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ABSTRACT 

The overall objective of the research presented here is to understand the nanoscopic and 

microscopic structures that exist in dispersions of laponite and montmorillonite in poly(ethylene 

oxide), (PEO) and to correlate their shear responses with the final structure and properties of 

multilayered nanocomposite films prepared from these dispersions. These structures were 

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

of clay used to prepare the nanocomposites. A sequence of shear and elongational rheological 

measurements is used to provide a more complete physical picture on the structure of polymer-

clay hydrogels, while a combination of techniques such microscopy (SEM, AFM, PLOM), XRD, 

DSC, TGA, DMA is used to study the structure and thermo-mechanical properties of the 

multilayered nanocomposite films. It was found that polymer molecular weight, polymer and 

clay concentrations, and the aspect-ratio of clay platelets strongly influence the rheology of 

nanocomposite dispersions as well as crystallinity, toughness and thermal properties of solid 

nanocomposite films prepared from such dispersions.  
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

1.1 Polymer-Clay Nanocomposites 

In recent years a broad literature has emerged that examines the fundamental 

relationships between network structure, chain dynamics, ionic conductivity and dimensional 

stability, in cross-linked nanosized polymer-silicate networks.
1-16

 Highly ordered polymer 

nanocomposites are complex materials that display a rich morphological behavior because of 

variations in composition, structure, and properties on a nanometer length scale.
6, 14, 15

 Novel 

physical properties of soft and bulk polymer nanocomposite materials are also dependent on the 

supramolecular organization of the nanostructures.
17-20

 The presence of the nanoparticle and the 

interaction of the polymer with the particle as well as the particle orientation in an aqueous 

precursor phase may lead to a variety of ordered composite materials in the bulk or film.
18, 21

 

Anisotropic clay particles promote supramolecular organization
18, 22

 similar to other systems 

such as liquid crystalline polymers
23

, surfactants
24

, block copolymers
25-27

 and peptides
28

. 

Depending on the concentration of polymer and clay, the polymer type and molecular weight, the 

clay size, shape and surface chemistry, one may generate a variety of dispersions
29, 30

, 

solutions
31

, smart gels
32-34

, shake gels
35, 36

, glues
32-34

 and gum-like gels
32-34, 37, 38

 all of which may 

be excellent precursors for new hierarchically structured bulk materials.
5, 39

 Some of these soft 

and bulk nanocomposite materials are sensitive to external stimuli including: light, temperature, 

pH, salt concentration, shear, pressure and electric fields, leading to novel properties that attract 

much scientific and technological interest.
5, 37

  

Supramolecular polymer-nanoparticle composites combine the advantages of tailored 

nanometer structures with self-assembly on all length scales. Design and fabrication of polymer-
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nanoparticle electrolytes from solutions and gels would allow for solid polymer electrolytes to be 

shaped around nearly any form. In the absence of defects these materials should be transparent
5
 

with highly regular d00l reflections in diffraction patterns.
2, 5, 32-34, 40-42

 In solution, synthetic clay 

nanoparticles are exfoliated and act as multifunctional cross-links to poly(ethylene oxide) (PEO) 

polymers, thereby building a network.
5, 32-34, 40, 41

 The shear orientation of this network, combined 

with simultaneous solvent evaporation, allows for the spontaneous assembly of unique 

supramolecular multilayered films.
5, 14

 The resulting transparent films have highly ordered 

structures with sheet-like layers of oriented nanoparticles.
5
 In these films, the polymer 

crystallization in confinement and under shear flow is not well understood and the subject of 

much speculation. Understanding the origin of these highly ordered structures requires a 

fundamental study.  

The exfoliation, intercalation and aggregation of clays in PEO nanocomposites has been 

extensively studied in the past.
1, 2, 43-47

 The dispersion of clay platelets in polymer nanocomposite 

films can be achieved using either layer-to-layer approaches or the Langmuir-Blodgett method.
45, 

46, 48
 Intercalation of PEO chains between the inorganic clay layers has been shown to reduce or 

completely suppress polymer crystallinity, depending on the polymer-clay composition as well 

as other parameters such as salt, humidity, structural defects, etc.
1,2

 Cation movement in the clay 

interlayer space is radically improved by coordination to the polymer that easily replaces the 

water molecules of hydration
 3

. Unfortunately the polymer crystallinity, as well as ionic 

conductivity of the nanocomposites, is often not reproducible and strongly depends on the 

thermal history of the samples as can be observed in different heating cycles of thermal 

experiments. The amount of polymer adsorbed to the clay is controlled by the layer charge 

density on the clay.
1
 For example in PEO-montmorillonite nanocomposites the heterogeneous 
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nucleation of PEO competes with the PEO coordination to sodium ions, which inhibit PEO 

crystallinity.
49-51

 Although it has been found that ionic transport in polymer electrolytes occurs in 

the amorphous PEO phases above their glass transition temperature, ionic conductivity in the 

polymer crystalline phase has also been observed. The amount and orientation of the crystalline 

phase is thus very important in controlling specific properties. 

To examine the polymer-clay interactions, a combination of methods is advisable. 

Among them, microscopy and scattering are techniques for studying structure and providing a 

measure of size, shape and interfacial polymer conformation. Recent advances in ultra small 

angle scattering techniques offer advantages and complementary information.
52

 Rheology and 

mechanical testing may nicely distinguish between properties of chemically
37

 versus physically 

cross-linked polymer-clay materials.
33, 34

 Since shear can influence both the macroscopic texture 

and the orientation of the anisotropic particle on the nanometer length scale, it is helpful to 

combine the above mentioned techniques and correlate changes in the mechanical properties 

with changes in structure on different length scales. 

1.2 Laponite Clay 

Laponite is a disc-shaped, entirely synthetic, phyllosilicate clay that resembles the natural 

smectite mineral Hectorite in both structure and composition.
53

 This clay is both inexpensive and 

environmentally benign. In an ideal laponite crystal the octahedral layer of six magnesium atoms 

is sandwiched between two tetrahedral layers, each one composed of four silicone atoms, as 

indicated in Figure 1.1. The positive charge carried by magnesium and silicone atoms is 

neutralized by twenty oxygen atoms and four hydroxyl groups. As opposed to the ideal structure, 

the real crystal structure of laponite contains defects so that some magnesium atoms are either 

missing entirely in some cases, or are substituted by lithium atoms in some other cases. 
54

  The 
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empirical formula of laponite, [Na
+0.7

(Mg5.5Li0.3)Si8O20(OH)4]
-0.7

, indicates a negative charge of 

0.7 per unit cell. The height of the unit cell corresponds to the thickness of the laponite crystal. 

The laponite disk, presented in Figure 1.2, is obtained by repeating the unit cell (Figure 1.1) 

30,000 to 40,000 times in the two directions. 

 

Figure 1.1: The ideal crystal structure of laponite 

The platelets dimensions, 25 - 30 nm diameter and 1 nm thickness, have been obtained by 

means of small angle neutron 55, 56
 and X-ray scattering 57

 measurements that were performed on 

dilute laponite solutions. The large aspect ratio of laponite platelets may promote a 

supramolecular organization
18, 22

 similar to other systems such as liquid crystalline polymers
23

, 

surfactants
24

, block copolymers
25-27

 and peptides
28

. 

25 – 30 nm

1nm
-

+ + +
+ + +

+ +
-

- - - - -- - -

 

Figure 1.2: Sketch of a laponite platelet at neutral pH 
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In the dry powdery state the platelets arrange themselves on top of each other forming stacks. 

The negatively charged faces of individual platelets (Figure 1.2) are held together 

electrostatically by sharing sodium cations in the interlayer region. 54
 When suspended in water, 

the sodium cations become hydrated, which leads to the screening of their interactions with the 

clay particles. In this way an electrical double layer forms that causes the particles to repel each-

other and exfoliate.
54

 At higher ionic strength, as the screening length decreases, the positive 

double layers at the edges of platelets can approach the negatively charged double layers on the 

faces.
58

 The high-density gel state of laponite, called the house-of-cards structure (Figure 1.3), 

occurs when the screening length is sufficiently short so that this attractive interaction 

dominates.
59

 This structure is readily observed if dry laponite powder is mixed with tap water 

which typically has a high ion concentration. As indicated in Figure 1.2 a single dispersed 

platelet has a negative charge on the faces, produced by isomorphous substitution, while the edge 

has a positive charge at neutral pH. At a higher pH (pH ≈ 10) the formation of a negative charge 

on the edge of the particle is favored. The small localized charges at the edges of laponite 

particles are generated by ionization or protonation of the hydroxyl groups at the end of the 

crystal structure.  

 
Figure 1.3: Schematic representation of a “House of cards” laponite gel structure 
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1.3 Montmorillonite Clay 

Montmorillonite belongs to the smectite class and is a 2:1 charged phyllosilicate (two 

tetrahedral sheets sandwiching a central octahedral sheet) that contains exchangeable interlayer 

cations and shows the ability to intercalate various polymers, such as PEO. The platelet-shaped 

particles range on average in size from ca. 70 to 100 nm across and are approximately 1 nm 

thick. Average diameters of about 1 μm have been also reported.
14,60

 Chemically, 

montmorillonite is hydrated sodium calcium aluminium magnesium silicate hydroxide, with the 

crystal structure (Na, Ca)0.33(Al, Mg)2(Si4O10)(OH)2 x nH2O, as indicated in Figure 1.4.
60

 Other 

cations that may appear in the structure of montmorillonite are potassium and iron.  

Montmorillonite produces an opaque aqueous suspension of predominantly exfoliated 

platelets.
14

 Being a hygroscopic material the water content of the clay is variable. Because of its 

high affinity for water montmorillonite can swell to levels that go far beyond its original 

volumes.
61

  The amount of swelling is largely due to the type of exchangeable cation contained 

by the clay. When sodium is the predominant cation the clay can expand in the presence of 

moisture several times its original volume. 60
 When dispersed alone in water such clays exhibit a 

Newtonian behavior, but in the presence of polymers the interaction between the polymer chains 

and the particles causes a major change in the rheological behavior of dispersions.
62

 Flow 

birefringence studies demonstrated that upon shear the clay platelets orient along the flow 

direction.
33, 34

 In solution the amount of polymer adsorbed is limited by the clay surface area. 
41

 

Montmorillonite finds important applications in the oil industry where it is used as a 

component of drilling mud, making the mud slurry viscous. Its presence in the mud slurry helps 

in cooling the drilling bit and in suspending the drilled solids to facilitate removal from the site. 

60
 The clay is also used as a soil additive, where its purpose is to maintain a high level of 
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moisture in water deficient soils. Other applications include its use as a component of foundry 

sands and as a desiccant to remove moisture from air and gases. 

 

Figure 1.4: The structural organization of montmorillonite clay. Two crystal units are presented 

along with water molecules and exchangeable cations 

 

1.4 Poly(ethylene oxide) (PEO) 

Due to its flexible chain structure, beneficial for ionic transport, and due to its ability to 

act as a solid solvent for many metal salts, poly(ethylene oxide) (PEO) is among the most 

extensively used polymers for fabricating solid state polyelectrolytes.
1, 2, 5, 14, 15, 35, 40, 43, 46, 49, 63-67

 

Poly(ethylene oxide) is prepared industrially by the ring-opening polymerization of ethylene 

oxide. 
68

 The ethylene oxide monomer is nothing more than an epoxide ring, where two corners 

of the molecule consist of -CH2- linkages and the third corner is an oxygen, -O-. In the presence 

of a catalyst the monomer forms a chain having the repeat unit -CH2-CH2-O-. 69, 70
 The driving 

force for the ring opening of cyclic monomers, such as ethylene oxide, is the relief of bond-angle 
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strain and/or steric repulsions between atoms crowded into the center of the ring. Because of 

these characteristics, the enthalpy change for the ring-opening of ethylene oxide is negative. 70
  

 The initiators used in cationic ring-opening polymerization are strong protonic acids (e.g. 

H2SO4, CF3SO3H, CF3CO2H) and Lewis acids used in conjunction with co-catalysts (e.g. 

Ph3C
+
PF6

-
, CH3CO

+
SbF6

-
). In the cationic ring-opening polymerization of ethylene oxide, 

initiation takes place by addition of R
+
 to the epoxide oxygen atom to yield a cyclic oxonium ion, 

which is in equilibrium with the corresponding open-chain carbocation: 

    (1.1) 

The propagation takes place via ring-opening of the cyclic oxonium ion upon nucleophilic attack 

at a ring carbon atom by the epoxide oxygen atom of another monomer molecule: 

 (1.2) 

Termination occurs to varying degrees by combination of the propagating oxonium ion with 

either the counterion or an anion derived from the counterion. 

n
CH2 O

CH2

CH2

CH2OR

BF3OH

CH2 OCH2OR CH2 CH2
n

OH BF3

(1.3) 

Transfer of an anion from the counterion occurs to varying degrees depending on the stability of 

the counterion. Thus, counterions such as PF6
-
 and SbCl6

-
 have little tendency to bring about 

termination by transfer of a halide ion, while counterions of aluminium and tin have appreciable 

transfer tendencies; others such as BF4
-
 and FeCl4

-
 are intermediate in behavior.  
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Poly(ethylene oxide) is water soluble in all proportions at moderate temperatures.
71

 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 

water and the -CH2CH2- group.
72, 73

 The hydration layers around the PEO chains have been 

studied
72, 73

 and models have been presented that show cage-like structures, where the -CH2CH2- 

groups are shielded from contacting water molecules similarly to hydrated structures.
74

 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. 
72

 Upon continued heating, miscibility will occur again, due to the existence of an upper 

critical solution temperature (UCST). Introduction of a salt into an aqueous PEO solution 

changes the phase-separation temperature. This alteration varies considerably in magnitude 

depending on the kind of electrolyte introduced and on its concentration. 
73

  

Poly(ethylene oxide) polymers with molecular weights of 10
5
-10

6
 find applications that 

take advantage of the high viscosity of their aqueous solutions. This includes flocculation, 

denture adhesives, packaging films for pesticides and herbicides, thickening of acid cleaners, 

water based paints, and friction reduction.
69

 In the past decade there has been a considerable 

effort aimed at using ethylene oxide polymers and copolymers, complexed with ionic salts, as the 

electrolyte in all-solid rechargeable batteries.  

1.5 Rheological Overview of PEO-Laponite Dispersions 

In aqueous solutions and gels, PEO strongly adsorbs to the charged laponite nanoparticles 

which may lead to unpredicted rheological behavior. The viscoelastic properties of the gels are 

strongly dependent on parameters such as the PEO polydispersity index (PDI) and molecular 

weight (Mw), chemistry and size of laponite, the purity of all components including the water 
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used, the solvent loss during sample preparation, sample mixing time, laponite degradation at 

low pH, change in pH with time, storage temperature etc. On a nanometer length scale one can 

imagine that randomized orientation of the polymer covered clay aggregates under flow will 

disrupt the flow, thus affecting the viscosities. At the same time free, unconfined polymer chains 

are capable of disturbing the overall flow behavior, where any coiled and entangled PEO chains 

can counteract shear thinning. The individual polymer-clay interactions of the gels under shear 

are complex and in general difficult to determine. Changing ionic strength in the gel further 

complicates understanding of interactions. It has been shown that the water molecules interact 

strongly with -CH2CH2O- units of the PEO through intermolecular hydrogen bonding.
73, 75

 

Addition of ionic salts to such systems screens the interactions between water and PEO chains to 

an extent proportional to the amount of salt added.
75

 As a consequence of the hydrogen-bonding 

disruption with addition of salts, the overall coordination of PEO oxygens to the surface of the 

clay platelets is radically improved, leading to the formation of stronger networks. 

Both strain-controlled and stress-controlled shear-flow rheometers have been used by 

numerous researchers to study the rheological properties of laponite-PEO dispersions. Addition 

of low molecular weight (Mw) PEO slows the dynamics of clay-gelation, causing a decrease in 

the elastic moduli, whereas the absorption of high Mw PEO increases the elastic moduli as a 

result of a PEO-clay network formation.
29

 Other rheological results published by Daga et al have 

shown that addition of laponite to concentrated PEO solutions increases the relaxation times but 

decreases the elastic moduli.
76

 The authors have attributed this behavior to polymer absorption 

and bridging. Meanwhile, Loiseau et al have studied gels above a critical volume fraction where 

the elastic moduli increase with a power law of the frequency.
10

 Structural information obtained 

from shear-SANS and flow-birefringence studies by Schmidt et al demonstrated that upon shear 
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the clay platelets orient along the flow direction.
33, 34

 Overall, the unique rheological behaviors 

observed for these systems have been attributed to the formation of transient PEO-laponite 

networks in which adsorbed polymer chains form bridges between the laponite nanoplatelets, 

with various degrees of cross-linking. 
29, 33, 34, 76

 

1.6 Polymer-Clay Multilayered Films 

 The fabrication of polymer-clay multilayered films from PEO-laponite gels requires the 

control of polymer dissolution, clay exfoliation and knowledge of polymer-clay interactions on a 

nanometer length scale.
5, 67, 77

 In solution the clay particles can only adsorb a maximum amount 

of polymer until all the clay surfaces are covered.
41

 Under certain conditions, the network formed 

by the PEO and clay is interpenetrated by a sub-network of interconnecting pores containing 

excess polymer and water.
41

 The mesh size of these networks and the orientation of the clay 

platelets in solution strongly influence the structure formation of the dried films. Knowledge of 

structure and viscoelastic properties of the gels is important to film fabrication.   

 A variety of approaches can be used for the fabrication of polymer-clay films from 

solution.
78,79

 Highly ordered nanocomposite films can be prepared using a layer-by-layer 

spreading and drying technique. During the drying process the polymer-clay network usually 

collapses and the platelets are shear oriented, preferentially in the spread direction, as indicated 

by Figure 1.5. As the water leaves the system clay-clay interactions play a critical role in 

determining the final orientation in response to shear, favoring the positioning of platelets with 

the surface parallel to the plane of the film.
77

 The reintercalation of clay platelets in films made 

from exfoliated polymer-clay solutions opens the door to generating supramolecular order and 

hierarchical structures, which may provide a useful route in the preparation of novel materials.  
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Figure 1.5: A schematic of the general clay platelet orientation in a multilayered polymer-clay 

nanocomposite film is presented along with the definition of planes. 

