 

results, the two samples were prepared on the same day. In addition data from a sample 

which was prepared 2 days prior to measurements using method B is also presented for 

comparison.  

5.5.2 Results and Discussion 

First the influence on the preparation method on the structures at rest was 

investigated using static USANS, SANS and SAXS measurements for samples prepared 

using the two aforementioned methods. Results from all techniques show overlapping 
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data, indicating that at rest, the structure is not a function of the preparation method. 

Furthermore, from the SAXS data in Figure 5.19, which give us information at high q, 

the degree of exfoliation of the clay platelets can be detected. The lack of a peak up to 

q = 1 Å-1 suggests that the clay platelets are exfoliated and do not form tactoids, as one 

would expected from a clay sample that is not well dissolved. Therefore, with both 

preparation methods well exfoliated samples can be achieved. (The SAXS data were 

obtained by Dr. Derek Ho at the NIST polymer division).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.19: SAXS Intensity as a function of q for the LRD3-PEO2-Mw300 samples, 
which were prepared with two different methods. The preparation method A involved 
mixing the two powders together and then adding the solvent. The preparation method B 
involved dissolving the polymer powder into the solvent and then adding the clay powder 
to the polymer solution 
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0.01 Å-1 and 0.004 Å-1. The data correspond to LRD3-PEO2-Mw300 samples which were 

prepared with the two aforementioned methods. The data at q = 0.01 Å-1 show that the 

preparation time and method of the sample do not significantly influence the shear 

response of the nanoscopic components in the hydrogels. There is a slight difference with 

the sample preparation method A at very high shear; however, given the small effect 

compared to the errors no real conclusions can be drawn. 

Figure 5.20: Herman parameter calculated at q values of 0.01 Å-1 (left) and 0.004 Å-1 
(right) as a function of shear rate. The data are from the LRD3-PEO2-Mw300 sample 
prepared with two deferent methods. The preparation method A involved mixing the two 
powders together and then adding the solvent. The preparation method B involved 
dissolving the polymer powder into the solvent and then adding the clay powder to the 
polymer solution 
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similar with the findings of Pignon et al.,167 who studied pure Laponite systems. The 

authors suggested that the large length scales that govern the macroscopic behavior of 

Laponite systems are formed due a slow aggregation process that takes several weeks, the 

kinetics of which are dependent on the particle volume fraction. This could also be the 

case here. After the sample ages large-scale heterogeneities appear in the sample that can 

roll-up and orient under shear along the neutral direction. The aging behavior of Laponite 

systems has been observed by several authors, but its mechanism remains unclear.94, 97, 

102, 104, 106, 181  

5.6  Conclusions 

As these polymer-clay gels are subjected to low shear, concentration fluctuations 

increase along the neutral direction. Those form large-scale structures that have 

contributions from both clay platelets and polymer chains. With increasing shear-flow the 

high Mw samples exhibit nanoscopic alignment which comes from coated clay platelets 

that orient along the flow direction (with their face normal parallel to the neutral 

direction, ‘a’-orientation) and that are ‘connected’ by bridging stretched polymer chains. 

The alignment mechanism in these systems arises from the coupling between the clay and 

the polymer. Long polymer chains interconnect several platelets, acting as 

multifunctional cross-links, while very short polymer chains are not able to do so. 

Further, increasing the polymer concentration seems to decrease the degree of orientation 

exhibited under shear, which is postulated to be due to a competition effect. This would 

indicate that an optimal polymer to clay ratio exists where the gel is the strongest for a 

particular clay concentration and polymer molecular weight. 
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CHAPTER  6 CONCLUSIONS  
 

The structure and interactions of poly(ethylene oxide)-Laponite nanocomposite 

hydrogels have been investigated by means of microscopy, rheology, and neutron 

scattering. The structures were examined as a function of polymer molecular weight, 

polymer and clay concentrations, and sample preparation method in order to better 

understand these complex systems. Further, selected shear-SANS measurements under 

conditions of contrast matching were undertaken to begin to elucidate the contributions to 

the shear induced structures from the individual components.  

Figure 6.1: Fractal-like network structure from the nanometer to the micrometer, 
observed with environmental scanning and transmission electron microscopy 

 

For a given concentration of components, static SANS and USANS 

measurements on the samples revealed that the averaged quiescent structure on all length 

scales is identical regardless of polymer Mw, or preparation method. The scattering at 

high q is dominated by the platelet form factor, whereas the low q signal indicates a 

fractal-like structure on larger length scales. This was confirmed by complimentary TEM 

and ESEM images (from a representative sample) which showed a network structure 
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ranging from the nano to the micro regime (Figure 6.1). Thus, the static picture that 

emerges for these gels is the one in which clay platelets covered by adsorbed PEO 

segments are woven together in fibrous bundles creating a network structure on multiple 

length scales. This fractal-like network consists of coated-clay-rich areas and pockets of 

solutions containing free polymer.  

