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General Introduction
 

Polymers have brought majors effects on the way we live. It is difficult to find an 

aspect of our live that is not affected by polymers. Although polymer research started 

over eighty years ago, when the notion of macromolecule was introduced by Staudinger, 

polymer science is still a very active field of research and rupture discoveries are still 

made, such as H-bonded elastomers with healing properties or malleable high temperature 

thermo-sets. The technology of reinforcing polymers, leading to so called composites, has 

been used for long, but it does not mean that the effect of fillers, either as nanoparticles or 

even frequently used carbon black, is fully understood. Since the beginning of the 90ths 

and the discovery of very stimulating properties of polyamide compounds containing 

organo-modified clays, a lot of research has been devoted to nanocomposites. More than 

28000 papers have been published on polymer nanocomposites since 1990 and among 

them over 6500 are concerned with clay as particles. Without self-citations, each paper in 

this field is cited over 12 times in average; best cited reviews collecting over 2500 

citations. However, although numerous studies have been reported and numerous patents 

filled, to our knowledge very few commercial polymer systems are making use of this 

technology. One can conclude that although much knowledge has been brought during 20 

years, many obstacles are facing commercial development. One of them is probably 

linked to the difficulty in dispersing optimally the nanoparticles inside the polymer, so 

that they can reveal their very high specific surface on the order of several hundreds of 

square meters by grams, and develop strong interactions with the polymer chains, leading 

to efficient reinforcement. Substantial fundamental research is still necessary to provide a 

good understanding of these materials to enable full exploitation of their nano-

engineering potential.   

The scope of this thesis is to establish relationships between rheological behavior 

in the molten state and dispersion state of the particles, by using a model system. It 

consists in well-defined nanoparticles known as Laponite, which can be seen as 

nanometric disks of 25 nm diameters and 1 nm thickness. These synthetic clay particles 

are hydrophilic and disperse easily in water, down to the individual scale, contrarily to 

Montmorillonite that is frequently used in the literature. As matrix, polyethylene oxide 

(available in various molecular weights) was chosen, since it is also water soluble and 

develops strong interactions with Laponite, as known by previous studies carried out in 

our laboratory. However, polyethylene oxide is highly crystalline and possesses poor 

mechanical properties. In order to enter the field of solid state properties, Laponite 

particles were incorporated in polymethylmethacrylate using polyethylene oxide as 

compatibilizer since they form a pair of compatible polymers. This system has received 

much less attention since about 200 publications can be found. Many of them are related 

to rather highly filled systems for application in the field of solid state batteries, the filled 

polymer increasing the conductivity of ions. 
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The first chapter of this thesis presents a bibliographic situation concerning 

nanoclays, the preparation of nanocomposites, their characterization and their rheological 

properties as well as some applications of polymer nanocomposites. Since polymer blends 

will be considered, a part of this chapter is dedicated to blends and their nanocomposites.  

The second chapter is presented in the form of 3 articles, preceded by an 

introduction and closed by a general conclusion where input of the 3 papers is considered.  

In this chapter we will focus on the influence of the preparation method on the structure 

and rheological properties, on the influence of the molecular weight of the matrix and 

finally on the influence of the type of protection of the particles. 

The third chapter presents the methods used to introduce Laponite into 

polymethylmethacrylate and discusses the properties of the blends, in relation with their 

structure.
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Chapter 1: Bibliography

1

Polymer matrix based nanocomposites constitute a research and development field 

that has attracted interest far before the concept of nanotechnology has emerged. 

Actually, combining nanoscale fillers and a polymer matrix addresses a major question 

regarding the influence of the nanometric scale (so-called �nano-effect�) on the properties 

of materials since nanoscale materials may produce qualitatively new behavior when 

compared with their macroscopic counterpart1-4. Furthermore, if the improvement of the 

mechanical properties of polymer matrices thanks to the inclusion of nanofillers was the 

main research goal for decades, it should be said that nowadays polymer matrix based 

nanocomposites have seen their functional properties widen thanks to the unique 

properties often reached through the combination of nanofillers with a polymer matrix. 

Introduction

Polymer matrix based nanocomposites may combine different kinds of fillers 

(organic �carbon black, carbon nanotube4, graphene-, inorganic -silica, ceramics, calcium 

carbonate-, polymeric, metallic�) and different kind of matrices. For most of the cases, 

reinforcement of polymer with nanofillers has resulted in polymer based nanocomposites 

exhibiting new functionality and better properties in terms of performance that the one 

exhibited by more traditionally filled polymeric materials. Historically, a real 

breakthrough has been achieved in the 1990�s by engineers from Toyota who have 

dispersed a few percents of montmorillonite (a natural nanoclay) into caprolactam in 

order to produce a polyamide-6 based nanocomposite. Since this pioneering work, much 

attention has been paid to the use of clays (natural or synthetic ones) as nanofillers in 

combination with different kinds of polymeric matrices; this work will only consider 

layered silicate nanoparticles for producing polymer-layered silicate nanocomposites. In 

the last decade, these materials have actually gained substantial interest due to their 

peculiar morphology, their �green� character, the natural abundance of the nanofillers, 

and the improved properties displayed by the nanocomposites such as (1) improved 

tensile strength and modulus without decreasing the impact strength; (2) increased 

thermal stability as well as self-extinguishing characteristics; and (3) reduced 

permeability to gases4-9. In this chapter, we will first discuss the chemical specificities of 

the nanofillers that are layered silicate nanoparticles. We will then present the different 

structures that may be encountered for polymer based nanocomposites and the different 

synthetic methods for obtaining them. We will then present different methods that have 

been used during this work for characterizing the structure and the properties of 

nanocomposites. Finally, we will discuss potential applications of polymer based 

nanocomposites.

Apart from the single reinforcement of polymer matrices expected when combining 

polymer chains with nanofillers, nanoclays have been shown to act as good 

compatiblizers for polymer blends which will be the subject of the second part of this 

chapter. We will describe polymer blends and will give examples from the literature 

where nanoclays have been used as fillers and compatiblizers.
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2

2.1 Chemical and structural characteristics of layered-silicate nanoparticles.

Polymer matrix based nanocomposites

Nanoclays consist of platelets with an inner octahedral layer sandwiched between silicate 

tetrahedral layers as illustrated in figure 1.1. More generally, nanoclays belong to the 

family of layer silicates which are different kinds depending on their structural and 

chemical natures. Warshaw et al10 have classified layered silicates according to structural 

studies following three criteria :

- height of fundamental repeat unit or thickness of layer

- gross composition � number of dioctahedrons or trioctahedrons and ionic content 

of layer

- stacking sequence of layers and degree of order of the stacking.

Nomenclature committee from clay society11 has classified layered silicates on the basis 

of structural and chemical characteristic into two categories : non-planner hydrous 

phyllosilicate and planner hydrous phyllosilicate, the latter one being diversified into 

seven groups according to the type of silica layer (1:1 or 2:1), the magnitude of the net 

layer charge per unit and the interlayer materials that compensates the layer charge. In 

this work we only consider phyllosilicate that belongs to the planner hydrous 

phyllosilicate series.