1.7 Research Objective 

Our interest is focused on nanocomposite dispersions with various polymer and clay 

concentrations, where the entangled poly(ethylene oxide) chains are in a dynamic adsorption-

desorption equilibrium with the clay particles and form a network. We aim to understand how 

ionic strength, sample composition, humidity, polymer Mw, clay size, clay chemistry, and 

rheological properties of gels influence the structure of nanocomposite thin films, and why some 

spreading and drying techniques produce multilayered films with micrometer and nanometer 

layers while others do not. The overall objective of the research presented here is to understand 

the nanoscopic and microscopic structures that exist in these PEO-laponite and PEO-

montmorillonite dispersions and to correlate their shear responses with the final structure and 

properties of multilayered nanocomposite films prepared from these dispersions. A sequence of 

shear and elongational rheological measurements is used to provide a more complete physical 
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picture on the structure of polymer-clay hydrogels, while a combination of techniques such 

microscopy (SEM, AFM, PLOM), XRD, DSC, TGA, DMA is used to study the structure and 

thermo-mechanical properties of the multilayered nanocomposite films. The principles and 

methods utilized to study the polymer-clay systems are summarized in Chapter 2.  

In Chapter 3, we aim to provide an efficient method that would help to quantify the 

orientational levels occurring in polymer-clay dispersions subjected to elongational flow. The 

extent of internal orientation developed in salt containing Poly(ethylene oxide)-montmorillonite 

gels is investigated combining shear and elongational rheology methods. Entropic changes 

indicate that the strength of the transient network present in each gel affects the orientational 

ability of clay particles and polymer chains. We also want to find how the variation of Hencky 

strain of the hyperbolic die affects the calculated entropy change of the material. 

In Chapter 4, the preparation and characterization of polymer-clay nanocomposite gels 

and films containing various ratios of laponite and montmorillonite are described. The aim is to 

understand how clays with different chemistry, sizes and surface areas interact with each-other 

and affect the structure and characteristics of polymer based nanocomposites in the form of both 

gels and multilayered films. The rheological behavior of the gels is compared to the spreading 

process and the resulting film structures and properties are analyzed.  

In Chapter 5, we investigate the multilayered structures of poly(ethylene oxide) 

montmorillonite nanocomposite films made from solution. The shear orientation of a polymer-

clay network in solution combined with simultaneous solvent evaporation leads to 

supramolecular multilayer formation in the film. The resulting films have highly ordered 

structures with sheet-like multilayers on the micrometer length scale. We examine the 
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crystallinity of the polymer in the film as well as the overall orientation of the polymer-covered 

clay stacks.  

In Chapter 6, the structures and thermal properties of a series of new nanocomposite 

poly(ethylene oxide)-laponite films are investigated by differential scanning calorimetry and 

thermogravimetric analysis and complemented by microscopy and X-ray diffraction 

experiments. The crystalline structures of the nanocomposite multilayered films can be tuned by 

controlling the composition, polymer Mw and the water content. We also study the 

concentration, polymer Mw and humidity dependence of polymer crystallinity in selected 

nanocomposite multilayered films. 

Finally, in Chapter 7, 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 

Rheology is the study of the deformation and flow of materials.
80, 81

 The term rheology 

comes from the Greek verbs rhei, to flow, and logos, to study. The ability of a system to store 

deformation energy, under the action of an external force, and to regain the initial shape after 

being deformed is called elasticity. The ability of a material to resist flow and to dissipate 

deformational energy is measured through the property called viscosity.
80

 A simple substance, 

such as water, at a temperature above its freezing point, is a low-viscosity Newtonian fluid of 

which mechanical properties are specified by its shear viscosity, η.
82

 The relationships between 

stress and deformation of complex fluids like polymers, biological systems, emulsions, 

suspensions, pastes and other compounds differ from Newton’s law of viscosity. Such complex 

materials are termed viscoelastic.
81

 In the following section two of the most widely used 

shearing-flow geometries are described.  

2.1.1 Shearing-Flow Geometries 

 The parallel-disks geometry is usually preferred for the study of small quantities of 

material. 
81

 A schematic of the parallel-disks (plates) is presented in Figure 2.1 along with some 

important parameters. In this schematic R represents the radius of the plates, h is the distance 

(gap) between the plates and Ω is the constant angular velocity of the disk in rotation. The 

material to be tested is placed between the two plates and, after adjusting the gap to a known 

value, is forced to shear by the constant rotation of one plate. If the inertial forces are neglected, 

the shear strain ( ), shear rate ( ) and shear stress (τ) can be written as described by equations 

2.1, 2.2 and 2.3 respectively:
80
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           (2.1) 

 

           (2.2) 

 

         (2.3) 

 

In the above equations θ is the angular displacement, r is the distance from the axis of rotation, 

and M is the measured torque.  

h

Ω

R

 

Figure 2.1: Schematic representation of the parallel-disks geometry  

 

 Another rheological device very often used in rheology is the cone-and-plate geometry. 

The main advantage of the cone-and-plate over the parallel-disks is that the former device 

eliminates the problem with the radial dependence of the shear rate and shear strain.
81

 If small 

angles ( ) are used on the cone-and-plate geometry a homogeneous flow of no radial 
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dependence can be achieved. 
82

 A sketch of a cone-and-plate device of radius R and an angle  

is presented in Figure 2.2. If the curvature of the flow lines is neglected when the cone is rotated 

at a constant angular velocity (Ω), the shear strain ( ), shear rate ( ) and the viscosity (η) in the 

cone-and-plate flow can be obtained from equations 2.4, 2.5, and 2.6 respectively: 
81

 

            (2.4) 

 

            (2.5) 

 

           (2.6) 

 

where t represents the time and M represents the torque on the bottom plate. 

Θ0

Ω

R

Fluid 

Sample

 

Figure 2.2: Schematic representation of the cone-and-plate geometry 
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2.1.2 DMA Geometry: Torsion Rectangular Tool  

 Extensively used in polymer characterization, the principle of dynamic mechanical 

analysis (DMA) consists in applying an oscillating force to a solid sample and analyzing the 

material’s response to that force. When subjected to such a force, also called stress (σ), a 

composite material exhibits a deformation or strain, γ. The relationship existent between stress 

and strain is a measure of material’s stiffness or modulus. In DMA, three different moduli can be 

calculated from the response of the material to the sinusoidal wave: complex modulus, E
*
, elastic 

(storage) modulus, E’, and imaginary (loss) modulus, E”.
83

 The relation between the three 

moduli is given by the equation E
*
=E’ + iE”, where i = .  

 

Figure 2.3.  The two individual components of the ARES torsion rectangular tool are shown on 

the left. A schematic of the mounted tool containing the sample is presented on the right. 

Individual parts of the tool are indicated by arrows (right). Adapted from ARES user manual. 

Most shear-flow rheometers on the market have the capability of performing dynamic 

mechanical analysis (DMA) measurements on solid samples. The Rheometrics Scientific 
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“Advanced Rheometric Expansion System” (ARES) is a sophisticated strain controlled 

rheometer that has the ability of carrying out DMA measurements. The Torsion Rectangular tool 

of ARES instrument is used for testing solid materials with high modulus, including thermosets, 

thermoplastics and elastomers. The sample is held in tension between the upper and lower tool. 

Several inserts are provided to accommodate samples of varying thicknesses. The geometry 

setup is presented in Figure 2.3 along with important characteristics of the tool.  

2.1.3 Elongational Flow 

Even if most rheological measurements are made in shear flow, elongational flow is of 

critical importance for many industrial processes such as fiber spinning, bubble inflation or 

coating.
81, 84

 Although very important, elongational flow properties are very difficult to measure. 

The very rapid and large deformation of fluid elements is one of the most important features of 

the elongational flow. Because of this characteristic the generation of elongational flow becomes 

a real challenge in industrial processes. The section that follows describes the ACER 

elongational rheometer along with the hyperbolic convergent die used to generate elongational 

flow. 

2.1.4 Elongational Flow Rheometer 

When passing a material through a hyperbolic convergent die in an elongational 

rheometer, high degrees of order are induced in the material, and the entropy changes, indicative 

of orientation, can be calculated.
85-87

 A schematic showing the advanced capillary extrusion 

rheometer (ACER) as well as the hyperbolic convergent die is presented in Figure 2.4(a,b).  

 The main advantage of the hyperbolic convergent die over the cylindrical die is that the 

elongational strain rate generated by the former is constant throughout the core of the material. 

As a result of the constant elongational strain the material flows uniformly throughout the core of 
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the hyperbolic convergent die,
88

 as indicated in Figure 2.5. On the other hand, the flow generated 

by the cylindrical capillary die, although unidirectional, is a non-uniform Poiseullie-type flow 
81

 

that does not allow the determination of entropy changes. The Hencky strain, , of the 

hyperbolic convergent die is defined as the natural logarithm of the area reduction of the die, as 

indicated in equation 2.7:  

 

Figure 2.4: a) General schematic of the advanced capillary extrusion rheometer (ACER): 1) 

drive mechanism, 2) action screw, 3) piston joint, 4) piston, 5) barrel, 6) pressure transducer, 7) 

polymer-clay gel, 8) hyperbolic capillary die. b) Schematic of the hyperbolic convergent die.  

 

Figure 2.5: Flow profiles in cylindrical (left), and hyperbolic convergent (right) dies. The 

cylindrical coordinates for capillary flow (x, θ, r) are also indicated, were x is the flow direction, 

r is the radius of the die, and θ is the angular coordinate.   
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           (2.7) 

where r0 and re are the inlet and outlet radii of the die respectively.
86

 As demonstrated by Collier 

et al,
87

 the enthalpy change per unit volume, H, necessary for calculating the variation of 

entropy, can be expressed as: 

         (2.8) 

In equation 2.8  is the elongational strain rate,  is the effective elongational viscosity, and  

represents the shear viscosity of the fluid, obtained from shear rheology measurements. 

Numerical simulations showed that  provides a good approximation of ,
89

 for which reason 

in this study we consider = . The term  represents the elongational viscosity as given by 

the elongational rheometer. Combining the Gibbs free energy relation, F= H-T S (at F =0) 

with equation 2.8, the entropy change, S, indicating the degree of orientation developed in the 

fluid dispersion can be written as: 

          (2.9) 

where T is the temperature expressed in Kelvin. 

2.2 Differential Scanning Calorimetry (DSC) 

 Differential Scanning Calorimetry (DSC) is one of the most widely used thermal analysis 

techniques.
90

 The term “differential” underlines an important characteristic of this technique: two 

identical sensors are used for measuring thermal changes of the sample and a reference. The 

concept behind this measurement is to obtain information on the thermal changes in the sample 

by heating or cooling it next to the inert reference.
91

 Because of this differential feature the signal 
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represents entirely the thermal change to be studied, since possible undesired instrumental 

thermal effects influence equally both sensors.
90

 A block diagram of important DSC instrument 

components is presented in Figure 2.6. 

 

Figure 2.6: Block diagram of important DSC instrument components 

 

Both sample and reference are enclosed in the DSC cell, which incorporates also the 

temperature sensors and the means of heating. A computer is used to control various parameters 

of the system, to capture the data and to analyze it. From the practical point of view the main 

difference between DSC and Differential Thermal Analysis (DTA) consists in the nature of 

signal produced by the two instruments. For DSC the signal is proportional to the difference in 

thermal power required to maintain the sample and reference at the same temperature, while for 

DTA the signal is proportional to the temperature difference between the sample and the inert 

reference.
91

 The more recent DSC has progressively replaced DTA because of its quantitative 

calorimetric advantages that DTA measurements do not provide.
90
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2.2.1 Enthalpy and Heat  

When performing thermal analysis, energy itself is not a convenient function for practical 

use because it cannot be measured. Instead of it, heat (Q), and work (W) are measured and they 

give valuable information about the energy of the system.
90,91

 A perfect quantity to use in 

thermal analysis would be a function of which increase equals the amount of heat Q supplied to 

the system. The first law of thermodynamics can be written 

Q dU W           (2.10) 

where U represents the internal energy of the system. In equation 2.10 it can be assumed that 

only volume work is present, resulting 

Q dU p dV           (2.11) 

At constant pressure the relation becomes 

pQ dU p dV v dp         (2.12) 

or 

( )pQ d U pV           (2.13) 

,U p and v  are state functions, and they have a fixed value when a certain state of the system is 

given. Results that U pV  is also a state function.
91

 The new state function can be written 

introducing the name enthalpy and the symbol H: 

p pQ dH  (only volume work)        (2.14) 

or for a finite process 

p pQ H            (2.15) 
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Heat capacity,
pC , of a pure substance is defined as an increase in temperature with a unit when 

the supplied heat increases with a unit. Under certain circumstances ( p  constant, only volume 

work) heat is equal to dH . Knowing that H is a function of state 

it results that heat capacity is a function of state and can be written as a partial derivative of H  

with respect to T: 

p

p

H
C

T
          (2.16) 

If the volume, instead of pressure, is kept constant in equation 2.11 results 

V VQ U            (2.17) 

and thus 

p

V

U
C

T
          (2.18) 

Knowing that 
pC  and VC of a pure substance can never be negative, the supply of heat to a pure 

substance can never result in a decrease in temperature.
91

 

2.2.2 Oscillatory DSC (ODSC)  

Oscillatory DSC (ODSC) is often referred to as Modulated Temperature DSC (MTDSC). 

The technique represented a breakthrough in thermal analysis with a huge impact in the field. Its 

advantages over conventional DSC have made ODSC to become an indispensable technique in 

the study of polymeric materials.
90, 92

   

),()/(/ tTKdtdTCdtdQ p        (2.19) 

In this equation Q represents the amount of heat evolved, Cp the thermodynamic heat capacity, T 

the absolute temperature, t the time, and K is a kinetic response function of any physical or 
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chemical transformation. The DSC-Cp term depends upon both T and t, while the DSC-K term 

depends only upon temperature, i.e. K(T,t) = K(T). Reversing the sign of the time variable (t -

t) and multiplying both sides by -1 the following relation is obtained: 

)()/(/ TKdtdTCdtdQ p         (2.20) 

A comparison of the above equations shows that the Cp component is reversible while the 

kinetic one is irreversible. The heat flow dQ/dt depends on the instantaneous heating or cooling 

rate. The non-deconvoluted oscillating thermogram of LRD60-PEO40 100k presented in Figure 

2.7A demonstrates that although the overall heating trend is linear, the oscillating temperature 

program generates short-term sinusoidal variations. The composite data is separated into three 

different signals (Figure 2.7B) by applying a Fourier transform. The three different signals are 

the deconvoluted or normal DSC (DSC-D), the reversible DSC (DSC-Cp), and the nonreversible 

DSC (DSC-K). Between the three components the following relation applies: 

[DSC-D]=[DSC-Cp]+[DSC-K]         (2.21) 

 

Figure 2.7: Complex ODSC thermogram (A) and resolved components of the ODSC 

thermogram (B) of LRD60%-PEO40% 100k (2
nd

 heating run) 

 

In ODSC the ability of the sample to follow the temperature oscillation greatly depends 

on the sample size and the period of modulation. 
92

   The need for a careful selection of the 
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period and amplitude of modulation makes the choice of experimental conditions far more 

critical in ODSC than in conventional DSC. In general, during the thermal event of interest 4-6 

cycles are desirable. The experimentally measured modulated heating flow and the modulated 

heating rate can be used to judge at the end of experiment if the chosen parameters are the 

optimal ones. A smooth modulation should be obtained when the modulated heat flow is plotted 

against temperature. 

2.3 Thermogravimetry (TG) 

Thermogravimetry (TGA or TG) is an experimental procedure in which the mass change 

of a substance is measured and recorded as a function of temperature when a rigorously 

controlled temperature programme is applied.
90,93 

 When a volatile component is lost during the 

experimental procedure the mass loss can be observed. Results are normally presented as mass, 

m, versus temperature, T, (Figure 2.8A) although representations of mass versus time, t, are also 

possible. The weight loss appears as a step in the curve, as can be seen in Figure 2.8A. Even if 

most of the sample’s mass is lost around one specific temperature the shape of the curve appears 

sigmoid, because some reactions start before the main reaction temperature.  

Another possibility of presenting the thermogravimetric data is to plot the derivative 

curve of the original data as a function of temperature (Figure 2.8B). This Derivative 

Thermogravimetry (DTG) plot gives information about overlapping reactions or about slow 

reactions concurrent with fast reactions that may take place during the heating process. Many TG 

experiments are carried on raising the temperature at a constant rate. Such experiments are 

known as non-isothermal or scanning. An alternative isothermal measurement is also possible 

when the temperature is maintained constant and the mass loss (or gain) is observed at a function 

of time for the chosen temperature. This type of measurements is often used in kinetic studies. 
93
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Tp

 
Figure 2.8:  Typical thermogravimetric results, (A) TG curve, (B) DTG curve 

2.3.1 Effect of Experimental Variables  

Because a reaction in the solid state is relatively slow compared to gas or solution 

reactions, a thermogravimetric trace of such a transformation may be seen to occupy a wide span 

of temperature. Although other factors may be involved in some cases, the rate of reaction is 

often controlled by the rate of heat transfer to or from the reaction interface.
90

 Since the reaction 

evolves in time and the temperature always increases with respect to time, a graphical 

representation will show the reaction covering a spread of temperature. Because of this spread of 

reaction over time a careful definition of “decomposition temperature” must be elaborated.
93

   

Figure 2.9 presents a typical thermogravimetric trace where mass loss is involved. A very 

fast and easy way to define the decomposition temperature would be to consider the peak 

temperature Tp that can be observed in a DTG curve (shown in Figure 2.8B). However, this Tp 

does not indicate the start of reaction when bonds start to break in the sample; this temperature is 

in fact only the point where the reaction is the fastest. For this reason heat flow properties, 

sample size and packing will influence the value of Tp.  
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Figure 2.9: Definition of decomposition temperature on a TG curve. 