 

 

Figure 6.2: Schematic representation of the local structure in Laponite-PEO gels in the 
absence of shear, for different molecular weights of PEO. The red coils represent the 
polymer chains and the disk-shape particles the clay platelets. As the polymer chain 
length is increased, the chains are able to create more polymer-clay interconnections 

 

While the “at rest structures” of these hydrogels appear to be identical, their 

macroscopic properties differ remarkably with polymer Mw. For example, low Mw 

hydrogels are relatively brittle and compliant whereas high Mw hydrogels, from which 

meter long fibers can be drawn, have a gum-like consistency. These differences highlight 

the importance of the clay-polymer interactions to the materials properties. The critical 

parameters, which govern these interactions, seem to be the ability of the polymer chains 

to interconnect two or more clay platelets creating a dynamically cross-linked gel. This is 

evident from the need for a minimum polymer length (related to the interparticle 

distance). For example, sufficiently large polymer chains, as in the case of the polymer 
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with Mw = 1000 kg/mol, can interconnect one or more clay platelets together, whereas 

shorter polymer chains, such as the Mw = 100 kg/mol are not long enough to do so 

(Figure 6.2). This idea is also supported by the existence of an optimal polymer 

concentration for a given clay concentration, above which the competition between 

polymer chains for the clay surface is high and the amount of bridging is reduced. 

At low shear rates, the mechanical coupling between clay platelets and polymer 

chains has only marginal consequences on the flow properties and the local structure. 

However, even at these low shear rates, large-scale anisotropic structures appear, which 

include both polymer and clay density fluctuations, and orient themselves parallel to the 

neutral direction, as evidence by shear-SANS measurements. These large-scale structures 

likely exist even at high shear rates for all samples, as they do in the case of the sample 

with Mw = 100 kg/mol. However, the nanoscopic orientation that occurs at higher shear 

rates for the higher Mw samples overwhelms the tail of the signal arising from the large-

scale structures, making it impossible to verify the existence of those large-scale 

structures. At higher shear rates, the polymer-clay interactions become increasingly 

important. This is reflected first in the steady state viscosities, which exhibit a lower 

amount of shear thinning as the interconnectedness increases, and second in the 

nanostructure orientation, which increases with increasing Mw. Moreover, this 

nanoscopic orientation occurs only for the higher Mw samples, suggesting that for a 

system containing 3 wt % Laponite and 2 wt % polymer, there exists a critical Mw 

between 100 kg/mol and 300 kg/mol below which the system behaves rheologically very 

similarly to the pure clay systems and does not exhibit shear-induced nanoscopic 

orientational ordering. Only once the polymer is long enough to interconnect several clay 
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platelets nanoscopic alignment becomes possible. While both clay and polymer 

contribute to this nanoscale alignment as revealed by the shear-SANS experiments in 

contrast matched solvents, there are slight difference in their respective scattering signals. 

A hypothesis consistent with the data is that the coated clay platelets align first along the 

flow direction (with their face normal parallel to the neutral direction, ‘a’-orientation), 

followed by the stretching of the polymer chains that bridge the clay platelets (Figure 

6.3).  

Figure 6.3: At rest, the isotropic scattering pattern suggests random orientation of the 
nanostructure. At low shear rates, the butterfly scattering pattern suggests that a large-
scale structure orients along the neutral direction. At high shear rates, the anisotropic 
scattering pattern (which appears only within the high Mw samples) suggests that a 
nanoscopic structure aligns along the flow direction 
 

An illustrative summary of the shear response of these systems is given in Figure 

6.4, where a representative sample with Mw = 300 kg/mol is studied with the newly 

available “rheo-SANS” technique, in which a rheometer is placed on the neutron beam 

line and the viscosity and SANS patterns are collected simultaneously. Even though 
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shear-thinning behavior is observed over the entire range of shear rates, the structural 

responses are different at low and high shear rates. This combine with the fact that the 

lowest Mw sample (Mw = 100 kg/mol), shows no orientation of the nanoparticles, but 

exhibits shear thinning behavior, suggest that the shear thinning behavior in these gels 

does not arise from the alignment of the nanoparticles, but from disruption of the 

connectivity. The higher the effective cross-links in the system the more difficult the 

disruption. 

Figure 6.4: Rheo-SANS data from the LRD3-PEO2-Mw300 hydrogel. Even though 
shear-thinning behavior is observed over the entire range of shear rates, the structural 
responses are different at low and high shear rates. At low shear rates, large-scale 
structures orient along the neutral direction and produce butterfly scattering patterns 
(positive Herman parameter). With increasing shear rates, the nanoscopic components are 
forced to align along the flow direction and produce anisotropic scattering patterns 
(negative Herman parameter).  
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From the data presented here, it is clear that the quiescent structures that exist in 

these polymer-clay hydrogels depend only on the identity of the components. However, 

their response to flow, which is driven by the poly(ethylene oxide)-Laponite interactions 

is strongly influenced by  the ability of the polymer to bridge two or more clay platelets. 

Something else that must affect the interactions within these systems and could be the 

direction for future studies is the adsorption energy of PEO segments onto Laponite. This 

could presumably be altered by changing the surface chemistry of Laponite, the pH, or 

the ionic strength of the samples. Furthermore, additional studies with a different type of 

clay (like Montmorillonite) or a different type of polymer (like poly(N-

isopropylacrylamide)) could also contribute to a better understanding of the interactions 

within this class of systems and how they can be manipulated to optimize the material’s 

performance for a desired application.  
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