Phyllosilicate so-called lamellar silicates are alumino-silicated materials based on 

infinite bidimensional layers based on octahedrons interlocked between layers of 

tetrahedrons, the stoichiometry of the layers is either 1:1 or 2:1 (figure 1.1). The structural 

family of 2:1 phyllosilicate includes montmorillonite, saponite and hectorite. In this work, 

we will more specifically consider laponite particles a subdivision of hectorite.

Fig. I.1 Structure of 2:1 phyllosilicates12.
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In its natural state, the nanoclays exist as stack of many platelets and the key point to 

achieve is a perfect control of their dispersion during the synthesis of the polymer based 

nanocomposites as discussed hereafter.

2.2 Nanoclays-polymer matrix based nanocomposites: structure and 
synthesis

The main purpose for dispersing nanofillers into a polymeric matrix is primary to 

improve the mechanical properties of the latter. In that sense, it appeared that the �nano-

effect� previously discussed could lead to improved properties over that expected from 

continuum mechanics prediction. The �nano-effect� also deeply influences the 

crystallization rate and crystallinity when crystalline polymer matrices are considered but 

also the glass transition temperature. These properties are directly ruled by the structure 

of the nanocomposites which are described in the following paragraph. 

2.2.1 Structure of polymer based nanocomposites
The properties of polymer based nanocomposites where the nanofillers is a clay, are 

clearly affected by their structure which can be classified into three main categories 12

depending on the way the nanoclays are dispersed within the polymer matrix and then 

depending on the interactions between these two components but also between the layers 

constituting the nanoclay itself, we can then consider the following cases :

(1) Immiscible or phase separated nanocomposites which are obtained when the polymer 

matrix fails to intercalate between the layers of the nanoclays which stacked and which 

may be seen as microcomposites

(2) Intercalated nanocomposites which are obtained when the polymer intercalates 

between the layers, and increases the space between them, but where attractive forces 

leave the layers remain regularly spaced.

(3) Exfoliated nanocomposites which are obtained when the polymer intercalates between 

the layers and increases the space between them in such a way that there is no more 

interaction forces between the layers. The nanoclays are them perfectly dispersed with the 

polymer matrix. 

The structure/properties relationship of these nanocomposites has been studied for 

instance by Koo et al13 who have analyzed three types of maleated polypropylene-layered 

silicate nanocomposites with different dispersion states of the layered silicate 

(immiscible, intercalated and exfoliated). Exfoliated nanocomposites show the largest 

improvement of the mechanical properties whereas intercalated ones display a moderated 

increase and deintercalated ones the smallest increase. 

A key point to address is then the elaboration of exfoliated nanocomposites. In 

order to do so, the space between stacked layers of clay needs to be compatible with the 

radius of gyration of the polymer chains which constitute the polymer matrix that is 

bigger than in the sole nanoclay. Loiseau et al14 have controlled the specific interactions 

between the particles and the polymer matrix by surface treatment of the particles, either 
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by using adsorbed or grafted short polymeric chains on the surface of the particles for 

enhancing their dispersion degree. Their results showed that, the state of dispersion 

depended strongly on the treatment and on the amount of added chains, the grafted 

saturated particles being the best ones for reaching a fully exfoliated state as 

demonstrated by small angle X-ray scattering measurements (SAXS) (figure 1.2). Finally, 

the nanocomposites based on these particles show enhanced mechanical properties 

(increased storage modulus which became frequency independent) which agreed with the 

results of Koo et al13.
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Figure I.2: Influence of the modification of nanoclay interfaces on the structure of the 

nanocomposite on their mechanical properties 14

2.2.2 Influence of the molar mass of the matrix
Compatibility between the particles and the polymer matrix used for preparing polymer 

based nanocomposites is of prior importance for achieving a good dispersion state. 

However, once selecting suitable components, the dispersion state may also be affected 

by the molar mass of the polymer matrix as demonstrated by many authors9, 15-18. Fornes

et al16 with organoclay-nylon 6 based nanocomposites reported that higher molecular 

weight for polyamide yielded superior nanocomposites properties since a higher 

exfoliation for the nanoclay was achieved with respect to nanocomposites based on low 

molecular weight polyamide. This was attributed to the higher melt viscosities of the 

former which helped at transferring more stress/energy for achieving the separation of 

platelets. By opposition, low molecular weight polyamide imparted lower shear stress 

which could even skew the stack of platelets rather than separate them as depicted in 

figure 1.3. 
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Figure I.3. A possible mechanism for causing larger effective particle size with low 
polymer molecular weight based nanocomposites16.

Results of Fornes et al16, 19 have been confirmed by Loiseau et al20, with various 

molecular weight  of poly(ethylene oxide) matrix used to prepare laponite-PEO based 

nanocomposites. It has been shown that both storage and loss moduli increase 

significantly with increasing the molar mass of PEO as shown in figure 1.4. 

Figure I.4: Frequency dependence of G� and G� for laponite-PEO based nanocomposites 
with various molar mass of PEO 14 .

This influence of the molecular weight of the matrix is even more pronounced 

when the chemical compatibility between the polymer matrix and the nanoparticles is 

high as observed by Loyens et al21 with cloisite-PEO based nanocomposites. The cloisite 

displayed different kinds of surface chemistry: native cloisite with sodium ions at the 

surface, cloisite modified with a polar additive and cloisite modified with an apolar 

additive, the latter being more compatible with PEO matrix. It has been shown that for 

cloisite containing an apolar modifier, both the structural organization and the resulting 

mechanical properties were found to be very dependent on the molecular weight of the 

matrix, whereas for the other kinds of cloisite-PEO based nanocomposites, intercalated 
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structures were achieved displaying only a moderated improvement of mechanical 

properties at high clay concentration regardless of the molecular weight of the matrix.

However, one should remind that the best mechanical properties are achieved with 

exfoliated nanocomposites which means that the polymer chains that constitute the matrix 

can efficiently achieve such a situation if they are not too big in order to rapidly disrupt 

the stacks of nanoclay as evidenced by several groups for montmorillonite-maleated 

polypropylene13, cloisite-nylon-622 and cloisite-poly(g-caprolactone)15 based 

nanocomposites. Optimizing the exfoliation rate of the nanoclays within the polymer 

matrix is possible thanks to the use of different preparation pathways for the 

nanocomposites and also by chemical modification of the surface of the nanoclays. 

2.2.3 Preparation methods of polymer nanocomposites 
In order to achieve the best exfoliation of the nanoclays within the polymer matrix, three 

synthetic paths have been mainly explored in the literature 4 :

- Solution dispersion 

- In-situ polymerization

- Melt intercalation  

The use of each of these methods will depend on the type of polymer matrices involved 

and will in turn be sensitive to various parameters. For example, solution dispersion 

techniques need the use of a solvent which must be a good/theta solvent for the polymer 

and which must swell the nanoclays. Richard et al23 have reported that, during polymer 

intercalation from a solution, a relatively large number of solvent molecules needs to be 

desorbed from the host to accommodate the incoming polymer chains, the desorbed 

solvent molecules gain one translational degree of freedom and the resulting entropic gain 

compensates the decrease in conformational entropy of the confined polymer. However, 

sometimes, an intercalation of the solvent can be favored instead of the intercalation of 

the polymer. 

When nanocomposites are synthesized through melt intercalation technique, many factors 

can affect their the properties such as the mixing time, the temperature, the screw speed 

as reported in litterature14.