The initial temperature of decomposition, or the onset temperature, is represented with Ti 

in Figure 2.9. Ti depends on the sensitivity of the thermobalance and it may be promoted by 

traces of impurities in the system that may start decomposing ahead of the main reaction. An 

extrapolation of the onset point will better define the beginning of the reaction, and this 

temperature point is marked with Te in the figure. In order to find Te the tangents to the curve at 

the baselines have to be sketched followed by the tangent to the steepest part of the curve. Te will 

be very different from Ti for a reaction that starts slowly and speeds up later. For this reason, 

sometimes the start of the reaction is better indicated by the temperature T0.05 where the fraction 

reacted α is 0.05.
90

 

For kinetic studies the reaction temperature may also be defined as the temperature when 

the reaction is half over. When the fraction reacted is α = 0.5 the reaction temperature is named 

T0.5. Final temperature Tf and the extrapolated offset temperature T0 are also marked in the figure 

to show the complete temperature range for reaction. Just like Ti, Tf is very difficult to pick up 

accurately since it depends on the sensitivity of the balance and on the amount of “noise” 

seen.
90,93 
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2.3.2 Glass Transition Temperature (Tg)  

The temperature at which the amorphous domains of a polymer undertake the 

characteristics of the glassy state is called glass transition temperature, Tg.
68,

 
69

 When a polymer 

is subjected to a decrease in temperature below its Tg, the long-range chain motions disappear 

and the polymer becomes very rigid and brittle. At this point if the system is provided with 

enough thermal energy the polymer segments slowly start moving and a transition from the 

glassy state to a rubbery-like state occurs.
70

 This transition is an important feature of polymers 

since it marks dramatic changes in the polymer properties, such as hardness and elasticity. The 

properties changes are completely reversible, however, since they depend on the molecular 

motion of the system, and not on the polymer structure. Besides hardness and elasticity, changes 

can be observed also in the specific volume, the modulus, the heat capacity, and the refractive 

index of a polymer when a transition from the glassy state to a rubbery-like state occurs.
71

 

Certain factors such as chain flexibility, molecular structure, molar mass, branching and 

cross-linking influence Tg. High Tg values are found when the mobility of the chains is low and 

the rigidity is high. High secondary forces decrease mobility of the amorphous polymer leading 

to high Tg values.
69

 Poly(ethylene oxide) PEO, of which repeating unit is [-CH2-CH2-O-], is a 

polymer with rather flexible chains since it does not contain any cyclic structures in the main 

chain or any bulky side groups. Although oxygen is a polar group, strong secondary forces do 

not characterize PEO. For these reasons PEO is one of the polymers with low, negative Tg (-

66
o
C).

68
 

The determination of glass transition temperature of amorphous polymers was found to 

be dependent on the cooling/heating rate used in the experiment. Faster cooling rates will result 

in higher Tg values of the polymer in discussion. Figure 2.10 shows the dependence of Tg on the 
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cooling rate as resulted from a dilatometric experiment. In this experiment the polymeric sample 

is placed in a glass bulb, which is filled with mercury so that the sample is completely immersed 

in the liquid. The glass bulb is connected to a capillary tube that will easily measure changes in 

the height of mercury in the capillary when changes in the specific volume of the polymer will 

appear as a result of temperature modification. Similar results of the dependence of Tg on the 

cooling/heating rate can be obtained using diverse methods that measure other properties of 

polymers. 

 

Figure 2.10: Dependence of glass temperature Tg on the cooling rate. Adapted from: 

http://plc.cwru.edu/ tutorial/enhanced/files/polymers/therm/therm.htm 
 

2.3.3 Melting (Tm) and Freezing (Tf) Temperature  

The melting temperature Tm of a polymer is the temperature at which the crystalline 

domains start melting. The size and the perfection of the crystallites in the polymer will influence 

the range of temperatures that will cover melting of the polymer.
68,69

 This range of temperatures 

is a useful indication on the sample crystallinity. Completely crystalline polymers will exhibit 

only a Tm, while completely amorphous polymers will show only a Tg. However polymers are 

never perfectly crystalline because of crystallization defects and varying sizes of the crystallites. 

http://plc.cwru.edu/%20tutorial/enhanced/files/polymers/therm/therm.htm
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Semicrystalline polymers, containing both crystalline and amorphous domains, will show both 

Tm and Tg.  

In the vicinity of Tm the segmental motion is too great to allow the formation of stable 

nuclei. As the temperature drops from Tm the translational, rotational, and vibrational energies 

and the diffusion rate of the macromolecules decrease, giving the chains the possibility to 

rearrange and form crystallization nuclei.
68

 This means there will be an optimal temperature of 

crystallization also called freezing temperature Tf. Because crystallization is a very complex 

process that involves formation of nuclei and the growth of crystalline areas the freezing 

temperature will also be an interval of temperatures. 

When cooling a crystalline material (1) from melt an abrupt change in specific volume 

takes place when Tf is reached, as Figure 2.11 shows. As opposed to this case, no abrupt change 

in the specific volume can be seen when an amorphous material (2) is subjected to cooling form 

the liquid state. However, a change in slope of the specific volume curve can be noticed when Tg 

is reached. The apparatus used to obtain this information was described when Figure 2.10 was 

discussed.  

 
Figure 2.11: A comparison of the melting behaviors of a crystalline material (1) and an 

amorphous material (2). Adapted from http://plc.cwru.edu/tutorial/enhanced/files/polymers/ 

therm/therm.htm) 

http://plc.cwru.edu/tutorial/enhanced/files/polymers/%20therm/therm.htm
http://plc.cwru.edu/tutorial/enhanced/files/polymers/%20therm/therm.htm
http://plc.cwru.edu/tutorial/enhanced/files/polymers/%20therm/therm.htm
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The Tm of crystalline polymers is generally affected in the same manner as Tg by factors 

like molecular symmetry, structural rigidity and secondary forces of polymer chains.
69

 High Tm 

values will be found in rigid polymers and in polymers with high secondary forces due to 

polarity or hydrogen bonding. Depending on their number and identity, substituents will affect 

differently the Tm values. Because poly(ethylene oxide) is not characterized by a tightly packed 

structure, a high rigidity or by strong secondary forces the Tm value of PEO is quite low 

(66
o
C).

69, 71
 

2.4 X-Ray Diffraction (XRD) 

X-ray diffraction is a technique used especially in crystallography in which an X-ray 

beam is projected against a crystalline structure and the pattern produced by the diffraction of 

rays through the closely spaced grate of atoms is recorded and analyzed in order to characterize 

and identify the structure in discussion.
94,95

 This technique is able to provide information about 

“volume” properties of the entire population of a crystalline sample, information that can be 

averaged over as many as probably 10
11

–10
12

 unit cells or billions of crystals. Being a part of the 

electromagnetic spectrum, X-rays exhibit the characteristics of both waves and particles.
94

 When 

an electromagnetic beam falls on an atom, three processes may occur: the beam’s energy will be 

partly transmitted, partly refracted and scattered, and partly adsorbed. Just like discrete particles, 

the photons can bounce and transfer momentum, but they also have measurable wavelengths and 

they can be diffracted by patterns of appropriate size, displaying characteristics of waves.
96

 

X-radiation can be produced in an X-ray tube by emittion of electrons, from a tungsten 

filament (the cathode), electrons that are accelerated in vacuum and forced to strike a metal 

target (the anode). The resulted X-radiation is of two different variety types: one type is 

characterized by a broad, continuous spectrum of wavelengths, called white or continuous 
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radiation, and the other type, called characteristic radiation, is characterized by very sharp peaks 

of discrete wavelengths, and they are typical to the material used to serve as anode.
96, 97

 

2.4.1 Interference of waves  

When two or more waves superimpose a new wave is formed. This resultant wave depends on 

the frequency, amplitude and relative phase of the two or more initial waves.
95

 The interference 

can be constructive, when the two rays are in phase, or destructive when the two waves are out of 

phase. Figure 2.12 shows an example of constructive and destructive interference, where λ is the 

wavelength and a is the amplitude vector of the rays. 

 
Figure 2.12: Summation of waves for constructive interference (a) and for destructive 

interference (b). 

 

In all the cases the amplitude vectors of the two or more waves add to create the 

amplitude of the final wave. When the two rays are in phase (Figure 2.12a), both vectors have 

the same sign, and the resultant amplitude is given by the sum  

A = 2a = │a + a│          (2.22) 

When the two waves are 180° out of phase (Figure 2.12b), the amplitude vectors bear different 

signs, and the amplitude of the final ray will be:  

A = │a - a│= 0          (2.23) 
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A diffracted beam is produced only when constructive interference occurs. To be practically 

useful in X-ray diffraction, a diffracted beam must be composed of an enormous number of 

mutually constructive rays.
96, 97

 

2.4.2 Bragg’s Law  

The law was developed in 1913 by the English physicists Sir W.H. Bragg and his son Sir W.L. 

Bragg in order to explain why the X-ray beams were reflected at angles of certain degrees of 

incidence by the faces of the crystals, when irradiated.
95

 The observation is in fact an example of 

X-ray wave interference also known as X-ray diffraction, and it served as a proof for the 

periodicity of the atomic structure of crystals. 

The situation for two planes of atoms reflecting an X-ray beam at relatively large angles is 

presented in Figure 2.13. The two rays 1 and 2 travel towards the ray of atoms in phase. Rays 1` 

and 2` have to be also in phase in order to have a diffracted beam. R and S are the two planes of 

atoms in discussion, and X-X` and Y-Y` segments represent the wavefronts. The normal N to the 

reflecting plane, the incident beams 1 and 2, and the diffracted beams 1` and 2`, are all in the 

same plane. As can be seen ray 2 travels a longer distance than ray 1 to reach the wavefront Y-Y`. 

This extra distance is marked in the figure with dashed line and is given by the sum of the 

segments AB and BC. If the two rays 1 and 2 are to arrive at Y-Y` in phase, than the distance AB 

+ BC has to equal some whole number or integer of wavelengths. In order to derive the Bragg’s 

law few variables have to be defined. The distance between atoms Z and B is in fact the distance 

between atomic layers in the crystal and is commonly indicated with d. θ is the angle of 

incidence, λ is the wavelength of the incident X-ray beam and n represents an integer, where 

nλ = AB+BC           (2.24) 
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Using trigonometry in the right triangle ABZ, d and θ can be related to the distance (AB + BC). 

The distance AB is opposite θ so, 

AB = d sinθ            (2.25) 

But AB = BC in which case equation 2.24 becomes 

nλ = 2AB            (2.26)  

Substituting equation 2.25 in equation 2.26 results, 

nλ = 2d sinθ           (2.27) 

Equation 2.27 is in fact the Bragg’s law and is of crucial importance for the use and 

understanding of X-ray diffraction. 
94, 96, 97

 

 

 

Figure 2.13: Diffraction from two rows of atoms illustrating Bragg’s law. Adapted from: 

http://www.eserc.stonybrook.edu/ProjectJava/Bragg/ 

 

2.5 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy (SEM) is a powerful technique that allows the observation and 

characterization of a variety of organic and inorganic materials from the nanometer (nm) to the 

micrometer (μm) scale.
98

 The possibility of obtaining greatly detailed three-dimensional-like 

images of the studied surfaces makes SEM one of the most popular techniques available today.
99

 

http://www.eserc.stonybrook.edu/ProjectJava/Bragg/
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In a typical SEM the area to be analyzed is irradiated with a beam of electrons, usually emitted 

from a tungsten cathode, beam that may be driven across the surface of the sample in order to 

find relevant spots for analysis. Because the sample needs to be electrically conductive it is 

coated usually with gold, palladium or iridium, although the use of amalgams of these metals is 

also possible.
100

 As a result of the interaction between the sample and the primary electrons the 

signal is produced in the form of secondary electrons, backscattered electrons and some 

characteristic X-rays.
98, 99

 In this way important information is obtained regarding surface 

topography, crystallography and the composition of the sample. Due to large depth of the field of 

secondary electrons the image appears to be three dimensional as can be observed in Figure 2.14. 

 

300μm
 

Figure 2.14: Three-dimensional appearance of an ant as detected by SEM. Adapted from: 

http://mse.iastate.edu/images/microscopy/ant.jpg 

 

2.6 Atomic Force Microscopy (AFM)  

Atomic Force Microscopy is a technique that provides information about surfaces with an 

unprecedented clarity. The microscope uses a physical probe to scan the specimen line by line, 

and the probe-surface interactions are recorded as a function of position.
101

 The field of view 

ranges from the atomic and molecular scale up to around 125μm, and the topographic contrast 

http://mse.iastate.edu/images/microscopy/ant.jpg
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provided is superior to that of the SEM. Sufficiently rigid surfaces can be investigated either in 

air or in a liquid media. Large samples can be placed directly in the microscope without cutting. 

No metallic coating of the surface is necessary in AFM, since the sample does not have to be 

electrically conductive.
102

 

 

 

Figure 2.15: 2.5 x 2.5 nm simultaneous topographic and friction image of highly oriented 

pyrolytic graphic; The bumps represent the topographic atomic corrugation, while the coloring 

reflects the lateral forces on the tip. The scan direction was right to left. Adapted from: 

http://stm2.nrl.navy.mil/how-afm/how-afm.html  

 

Besides imaging the surfaces, atomic force microscopes can measure the force at the nano-

newton scale, and also can provide quantitative height information as shown in Figure 2.15. 

While the up and down deflection of the cantilever is used to obtain topographic images, friction-

imaging uses the torsional deflection of the probe. An incorrect choice of the probe tip for the 

required image resolution can lead to image artifacts.
101, 102

 

2.7 Polarized Light Optical Microscopy (PLOM) 

Unlike regular optical microscopy, polarized light optical microscopy offers useful 

information about structure and composition of materials exploiting the optical properties of 

http://stm2.nrl.navy.mil/how-afm/how-afm.html
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anisotropy.
103

 More precisely the technique is based on the capacity of isotropic materials to split 

the light beams and to divide the rays into two different components situated in perpendicular 

planes. As the split light components are reunited along the optical path due to birefringence of 

the analyzed material, the microscope senses the occurrence and creates a characteristic image on 

the screen. The samples can be analyzed in air or in liquid medias and the area of interest can be 

magnified one hundred to one thousand times. Modern instruments are equipped with digital 

cameras that offer the possibility of recording pictures or movies of the analyzed materials. An 

example of a picture recorded with a camera attached to an optical microscope is presented in 

Figure 2.16. This image shows the formation of a liquid crystalline phase in a cellulose solution 

sheared between two microscope-slides.  

 
Figure 2.16: Anisotropic phases of a cellulose solution observed under cross polarizers. 

Unpublished data 
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CHAPTER 3 

ORIENTATIONAL EFFECTS IN PEO-MONTMORILLONITE 

DISPERSIONS SUBJECTED TO ELONGATIONAL FLOW
*
 

 
In this chapter the extent of internal orientation developed in salt containing 

poly(ethylene oxide)-montmorillonite gels is investigated combining shear and elongational 

rheology methods. Entropic changes indicate that the strength of the transient network present in 

each gel affects the orientational ability of clay particles and polymer chains. The Hencky strain 

of the dies used in the elongational experiments is varied to observe the variation in the 

calculated entropy change of each material. 

3.1 Experimental Procedures 

3.1.1 Sample Preparation 

In this study montmorillonite clay, cloisite Na
+
 (CNA), (a gift from Southern Clay 

Products) was used as received without any further purification. Poly(ethylene oxide) (PEO) 

with a molecular mass of 1000 kg/mol (Mw/Mn=1.5) was used as received from Polysciences 

Inc. Exfoliated gels were prepared by the addition of PEO and montmorillonite to deionized 

water, followed by continuous mixing for 4 days. The components (PEO, CNA, salt, and water) 

were introduced in a 250 mL round-bottom flask. The dispersion pH was controlled by addition 

of NaOH (pH ≈ 9) to ensure a good stability of the clay.  An overhead mixer was employed to 

mix each sample. The round-bottom flask was immersed in a water bath, as presented in Figure 

3.1, at a temperature of 50 
o
C in order to decrease the viscosity of the systems and increase the 

rpm of the mixer. After 4 continuous days of mixing the dispersions appeared completely 

                                                             
* Reproduced in part with permission from Macromolecular Materials and Engineering, E. A. Stefanescu, S. 

Petrovan, W. H. Daly, and I. Negulescu, Elongational rheology of polymer/clay dispersions: Determination of 

orientational extent in elongational flow processes, 2008, 293, 4, 303-309, Copyright © 2006 Wiley-VCH Verlag 

GmbH & Co. KGaA, Weinheim 
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homogeneous to the eye (no flocculated particles or clusters). All PEO-montmorillonite gels 

were self-supporting, as indicated in Figure 3.2. The exact sample preparation was used for all 

samples.  Following this procedure three gels/dispersions (150 mL each) with a composition of 

6% montmorillonite (CNA) and 4% PEO (90%water) were produced containing three different 

metal salts: NaCl, LiCl, and Li2SO4. The salt amounts were adjusted in the gels to ensure a ratio 

of EO/Na
+
=8, and EO/Li

+
=8 respectively (where EO represent the ethylene oxide groups). All 

gels were stored less than 3 days prior to determination of the shear and elongational viscosities 

in order to prevent the occurrence of any possible time-dependent transitions in the systems.  

 

Figure 3.1: The setup used for the preparation of CNA6%-PEO4% dispersions. The three round 

bottom flasks are immersed in two water baths, of which temperature is recorded using mercury 

thermometers. On top of each flask there is an overhead mixer. 



41 

 

 

Figure 3.2: A picture showing the 3 vials containing the CNA6%-PEO4% dispersions before 

(left) and after (right) inversion. As observed on the right, at rest all gels are self supporting (no 

flow even after 24 hours) 

 

3.1.2 Shear Flow and Oscillatory Experiments 

 Shear flow and oscillatory measurements were performed on a TA Instruments AR-1000 

stress controlled rheometer. Measurements were obtained using a cone-and-plate geometry with 

a diameter of 40 mm, a gap of 27 μm, and a cone angle of 1
o
56’. The instrument was equipped 

with a solvent trap to prevent water evaporation. All shear flow and oscillatory measurements 

were conducted at a temperature of 25
 o

C. To check for reproducibility of results, duplicate 

measurements were taken with a new sample. Steady state values were reproduced within a 

relative uncertainty of ≈ 5 %. 

3.1.3 Elongational Flow Experiments 
 

 The determination of the uniaxial elongational rheological properties of nanocomposite 

gels was measured using a Rheometric Scientific Advanced Capillary Extrusion Rheometer 

(ACER 2000) by replacing the capillary cylindrical die with hyperbolic converging axis-

symmetric dies. These electrodischarge-machined hyperbolic convergent conical dies were 

designed to generate a constant elongational strain rate throughout the core of the material. For 
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the purpose of this work three conical dies were used with Hencky strains of 5, 6, and 7. The 

elongational strain rates were achieved in steps of ram speeds, with each strain rate 

corresponding to a fixed ram speed. All elongational rheological measurements were conducted 

at a temperature of 25
 o

C. Duplicate measurements showed excellent reproducibility, with a 

relative uncertainty of ≈ 5%. 

3.2 Results and Discussion  

3.2.1 Elongational Flow Experiments 

Figure 3.3a&b shows the elongational viscosity of salt containing CNA-PEO 

nanocomposite gels as a function of elongational strain rate at a temperature of 25
o
C. It can be 

observed that elongational viscosity values of all dispersions gradually decrease with increasing 

the elongational strain rate. In Figure 3.3a is presented the elongational viscosity of gels 

containing three different salts at a Hencky strain 5. The results suggest that gels containing 

Li
+
 salts exhibit elongational viscosities higher than gels containing equivalent amounts of Na

+
 

salts of the same counter-ion (in this case Cl
-
). Furthermore Figure 3.3b reveals that elongational 

viscosities of polymer-clay dispersions increase with increasing the Hencky strain of the 

capillary die. Due to the relatively large amount of sample needed in the rheological experiment 

it is difficult to perform elongational viscosity measurements of polymer-clay nanocomposite 

dispersions at strain rates higher than 100 s
-1

. This problem becomes even more severe when dies 

of small Hencky strain (smaller than 6) are used, and/or gels with a strong shear thinning 

behavior are studied.   
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Figure 3.3: Elongational viscosity of: a) CNA-PEO gels containing different salts at Hencky 

strain 5, b) CNA-PEO gel containing NaCl at three different Hencky strains. Relative 

uncertainty for the measurements is ≈ 5%. 
 

3.2.2 Shear Flow and Oscillatory Experiments 

Shear viscosity values of salt containing CNA-PEO nanocomposite gels as a function of 

shear rate are presented in Figure 3.4a. Note that the range of shear rates presented in Figure 3.4a 

is equivalent to the range of elongational strain rates presented in Figure 3.3a, to allow 

calculation of entropy changes. Shear thinning behavior is observed over the entire range of 

shear rates studied, with a linear relationship between the log(ηs) and log(dγ/dt) (indicated by the 

solid lines on most of the shear rate range, except at higher values for NaCl and Li2SO4 samples - 

Figure 3.4a). This indicates that over the shear rate dependent region the solutions are power law 

fluids. The power law relation can be expressed as ηs = m(dγ/dt)
(n-1)

, where ηs is the shear 

viscosity (Pa*s), dγ/dt is the shear rate (s
-1

), m is the consistency index, and n is the power law 

index and has values comprised between 0 and 1. Higher degrees of shear thinning result in n 

values closer to 0, while n values closer to 1 indicate a dispersion behavior approaching the one 

of Newtonian fluids. 
82

 Power law indexes were found to be n = 0.5(+/-0.02) for dispersions 

containing LiCl and NaCl, and n = 0.3(+/-0.02) for dispersions containing Li2SO4. 
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Frequency dependent oscillatory shear experiments of the three polymer-clay 

nanocomposite dispersions are presented in Figure 3.4b at 25 
o
C. All data were taken at a strain 

percent of 1%. The storage modulus (G’) of the samples is larger than the loss modulus (G”) for 

the entire range of studied frequencies, indicating elastic behavior. All samples show frequency 

dependence of the storage modulus, G’, which increase with increasing frequency. No crossover 

frequency, indicating a change from an elastic solid-like behavior to a viscoelastic one, could be 

observed for any of the samples. 

 

Figure 3.4: a) Shear viscosity of CNA-PEO gels containing different salts at 25 
o
C. b) Storage 

(G’) and loss (G”) moduli of CNA-PEO gels containing different salts at 25 
o
C. All gels contain 

90% water. Relative uncertainty for the measurements is ≈ 5%. 

 

3.2.3 Calculated Entropy Changes 

The calculated entropy changes of salt containing CNA-PEO nanocomposite dispersions 

are presented in Figure 3.5a&b. Note that the number of points in Figure 3.5a is limited by the 

number of points resulted from the elongational rheology measurements (Figure 3.3a). Even 

though dispersions containing NaCl and LiCl display considerable differences between their 

elongational and shear viscosity values, we observe an identical behavior of the entropy change 

for the two gels, with a good superposition of data. The more pronounced entropy change 
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observed for the sample containing Li2SO4 indicates that the overall orientational alignment in 

this system takes place to a greater extent than in the systems containing NaCl and LiCl. The 

entropy change also varies with the Hencky strain of the hyperbolic die used in the process, 

where an increase in the Hencky stain results in a higher variation in the calculated entropy of 

the material (Figure 3.5b).  

 

Figure 3.5: Entropy change from rheology for: a) CNA-PEO gels containing different salts at 

Hencky strain 5; b) CNA-PEO gel containing NaCl at three different Hencky strains. 

Relative uncertainty for the measurements is ≈ 5%. 

 

3.2.4 Data Interpretation  

An efficient way to stabilize colloidal dispersions is to graft or adsorb polymer chains to 

the surfaces of particles, producing a steric barrier to flocculation. 
82

 From previous studies we 

know that polymers that are long enough to form inter-particle bridges promote formation of a 

reversible polymer-clay network that dominates the rheological response of the system.
34

 At rest, 

all polymer-clay samples consist of a network between randomly oriented clay platelets and PEO 

chains with polymer chains acting as dynamic cross-links between the platelets. The rheological 

behavior of mixtures of particles and adsorbing polymers in a solvent is similar to the one of 

polymeric physical gels. 82
 The shear thinning behavior of our gels typically indicates the 
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occurrence of an overall orientation of the macrostructures and/or nanostructures in the gel. 

Under shear the clay platelets orient along the flow direction with the surface normal to vorticity 

direction.
32

 The overall orientational alignment in the system is a competition between flow 

alignment and configurational relaxation, where the flow alignment is induced by orientation of 

platelets and stretching of polymer chains under shear.  

In addition to the polymer-clay interactions, it has been previously shown that in solution 

a network structure forms between water molecules and polyethylene oxide chains 

corresponding to two or three water molecules associated with each –CH2CH2O- unit through 

hydrogen bonding.
73, 75

 When ionic salts are added to the polymer solution the hydrogen bonding 

is disrupted by the ions.
72

 This effect has been observed as a reduction of the viscosity of ion-

doped polymer solutions compared to that of undoped polymer solutions.
75

 The disruption of the 

PEO-water network allows the polymer chains to better interact with the montmorillonite 

platelets. Elongational and shear viscosity results (Figures 3.3a & 3.4a) indicate that the size of 

the cation introduced in the system (Li
+
 vs. Na

+
) affects significantly the strength of the transient 

polymer-clay network. Li cations can spread in the system and coordinate to oxygen containing 

groups more strongly and uniformly due to their smaller ionic radius and increased diffusion 

ability when compared to Na cations. Using pair correlation functions Bujdak et al demonstrated 

that the free cations are primarily coordinated to water molecules and that the PEO chains reside 

far away from the coordination shell of cations in PEO-montmorillonite-water-salt systems. 1
 In 

such systems the normal water structure is rearranged in the electric field of the cation which 

leads to a state where the thermal motion of water molecules in the neighborhood of cations is 

less than in the bulk. 
72

 Due to the stronger interaction with the water molecules, Li cations are 

capable of screening the water-PEO hydrogen bonding to a greater extent than Na cations, 
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triggering the improvement of the polymer-clay interactions. Being far away from the 

coordination shell of the free cations and having most of the “water” hydrogen bonding removed, 

more PEO oxygens can coordinate to the metals from the surface of montmorillonite platelets. 

Higher degrees of coordination (cross-linking) are responsible for the increase in the viscosity of 

the system, as well as for the formation of stronger networks.  

When a precursor polymeric solution is cross-linked to form a gel the rheological 

properties change from those of a viscous liquid to those of an elastic solid.
82

 Although our gels 

contain 90% water, a viscoelastic solvent, all exhibit solid-like behavior for the entire range of 

studied frequencies (Figure 3.4b). The viscoelastic properties of the gels are strongly dependent 

on parameters such as the origin of PEO and montmorillonite, the purity of all components 

(including the water used), the solvent loss during sample preparation, sample mixing time, 

change in pH with time, storage temperature etc. When all these parameters are kept the same for 

all systems, we observe that the gel containing the bulky sulfate anions (from the salt) forms a 

weaker network than the gels containing the chloride anions. The presence of a weak network is 

revealed by the low storage modulus (G’) values of the Li2SO4 sample in Figure 3.4b. 

Furthermore, the entropic changes indicate that the strength of the network, triggered by the size 

of the anion (Cl
-
 vs. SO4

2-
), affects the orientational ability of clay particles and polymer chains 

(Figure 3.5a).  

In CNA-PEO dispersions physical gelation occurs as a result of intermolecular 

associations, which are produced by weak van der Waals forces, electrostatic attractions or 

hydrogen bonding, and are greatly dependent on the distance between molecules participating in 

the gelation process.
82

 Such associations can be easily reversed if the distance between 

participating molecules is increased. The free anions introduced in the system (Cl
-
 & SO4

2-
), can 
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as well coordinate to the surface of montmorillonite platelets. Because of their large specific 

volume, the sulfate anions coordinated to the surface of the clay platelets will act as a barrier in 

the way of incoming polymer chains approaching the platelets, limiting in this way the polymer-

clay interactions.  In the same time, any free, uncoordinated SO4
2-

 ions have the ability to act as 

spacers for the polymer chains and prevent chain entanglements during the elongational flow 

process.
75

 The two effects explain the presence of weak networks and higher degrees of 

orientation in polymer-clay systems containing SO4
2-

-based salts (Figures 3.4b & 3.5a). 

The calculated entropy of the CNA-PEO dispersion containing NaCl is presented in 

Figure 3.5b at different Hencky strains. The entropy change is observed to increase in magnitude 

as stain rate increases. At 25
 o

C (298 K) and 4 x 10
1
 s

-1
 (the highest strain rate in the 5 

curve), the entropy change for the flow induced transformation ranged from -3 x 10
2
 J m

-3
K

-1
 to -

9.5 x 10
2
 J m

-3
K

-1
 and -2.3 x 10

3
 J m

-3
K

-1 
for dies with  of 5, 6 and 7, respectively. At 1 x 10

2
 s

-1
 

the entropy change for  of 6 and 7 reach even lower S values (-1.9 x 10
3
 J m

-3
K

-1 
and -4.5 x 

10
3
 J m

-3
K

-1
), indicating a higher degree of orientation developed in the sample. At strain rates 

below 2 x 10
0
 s

-1
 the S values are essentially zero and then they develop a dependence upon 

elongational strain rate.  

3.3 Conclusions 

 The transformation of polymer-clay gels into highly ordered fluid dispersions under shear 

has been previously suggested by other authors. 10, 62, 76
 SANS measurements under shear even 

allowed for visualization of platelet orientation in discrete areas of such oriented dispersions.
32, 40

 

However, to our knowledge, nobody has attempted to quantify the overall extent of orientation 

occurring in such nanocomposite systems subjected to elongational flow. Calculating the entropy 

changes developed during elongational flow can help identifying those gels that exhibit the 
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highest degrees of orientation in the process. Since the structure and properties of polymer-clay 

films are strongly dependent on the structure of precursor dispersion/gels, the method that we 

describe here can provide a useful route to obtaining highly anisotropic films with improved 

ionic conductivities and mechanical properties. 
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CHAPTER 4 

A MECHANICAL STUDY ON PEO-CLAY NANOCOMPOSITE 

GELS AND THIN FILMS 

 
In this chapter the preparation and characterization of polymer-clay nanocomposite gels 

and films containing various ratios of laponite and montmorillonite is described. The aim is to 

understand how clays with different chemistry, sizes and surface areas interact with each-other 

and affect the structure and characteristics of polymer based nanocomposites in the form of both 

gels and multilayered films. The rheological behavior of the gels is compared to the spreading 

process and the resulting film structures and properties are analyzed. 

4.1 Experimental Procedures 

4.1.1 Sample Preparation 

In this study laponite-RD (LRD), a synthetic Hectorite type clay, and montmorillonite 

clay, cloisite Na
+
 (CNA), (both Southern Clay Products) were used as received without any 

further purification. The LRD clay platelets, which are about 30 nm across and ca. 1nm thick 

charged discs, produce a clear suspension in water. The CNA platelets produce an opaque 

suspension of predominantly exfoliated platelets that range on average in diameter from 75 to 

100 nm across and are ca. 1nm thick.   Poly(ethylene oxide) (PEO) with a molecular mass of 

1000 kg/mol (Mw/Mn=1.5) was used as received from Polysciences Inc. Exfoliated dispersions 

were prepared by the addition of PEO and laponite and/or montmorillonite to deionized water, 

followed by systematic shaking, mixing and centrifuging for at least 4 weeks. The solution pH 

and ionic strength were controlled by addition of NaOH (pH ≈ 9) and NaCl (5.5*10
-2

M) 

respectively. At rest and room temperature all dispersions are gels. Each multilayered film was 

prepared by manually spreading the hydrogel on a glass slide with a spatula. Every 1.5 to 2 hours 
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one layer was spread and dried under ambient conditions. Overnight, samples were dried in 

desiccators. On average, 5 layers were spread every day.  

 

Figure 4.1: General idealized clay platelet orientation in a multilayered polymer-clay film 

presented along with the definition of planes. The large discs represent the montmorillonite 

platelets, while the small ones indicate the laponite platelets. Note that the diameter of 

montmorillonite particles is 3 to 4 times larger than the one of the laponite particles.  

 

The general clay platelet orientation in a multilayered film is presented in Figure 4.1 

along with the definition of planes. While one spread and dried film (7μm ± 2 μm) already 

produces multilayers we used sequential deposition to obtain thicker films simply for better 

investigation and handling.
5, 67, 77, 104

 Films with the same spreading direction (Figure 4.1) were 

dried layer by layer one on top of another until a total thickness of about 0.2 mm was obtained 

for the multilayered film. After the last layer was spread and half dried the thin multilayered film 

was placed in a vacuum oven and dried overnight at 25
o
C. The sample was then removed from 

the oven and placed in a desiccator for storage and further drying. Following this procedure a set 

of five LRD-CNA-PEO gels was prepared with compositions described by Table 4.1. All gels 

contain 95% water, 2% PEO and 3% clay, where the only difference from a sample to another 

consists in the ratio of laponite/montmorillonite used to prepare each gel. By evaporating the 

water in the drying process the final films result with compositions of 40% polymer and 60% 

clay, being also characterized by different laponite/montmorillonite ratios as illustrated in Table 

4.1. The same sample preparation procedure has been used for all five samples. 
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Table 4.1: Nanocomposite gels and films: composition and crystallinity  

 SAMPLE NAME 
1
 LRD 

Conc. (%) 

CNA 

Conc. (%) 

PEO 

Conc. (%) 

Crystallinity 

(%) 

                  LRDX%-CNA(3-X)%-PEO2%  - gels       (gels contain 95% water)  

1. LRD0-CNA3-PEO2 0 3 2 N/A 

2. LRD0.75-CNA2.25-PEO2 0.75 2.25 2 N/A 

3. LRD1.5-CNA1.5-PEO2 1.5 1.5 2 N/A 

4. LRD2.25-CNA0.75-PEO2 2.25 0.75 2 N/A 

5. LRD3-CNA0-PEO2 3 0 2 N/A 

                 LRDX%-CNA(60-X)%-PEO40% - films    (after water evaporation)  

1. LRD0-CNA60-PEO40 0 60 40 30 

2. LRD15-CNA45-PEO40 15 45 40 21 

3. LRD30-CAN30-PEO40 30 30 40 10 

4. LRD45-CNA15-PEO40 45 15 40 1 

5. LRD60-CNA0-PEO40 60 0 40 0 

 

4.1.2 Rheological Experiments 

Oscillatory and steady state shear rheology measurements of nanocomposite gels were 

performed on a stress controlled TA Instruments AR1000 Rheometer. A cone-and-plate 

geometry with a diameter of 40 mm, a gap of 27 μm, and a cone angle of 0
o
59’54’’ was used for 

all determinations. The instrument was equipped with a solvent trap to prevent water 

evaporation. All rheological measurements were conducted at a temperature of 25
 o

C. Duplicate 

measurements for both viscosity and moduli (G’, G”) measurements show good reproducibility 

with a relative uncertainty of ≈ 7%.  

4.1.3 DSC and TGA Experiments 

DSC measurements were performed on a TA 2920 MDSC instrument. Samples of 8-10 

mg were subjected to analysis using a heating rate of 10
 o

C/min in two successive heating cycles. 

For all DSC curves negative features correspond to endothermic processes. For each 

                                                             
1 The samples were abbreviated LRDx-CNAy-PEOz, where x, y, and z denote the weight fraction of Laponite, 

Montmorillonite and Poly(ethylene oxide), respectively, either in solution or in the multilayered film. 
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measurement, a virgin nanocomposite sample was used in the first heating run followed by 

cooling and a second heating run. TGA measurements were performed in nitrogen atmosphere 

with a heating rate of 10
 o

C/min using a TA 2950 thermo-balance. Only fresh samples of 7-10 

mg were subjected to thermogravimetric analysis. TA Universal analysis software was used for 

the integration and processing of all curves resulted from DSC and TGA instruments.  

4.1.4 DMA Experiments 

The glass transition temperature (Tg) and complex, storage and loss moduli (E
*
, E’, E”) 

of the thin nanocomposite films were determined via DMA measurements using a Rheometrics 

Scientific ARES instrument equipped with a torsion rectangular tool, a heating oven and a liquid 

nitrogen controller.  

 
Figure 4.2: ARES instrument (right), equiped with a tortional tool (left), a heating oven and a 

liquid nitogen controller, performing DMA measurments on nanocomposite thin films at 

negative temperatures.  
 

The instrument setup is presented in Figure 4.2. Samples of 0.18 - 0.2 mm thickness and 6 - 7 

mm width were subjected to various oscillatory tests. Results were normalized to the same 

transversal section, 1mm
2
, to allow comparison. All DMA measurements were conducted at 

25
o
C except for the glass transition temperature measurements. Duplicate measurements show 

very good reproducibility with a relative uncertainty of ≈ 5%. 
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4.2 Results and Discussion 

4.2.1 Characterization of Nanocomposite Gels: Rheological Measurements  

The rheological behavior of nanocomposite gels was studied to identify the relationship 

existing between gels composition and their performance under shear, as well as to observe the 

variation of storage and loss moduli as a function of clay type in the nanocomposite dispersions. 