However the combination of these various techniques can lead to nanocomposites 

with better dispersion state of the nanoclays than if a single elaboration technique is 

processed as evidenced by Lepoittevin et al8 who have compared melt blending of PCL 

with montmorillonite and combination of in-situ polymerization and melt intercalation. 

There results showed that the combination method yielded intercalated/exfoliated 

nanocomposites which cannot be obtained by direct melt blending as proved by X-ray 

diffraction. Moreover, samples prepared by the combining method showed stiffness much 

higher than the corresponding microcomposites samples obtained by direct melt 

intercalation as showed in figure 1.5.
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Fig I.5. Variation of the Young modulus with the content of clay for montmorillonite-
PCL based microcomposites (obtained by direct melt blending) and nanocomposites 
(obtained by combination of melt and polymerization intercalation) 8.

2.3 Structure-rheology relationships for polymer matrix based 
nanocomposites

A great attention and significant interest has been paid for understanding structure�

property relations for polymer nanocomposites, and how processing could affect both 

structure and properties as described in the following part.

2.3.1 Rheological properties of polymer based nanocomposites 
Rheology is a powerful tool for gaining an integrated picture of the nanocomposite 

materials since it may provide information on the influence of the nanofillers on the local 

deformation rate of the polymer, the influence of the nanofillers orientation and/or 

exfoliation, and of their interactions.

It has been reported that percolation of the nanoclays within the polymer matrix 

occurs at relatively low nanoclay content and that their presence obviously affects the 

rheological properties of the polymer matrix. The rheological properties of the polymer 

based nanocomposites are then influenced by their mesoscopic structure and the strength 

of the interactions between the components. The dynamic response of polymer 

nanocomposites in the so-called nanoparticle limit (that is when the radius of gyration of

the polymer chain is of the same order than the size of the nanofillers) can be classified 

into two domains: linear and non linear. However, both linear and non linear viscoelastic 

properties are correlated with the structure of the nanocomposites but in this study we will 

solely considered linear viscoelastic properties.

Measurement of rheological properties under the molten state reveals that 

nanofiller loading leads to increase in the shear viscosity j*, the storage modulus G�, and 
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the loss modulus G�� of the nanocomposites18, 20, 24-25. Moreover, the magnitude of these 

parameters is sensitive to the concentration of the nanofillers, their type, their interface 

chemistry, � Loiseau et al14, 20 have investigated the rheological properties of laponite-

PEO based nanocomposites, and how these properties were affected by the parameters 

listed above. Their results demonstrated that, mechanical properties showed a transition 

from viscoelastic liquids to solids above a critical concentration of laponite particles 

(0.5wt% or 0.2 volume fraction) as sown in figure 1.6. This critical concentration was 

shown to decrease when the particles were better dispersed (which depended on their 

surface chemistry as explained above). Usually, the rheological behavior at high 

frequency is used for estimating the influence of fillers on processing properties, whereas 

the low frequency domain is sensitive to the structure and to a possible percolation state 

of the nanofillers. Gopakumar et al24 presented the same results as Loiseau et al14, 20, with 

Montmorillonite-polyethylene based nanocomposites. Loyens et al18 have also worked on 

laponite-PEO based  nanocomposites, where they analyzed the influence of clay 

modification and matrix molar mass on the rheological properties of the nanocomposites 

as a function of temperature and fillers content. 

Figure I.6. Frequency dependence of G�(a) and G� (b) for laponite-PEO based 

nanocomposites with various amount of laponite particles20.
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Koo et al13 have investigated the rheological properties of montmorillonite-

maleated polypropylene based nanocomposites with different kinds of structure and 

different concentration of the nanofillers. However, their results demonstrated that, 

storage modulus G�, loss modulus G��, and complex viscosity j* were deeply affected by 

the filler concentration although no clear transition from liquid to solid has been clearly 

evidenced as shown in figure 1.7

Figure I.7. Frequency dependence of G� (a), G� (b) and viscosity (c) for montmorillonite-

maleated polypropylene based nanocomposites with various amount of montmorillonite

Recently, Prachum et al25 have reported on physical and mechanical properties of 

equivalent montmorillonite-polypropylene nanocomposites. They concluded that at low 

frequency, the storage modulus G� and the complex viscosity j* increased significantly 

when the nanofillers were added and attributed to the existence of a percolated network. 

Many authors have proved the same 26-28 but the sole rheology was not always enough to 

conclude and structural studies were needed to be performed on the same samples to 

firmly conclude
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2.3.2 Structural characterization of polymer based nanocomposites 
Structural characterizations of polymer nanocomposites can be achieved through a variety 

of techniques such as scattering techniques (wide and small angle X-rays scattering), 

microscopic techniques (SEM and TEM), and spectroscopic techniques (FTIR and 

NMR). These techniques are complementary to rheological investigation and thermal 

analysis. The goal of diversifying the methods of characterization is to provide a 

quantitative and accurate representation of the structure and of the properties of 

nanocomposites25, 29-31.

Prachum et al25 have characterized the morphology of montmorillonite-

polypropylene nanocomposites, through variety of techniques such as X-rays scattering, 

TEM, and SEM, and linked theses results to the rheological and thermal properties. The 

structure of the nanocomposites was shown to be either exfoliated or intercalated or both 

as demonstrated by TEM (Figure 1.8) and was nicely correlated with their mechanical 

properties.

Figure I.8. TEM micrographs of the montmorillonite-polypropylène nanocomposites showing the 
intercalated and partially exfoliated layers for different concentration of the nanofillers25.

In the same way, Scarfato et al29 showed that, the structural characterization 

obtained through SEM, and X-ray diffraction was in agreement with what demonstrated 

the thermal and mechanical properties on equivalent samples. Liu et al30 have reported on 

the structure and properties of a novel layered Zirconium phosphonate-chitosan 

nanocomposite, their results concerned thermal and mechanical properties which were 

supported by morphological characterization obtained through TEM, SEM, and X-ray 

diffraction. 

2.4 Applications of polymer matrix based nanocomposites  
Polymer based nanocomposites have mainly attracted interest due to the improvement of 

the mechanical properties but they also display properties of interest in terms of thermal 
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endurance, barriers properties, electronical and optical properties. In this paragraph, we 

will focus on the use of nanocomposites for various application fields.

2.4.1 Automotive applications
Polymers nanocomposites have been used as part of vehicle so far to improve 

manufacturing speed, enhance environmental and thermal stability, promote recycling, 

and reduce weight32-34. The first practical example of polymer nanocomposites in 

automotive application has been achieved by Toyota who have used clay-Nylon 6 based 

nanocomposites for making time-belt cover35. Nanocomposites  may be potentially 

manufactured at low cost, and may offer other advantages on density and processing with 

respect to metals and polymeric composites currently used in the fabrication of parts for 

automotive applications. Recently, it has been reported that widespread use of polymer 

nanocomposites by American manufacturers could save 1.5 billion liters of gasoline over 

the life of one year�s production of vehicles and could reduce related carbon dioxide 

emission by more than 10 billion pounds36-37. More efforts have been going on, to give 

the potentials market opportunities for polymer nanocomposites in automotive 

application, since General Motors and supplier partners Basell, Southern Clay Products

and Blackhawk Automotive Plastics have created a joint company to produce 

thermoplastic Olefin nanocomposites (TPO) for use in their vehicles38.