Viscosity experiments are presented in Figure 4.3a in an attempt to correlate the shear orientation 

in the gels with the final orientation in the dried films. As observed in previous work for similar 

gels, shear thinning behavior is observed over a wide range of shear rates. It can be noticed that 

at the same clay/PEO ratio laponite clay leads to the formation of gels more viscous than the 

ones containing only montmorillonite clay. Gradually replacing laponite with equivalent 

amounts of montmorillonite decreases the viscosity of the gel. This decrease in viscosity is more 

evident at low shear rates. A remarkable feature in Figure 4.3a is the occurrence of a transition in 

the system at shear rates higher than 10
-1

s
-1

. The transition shifts to higher shear rates as more 

laponite is added to the gel, replacing montmorillonite. For LRD0-CNA3-PEO2, LRD0.75-

CNA2.25-PEO2 and LRD1.5-CNA1.5-PEO2 samples the transition (indicated by arrows) results 

in a sudden increase in viscosity, the magnitude of which decreases with the increase of the 

laponite percent. For gels containing laponite amounts higher than 1.5% (laponite-to-

montmorillonite ratio > 1) the transition does not lead to an increase in viscosity but rather to a 

decrease in the magnitude of the shear thinning behavior. The transition is also temperature 

dependent, as indicated for LRD0-CNA3-PEO2 in Figure 4.4a, where an increase in temperature 

shifts the transition peak to higher shear rates. In addition to shifting the transitions shear rates, 

temperature has also an effect on the magnitude of the transition, where higher temperatures 

result in larger transitions.  
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Figure 4.3: (a) Viscosity values as a function of shear rate for LRDX-CNA(3-X)-PEO2 

nanocomposite gels (95% water) at 25
o
C; (b) Frequency dependence of G’ and G” for LRDX-

CNA(3-X)-PEO2 gels of various laponite-montmorillonite compositions; G’ data is represented 

with filled symbols and G” data is shown with empty symbols. All gels contain 2% PEO and 

95% water. Relative uncertainty for the measurements is ≈ 7%. 

 

At lower shear rates, before reaching the transition domain, there is a near linear 

relationship between the log(η) and log(dγ/dt), as evidenced by the solid lines in Figure 4.3a. 

This indicates that over the shear rate dependent region the solutions are power law fluids as 

described in chapter 3. Power law indexes are in the range of: n = 0.2(+/-0.03) for LRD3-CNA0-

PEO2 and LRD2.25-CNA0.75-PEO2, n = 0.3(+/-0.03) for LRD1.5-CNA1.5-PEO2, n = 0.4(+/-

0.03) for LRD0.75-CNA2.25-PEO2 and n = 0.5(+/-0.03) for LRD0-CNA3-PEO2. Clearly the 

shear thinning behavior is enhanced as the concentration of laponite in the clay mixtures 

increases.  

Frequency dependent oscillatory shear experiments of LRDX-CNA(3-X)-PEO2 samples 

are presented in Figure 4.3b. The data were taken at strains within a relatively broad viscoelastic 

range. Although all gels contain 95% water, a viscoelastic solvent, the storage modulus G’ 

always appears larger than the loss modulus G” (except for LRD0-CNA3-PEO2 at low 

frequencies) indicating elastic behavior. All samples show some frequency dependence of the 
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modulus G’, which increases with increasing frequency. Both moduli G’ and G” are observed to 

increase when increasing the percent of laponite in the sample. No crossover frequency could be 

observed for any of the laponite-containing samples. For LRD0-CNA3-PEO2 sample the 

crossover of G’ with G’’ occurs at a frequency of 2 Hz, indicating a transition from a viscoelastic 

to a solid-like behavior for this sample with increasing the frequency.  

From previous studies we know that polymers that are long enough to form inter-particle 

bridges promote the formation of a reversible polymer-clay network that dominates the 

rheological response.
34

 All polymer-clay samples consist of a network between randomly 

oriented clay platelets and PEO chains with polymer chains acting as dynamic cross-links 

between the platelets. Although several parameters such as surface chemistry, dimensional 

polydispersity, degree of exfoliation, impurities or affinity of PEO to the clay may affect the 

rheology of gels, here the major contribution to the viscosity behavior exhibited by the gels is 

brought by the differences in the surface area of the two types of clay. Due to their small 

diameter, for a given mass, completely exfoliated laponite platelets provide a very large effective 

surface available for coordination with the incoming PEO chains. Having diameters three to four 

times larger, exfoliated montmorillonite platelets provide a much smaller coordination surface, 

for the same mass. This decreased effective surface leads to the formation of fewer polymer-clay 

cross-links in the system, which further leads to the appearance of weaker polymer-clay 

networks, with many free uncoordinated PEO chains. The weaker network is the reason why 

montmorillonite rich gels exhibit viscosities and shear moduli lower than laponite rich gels 

(Figure 4.3).  

Shear thinning of our gels typically indicates the occurrence of an overall orientation of 

the macrostructures and/or nanostructures in the gel. Under shear the clay platelets orient along 
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the flow direction with the surface normal to vorticity direction.
32

 The overall orientational 

alignment in the system is a competition between flow alignment and configurational relaxation, 

where the flow alignment is induced by orientation of platelets and stretching of polymer chains 

under shear. At high shear rates, where the PEO chains are fully stretched, the 

adsorption/desorption equilibrium is broken and desorption of chains from the platelets surface 

occurs at a higher rate than adsorption does. The desorbed polymer chains, now floating free in 

the system, will recoil in order to reach a more favorable energy state, impairing the flow in the 

gel. In this way the configurational relaxation gradually increases with the shear rate and 

negatively affects the overall orientational alignment in the system, leading to the appearance of 

a transition. Since montmorillonite rich networks are much weaker than laponite rich networks 

the configurational relaxation for the former systems occurs at lower shear rates, and to a greater 

extent, making the larger transition-peak shift to the left (Figure 4.3a).  

The change in the rheological properties with temperature is due to several factors, 

among which the most important is that relaxation times decrease strongly as the temperature 

increases.
81, 

105
 Due to these smaller relaxation times the onset and the peak shear rates of the 

unsteady shear flow transitions are shifted to higher values as the temperature increases. In 

addition to this, the increase of the overall entropy in the gel with temperature, which translates 

into an amplified disorder in the system, triggers the increase in the magnitude of the transition at 

higher temperatures (Figure 4.4a). 
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Figure 4.4: (a) Viscosity values as a function of shear rate for LRD0-CNA3-PEO2 at different 

temperatures; (b) LRD0-CNA3-PEO2 master curve of reduced shear viscosity ηr versus reduced 

shift factors. Relative uncertainty for the measurements is ≈ 7%. 

 

In order to verify the agreement and accuracy of our data, and to rule out any instrument 

artifacts that might have been present in the measurements at high shear rates, the curves from 

Figure 4.4a were combined into a master curve presented in Figure 4.4b. In this figure the curve 

at 25
o
C was used as a reference for shifting the other two shear viscosity curves. The shift 

factors, aT, were determined based on a relation described by Young and Lovell: 70
 

log aT = log ωref - log ω        (1) 

where aT is the shift factor and represents the temperature dependence of the relaxation times, 

ωref and ω represent angular frequencies in the reference and non-reference curves. Combining 

the equivalence of ω with γ
·
, introduced by the extended Cox-Mertz rule,

76, 81, 84
 with relation (1) 

the following equation was obtained:  

 log aT = log γ
·
ref - log γ

·
        (2)

 
 

where γ
·
ref and γ

·
 (γ

·
=dγ/dt) represent shear rate values for the reference and non-reference 

curves. Relation (2) was used to calculate the shift factors in this work. In this relation γ
·
ref and γ

·
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were chosen to be the shear rates of the reference and non-reference curves for which the 

viscosity of the transition peak was maximum (indicated by arrows in Figure 4.4a). The 

Williams-Landel-Ferry (WLF) equation, widely used for polymer melts and solutions,
81, 84, 105

 

does not hold for our systems when constants C1=17.4 and C2=51.6 are considered, due to the 

very high clay amounts present in these polymer solutions. After finding the shift factors the 

reduced viscosity was calculated using the relation described by Morisson: 
81

 

ηr = [η(T)
*
Tref

*
ρref]/[aT

*
T

*
ρ]       (3) 

where ηr is the reduced viscosity, Tref (K) is the polymer glass transition temperature, Tg(K), ρref 

is the polymer density at Tg, T(K) is the reference temperature used for shifting the curves, and 

ρ is the density of the polymer solution at the shifting temperature. The PEO glass transition was 

considered Tg=207K,
68

 ρref = 1.1g/cm
3
,
76

 and ρ solution at 25
o
C (T=298K) was considered 

1g/cm
3
, since our gels contain 95% water.  

The resultant master curve shows a very effective shifting technique, despite its 

simplicity. Not all the points of the shifted curves can overlap the reference curve, since the flow 

transitions have different magnitudes at different temperatures. Shifting a low temperature data 

onto a higher temperature data extends the reference into higher shear rate domains, and 

consequently shifting a high temperature data onto a lower temperature data extends the 

reference curve into lower shear rate domains. Besides verifying the accuracy of the data the 

master curve also expands the reference curve into a larger experimental window.  

4.2.2 DSC and TGA Measurements on Multilayered Films 

To better understand the intimate relationship between composition of nanocomposite 

films and their mechanical properties, we have observed the polymer crystallinity in the systems 
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by means of DSC (Figure 4.5a and Table 4.1). Although extensive studies have been previously 

done on the crystallinity of various bulk PEO nanocomposites at low clay concentration,
1, 2, 106

 

here we focus on anisotropic materials at high clay concentrations. Measurements that were done 

on LRDX-CNA(60-X)-PEO40 nanocomposites (Figure 4.5a and Table 4.1) indicate that 

gradually replacing montmorillonite clay with equivalent amounts of laponite results in a gradual 

decrease of crystallinity up to a point where all the polymer becomes completely amorphous in 

the sample (LRD60-CNA0-PEO40 sample). If we consider the pure PEO to be 100% crystalline 

then our results from the LRD0-CNA60-PEO40 sample indicate that 30% of the total polymer is 

crystalline. The extent of crystallinity decreases in increments proportional to the percent clay 

replaced in the system (Table 4.1). We expect the clay confined polymer to be amorphous since 

the coordination of PEO oxygens to various cations from the surface of the platelets disrupts the 

chains order and limits their possibility to move and rearrange.
49, 107

 Our results suggest that the 

high surface/gram ratio, triggered by the small size of laponite platelets, provides the PEO chains 

with a confinement area large enough to totally suppress their crystallinity (LRD60-CNA0-

PEO40 sample). At the opposite side, the large montmorillonite platelets from the LRD0-

CNA60-PEO40 sample are only enough to suppress 70% of the pure polymer crystallinity.  

When polymer chains are adsorbed to the clay layers, water molecules initially present on 

the silicate surfaces and galleries are displaced to accommodate the polymer chains. Although 

the nanocomposite films have been dried in vacuum, some water molecules may still be trapped 

in the films, as indicated by TGA measurements (Figure 4.5b). 
 
Displaced water molecules from 

the clay surfaces, or water molecules from the precursor solutions, are likely trapped within PEO 

crystallites, shifting the melting transition to lower temperatures (Figure 4.5a).
44
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Figure 4.5: DSC (a) and TGA (b) traces for LRDX-CNA(60-X)-PEO40 nanocomposite thin 

films at a heating rate of 10
o
C/min. All films contain 40% PEO.  

 

The trend observed in the TGA plot also indicates that laponite rich films retain higher 

amounts of water than montmorillonite rich films. The high affinity of PEO chains towards water 

makes complete removal of these small molecules from the dried films very difficult, even when 

films are stored in desiccators for several weeks. One can see that a higher PEO crystallinity 

results in a lower polymer affinity for water molecules (Figure 4.5b). 

4.2.3 DMA Measurements on Multilayered Films 

Very largely used in polymer characterization the principle of DMA consists in applying 

an oscillating force to a solid sample and analyzing the material’s response to that force. When 

subjected to such a force, also called stress (σ), a composite material exhibits a deformation or 

strain, γ. The relationship existent between stress and strain is a measure of material’s stiffness or 

modulus. In DMA, three different moduli can be calculated from the response of the material to 

the sinusoidal wave: complex modulus, E
*
, elastic (storage) modulus, E’, and imaginary (loss) 

modulus, E”.
83

 The relation between the three moduli is given by the equation E
*
=E’ + iE”, 
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where i= . Although complex, elastic and loss moduli are dependent on many parameters, in 

this work we only study their behavior as a function of testing frequency, temperature and time.   

The storage (E’) and loss (E”) moduli of the five nanocomposite films are presented in 

Figure 4.6a as a function of testing frequency. It can be observed that the progressive increase of 

the montmorillonite percent in the sample leads to a gradual increase of E’ and E” values in the 

multilayered films. Furthermore, the relationship between storage moduli of nanocomposite 

films (E’) and storage moduli of nanocomposite gels (G’) is shown in Figure 4.6b. The plots, 

obtained by correlating the E’ values from Figure 4.6a with the G’ values from Figure 4.3a, for 

frequencies ranging from 10
-2 

Hz to 10
1 

Hz, are linear. The negative slope of the linear fittings 

indicates that both E’ and G’ increase with raising the frequency, while the gradual enlargement 

in the slopes’ magnitude shows that E’ elevates much faster than G’ with increasing the amount 

of montmorillonite in the nanocomposites.  

 

Figure 4.6: (a) Frequency dependence of storage modulus (E’) and loss modulus (E”) for 

LRDX-CNA(60-X)-PEO40 nanocomposite thin films. E’ data is represented with filled symbols 

and E” data is shown with empty symbols. (b) Relationship between storage modulus of 

nanocomposite films (E’) and storage modulus of nanocomposite gels (G’). Relative uncertainty 

for the measurements is ≈ 5%. 
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 The complex modulus (E
*
) values of the multilayered films are presented in Figure 4.7 as 

a function of frequency, at two different oscillation amplitudes (strain %). Comparing Figure 

4.7a with Figure 4.7b, one can clearly see that an increase in the oscillating amplitude, from 

0.1% to 1%, results in a considerable decrease of E
*
 for all the samples. Similar to the behavior 

observed for E’ at 1% strain (Figure 4.6a), the E
*
 of the nanocomposites at this oscillating 

amplitude (Figure 4.7b) increases with increasing the montmorillonite fraction in the sample.  

However, at oscillating amplitudes of 0.1%, despite having a lower montmorillonite percent, the 

LRD15-CNA45-PEO40 sample shows a complex modulus higher than the one of LRD0-

CNA60-PEO40 sample, for the entire frequency range studied here. Furthermore, at 10
 
Hz, the 

E
* 

of the completely amorphous LRD60-CNA0-PEO40 sample equals the one of the LRD45-

CNA15-PEO40 sample, and it is expected to exceed this value at even higher frequencies 

(Figure 4.7a). Due to the instrument limitations, measurements at frequencies higher than 15 Hz 

could not be conducted.  

 

Figure 4.7: Dependence of complex modulus (E
*
) for LRDX-CNA(60-X)-PEO40 

nanocomposite thin films on frequency at 0.1% strain (a), and 1% strain (b). Relative uncertainty 

for the measurements is ≈ 5%. 
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The behavior of E’ and E” observed for the multilayered films in Figure 4.6a is totally 

opposite to the one observed for the storage (G’) and loss (G”) moduli of the precursor 

nanocomposite gels (Figure 4.3a). While the factor responsible for the elevation of G’ and G” in 

gels was the increase in the strength of the polymer-clay network, the reason for the elevation of 

E’ and E” in the films consists in the increase in crystalline fraction of the PEO in the 

nanocomposite. Since the strength of the network in solution is given by the fraction of PEO 

chains cross-linked to the clay platelets, which cannot rearrange and crystallize, it follows that 

the strength of the network is inversely proportional to the fraction of crystalline PEO in the film. 

The increase in the crystallinity of the samples is also responsible for the increase of E
*
 (Figure 

4.7), given that at 25
 o

C E
*
 is essentially E’. In addition to crystallinity variations an important 

contribution to the overall behavior of E’ and E
*
 of the films could also be brought by the general 

orientation of nano-platelets in the composite multilayered films. One would expect highly 

oriented films to exhibit an increased toughness, and in consequence, an enhanced E’. The large 

aspect ratio of the montmorillonite clay may play a decisive role in maintaining the polymer 

covered platelets aligned in the same direction throughout several length scales. The much 

smaller laponite platelets have difficulties in maintaining the same direction in the film, and high 

amounts of this clay in the nanocomposite may lead to a decrease in the storage modulus, E’. 

For the frequency dependence of E
*
 at 1% strain (Figure 4.7b) excellent reproducibility 

was achieved when measurements were each time repeated on a fresh sample. However, while 

attempting to do a second determination on samples already tested at this oscillating amplitude 

we observed that the thin films break and the results cannot be reproduced. To elucidate the 

behavior of nanocomposite films under prolonged stress a set of time dependent measurements 

of E
* 

was conducted, the results of which are presented in Figure 4.8. At the oscillating 
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amplitude of 1% the nanocomposites experience severe deformations, which set off the 

appearance of small micro-cracks on the surface of the films. In time and under oscillating stress 

these micro-cracks grow bigger, link with each-other and form macro-cracks, which lead to an 

important loss of materials strength, triggering in this way the decrease in E
*
. 

 

Figure 4.8: Dependence of complex modulus (E*) for LRDX-CNA(60-X)-PEO40 

nanocomposite thin films on time at 1% strain and a frequency of 10 rad/s. Arrows indicate the 

failure points for the five nanocomposites. Relative uncertainty for the measurements is ≈ 10%. 

 

Further deformations irreversibly lead to the fracture of the nanocomposite films (points 

indicated by arrows in Figure 4.8). One can notice that the nanocomposites containing only one 

type of clay, as is the case for LRD0-CNA60-PEO40 and LRD60-CNA0-PEO40, have a better 

resistance to fatigue than the rest of tested materials. We attribute this improved fatigue 

resistance of samples containing only one type of clay to an increased homogeneity of the 

systems, generated by a consistent size and surface area of the nano-platelets.  

The temperature dependence of complex modulus of nanocomposite thin films is 

presented in Figure 4.9 for a frequency of 10 rad/s and a strain of 1%. A horizontal plateau 

followed by a gradual decrease of E
* 

with the temperature
 
can be observed for all the samples. 
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The glass transition temperature, at which the decrease of E
* 

begins, was found to be -66
o
C, 

value that has been previously reported in literature for PEO.
68

 Due to the small PEO percent in 

the nanocomposites (40%), and to the very small thickness of the films (0.18 to 0.2 mm), the loss 

modulus (E”) curves, and in consequence the tanδ curves, for all the studied samples resulted 

very noisy for the entire temperature range, even when measurements were repeated. 

 

Figure 4.9: Dependence of complex modulus (E*) of LRDX-CNA(60-X)-PEO40 

nanocomposite thin films on temperature. Relative uncertainty for the measurements is ≈ 5%. 