2.4.2 Biomedical applications 
Bio-nanocomposites combine properties of commercials polymer nanocomposites with 

low environmental impact of degradable materials, making them a topic of great current 

interest39. There are different matrices (e.g. aliphatic polyesters, polypeptides and 

proteins, polysaccharides, and polynucleic acids) and fillers (e.g. nanotubes, nanofibers, 

clay nanoparticles, hydroxyapatite and metal nanoparticles) which can be selected as 

suitable materials, due to their chemistry and structure to suit the target field. Among all, 

elastomer based nanocomposites are gaining considerable attention as new materials for 

biomedical use; elastomers such as polyester, polyurethanes, and silicon rubber are 

excellent candidates as biomaterials in applications such as tissue engineering. Recently, 

laponite-PEO based nanocomposites have been used in tissue engineering as 

demonstrated by Gaharwar et al40 who have shown that PEO can be physically cross-

linked with Laponite to yield highly extensible, bio-nanocomposites which provide 

suitable substrates for fibroblast adhesion and guided cell growth. 

3

3.1 Introduction

Polymer blends and polymer blends nanocomposites 

Polymer blending is a convenient route for developing polymeric materials which 

combine the properties of each of their components41. Polymer blends are defined as 

materials of at least two polymeric species having constitutionally or configurationally 

differing features but not bounded to each other. Nowadays, the synthesis of new 

polymeric materials is achieved either by means of new polymerization methods, new 
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processing technology or by blending and reinforcing. However, the advantage of 

polymer blends versus developing new polymeric structures have been well-documented 

by Robeson et al42 in three points:

- ability to combine existing polymers into new composition offers the advantage of 

reducing research and development expenses. 

- possibility to obtain combinations of properties more easily by polymer blending than 

with new polymeric structures

- faster answer for solving a problem with polymer blending. 

3.2 Classifications of polymer blends 
Polymer blends may be classified according to whether they consist of separated or single 

phases43. More generally, they can be broadly divided into three categories: 

(1) Immiscible polymer blends which is the most common group. The blend consists in 

two separated phases if it is made of two polymers. The morphology of the immiscible 

blend will be controlled by the relative amount of the two polymers as schematized on 

figure 1.9.

Figure 1.9 : Morphology of an immiscible blend depending on the volume fraction of 
each component.

When the domain of each of the component join together, the morphology is said 

co-continuous44. Dell�Ebra et al45 studied the morphology of mixtures of poly (L, L-

Lactide) (PLLC) and poly (g-caprolactone) (PCL) with 90/10, 80/20, and 70/30wt% 

composition. SEM investigation of these blends revealed the immiscibility between 

components, and how the morphology was affected by the amount of each component as 

presented in figure I.10, this result agreed with the theoretical scheme shown in figure 

1.9.

Relative amount of polymer B in the immiscible blend
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Figure I.10 SEM micrographs of smoothed and etched surface of binary blends of PLLC 

and PCL from left to right 90/10wt%, 80/20wt%, and 70/30wt%.

(2) Compatible polymer blends which exhibit macroscopically uniform physical 

properties caused by sufficiently strong interactions between the component polymers. 

Doleman et al46 have prepared compatible blends of poly(vinyl acetate) and poly(methyl 

methacrylate) (PVA/PMMA) which have been used for producing a series of electrically 

conducting carbon black composites.

(3) Miscible polymer blends which are homogeneous consisting in a single-phase 

structure. Polymer miscibility is governed by thermodynamics parameters like Gibbs free 

energy and miscibility parameter. It was believed that a single glass transition 

temperature, which was intermediate between the glass transition temperature of the pure 

components was expected for miscible blends47 but, it should be said that two glass 

transition temperatures do not necessarily indicate immiscibility, This observation has 

been pointed out by Lodge et al48, who used DSC to investigate blends of PEO and 

poly(methylmethacrylate) (PMMA) over a complete composition range. 

Only a few polymer pairs can be mixed but most of the polymer blends are 

immiscible. However some strategies have been reported for improving the miscibility 

between polymers that are basically immiscible49-51. Recently Ren et al51 have 

investigated the miscibility in blends of PMMA and poly(styrene-acrylonitrile) (SAN) 

copolymers with different acrylonitrile contents. Their results indicated that when AN 

contents in SAN copolymers were 5, 35, and 50%, the PMMA/SAN blends formed two 

phases, and polymers were judged to be immiscible, while blends with copolymer 

containing 25wt% of AN was miscible, as proved by TEM and SEM. 

Even though potential work has been done for improving the miscibility of 

polymers blends, this does not mean that immiscible polymer blends are not interesting 

for practical use. Ciardelli et al52 have shown that, some properties such as impact 

strength and barrier properties can only be reached through immiscibility. The properties 

of miscible polymers system are intermediate between those of individual components, 

whereas synergies may be obtained in immiscible polymer blends provided that the phase 

morphology and the interfacial tension are judiciously controlled as stated by Utracki et 

al53.
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3.3 Thermodynamics of polymer blends 
Most of the theoretical considerations on the miscibility of polymeric system have been 

developed through the mean-field theory of Flory and Huggins due to its simplicity54-55.

Starting with the classical Flory-Huggins equation for polymer solution, it follows that for 

polymer blends the configurational entropy is vanishingly small and the free energy of 

mixing can be expressed as56-57 ッ罫m/RTV B e/
12h1h2

Where R, T, V, hi are respectively: the gas constant, the temperature, the (molar) 

volume of the system and the volume fraction component i=1,2. The polymer-polymer 

interaction parameter e/
12 contains both the enthalpic and the entropic parts.

Suvorova et al58 have investigated Polymer-Polymer interaction parameter 

mentioned above, in blends of crystalline PEO and amorphous PMMA or poly(methyl 

acrylate) (PMA). Their results demonstrated that when the amorphous components 

(PMMA and PMA) was added to crystalline PEO, the melting point of PEO decreased 

from 66°C to 62°-52°C and the degree of crystallinity decreased from 74% to 45%-60%. 

The melting point values were used to calculate the polymer-polymer interaction parameter by

using the Nishi-equation59;

1/Tm-1/T0
m = RV2/FH2V1 e12h1

2

Where T0
m and Tm denote the melting points of crystalline polymer and polymer 

blends respectively; FH2 is enthalpy of fusion of PEO per mole of repeating unit; V1 and 

V2 are the molar volumes of the repeating unit of crystalline and amorphous polymer 

respectively, and h1 is the volume fraction of amorphous polymer.

The parameters e/
12 were shown to be -0.221 for PEO/PMA and -0.315 

PEO/PMMA in the vicinity of the PEO melting point. These result confirmed that 

PEO/PMMA exhibit an excellent compatibility.  

3.4 Phase diagram of polymer blends 
The properties of polymer blends are intimately related to their morphology, which 

depends on the miscibility of the components, mechanism, and kinetics of phase 

separation. Phase diagram of polymer blends have been studied by many authors60-64. For 

example, Jo et al61 have reported the phase diagram of ternary polymer blends of 

poly(styrene-co-acrylic acid), PEO, and PMMA, the results are shown in figure I.11. The 

miscibility has been determined from the cloud point and the glass transition temperature. 