 

For the temperature range presented in Figure 4.9 E
*
 is virtually the same with E’ due to 

the high rigidity of the samples at these temperatures. The small deformations used here (0.1% 

strain) allowed the measurements to be repeated on the same sample up to four times, without 

damaging the nanocomposite films. Surprisingly, E
*
 of the completely amorphous LRD60-

CNA0-PEO40 sample shows values higher than the ones of the LRD45-CNA15-PEO40 sample, 

which contains a small fraction of crystalline polymer (Table 4.1). In the past we have shown 

that the high polydispersity of natural montmorillonite (CNA) clay leads to heterogeneities and 

more defects in orientation compared to the low disperse synthetic laponite (LRD) clay.
14

 The 
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more compact structure of the montmorillonite-free LRD60-CNA0-PEO40 film is able to 

compensate for the lack of polymer crystallinity and to exhibit a complex modulus higher than 

the one of LRD45-CNA15-PEO40 sample at this range of temperatures.  

4.3 Conclusions 

In this chapter we have shown that the mechanical behavior of polymer-clay 

nanocomposite dispersions and multilayered films can be tuned by controlling the ratio of 

laponite-to-montmorillonite in the materials. While the shear thinning behavior is enhanced and 

the viscosity is increased as the concentration of laponite increases in gels, the progressive 

increase of the montmorillonite percent in the samples leads to a gradual increase in the storage 

and loss moduli, E’ and E’’, of the multilayered films. We observed that the factor responsible 

for the elevation of G’ and G” in gels is the increase in the strength of the polymer-clay network. 

On the other hand, the elevation of E’ and E” in multilayered films is due to the increase in 

crystalline fraction of the PEO in the nanocomposites. In the future we will study the influence 

of clay ratio (laponite-to-montmorillonite) on the ionic conductivity of the resulting 

nanocomposite multilayered films. 
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CHAPTER 5 

SUPRAMOLECULAR STRUCTURES IN PEO-

MONTMORILLONITE MULTILAYERED FILMS
*
 

 
In this chapter we investigate the multilayered structures of poly(ethylene oxide) 

montmorillonite nanocomposite films made from solution. The shear orientation of a polymer-

clay network in solution combined with simultaneous solvent evaporation leads to 

supramolecular multilayer formation in the film. The resulting films have highly ordered 

structures with sheet-like multilayers on the micrometer length scale. Results from SANS and 

XRD that provide information on the structure of these films are provided. Complementary AFM 

and SEM images that provide direct visualization of the nano and micrometer structures are also 

included. 

5.1 Experimental Procedures  

5.1.1 Sample Preparation  

We have prepared viscoelastic solutions of the natural smectite type clay, 

montmorillonite, Cloisite NA+ (CNA), (Southern Clay Products)
108

, and poly(ethylene oxide) 

(PEO), purchased from Polysciences Inc., (Mw = 1 x 10
6
 g/mol, Mw/Mn ca: 1.5, Rg ≈ 100 nm in 

H2O).
109

 The CNA clay produces an opaque suspension of predominantly “exfoliated” platelets 

(no peaks at high q in SANS)
110

 that range on average in size from ca. 70 to 150 nm across and 

are ca. 1 nm thick (Atomic Force Microscopy). Several <10 nm and ca. >1-2 micron large 

platelets can also be observed thus the reported polydispersity of 30% for the platelet diameter
108

 

may not be accurate for every type of natural clay, but dependent on the batch and the source. 

                                                             
* Reproduced in part with permission from PCCP Owner Societies, E. A. Stefanescu, A. Dundigalla, V. Ferreiro, E. 

Loizou, L. Porcar, I. Negulescu, J. Garno, G. Schmidt, Supramolecular structures in nanocomposite multilayered 

films, 2006, 8, 1739–1746, Copyright © 2006 Royal Society of Chemistry 
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Polydispersity also depends on the treatment and purification of CNA clay, especially if the 

purification process removes the smaller platelets or the largest ones. Discrepancies between 

measured sizes for natural clays from the same supplier are known.
110, 111

  

Multilayered films were prepared from solution via gel/solution exfoliation while 

exfoliated and stable solutions were obtained for a particular polymer clay ratio, pH and ionic 

strength.
32-34, 67

 Here multilayered films are discussed that have been prepared from an aqueous 

solution containing mass fractions of 3 % clay and 2 % PEO at ambient temperature. The 

solution pH and ionic strength were controlled by the addition of NaOH (pH = 9-10) and NaCl 

(1 mM), respectively. Using a pH >>10 or pH <<9 in solution leads to chemical breakdown of 

the clay over time.
112

 Gels were spread onto glass slides layer-by-layer and dried at 25 C in 

desiccators and under vacuum. While one spread and dried film ( ca 3-7 microns thick) already 

produces multilayers as examined by SEM, the film thickness of one spread film is too small to 

be cut and thoroughly investigated by scattering and microscopic techniques used by us. 

Therefore we use a layer by layer spreading and drying technique to obtain thicker films for 

better investigation.  SEM was repeatedly used to examine the interface between the spread 

layers but no interface could be detected indicating intermixing of spread layers. Multilayered 

films containing ca. 60 % of CNA clay and 40 % of PEO polymer (by mass fraction) were 

obtained (CNA60%-PEO40%). The shear-orientation combined with the drying procedure as 

well as control of the film thickness is absolutely necessary to obtain the highly ordered 

multilayers; simply drying the film is not sufficient. 

5.1.2 SANS Experiments  

SANS measurements were preformed on the 30 m SANS NG7 instrument at the Center 

for Neutron Research (NCNR), National Institute of Standards and Technology (NIST).
113

 In a 
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standard y-beam configuration, the incident beam is perpendicular to the spread direction of the 

film and the SANS intensity is obtained in the x-z plane. In the z-beam configuration, the 

incident beam is parallel to the spread direction of a 0.5 mm thick PEO-clay film (see Figures 5.1 

and 5.2). The neutron beam in z-beam configuration provided SANS intensities in the x-y plane. 

The primary contrast in the SANS experiment is between the silicate and PEO. This allows 

SANS experiments to detect the overall orientation of the clay platelets in a polymer matrix 

(Figure 5.2).  

5.1.3 Microscopy Experiments 

Sample preparation for the AFM and SEM measurements included cryo-ultramicrotom 

slicing (Leica ultracut with FC4 from Reichert-Jung) and freeze fracture. All samples were cut at 

-120 °C, below the PEO glass transition temperature (Tg = -55 °C). The AFM images were 

recorded with a Nanoscope IIIa  Dimension 3100 (Veeco Instruments).
114

 AFM “phase imaging” 

can be used to distinguish clay particles from the PEO matrix due to their difference in 

mechanical properties. SEM experiments were performed using a Cambridge 260 Stereoscan 

Electron Microscope. Many fractures in all three planes were investigated and only 

representative images are presented. Optical microscopy was also performed using an Olympus 

BX51TF microscope with crossed polarizers. 

5.1.4 DSC and TGA Experiments  

DSC measurements were performed on a TA 2920 MDSC instrument. Samples of 2.5-10 

mg were subjected to analysis using a heating rate of 10
 o

C/min in two successive heating cycles. 

For all DSC curves negative features correspond to endothermic processes. For each 

measurement, a virgin nanocomposite sample was used in the first heating run followed by 

cooling and a second heating run. The collected data have been normalized to a PEO content of 
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1.0 mg. TGA measurements were performed in nitrogen atmosphere with a heating rate of 10
 

o
C/min using a TA 2950 thermo-balance. Only virgin samples of 5-10 mg were subjected to 

thermogravimetric analysis. TA Universal analysis software was used for the integration and 

processing of all curves resulted from DSC and TGA instruments.  

5.1.5 XRD Experiments 

The X-ray diffraction measurements were done using a Simens-Bruker D5000 X-ray 

Diffractometer with a Cu Kα radiation of 1.54Å. Diffraction patterns were collected from 2θ = 2
o
 

to 2θ = 50
o
 with steps of 0.02

o
 and a scan time of 2s per step. All collected data were normalized 

to the same baseline for a better comparison of final results. Samples were dried and kept in 

desiccators before each measurement. 

5.2 Results and Discussion 

5.2.1 Determination of Clay Platelet Orientation in the Film 

The solution structure and fabrication conditions strongly influence the morphology of 

the multilayered dried films.
5
 In solution the adsorbed PEO polymer is strongly attached to the 

clay and the excess polymer that is not adsorbed is stabilizing a sponge-like polymer-clay 

network.
41, 45, 46

 The predominant orientation of CNA platelets in solution is with the flow and 

with the surface normal along the velocity direction.
104

 The orientation of CNA platelets in the 

dried film is expected to be in the film plane. A simple physical picture of clay platelet 

orientation in the multilayered films as well as the definition of planes is shown in Figure 5.1.  

The orientation of the clay platelets can be deduced from the SANS results (Figure 5.2). 

The isotropic SANS pattern in the x-z plane and the anisotropy observed in the x-y plane 

confirms the orientation of the platelets to be with the surface normal perpendicular to the film 
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plane (x-z plane). From the 2D SANS patterns in x-z and x-y direction, the intensity as a 

function of q can be calculated in all three directions in space. 

 

Figure 5.1: A physical picture of general clay platelet orientation in a multilayered polymer 

nanocomposite film is shown as well as the definition of planes.  

 

Anisotropy is observed over at least 2 orders of magnitude in q which indicates orientation of 

clay platelets over the whole q range is detected. A change in slope between 0.001-0.01 and 

0.01-0.1 reciprocal Angstroms or the hint of a shoulder that is observed around q= 0.01 

reciprocal Angstroms (2π/q≈60 nm) may be correlated with the ca. 56nm thickness of layers 

detected by microscopy. Intensities in x and z directions as well as the x directions from both 

configurations overlap as expected. Since the SANS is averaged over the sample volume, the 2D 

SANS patterns shown in Figure 5.2 look similar to SANS patterns from other oriented 

nanocomposites studied in the past.
5, 39

 However, results from microscopy show very unusual 

and unexpected structures. 
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Figure 5.2: SANS intensity as averaged in 10 degree sectors for all three directions in space. 2D 

SANS spectra from a ca. 1mm thick multilayered film obtained in the x-z plane and in the x-y 

plane.  

 

5.2.2 Visualization of Supramolecular Order: Microscopy Experiments 

The polymer-clay morphoplogy and texture orientation as displayed from representative 

Atomic Force Microscopy (AFM) is illustrated in Figures 5.3 and 5.4. Compared to what is 

usually found in literature on polymer nanocomposite orientation, our results show an unusual 

and unexpected 3D ordered and layered structure of blob-like chains and layers. The orientation 

of individual CNA clay platelets with an average diameter of ca. 70-150 nm and a thickness of 

1 nm does not easily explain the presence of ordered layers of elongated “blobs” (Figures 5.3 and 

5.4). The average blob thickness is ca. 56 nm and the average blob length is ca. 100 nm 

(Figures 5.3) while a chain of blobs can be very long. The 56 (±16) nm blob chain thicknesses 

(y-direction) correspond to polymer wrapped clay stack layers as seen from the side (blob may 

contain several platelets). The high polydispersity of natural montmorillonite CNA clay (average 

size 70-150 nm) leads to heterogeneities and more defects in orientation compared to the low 
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disperse synthetic laponite LRD clay (30 ± 5 nm diameter platelets).
5
 Multilayered films shown 

in Figures 5.4a and 5.4b, strongly reflect the differences in polydispersity of CNA versus LRD 

clay. The average x-direction correlation length observed from several AFM images (such as 

Figure 5.3 and 5.4) is ca. 100 (±20) nm per blob for CNA60%-PEO40%. This blob length 

corresponds to an average clay diameter for CNA platelets which is around 100nm (Figure 5.4). 

For LRD60%-PEO40% shown in Figure 5.4b the correlation length of the blobs observed is 

much smaller, more uniform and on the order of 30-60nm.  

 

Figure 5.3: AFM a) height image and b-c) phase images from the x-y plane sections of 

CNA60%-PEO40% multilayered films. 

 

If we assume that ca. 100nm is the correct average CNA clay platelet diameter then we 

may wonder what happened with the few large platelets that are >1 microns in size? AFM from 

pure and diluted CNA solutions suggests the presence of few large platelets >1 microns. It is 

possible that many of the large platelets are broken down during the sample preparation process 

and those few remaining form large defects that are not shown with AFM but may be visualized 

by optical microscopy. An alternate interpretation suggests that it is possible that the larger 

polymer covered platelets are arranged between the blob-like chains and layers since the length 

of some of these layers is on the order of several 1000nm. This interpretation is supported by the 
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nm size layered structures we have observed for films at higher salt concentration studied by us 

in the past.
67

 Here large amounts of excess PEO may cover up any blob like chains and lead to a 

different type of layered structure.
67

 Due to higher polymer concentrations neither height nor 

phase imaging can distinguish between individual platelets at CNA40%-PEO60% concentrations 

studied in the past.
67

 Although the 2D SANS data for both, the CNA40%-PEO60% films studied 

in the past
67

 and the CNA60%-PEO40% films presented here look qualitatively very similar, the 

local morphology such as the interconnected blobs versus layers, is very different.  

 

Figure 5.4: a) AFM images from the x-y plane sections of multilayered films for CNA60%-

PEO40% and b) LRD60%-PEO40%, both phase images. For a) and b) the clay concentration is 

high enough as to distinguish individual or bundles of clay particles. 

 

To better understand the film structure formation we need to know the polymer clay 

interactions in solution. In solution the clay particles can only adsorb a finite amount of polymer 

until all the clay surfaces are covered.
41

 The polymer and the clay build a sponge-like network 

structure that is interpenetrated by a sub-network of interconnecting pores containing excess 

polymer and water.
41

 Since the polymer adsorbed clay is completely exfoliated in solution (no 
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peaks in diffraction patterns from solution) this solution-structure must collapse, reorder and re-

intercalate into blob-like chains during the film formation process. The more or less uniform 

blob size observed in the film is highly reproducible and must be related in some way to the 

sponge like structure in solution.  

For synthetic laponite clay the absorbed polymer layer has been measured before to be 

ca. 1.5 nm on each face.
41

 In the film the excess polymer is wrapped around the stacked laponite 

clay platelets forming 30-60nm blobs (Figure 5.4b).
5
 Montmorillonite (CNA) clay does the same 

except that the blobs observed are more polydisperse and elongated due to larger aspect ratio (ca 

100nm long and 56nm PEO covered stacks of platelets) (Figure 5.4a). Our preliminary results 

from solutions also showed that the platelets within a polymer-clay network are interconnected 

over the edge more than over the face.
41

  

 
Figure 5.5: A representative AFM image is shown from the top plane of a multilayered film for 

CNA60%-PEO40%. Cursor profile and histogram are also shown. No layered structure is 

visible. 

 

We hypothesize that when the network is stretched, and the solvent evaporates simultaneously, 

the network collapses, the clay platelets re-intercalate and the edge to edge connection in 
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solution may favor the formation of blob-like chains and sheets in the film. The sliding of 

already existing blob chains and sheets of a sheared but not completely dried film may also 

influence the observed layered structures which are very similar to shear oriented liquid 

crystalline lamellar phases. As for the surface structure of the layers, AFM in the x-z plane 

shows many smooth and flat polymer covered areas as well as very few ca 70-150nm large 

polymer covered platelets (Figure 5.5). 

Scanning Electron Microscopy (SEM) is used to determine the film morphology on the 

micron length scale (Figure 5.6). As mentioned previously, the aqueous CNA-PEO solutions can 

be described as interconnected networks.
104

 When the sample is shear-oriented and the solvent 

evaporates simultaneously, the network collapses which leads to layered film structures that can 

be observed on several length scales. In the side section of the films (Figure 5.6), SEM was used 

to examine whether an interface exists between individual spread layers. Similar to other 

polymer-clay multilayered films that we have studied before
67

 no boundaries between spreading 

layers (each 3-8 μm) could be detected, indicating substantial intermixing of spread layers. 

Nevertheless a highly ordered and layered structure of the films is observed in the x-y plane, 

while smooth and flat surfaces are observed in the x-z plane (not shown here). The layered 

texture observed in the x-y direction is not uniform and is calculated to have an average 

dimension of dSEM ≈ 60-70 nm per layer (Figure 5.6c). Even though the exact shear rate during 

the spreading process cannot be controlled, SEM shows high reproducibility in data. According 

to AFM measurements each of the ca. 60-70 nm thick layers observed by SEM corresponds to 

the blob like chains and layers that are on average 56 nm thick (Figures 5.3 and 5.4). 

Discrepancies between data from AFM and SEM may be due to differences in resolution. 

Reference PEO films made from pure PEO solutions with the same salt concentration as the 
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CNA60%-PEO40% films showed no layered structures suggesting that the addition of salt to 

pure PEO solutions does not lead to any layer formation.  

 

Figure 5.6. SEM images of freeze fractured x-y plane surfaces of CNA60%-PEO40% 

multilayered films at different magnifications. A distinct layered structure is visible.  

 

On a micrometer to centimeter length scale, the CNA60%-PEO40% films presented here 

look different from the CNA40%-PEO60% films studied in the past
67

. The lower polymer 

concentration used here leads to a more open structure with less interconnected layers in the x-y 

plane (Figure 5.6) and completely smooth top surfaces. The CNA60%-PEO40% films presented 

here also look very different from the LRD60%-PEO40% films studied in the past.
5
 At the same 

polymer, clay and salt concentrations, the larger CNA platelets (ca 100nm) lead to less oriented 

micrometer size layers compared to the smaller LRD platelets (ca. 30nm). Inspection of several 

SEM images suggests that the fractured CNA nanocomposite film does not break parallel to the 

layers while the LRD nanocomposite does.
5
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5.2.3 Birefringence Investigations  

The microscopic structure of the multilayered films was characterized by polarized 

optical microscopy, which showed differences in birefringence in each plane (Figure 5.7). From 

our experience with other nanocomposite films such as LRD60%-PEO40% at the same salt 

concentration
5
 we would expect to see no birefringence in the x-z plane and strong birefringence 

in the x-y plane which is predominantely coming from clay platelets that are hierarchical ordered 

on all length scales. For CNA-PEO films at higher polymer concentration and different salt 

concentration we would expect and observe birefringence in both planes resulting from both the 

polymer and the clay.
67

 When comparing films ideally one would like to limit the number of 

parameters being altered in the films made from solutions. However this is often impossible due 

in large part to the very complicated phase diagrams of these complex systems in aqueous 

solutions that may require change of parameters (such as salt, excess polymer) to prevent the 

solution/dispersion from phase separation.
104

 

The x-z plane (see Figure 5.1 for plane, Figure 5.7) for CNA60%-PEO40% films shows 

only few speckles which are due to the birefringence observed from predominantly single large 

clay platelets and clusters. With increasing temperatures in a range from 25 to 200 degree C the 

overall birefringence is only somewhat reduced probably due to melting of any oriented polymer. 

To the eye no significant differences in birefringence are visible. Observation of the exposed 

edge of the film, the x-y plane, shows a highly birefringent pattern even after annealing an hour 

at 200 degree C. The total birefringence of the film is dominated by the orientation of the clay 

platelets and the polymer within the sample. For CNA60%-PEO40% studied here the polymer 

contribution to the total birefringence is either small or “not visible” to the eye, suggesting that 
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optical microscopy is not the best method for detecting PEO crystallites that may be confined 

between the layers.  

 
Figure 5.7. Representative optical microscopy image from a nanocomposite film with a cut 

surface. Crossed polarizers are used. A small section of a one layered film was removed to 

expose the side plane. The film is shown at room temperature after being heated and cooled. 

Birefringent speckles and birefringence of the side plane do not disappear at high temperatures. 

This film has been heated and cooled to remove any birefringence coming from additional shear 

effects during the scratching or cutting of the film. 

 

5.2.4 PEO Crystallinity in the Film: DSC Experiments 

While the crystallinity of various bulk PEO nanocomposites at low clay concentrations 

has been studied in the past extensively
1, 2, 115

 here we focus on supramolecularly oriented and 

anisotropic materials at high clay concentrations. The polymer and clay composition of our 

multilayered CNA60%-PEO40% films is confirmed by DSC experiments. The pure CNA clay as 

obtained from Southern clay has ca. 2% of “impurities” based on the dry material that is detected 

in TGA thermograms as a weight loss in nitrogen atmosphere at around 150
o
C.  

DSC data shown in Figure 5.8 are normalized to 1 mg content of PEO; therefore the 

enthalpic change for PEO from the nanocomposite is corrected to 97 J/g (i.e., 39:0.4 ≈ 97). If we 

consider the pure PEO to be 100% crystalline
109

 then our results from the nanocomposite films 
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show that 52% of the total polymer content is crystalline and 48% is amorphous (Figure 5.8). 

These results suggest that the high clay concentration is sufficient to suppress 48% of the PEO 

crystallization in the film. We expected that the CNA clay adsorbed polymer could be 

amorphous since it is confined to the clay surface and cannot move easily. The excess polymer 

would then form most of the crystalline phase. However qualitatively none of the PEO 

crystallites are visible with optical microscopy thus PEO crystallites must be either too small as 

to be detected by optical microscopy or there is polymer crystallinity confined within the clay 

layers.  

 

Figure 5.8: Normalized DSC plots for crystalline melting of the pure PEO polymer (y = DSC 

data) and of the polymer nanocomposite CNA60%-PEO40% (y = DSC+1.1mW shifted). The 

heating rate used was 5 C/min in nitrogen.  

 

It has been found in previous work that montmorillonite clay can adsorb ca. 0.3 g PEO/g 

of CNA clay. For a film with CNA60%-PEO40% the adsorbed amount is then calculated to be 

45% of the total polymer content.
2, 45, 46

 This is more or less in agreement with our DSC results 

which give 48% for amorphous polymer. Since the presence of salt may influence the crystal 
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formation of PEO as has been observed by other groups in the past
50, 51

 we believe that 

discrepancies between the 45% calculated from literature and the 48% from our DSC data may 

result from the presence of salt. At the same time, examining the DSC traces shown in Figure 5.8 

one may notice also that the melting temperature of PEO crystals in the clay composite was 

lowered significantly as compared to that of the pure PEO sample (consider for example the peak 

temperatures), pointing to an inhibitory effect of salt during PEO crystallization in the clay 

matrix. The difference in melting temperature however is too large to come from the presence of 

salt alone but may also be attributed to differences in crystalline structures.
49

 These interesting 

peculiarities will be investigated in more detail in the future. 

Differences in crystallinity of the CNA60%-PEO40% films presented here (52%) 

compared to the same composition LRD60%-PEO40% films studied in the past (near 0%)
5
 show 

that clay size dependence leads to unexpected but reproducible phenomenology at the nanoscale. 

5.2.5 XRD Experiments 

X-ray diffraction patterns of CNA60%-PEO40% films and from pure CNA and pure PEO 

reference samples are shown in Figure 5.9. Although the polymer-clay solutions from which the 

nanocomposite films are made of, are completely exfoliated (no peaks visible) XRD confirms the 

dried multilayered films are highly structured. The XRD reflections predominantly correspond to 

the PEO intercalated clay suggesting the presence of stacked layers. Significant peaks from 

crystallized PEO are missing although DSC suggests the presence of PEO crystallinity. The first 

peak corresponds to a d-spacing of d = 17.8 Angstroms, a result in agreement with what has been 

found in literature for other polymer nanocomposites.
46

 The XRD pattern of CNA60%-PEO40% 

looks similar to other melt intercalated PEO-montmorillonite nanocomposites (even those at 

other clay content) found in literature.
46

 Similar to the SANS data shown in Figure 5.2, the XRD 
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averages over the sample volume, thus both SANS and XRD do not show the hierarchical 

arrangements as microscopy does.  

 
Figure 5.9: X-ray diffraction patterns of CNA60%-PEO40% film (shifted +3000 intensity units), 

presented along with the patterns of the pure CNA and the pure PEO reference samples. 

 

5.3 Conclusions 

The main difference between the nanocomposites obtained via melt and solution 

intercalation of previous studies
45, 46

 and the nanocomposites studied here is this supramolecular 

order and hierarchical structuring we observe. On the nanometer length scale a high degree of 

order is reflected in the XRD pattern but AFM is necessary to visualize the supramolecular 

structure. Compared to work done in the past our nanocomposite films have highly anisotropic 

structure from the nanometer, via micrometer to the cm length scale while many previously 

reported nanocomposites have only local ordered structures. Overall our results suggest the re-

intercalation of clay platelets in films made from exfoliated polymer-clay solutions as well as the 

possibility to supramolecular order and hierarchical structure on the nanometer, via micrometer 

to the centimeter length scale. The structure and properties of our multilayered nanocomposite 
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films may provide a useful route in the preparation of novel materials such as anisotropic solid 

state electrolytes with enhanced ionic conductivity in only one direction.  
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CHAPTER 6 

STRUCTURE AND THERMAL PROPERTIES OF 

MULTILAYERED PEO-LAPONITE THIN FILMS
*
 

 
In this chapter the structures and thermal properties of a series of new nanocomposite 

poly(ethylene oxide)-laponite films are investigated by differential calorimetric and thermal 

analysis and complemented by microscopy and X-ray diffraction experiments. The crystalline 

structures of the nanocomposite multilayered films can be tuned by controlling the composition, 

polymer Mw and the water content. We study the concentration, polymer Mw and humidity 

dependence of polymer crystallinity in selected nanocomposite multilayered films. The exact 

sample preparation and history are important in controlling structure and properties and in 

developing new materials. Complementary microscopy is used to monitor the structural changes. 

6.1 Experimental Procedures 

6.1.1 Sample Preparation 

Laponite-RD (LRD), a synthetic hectorite type clay (Southern Clay Products) was used as 

received without any further purification. Poly(ethylene oxide) (PEO) with molecular masses of 

100 kg/mol, 300 kg/mol, 600 kg/mol, and 1000 kg/mol were purchased from Polysciences Inc. 

Multilayered films were prepared via gel/solution exfoliation as described in previous work.
4-6

 

Specifically for this work, gels and solutions were manually spread onto glass slides layer-by-

layer and dried at 25
o
C in desiccators and under vacuum. Following this procedure two distinct 

series of LRD-PEO multilayered films were produced: a first series comprised of samples 

containing PEO of 1000k Mw in different ratios with the LRD clay (LRD-PEO 60:40, 40:60, 

                                                             
*
 Reproduced in part with permission from Polymer, E. A. Stefanescu, P. J. Schexnailder, A. Dundigalla, I. 

Negulescu, G. Schmidt, Structure and thermal properties of multilayered Laponite/PEO nanocomposite films, 2006, 

47, 7339-7348. Copyright © 2006 Elsevier. 
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15:85) (Table 6.1), and a second series of samples containing 60% laponite clay and 40% PEO 

(w/w) of different molecular weights (100k, 300k, 600k, 1000k Mw) (Table 6.1). All the samples 

that were to be exposed to moisture at room temperature were placed under vacuum for 48 hours; 

the vacuum was removed by the use of argon as an inert media. Films were then transferred to 

desiccators containing a beaker with water as a source of humidity. The desiccator was 

hermetically closed and the films were removed after precise periods of exposure to humidity 

(e.g. 3h, 6h, 12h, etc).  

6.1.2 Microscopy Experiments  

Optical microscopy was performed using an Olympus BX51TF microscope with crossed 

polarizers. Scanning Electron Microscopy (SEM) experiments were performed using a 

Cambridge 260 Stereoscan Electron Microscope. Only representative images are presented. The 

layered textures of the selected x-y SEM images of LRD60%-PEO40%-X were not uniform. 

LRD60%-PEO40%-1000 was calculated to have an average dimension of dSEM ≈ 0.3 ± 0.17 μm 

per layer. When sample preparation and history are kept the same then duplicate measurements 

on all instruments showed excellent reproducibility with a relative uncertainty of ca. 5 %. 

6.1.3 DSC and TGA Experiments 

DSC experiments were performed using a TA 2920 MDSC instrument. Samples of 6.5–

10mg were subjected to analysis using a heating rate of 20
o
C/min in two successive heating 

cycles. In all DSC traces, positive features correspond to exothermic processes, and negative 

features correspond to endothermic processes. For each measurement, a virgin nanocomposite 

sample was used in the first heating run followed by cooling and a second heating run. 

Thermogravimetric analyses (TGA) was performed in nitrogen atmosphere with a heating rate of 

20
o
C/min. Only virgin samples of ca. 7-11mg were subjected to thermogravimetric analysis. TA 
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Universal Analysis software was used for the integration and processing of all curves resulted 

from both instruments. Duplicate measurements on both instruments showed excellent 

reproducibility with a relative uncertainty of less than 5 % when sample preparation and history 

were kept the same. 

6.2 Results and Discussion 

6.2.1 Concentration Dependence of Structure and Thermal Properties 

In a first series of experiments, we show the concentration dependence of DSC of 

representative nanocomposites with the same sample history (Figure 6.1 and Table 6.1). 

Measurements are shown for LRD-Y-PEO-Z-1000 films containing 60%, 37.5% and 15% of 

LRD by weight. As expected, a large difference in the heat of fusion results in different 

crystallinities (Table 6.1) and the peaks observed in Figure 6.1 shift to lower melting 

temperatures with increasing clay concentration. If we assume that any free excess polymer that 

is not attached to the clay is mostly crystalline then the crystallinity for LRD40%-PEO60%-1000 

and LRD15%-PEO85%-1000 indicates that these two samples may contain very high amounts of 

excess polymer. The adsorbed and intercalated polymer is assumed to be mostly amorphous 

suggesting a maximum of 22% PEO, and 6% PEO that may be adsorbed to the clay surfaces. 

Figure 6.2 shows optical microscopy of the films discussed above as well as a reference pure 

polymer film. Complementary to the DSC results, the crystallinity increases with increased 

polymer concentration. In addition to the expected large spherulites that are observed for the 

reference pure PEO film (Figure 6.2d) small “dots” are visible for the nanocomposites (Figure 

6.2b,c) suggesting differences in nucleation and growth of PEO crystals.  



88 

 

Table 6.1: Nanocomposite film composition and crystallinity as obtained from DSC 

measurements.  

SAMPLE NAME LRD  

Conc. (%) 

PEO Mw 

kg/mol 

% Crystallinity 

(+/-5%) 

LRD60%-PEO40%-X 

LRD60%-PEO40%-100 60 100 1.93  

LRD60%-PEO40%-300 60 300 1.12 

LRD60%-PEO40%-600 60 600 1.20 

LRD60%-PEO40%-1000 60 1000 1.57 

LRD-Y-PEO-Z-1000k 

LRD60%-PEO40%-1000 60 1000 1.57 

LRD40%-PEO60%-1000 40 1000 78 

LRD15%-PEO85%-1000 15 1000 94 
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Figure 6.1: Normalized DSC traces for the melting of nanocomposite films with different 

composition. (A) LRD60%-PEO40%-1000 kg/mol, (B) LRD40%- PEO60%-1000 kg/mol, and 

(C) LRD15%-PEO85%-1000 kg/mol. 

 

 LRD60%-PEO40%-1000 films indicate very low crystallinity in DSC, which cannot be 

detected with polarized optical microscopy. This low crystallinity is due to the high clay content 

but is also influenced by the complete clay exfoliation and supramolecular structural orientation. 

The origin and specific structural details of LRD60%-PEO40% have been described elsewhere.
5
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Most recently we have discovered that crystallinity changes after ca. one year, especially after 

repeated exposure of films to humidity and UV. These long-term studies, however, are not the 

subject of this work.  

a) b)

c) d)

 
Figure 6.2: Polarized optical microscopy images from fresh made nanocomposite films of 

different composition. The top surface of films is shown. a) LRD-60%-PEO-40%-1000 Kg/mol, 

b) LRD-40%-PEO-60%-1000 kg/mol, c) LRD-15%-PEO-85%-1000 kg/mol, d) reference pure 

PEO-1000 kg/mol. 

 

 In Figure 6.3 we investigate the composition dependent structure as obtained from SEM. 

Images in the x-y plane (side surface fracture) show that the occurrence of micron size layers is 

strongly dependent on clay content. The definition of planes in Figure 6.3d is also shown for 

better comparison, but the physical picture of general platelet orientation as obtained from our 

past study
5
 corresponds only to LRD60%-PEO40%-1000. Although all samples were made from 

exfoliated polymer-clay solutions, LRD40%-PEO60%-1000 and LRD15%-PEO85%-1000 

exhibited fewer or no layers, suggesting the clay concentration is critical in layer production.    

X-Ray Diffraction (XRD) results are shown in Figure 6.4.  
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Figure 6.3: SEM images from fresh made nanocomposite films of different composition. The x-

y plane (side surface) of films is shown. a) LRD-60%-PEO-40%-1000 kg/mol, b) LRD-40%-

PEO-60%-1000 kg/mol, c) LRD-15%-PEO-85%-1000 kg/mol. The definition of planes is shown 

for better comparison of figures (d).  

 

 At high clay concentrations and dense packing, platelets have no other choice than to 

stack and order, producing many regular XRD reflections that correspond to the PEO 

intercalated and stacked clay. Such regular reflections have been observed in the past for other 

clay nanocomposites. At higher polymer concentrations such as LRD40%-PEO60%-1000, XRD 

reflections still occur at the same q but their intensity is much weaker, suggesting the presence of 

fewer stacked clay domains in the polymer matrix. LRD15%-PEO85%-1000 shows no more 

regular reflections but instead peaks that can be correlated to reflections from the crystalline 

polymer (Figure 6.4b). LRD15%-PEO85%-1000 has exfoliated clay platelets in the polymer 

matrix but the clay platelets are too far apart and too randomized to produce higher order 

reflections. Nevertheless on the nanometer length scale as detected by Small Angle Neutron 

Scattering (SANS) we have shown that on average even these clay platelets orient in the spread 

direction.
67
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Figure 6.4: a) X-ray diffraction patters for LRD-60%-PEO-40%-1000 kg/mol, LRD-40%-PEO-

60%-1000 kg/mol, and LRD-15%-PEO-85%-1000 kg/mol (see also Table 6.1); b) A comparison 

of the pure PEO 1000 kg/mol and LRD-15%-PEO-85%-1000 kg/mol X-ray diffraction curves. 

 

6.2.2 Polymer Mw Dependence of Thermal Properties 

We have studied the micro- and nano-structures of selected LRD60%-PEO40% 

nanocomposite films in the past and have shown that the solution structure and processing 

conditions strongly influence the overall morphology of the dried films.
5
 The collapse of a 

polymer-clay network structure as the solution dries leads to either highly oriented thick layers in 

the dried film (Figure 6.5a) or very fine layers (Figure 6.5b). The number of multilayers can only 

be estimated since one single spread produces multiple layers on large length scales.
5
 Only 

representative SEM images of multilayered films in the x-y planes (side surfaces) are shown in 

Figure 6.5. On the micron length scale, the layered structures are dependent on the polymer 

Mw.
5
 Among many other parameters, we believe that the sample preparation and the resulting 

structure strongly influence the crystallinity. For example not completely exfoliated 

nanocomposites containing pure clay aggregates will also have more excess PEO that is not 

bound to the clay and that will crystallize.  
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b)a)

 
Figure 6.5: SEM images from nanocomposite films of same composition but different polymer 

Mw. The x-y planes (side surfaces) of films are shown: a) LRD-60%-PEO-40%-1000 kg/mol, b) 

LRD-60%-PEO-40%-100 kg/mol. 

 

Figure 6.6 represents the polymer Mw dependence of DSC data from a) nanocomposite 

multilayered films at a constant composition of polymer and clay LRD60%-PEO40%-X and 

from b) reference pure PEO films (Table 6.1). All nanocomposite films have the same sample 

history regarding sample preparation. Comparison between our results and studies from literature 

are difficult due to different sample preparation techniques and sample history, which are some 

of the parameters that strongly influence adsorbed water content. The DSC curves shown have 

been normalized to the amount of 1mg LRD60%-PEO40%-X and shifted for better visualization. 

DSC thermograms were obtained in the second heating cycle of the DSC measurement to avoid 

artifacts that could influence the results. This procedure removes mechanical tensions that may 

originate from the layering process during film formation. The same trends are observed in the 

first heating cycle (not shown here) but with much larger fluctuations in crystallinity between the 

first heating cycles compared to the second ones. 
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Figure 6.6: Polymer Mw dependence of normalized DSC traces for the melting of: a) LRD-

60%-PEO-40% samples containing polymer of different molecular weights (A – 100 kg/mol, B – 

300 kg/mol, C – 600 kg/mol, D – 1000 kg/mol) (see Table 6.1); and b) pure PEO polymer of 

different molecular weights. 