Blends with high PEO content are judged to be miscible when the cloud point was 

observed at temperature higher than the melting point of PEO or /when a single glass 

transition temperature was observed. Blends with low PEO content were judged to be 

miscible when the blend film was transparent at room temperature or / and when a single 

glass transition temperature was observed.
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Figure I.11. Phase diagram of the blends PSAA/PMMA/PEO at room temperature. In the 
figure," indicates that the blends film shows single Tg and clear melts, and indicates 
that the blends film shows cloudy and multiphases behavior61.

3.5 Polymer blends nanocomposites  
Polymer blends nanocomposites started to attract attention in order to improve the 

miscibility between different polymers which are immiscible. In that sense, it was 

suggested that nanoclays could contribute to the compatibility of blends based on 

immiscible polymers and hence improve their properties65-70 as explained in the following 

section. Basically, for compatibilizing two polymeric phases, the surface tension between 

the phases needs to be lowered. Furthermore, during the blend processing, the 

coalescence of the particles needs to be prevented. In that sense, one expects nanoclays to 

play both roles with polymer blends. 

3.5.1 Influence of nanoparticles on the miscibility of polymer blends   
One of the traditional methods for improving the miscibility between two polymers is to 

use a third component so-called compatibilizer, which is compatible or miscible with both

polymers. This compatibilizer may be a homopolymer or a block, graft or star-like 

copolymer. In the 2000s, inorganic nanoparticles have also been used as compatiblizers. 

They could improve the miscibility but novel properties can also originate from them.

Nevertheless, it has been reported that, nanoparticles which play the role of 

compatibilizer, should be at least partially exfoliated and should have some interaction 

with both phases66.

The first attempt for using organoclay as compatibilizer was demonstrated by 

Gelfer et al71 who have studied the effects of organoclay on the morphology, and on the 

thermal and rheological properties of PS/PMMA blends. However, even though they 

found out that PS/PMMA blends remained phase-separated after addition of organoclay, a 

drastic reduction in the average microdomain sizes (from 1-1.5om to ca. 300-500nm) was 

measured indicating that organoclay partially compatiblized the immiscible blend. Wang 
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et al69 have investigated another clay (natural or modified montmorillonite) as a 

compatibilizer for immiscible PP/PS blends. Montmorillonite lead to significant 

improvement of the miscibility as displayed in figure I.12. The miscibility enhancement 

depended on the concentration of montmorillonite in the blends, whether the 

nanoparticles were organically modified or not. SEM images of pure PP/PS blends (figure

I.12.a) revealed PS domains with a size of 3-4om which decreased down to 2-3om, 0.5-

1.0om and 0.3-0.5om when 2wt%, 5-10wt%, and 30wt% of montmorillonite were 

respectively added. The miscibility enhancement between PP and PS was due to the 

intercalation of both PP and PS molecules into the same montmorillonite gallery. 

However, PP/PS blends with up to 30wt% of unmodified MMT showed almost the same 

size of PS domains as that of pure PP/PS blends, indicating that only the organically 

treated montmorillonite can be efficiently. 

Sinha Ray et al66 reported on the compatibilizing effect of organoclay in 

immiscible PS/PP blends or PS/polypropylene grafted with maleic anhydride (PP-g-MA).

They studied the presence of the nanoparticles within the blends by various techniques 

including XRD, SEM, TEM and interfacial tension measurements, correlated to 

mechanical tests in the traction mode. Their results clearly indicated that organoclays 

acted at the same time as nanofillers and also as compatiblizers. In the case of PS/PP-g-

MA, the decrease in domain size was more pronounced, and it was even not possible to 

distinguish the dispersed domains. This was attributed to fact that the compatibilization 

process was more efficient when PP was grafted with maleic anhydride which ensured 

interaction with the surface of nanoclays. The same results have been obtained by Sinha 

Ray et al67 with an immiscible poly(carbonate) PC/PMMA blend were organoclays were 

added or with PP/poly[(butylene succinate)-co-adipate] (PBSA) and PP-g-MA/PBSA 

blends where montmorillonite was added as evidenced on figure 1.13.
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Figure I.12. SEM photographs of PP/PS blends with varying amount of modified 

montmorillonite: (a) 0% (b) 2% (c) 5% (d) 10% (e) 30%, and (f) PP/PS/MMT with 30% 

of unmodified MMT (PP/PS = 70:30)69
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Figure I.13. Phase morphology of chemically etched freeze-fractured surface of annealed 
compression-molded samples of various virgin and organically modified nanoparticles 
PP/PBSA  

Essay et al70 have also supported the suggestion of using inorganic nanoparticles 

as compatiblizers for immiscible polymer blends, by studying the use of montmorillonite 

as reinforcing and compatibilizing filler for immiscible polymer blends of acrylonitrile-

butadiene rubber (NBR) and styrene-butadiene rubber (SBR). SEM results showed that, 

the NBR domains were separated from the continuous SBR phase in the absence of filler. 

However, the incorporation of the fillers improves the compatibility between SBR and 

NBR resulting in almost a single phase. In this peculiar case, montmorillonite can act as 

compatibilizer regardless it was organically modified or not, whereas, for immiscible 

PP/PS blends, montmorillonite should be organically modified prior to be used as a 

compatibilizer69.

Very recently, Chen et al65 have verified the ability for clay to perform a 

compatibilizing role in immiscible blends of PS/poly(acrylonitrile-styrene) (ABS) . 
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However, the exact mechanism for the nanoparticles to act as compatiblizers and then 

increasing the miscibility of polymers blends has been investigated in a poor extend. 

Nesterov et al72-73 have proposed a theoretical background to account for such a 

phenomenon. Considering binary immiscible polymer blends (A and B) and filler S, the 

free energy of mixing (per unit volume) is given by :ッ罫聴袋喋袋凋 = RT 盤e託代l託l託台 + e託台l託l台 +  e代台l代l台匪 = ッG託代 + ッG託台 +  ッG代台
Where l託 refers to the concentration of functional groups of the fillers interacting with 

corresponding functional group of the polymers. 

If both polymeric components of the blends are strongly adsorbed onto the fillers surface, 

both interaction parameters of polymer A and B with the functional groups at the surface 

of the fillers (e託代 and e託台), are then negative. These theoretical results were confirmed 

experimentally with PMMA/PVA blends reinforced with fumed silica since introducing 

the fillers into the blends leads to an increase of the phase separation temperature. Such 

an increase of the miscibility is due to a decrease of the interaction parameter until 

reaching a negative value. Other confirmations of this theory have been obtained by 

Wang et al and Sinha Ray et al 66-69 who demonstrated that increasing the compatibility 

between fillers and polymer blends lead to an increase of the miscibility. 

Lastly, to clear up the role of nanoparticles acting as compatiblizers, Ginzburg et al74 have

developed a thermodynamic multiscale approach for studying the behavior of model 

polymer-clay mixtures. They have combined Density Functional Theory  (DFT)75-77 with 

Self-Consistent Field model (SCF) 78-79 to calculate the phase behavior of the particles 

coated with surfactants and dispersed in a polymer. The long range interaction between 

the clay sheets was calculated using a SCF approach approximation. This approach 

allowed to explicitly taking into account the characteristics of the grafted fillers and the 

strength of their interactions with the polymer melt. The dependence of the phase 

behavior of the mixture on the volume fraction of clay and the Flory-Huggins parameter 

(polymer-polymer interaction) were studied by using DFT. Depending on the value of 

these critical parameters and on the clay volume fraction, the system can be isotropic or 

nematic. Furthermore, the model discriminated conditions that lead to the stabilization of 

the homogeneous exfoliated phase and to the narrowing of the immiscible two phase 

regions. 