 

From the DSC curves shown in Figure 6.6 the crystallinity of samples was calculated and 

included in Table 6.1. The melting temperature of the nanocomposites (Figure 6.6a) slightly 

decreases with the increase in polymer Mw, the only exception from this being the sample with 

LRD60%-PEO40%-100. From solution studies we know that LRD60%-PEO40%-100 is the only 

sample where the polymer chains are too short to interconnect the clay platelets in solution.
40

 

This sample does not show any significant shear-orientation of platelets or stretching of polymer 

chains in solution. During the film spreading and drying process LRD60%-PEO40%-100 does 

not build the type of supramolecular structured layers as the other samples do (see Figure 6.5). 

Since the polymer chains are not crosslinked to several platelets in solution, they do not remain 

elongated and stretched during the film spreading procedure. Any elongated polymer chains 

during shear will recoil back fast in solution. The predominant structural shear-orientation in the 

film that we have observed previously
67, 77, 104

, comes from the collapse of the network structure 

in solution and the clay platelet orientation during solvent evaporation. The shear forces during 
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the spreading process are not strong enough and too short to keep the polymer chains stretched. 

Thus these “100 kg/mol” long polymer chains have sufficient space and flexibility to recoil from 

any deformed position and crystallize. This may be one reason why LRD60%-PEO40%-100 

does not follow the trend observed in Figure 6.6a and why we observe a higher crystallinity for 

the LRD60%-PEO40%-100 than for all other samples at the same composition (Table 6.1).  

In the series LRD60%-PEO40%-X with X=300, 600, and 1000 kg/mol crystallinity is 

small but increases with increasing polymer Mw and polymer chain length (linear polymers). In 

all these samples, polymer chains are long enough to interconnect the clay platelets in solution. 

During the film spreading and drying process clay platelets are oriented, polymer chains are 

stretched, and supramolecular structured layers are observed on all length scales.
40, 41

 Since the 

clay particles act as multifunctional cross-linkers, polymer chains may remain stretched during 

the film drying process. We do not know how many polymer chains and loops are attached to 

each clay platelet. These adsorbed chains and small loops will not crystallize but remain 

amorphous. Long polymer chains will have more interconnections with the clay particles than 

short polymer chains whose dangling ends are not network active and cannot be stretched during 

shear. Dangling ends may move more easily, they but cannot phase separate during the film 

drying process because they are connected to the clay. Short dangling ends may recoil thus 

increasing the number of defects in a developing PEO crystal, while long dangling ends may 

crystallize. Nevertheless as shown in Figure 6.6a, long polymer chains seem to better crystallize 

than the short chains.  

Another interpretation of the results shown in Figure 6.6 takes into account potential 

water present in the nanocomposite films. When polymer chains are adsorbed to the clay layers, 

water molecules initially present on the silicate surfaces and galleries are displaced to 
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accommodate the polymer chains. This adsorption takes place in the solution as well as during 

the drying of the films.
2
 Although the nanocomposite films have been dried in vacuum, some 

water molecules may still be trapped in the films. 
 
Displaced water molecules from the clay 

surfaces, or water molecules from the precursor solutions, are likely trapped within the PEO 

crystallites; shifting the melting transition to lower temperatures.
2
 The calculated values for 

crystallinity shown in Table 6.1 are very similar but trends can be reproduced when 

measurements are repeated on “freshly prepared” samples. It is possible that more water 

molecules are present in a nanocomposite film when the polymer Mw is high, which leads to a 

more pronounced shifting of the melting transition to lower temperatures. In the presence of clay 

nano-particles, high polymer Mw has a more disordered/amorphous structure and could 

accommodate more water molecules. However, since the overall differences in melting 

temperature are very small the amounts of incorporated water must be very small too.  

0 10 20 30 40 50

0

2000

4000

6000

8000

10000

d(Å)

2.93.54.45.88.918.0

d
6

d
5

d
4

d
3

d
2

d
1

LRD 60% - PEO 40% - 300k

LRD 60% - PEO 40% - 1000k

LRD 60% - PEO 40% - 600k

LRD 60% - PEO 40% - 100k

 

 

In
te

n
s
it
y
 (

a
.u

.)

2

 
Figure 6.7: X-ray diffraction patters for LRD-60%-PEO-40%-X samples containing different 

Mw polymers (A – 100 kg/mol, B – 300 kg/mol, C – 600 kg/mol, D – 1000 kg/mol) (see Table 

6.1) 
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Reference DSC experiments on pure PEO samples are presented in Figure 6.6b. As 

expected we observe a decrease in polymer crystallinity with increasing polymer Mw. 

Crystallinity decreases, because long entangled chains have difficulties in reaching and 

maintaining a proper alignment necessary for crystallization. With the increase of polymer Mw, 

the melting temperature of the polymer slightly increases due to a higher inertia of longer chains 

towards movement in the melting process. Figure 6.7 shows XRD from dry samples of 

LRD60%-PEO40%-X. Regular XRD reflections for all samples correspond to the PEO 

intercalated and stacked clay. Overall, the results suggest that there is not much polymer Mw 

dependence present. The first peak in XRD corresponds to a d-spacing of 17.8 Angstroms, a 

result in agreement with what has been found in literature. Such regular reflections have been 

observed in the past for many other clay nanocomposites.
46

  

6.2.3 Humidity Dependence of Thermal Properties 

While the nanoparticles certainly affect the motion of the adsorbed polymer chains in the 

nanocomposite film, the presence of the water molecules and the kinetics of water adsorption 

strongly influence the polymer crystallinity in the multilayered films. In an effort to understand 

these effects better, we have examined the kinetics of water adsorption as function of polymer 

Mw.  

Figure 6.8a,b,c shows DSC curves for LRD60%-PEO40%-X samples exposed to 

humidity. The sample preparation, history and the exposure time to humidity were kept the same 

and duplicate measurements guaranteed reproducibility. Dry samples were exposed to humidity 

for 3, 6, 12, 24 and 48 hours. Overall, the same trends are observed for all nanocomposite films. 

Adsorption of water decreases crystallinity gradually until it disappears almost completely, 

leaving the polymer amorphous. A decrease in the polymer melting temperature can also be 
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noticed with increased water adsorption. This may be due to smaller crystallite sizes but possibly 

also to the heat capacity of present water molecules surrounding the polymer. 

 
Figure 6.8: Thermal analysis of nanocomposites exposed to humidity (“dry” sample - not 

exposed to humidity, 1st wet sample after 3h exposure to humidity, 2nd wet sample after 6h 

exposure to humidity, 3rd wet sample after 12h exposure to humidity, 4th wet sample after 24h 

exposure to humidity, 5th wet sample after 48h exposure to humidity). (a) DSC traces for LRD-

60%-PEO-40%-100 kg/mol, (b) DSC traces for LRD-60%-PEO-40%-300 kg/mol, (c) DSC 

traces for LRD-60%-PEO-40%-1000 kg/mol, (d) Thermogravimetric analysis of LRD60%-

PEO40%-1000 kg/mol. exposed to humidity 

 

Distinguishable differences in DSC curves for the individual samples are attributed to the 

polymer Mw which influences the water adsorption and the kinetics of the polymer to reach a 

completely amorphous state. Although the LRD60%-PEO40%-1000 sample reaches an 

amorphous state after 12 hours, we observe a small peak in the heating curve for this sample 

after 48 hours of exposure to humidity. This trend is reproducible when the experiment is 
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repeated. It seems like this sample has gained back some crystallinity, which may be due to 

internal rearrangements of the PEO chains.  

 

Figure 6.9: Polarized optical microscopy images from nanocomposite films of same composition 

but different polymer Mw. The x-y planes (side surfaces) of films are shown. a) LRD-60%-PEO-

40%-1000 kg/mol, b) LRD-60%-PEO-40%-100 kg/mol 

 

Upon reaching critical water content the motions of PEO chain backbones are strong enough to 

diffuse, twist and bend into crystallites. Surprisingly the lower polymer Mw LRD60%-PEO40%-

300 sample needs 48 hours of exposure to humidity to completely loose crystallinity 

(Figure 6.8b). General trends and differences between nanocomposites with different polymer 

Mw were also monitored with TGA (Figure 6.8d and Table 6.2). The weight loss as function of 
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temperature shows the influence of water on the nanocomposite weight. Up to ca. 30% of water 

can be adsorbed in the film when measured at 100 degree C. The reversible swelling of the film 

x-y plane as monitored by polarized optical microscopy is shown in Figure 6.9. Fractured 

surfaces are shown for dry films and the same films exposed to humidity. While the x-z film 

plane (top surface) is black under crossed polarizers (see Figure 6.2a), the x-y plane is strongly 

birefringent due to aligned polymer and clay particles. Upon exposure to humidity a 260 micron 

thick film will swell up to 290 microns (Figure 6.9). On a qualitative level no significant polymer 

Mw dependence has been observed in swelling behavior or TGA. Further experiments on many 

samples are necessary in order to understand the swelling behavior on a quantitative level. 

Table 6.2: Weight loss percentage at 100°C as resulted from the TGA measurements.  

Sample (exposure to 

humidity) 

Weight loss (%)  

LRD60-PEO40-

1000 

Weight loss (%)  

LRD60-PEO40-

300 

Weight loss (%)  

LRD60-PEO40-

100 

dry sample 

(no humidity) 
0.39 0.37 0.34 

1
st
 wet sample 

(after 3h) 
12.15 13.25 10.1 

2
nd

 wet sample 

(after 6h) 
15.88 15.06 14.36 

3
rd

 wet sample 

(after 12h) 
19.94 16.98 16.68 

4
th
 wet sample 

(after 24h) 
24.61 19.11 22.26 

5
th
 wet sample 

(after 48h) 
27.23 30.05 26.2 

 

6.3 Conclusions 

We have shown that the crystalline structure of the nanocomposite multilayered films can 

be tuned by controlling the composition, polymer Mw and the water content. We have studied 

the concentration, polymer Mw and humidity dependence on polymer crystallinity and have 

found that sample preparation and history are important in controlling structure and properties. 



100 

 

Much of the layer formation is not well understood. For example, comparable PEO-laponite and 

PEO-montmorillonite nanocomposite films show a very similar d-spacing between polymer 

intercalated clay stacks, when detected by diffraction measurements
5, 67, 77

 but the layer 

nanostructure is very different when observed with microscopy.
5, 67

 To date we can only 

speculate about the origins of such effects. 

Our preliminary results on the design of nanocomposite solutions and gels for film 

preparation are used to rapidly evaluate new and promising candidate materials for the 

fabrication of other hierarchical structured films. The optimization of the film fabrication 

techniques will guide the fabrication of transparent and multilayered films over the whole 

laponite concentration range. This will allow for characterizing the critical parameters 

responsible for the appearance or disappearance of polymer crystallinity.  
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

 

7.1 Conclusions 

The structure, interactions and properties of PEO-laponite and PEO-montmorillonite 

nanocomposite hydrogels and multilayered films have been investigated by means of 

microscopy, rheology, thermal analysis and X-ray diffraction measurements. In order to better 

understand these complex systems the structures were examined as a function of polymer 

molecular weight, clay type and size, polymer and clay concentrations, nature of salt added in the 

system, and sample preparation method. 

It has been shown that in solution a network structure forms between water molecules 

and polyethylene oxide chains corresponding to two or three water molecules associated with 

each –CH2CH2O- unit through hydrogen bonding (Figure 7.1).
73, 75

 When ionic salts are added to 

the polymer solution the hydrogen bonding is disrupted by the ions.
72

 The disruption of the PEO-

water network allows the polymer chains to better interact with the montmorillonite platelets. Li 

cations can spread in the system and coordinate to oxygen containing groups more strongly and 

uniformly due to their smaller ionic radius and increased diffusion ability when compared to Na 

cations (Figure 7.1). Due to the stronger interaction with the water molecules, Li cations are 

capable of screening the water-PEO hydrogen bonding to a greater extent than Na cations, 

triggering the improvement of the polymer-clay interactions. 

When comparing laponite-based gels with montmorillonite-based gels of similar 

compositions it has been observed that laponite dispersions form stronger networks than 

montmorillonite dispersions. Due to their small diameter, for a given mass, completely exfoliated 

laponite platelets provide a very large effective surface available for coordination with the 
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incoming PEO chains. Having diameters three to four times larger, exfoliated montmorillonite 

clay provides a much smaller coordination surface, for the same mass. This decreased effective 

surface leads to the formation of fewer polymer-clay cross-links in the system, which further 

leads to the appearance of weaker polymer-clay networks, with many free uncoordinated PEO 

chains. The weaker network is the reason why montmorillonite rich gels exhibit viscosities and 

shear moduli lower than laponite rich gels. 

 

Figure 7.1. Schematic showing the interactions occurring in PEO-clay aqueous dispersions in 

the presence of metal salts. 

 

Furthermore measurements of the storage modulus of the laponite-based multilayered 

films and montmorillonite-based films, prepared from the corresponding gels (mentioned above), 

revealed that montmorillonite films are tougher than the ones containing laponite. While the 
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factor responsible for the elevation of storage modulus in gels was the increase in the strength of 

the polymer-clay network, the reason for the elevation of storage modulus in the films consists in 

the increase in crystalline fraction of the PEO in the nanocomposite. Since the strength of the 

network in solution is given by the fraction of PEO chains cross-linked to the clay platelets, 

which cannot rearrange and crystallize, we concluded that the strength of the network is 

inversely proportional to the fraction of crystalline PEO in the film. XRD measurements that 

were conducted on these films indicated that the gradual replacement of montmorillonite with 

equivalent amounts of laponite results in an increase in the integrated intensity of the 

corresponding intercalation peaks up to the point where no montmorillonite is present in the 

system. This effect was attributed to the differences in the diffraction patterns exhibited by the 

PEO crystals and the PEO covered stacked platelets, which triggers the formation of destructive 

interference in the diffraction process (Figure 7.2).   

 

Figure 7.2. Schematic showing the formation of destructive interference when PEO crystals 

form in the vicinity of clay platelets. In this schematic: 1- X-ray tube, 2- detector, 3 – simplified 

schematic of a polymer clay film portion (the large grey platelet represents the montmorillonite, 

and the small white platelets represent the laponite), 4 – incident ray, and 5 – diffracted ray (with 

the formation of destructive interference). 
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Furthermore the XRD measurements indicated that the complete absence of montmorillonite 

platelets from the system causes the laponite platelets to gradually lose parallelism as they keep 

adding on top of the stack, due to their modest aspect-ratio. This deviation from parallelism of 

the platelets results in a considerable decrease in the constructive interference of the diffracted 

beam, diminishing in this way the maximum intensity of the intercalation peak. A schematic 

showing the laponite platelets losing parallelism is presented in Figure 7.3. 

 
Figure 7.3. Schematic showing the effect of the aspect-ratio on the final parallelism of clay 

platelets within the PEO-clay stack. The high aspect-ratio montmorillonite platelets are able to 

maintain parallelism after intercalation of PEO chains while the small aspect-ratio laponite 

platelets gradually loose parallelism within a stack when PEO chains intercalate between 

platelets.  
 

We have also compared the multilayered structure of laponite-PEO films with the one of 

montmorillonite-PEO films and have observed (via AFM measurements) that the high 

polydispersity in the size of montmorillonite platelets leads to more defects in the order and 

orientation of the multilayers (Figure 7.4).  
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Figure 7.4. AFM phase images from the x-y plane sections of multilayered films for CNA60%-

PEO40% (a) and LRD60%-PEO40% (b) 

 

 
Figure 7.5. XRD reflections from laponite-based (a) and montmorillonite-based multilayered 

films. The d-spacing values of the intercalation peaks suggest the presence of PEO chains 

between clay platelets for both LRD60%-PEO40% and CNA60%-PEO40% nanocomposites 

 

Although all the laponite-PEO and montmorillonite-PEO multilayered films were prepared from 

predominantly exfoliated solutions, XRD measurements proved that during the spreading and 

drying process of the films intercalation of PEO chains in between clay platelets occurs. The 

intercalation of the polymer chains between clay platelets is observed as an increase of the d-
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spacing between clay particles when comparing the layered clay with the layered nanocomposite 

(Figure 7.5). 

We have studied the composition dependence of the structure of PEO-laponite 

nanocomposites and observed that large amounts of polymer added to the sample leads to an 

increased crystallinity of the macromolecules in the multilayered film. Evidence from cross 

polarized optical microscopy showed that besides large crystals and small crystallites these films 

contain an important fraction of clay aggregates. The cross polarized images in Figure 7.6 show 

the disappearance of crystalline fraction of polymer in LRD15%-PEO85% (PEO 1000Kg/mol) 

films when the temperature is increased from 25
o
C to 85

o
C. The fact that the small white dots do 

not melt at 85
o
C is clearly an indication that they are not PEO crystallites but rather small 

laponite aggregates. 

 
Figure 7.6. Cross polarized microscopy images from the top surface of LRD15%-PEO85% at 

25
o
C and 85

o
C. Specific features are highlighted for comparison.  

 

 

Finally, we have examined the kinetics of water adsorption by the PEO-laponite nanocomposites 

and have observed that the presence of the water molecules and the kinetics of water adsorption 

strongly influence the polymer crystallinity in the multilayered films. Adsorption of water 
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decreases PEO crystallinity gradually until the polymer becomes amorphous in the 

nanocomposite. 

7.2 Future Work 

In the future solid polymer-clay nanocomposites need to be prepared using a melt-

intercalation technique. The qualitative comparisons of melt-intercalation solid nanocomposites 

with solution-intercalation solid nanocomposites will reveal the better method for fabricating 

conductive films for use in the fields of rechargeable batteries and high density power sources. 

The new solid nanocomposites should be prepared as a function of polymer/clay ratio, polymer 

molecular weight, ionic strength, and clay aspect ratio, and should be tested through the same 

characterization techniques as the old ones, to allow an objective evaluation of results.  

The direct link between the strength of the network in gels and the final ionic transport in 

the multilayered films should be proven. Also, a direct correlation between the crystallinity of 

PEO in nanocomposite films and the ionic transport in the sample has to be made. Future work 

should include ionic conductivity measurements on PEO-laponite and PEO-montmorillonite 

multilayered films. Ionic transport measurements should be performed on films containing 

various clay/polymer ratios, various water amounts, different clays, and PEOs of different 

molecular weights. The knowledge and control of crystallinity at the nanometer length scale is 

critical in tailoring polymer-nanoparticle interactions and thus desired properties. Although ionic 

conductivity in the polymer crystalline phase has been observed by some scientists, the variation 

of the conductivity in the crystalline phase of PEO in the presence of clay nanoparticles, and in 

the presence of ionic salts has to be proven.  Finally, it has to be proven that the supramolecular 

and hierarchical organization of multilayered films, brought by a rigorous control of the film 
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preparation, results in an significant improvement of the unidirectional ionic transport in the 

solid nanocomposites. 
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