3.5.2 Influence of nanoparticles on the thermal, and dynamics properties of 
polymer blends.

As explained previously, nanoparticles can act as compatiblizers for polymer blends but 

they also play a great role for improving other properties such as thermal and dynamic 

properties of polymer blends as discussed in next section. 

Understanding the dynamic of polymers in miscible and immiscible blends is 

considered to be an accurate way for understanding the blend properties80-84. Jeddi et al85
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have investigated the influence of nanolayered silicates on the segmental dynamics for 

PEO/PMMA. They concluded that, for the pure PEO/PMMA blend, the segmental 

dynamic of PEO chains was enhanced within the blend due to presence of the rigid 

PMMA matrix which confined PEO as shown in figure I.14 a. Moreover, with low 

contents of nanolayered silicate, the segmental dynamics was even more enhanced due to 

the ability for the nanoparticles to reduce the interaction between the components by 

creating more rigid structure around PEO chains as showed in figure I.14 b. However, 

high nanoclay content could destroy the packing and structural arrangement of rigid 

PMMA matrix around PEO chains and therefore reduced the confinement effect as well 

as segmental dynamics, as displayed in figure I.14. c. 

Figure I.14. A schematic representation of the influence of different amounts of
nanolayered silicate on the confinement effect of PMMA matrix on PEO chain in a 
polymer blend: (a) pure PEO/PMMA blends (b) PEO/PMMA/2 wt% nanoclay, and (c) 
PEO/PMMA/5 wt% nanoclay

Jeddi et al have also investigated the thermal properties of PEO/PMMA miscible 

blends nanocomposites. They showed that the incorporation of nanoclay did not affect the 

glass transition temperature. 

Ramirez-vargas et al86 have investigated thermal stability of low-density 

polyethylene (LDPE) and polyethylene-co-vinyl acetate (PEVA) blends with different 

types of organo-modified montmorillonite. Aluminum hydroxide as a flame retardant 

system was also added. Their result showed that, the filled LDPE/PEVA blends presented 
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a huge decrease of the degradation rate when compared to the unfilled blends. Becso et 

al87 have studied the thermal properties of polyamide 66 (PA66)/polyamide 12 (PA12) 

/clay based nanocomposites, by using modulated DSC and thermo-gravimetric analysis 

(TGA). Their results showed that, well-dispersed filler improved thermal oxidative 

stability, in particular dealing with PA66 rich blends. Gelfer et al71 reported that, the 

presence of organoclay affected the glass transition temperature for PS/PMMA blends. A 

single broad glass transition around 105°C was measured for the pure PS/PMMA blend 

whereas upon adding organoclays, two distinct Tg (at 78°C and at 115°C) were measured. 

However, the authors suggested that the lower Tg was related to the regions near the 

PS/PMMA interface, which was plasticized by free surfactant molecules originating from 

organoclay but had no explanations for the higher Tg. Essawy et al70 have studied the 

influence of organoclay on the Tg of NBR/SBR blends. The DSC scan for the individual 

component of the blends, NBR, SBR, and for the NBR/SBR (50/50) blends with and 

without nanoparticles are displayed in the figure I.15. Tg for individual component were 

found to be -50°C and -30°C for SBR and NBR respectively. For unfilled blends, Tg of 

the SBR remained unchanged while that for NBR was shifted to -25°C. After loading 

with fillers, Tg of SBR shifted to -48°C while that of the NBR remained to -30°C which 

reflected new molecular interactions at the boundaries resulting from the presence of the 

filler at interface between NBR and SBR.

Figure I.15. DSC scans of (a) SBR, (b) NBR, (c) NBR/SBR (50/50), and NBR/SBR/Filler 
(50/50/20)

3.5.3 Influence of nanoparticles on the mechanical properties of polymer blends 
Mechanical properties of three components (polymer/polymer/filler) nanocomposites 

have been less investigated compared to that for two components (polymer/filler) 

nanocomposites. However, in both cases it has been proven that, the mechanical 

properties of both formulations strongly depend on the morphology of the systems. For 

example, Esayev et al88 have reported that for an immiscible polymer blend where 
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nanoparticles are added, the latter are localized in one of the domains. The modulus could 

then be evaluated on one hand by separately calculating the modulus of the phase 

containing particles and on the other hand by utilizing composite theories to determine 

the overall modulus of the entire system. Jeddi et al85 have worked on miscible 

PEO/PMMA blends where montmorillonite has been added. XRD results proved the 

exfoliation of the nanoclays but only PEO chains were expected to interact with 

montmorillonite leading to an exfoliated structure. 

Sinha Ray et al66 have studied the mechanicals properties of PS/PP and PS/PP-g-

MA blends filled with nanoparticles. Their results demonstrated that addition of 

nanoparticles in the blends increased the modulus as well as the elongation at break, and 

decreased the tensile strength with respect to native blends. The influence of the 

nanoparticles on the mechanical properties of PS/PP-g-MA was more pronounced 

compared to that of PS/PP. This was due to the fact that nanoparticles acted as better 

compatibilizer with PS/PP-g-MA than with PS/PP as explained previously. These 

observations agreed with what has been reported in literature regarding the possible 

strong interactions between dispersed nanoclay and polymer matrix which could 

significantly impact the rheological behavior of the composites in the molten state. 

Actually, as for simple polymer matrix based nanocomposites, exfoliation of the 

nanoclays within the matrix lead to a liquid-solid transition. Gelfer et al 71 have studied 

the influence of organoclays on the rheological properties of PS/PMMA blends by using 

oscillatory shear measurements. They found that the separate addition of organoclays in 

PS and PMMA did not change the frequency dependence of G� as shown in figure 1.16 

and the systems exhibited a rheological behavior typical of melt regardless the important 

content of nanoclays. However, the apparent flow-activation energy decreased with 

increasing the clay content for both PMMA-clay and PS-clay nanocomposites (Figure 

1.17) which indicated that clay particles in PMMA, PS, and PS/PMMA blends acted more 

like inert fillers rather than physical crosslinkers. Noteworthy, it should be mentioned that 

organoclays when added to PS/PMMA blends self-concentrated in the PMMA phase and 

at the interfacial region.  
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Figure I.16. Frequency dependence of G� when organoclays were added to PS and 

PMMA. Open symbols no organoclays added, black symbol 10wt% of nanoclays added71.

Figure I.17 Influence of organoclays on the flow-activation energy for PS, PMMA, and 
PS/PMMA blends71
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4

Nanoclays are useful particles for providing functional and improved mechanical 

properties to polymer matrix based nanocomposites. However, in order to optimize these 

properties, caution must be paid in order to fully exfoliate the sheets of nanoclay within 

the polymeric matrix. In order to do so, the chemistry of the nanoparticles must be well 

controlled and the mixing process of the nanoparticles with the polymeric matrix is of 

prior importance. Different characterization methods can be used in order to check at the 

local scale if the nanoclays are fully exfoliated or not. These structural investigations may 

be in a second step correlated with mechanical measurements. 

Conclusion:

Nanoclays can also be useful for compatibilizing polymer blends. They will then 

play two roles: first they will decrease the surface tension between the two polymeric 

phases and second they will prevent the coalescence of the microdomains. 

After setting the state of the art regarding these two complementary topics, we 

will now focus on the experimental investigation of these both systems.
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Chapter 2: Polymer nano-composites based on Laponite and poly 
(ethylene oxide)

2.1 Overview 

The aim of our work in this chapter is to establish the relationships between rheological 

properties in the molten state and dispersion state of the particles. As shown in the 

bibliographic part, in recent years, an impressive number of studies indicated that, when 

clay particles are largely exfoliated, the melt rheology of nanocomposites can change 

form melt-like or liquid-like behaviors to gel-like or solid-like behavior, which essentially 

suggests that the dispersed clay platelets behave as physical crosslinkers. As we 

mentioned in first chapter, the rheological properties and dispersion state of the clay 

nanoparticles have been driven by many parameters. In this chapter we are focusing on 

three very important parameters (preparation methods, molecular weight of polymer 

matrix, and the type of protection of the particles) that have a great effect on rheological 

properties of model nanocomposites based on geometrically well-defined nano-particles 

(Laponite) and poly (ethylene oxide) (PEO).

So far, here we fixed two parameters and study the effect of third parameter. For 

example; we studied the effect of the type of protection of the particles by using same 

molecular weight of polymer matrix, (PEO of molecular weight 10 000 g/mol) and 

compared data using the same method of preparation. In case of studying the effect of 

preparation methods, the matrix molecular weight and type of protection of the particles 

should be fixed whereas preparation methods are varied. 

The influence of preparation methods on the rheological properties of 

PEO/Laponite nanocomposites is first considered in this work. We present the results in 

the form of a draft paper that focused on the influence of preparation methods, by 

investigating the linear viscoelastic response of various controlled dispersions using 

dynamic linear rheology and by describing the fine characterization of the filler 

dispersion inside the polymer matrix on a local and large scale using SAXS and DSC. We 

finally link the linear viscoelastic response of the materials at low deformation with the 

nanocomposites structure. Furthermore, here all the results presented in this draft deal,

with samples that contain Laponite particles protected by PEO adsorbed chains of 10,000

g/mol and PEO of the same molecular weight as the matrix.
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The second parameter investigated in this work is the influence of matrix 

molecular weight. The linear viscoelastic properties as well as state of dispersion for 

PEO/Laponite nanocomposites are strongly changed with change of matrix molecular 

weight. So far, we present a draft paper that analyzes the results of linear viscoelastic 

properties and dispersion state of Laponite particles. We propose the construction of 

master curves to bring some kind of universality in this system. We link the structures

with the properties as mentioned in the first paper. It is noteworthy to mention that we 

will compared the samples issued from different kinds of preparation methods. 

Influence of the type of protection of Laponite particles on properties and 

structure of PEO/Laponite nanocomposites is presented in a third draft paper. Critical 

point of this study is to establish the relationships between type of protection of the 

particles and linear viscoelastic properties of nanocomposites. Especially, what is the 

main difference between protecting the particles by using adsorbed-PEO10k and grafted-

trimethylammonium-poly(ethylene glycol) on properties of PEO/Laponite 

nanocomposites? In case of grafted short chains, how does the size of these chains affect

the properties of PEO/Laponite nanocomposites? Third draft paper aims to answer these 

aforementioned questions. 

Finally a general conclusion is added to this chapter. It includes some results not 

given previously which show the coherence of our data.
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2.2 A New Insight into the Structure and Rheology of Model Poly 
(ethylene oxide)/ Laponite Clay Nanocomposites

2.2.1 Introduction 

Polymer layered-silicates hybrids encompasses the high level polymer processability with 

unique and superior material properties at �fairy dust� filler levels - typically not shared 

by their more conventional microscopic counter parts. Some of these properties, for 

example include (1) improved tensile strength and modulus without sacrificing the impact 

strength; (2) a remarkable increase in thermal stability as well as self-extinguishing 

characteristics for flammability; and (3) a several-fold reduction in the permeability of 

gases. This is attributed to an increased clay-polymer interaction by the extraordinarily 

high specific surface together with nanometric features of the anisotropic clay suspended 

in the polymer medium 1-5. In a broad sense, dispersion of layered clay is favored by clay-

polymer phase miscibility as well as an effective clay exfoliation during processing. 

Understanding the state of filler dispersion during processing is therefore crucial for the 

control and optimization of nanocomposite properties. Although the concept is well 

established, fundamental studies have lagged towards the control and optimization of 

particle spatial distribution for tailoring various properties, owing to the lack of well-

defined polymer-clay model systems and adequate characterization methodologies. 

Rheology of clay filled polymer nanocomposites has been widely investigated due 

to its bifold benefits: the sensitivity towards nanocomposite structure, and its own right 

for predicting processability. The existence of a transition between a viscoelastic liquid 

and a viscoelastic solid upon increasing the particle's concentration seems to be well 

established although in many cases the low frequency plateau of the storage modulus G' 

is not as flat as expected for a solid. Of particular interest is the origin of the linear 

viscoelastic response corresponding to the solid-like behavior of terminal plateau 

modulus at clay concentrations much above the critical percolation6. Although numerous 

experimental and simulation studies have suggested possible explanations, a consensus is 

yet to be reached concerning the physical explanation for the plateau behavior. An earlier 

accepted view was the existence of a sample spanning clay particle network structure 7-9,

which has also been experimentally observed by Vermant et al.10 in PP/ montmorillonite 

nanocomposites at a 5 wt% clay loading. Other observations (and simulations) have also 

suggested that polymer-particle interactions can also lead to such effects 11-13.It has been 
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proposed that in such instances the polymer segments can be �immobilized� near the 

particles, leading to the formation of particle-mediated transient polymer networks which 

can result in significant enhancements in elasticity and accounts for the solid-like 

behavior at pretty low values of nanoparticles concentration 14. A third view suggests a 

strain amplification effect where the addition of microscopic filler particles to polymer 

matrices results in a distortion in the applied strain fields, leading to an enhancement in 

the macroscopic viscoelastic properties of the composite15-17. A very recent view is to 

consider these anisotropic dispersions as �nano suspensions� with a clustered clay 

structure suspended in the polymer melt 15, 18, 19. Consequently, scaling concepts by 

considering fractal clay aggregates (or/and polymers) have been used to understand 

rheological characteristics of polymer clay reinforced systems. In this approach, the 

fractal nature of the aggregates is influenced by several factors like processing, molecular 

parameters, etc.  The nature of the network structure responsible for the rheological 

properties in nanocomposites depends largely on the systems investigated and often 

remains controversial. However, none of these studies could establish precisely the nature 

of the network overall length scales involved, neither any fractal dimension has been 

directly measured in nanocomposites using scattering techniques. On the contrary, 

mechanical measurements, and more precisely the power law exponent of the evolution 

of the modulus with the clay concentration has been used to evaluate a fractal dimension. 

It relies however on a model. 

In the present study, we used nanocomposites based on Poly(ethylene oxide) and 

Laponites model systems to obtain controlled dispersions of Laponite discoid 

nanoparticles in polymer melts to further investigate the structure-rheology correlation in 

such nanocomposites. The model character of PEO-Laponite systems stems from several 

considerations among which the well defined nanometric dimensions of Laponite 

particles, that appear as disc like particles with a diameter of 25 nm and a thickness of 1 

nm, the fact that these particles can be dispersed down to the individual scale in water 

under well defined conditions. PEO offers the advantage to be available with various 

molecular weights. 20. Dispersion control was achieved by using two strategies. An 

optimized and probably highest state of dispersion experimentally achievable was 

obtained using a specially designed solution preparation. A more realistic one for 

practical applications was obtained by dilution of a master batch in the molten state. 
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It has been shown that Laponite particles can be dispersed in water and that PEO chains 

adsorb from solution onto Laponite particles giving stable dispersions in water, thanks to 

the additional particles steric stabilization via the adsorbed chains 21, 22. Furthermore, PEO 

readily intercalates the galleries of Laponite clay owing to the enthalpy gain due to crown 

ether formation and also by an entropic gain by releasing confined water molecules 

previously bound to the metal counter ion 23.Taking advantage of this factor, 

nanocomposite samples of varying particle loadings were prepared by a freeze drying 

procedure in order to limit the effect of the attractive van der Waals interactions and thus 

reach a particularly good dispersion of Laponite particles in the PEO matrix. Various 

states of filler dispersions were further achieved by using dilution of a master batch that 

offers a combined view of the processing effects on structure and morphology of 

polymer-clay systems. Mixing in flow fields (especially shear) is thought to show layer 

by layer exfoliation to give stable dispersion and was therefore used for preparing 

nanocomposites from concentrated master batches. The small angle X-ray scattering 

technique (SAXS) has proven to be a unique tool for quantitative analysis of the 

nanocomposite dispersion in polymer clay nanocomposites 24-26.

This paper follows a previous study, where it was shown that the low frequency 

modulus was related to the fraction of well dispersed particles, which was varied by 

changing the type of steric protection of the Laponite particles. Here, we present a new 

approach to describe the frequency and filler volume fraction dependences of the 

viscoelastic moduli of a model nanocomposite system obtained by adding very small to 

large amounts of Laponite clay into a PEO matrix. First we will investigate the linear 

viscoelastic response of the various controlled dispersions using dynamic linear rheology. 

Secondly we will describe the fine characterization of the filler dispersion inside the 

polymer matrix on a local and large scale using SAXS and DSC, and, finally we link the 

linear viscoelastic response of the material at low deformation with the nanocomposite 

structure. 

2.2.2 Experimental Section 

Materials: Poly(ethylene oxide) of molecular weight Mw= 10000 g/mol was purchased 

from Sigma Aldrich and was used as received. The melting temperature as measured by 

DSC is 67.5 °C, while size exclusion chromatography (SEC) in THF gave Mw = 9850 

g/mol and Mw/Mn= 1.08. Laponite RD, obtained from Rockwood additives Ltd. 
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(U.K.),with density 2570 kg/m3was used. The cation exchange capacity is 0.95 mequiv/g, 

and the specific surface is 750 m2/g.

Preparation: Samples were prepared via two routes, by solution-exfoliation 5and by melt 

compounding. To begin with, the Laponite particles were at first protected by adsorption 

with PEO (of the same molecular weight) in water to improve the compatibility of the 

particles with the polymer matrix.

Protection of Laponite particles. Laponite powder and PEO were dispersed separately 

under gentle stirring in deionized water (milli Q) for 24 hours at a concentration of 1 % 

(w/w). The two solutions were mixed in equal proportions and were kept under agitation 

for 36 hours to allow for the adsorption of free PEO chains. From our earlier adsorption 

isotherm studies for PEO 10000 onto Laponite, the surface coverage at saturation was 

found to be 1.14 g/g with PEO 10000. Thus in the above solution, each individual 

Laponite particle was expected to be covered at least partly by PEO chains and are 

hereafter termed as adsorbed particles. 

Preparation by solution route. In this preparation method, a calculated volume (0.1 -9

wt% for final Laponite concentration) of the above prepared PEO 10000 adsorbed 

Laponite solution was mixed with a 5% solution of PEO 10000, and kept under stirring 

for 4-5 hours. In order to preserve as much as possible the homogeneous state of 

dispersion, this sterically stabilized suspension, in which the majority of particles are still 

non-aggregated, was frozen rapidly with liquid nitrogen and was freeze dried for 12 to 18 

hours at -46 °C to remove the water. The freeze drying yields a fluffy powder that was 

finally compressed at 110 °C (in the molten state of PEO) for 2 hours, to form 1 mm thick 

discs. 

Preparation by Melt Compounding. Here, the final freeze dried powder with a given

Laponite concentration (3.4, 6.1 and 9.1 wt%) obtained via solution route was considered 

as a concentrated master batch for melt intercalation. Nancomposites (0.1 -5.75 wt % 

final Laponite concentration) were prepared by diluting the concentrated master batch  by 

adding the matrix polymer PEO 10000, in the molten state, using a Haake Minilab 

Microcompounder under corotating twin-screws operating at 110 °C, and 50 rpm for 10 

min. The processing conditions have been optimized for maximum rheological properties. 

The extrudates were finally compressed in the same way to give 1 mm thick discs. 
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Hereafter, the particle concentrations in the materials are defined by the amount of bare

Laponite. Eventually adsorbed PEO chains are thus not included in the particle�s 

concentration but are counted in the PEO matrix weight and volume fractions.

Characterization.DSC Measurements. Calorimetric measurements were performed on 

a 2920 modulated DSC from TA Instruments using sealed aluminum pans. Instrument 

was calibrated for the melting endotherm using Indium standard. About 8-10 mg of the 

sample was used. The thermal history of the samples was erased by heating to 110 °C at 

10 °C/min followed by an isothermal annealing in the molten state at 110 °C for 5 min. 

Samples were subsequently cooled at 10 °C/min until -20 °C and finally the melting 

behavior was analyzed at varying heating rates. 

Rheology Measurements. Viscoelastic properties of PEO/Laponite nanocomposites were 

studied using a stress controlled TA ARG2 rheometer equipped with 25 mm diameter 

stainless steel parallel plates at 1 mm separation. Measurements were performed under 

oscillatory shear in the linear domain at a fixed temperature of 110 °C, which is well 

above the melting temperature of PEO. The viscoelastic properties of nanocomposites 

have been found to depend strongly on the flow history and they undergo a structural 

ripening with time 10, 27, 28. Therefore, in order to allow for complete micro structural 

equilibration, the samples were first subjected to thermal annealing in the rheometer at a 

frequency of 0.1 rad/s(Supporting information). The time sweep data collected at the end 

of equilibration indeed showed a relatively faster attainment of constant moduli in 

solution prepared nanocomposites. Frequency dependency of storage and loss modulus of 

the equilibrated nanocomposite samples were measured by imposing very small 

deformation in the frequency range from 100 to 5x10-3 rad/s. 

Small Angle X-ray Scattering Studies (SAXS).X-ray scattering was performed at room 

temperature for a wide range of wave vectors ranging from 0.02 Å to 5 Å-1 obtained by 

combining a low noise  2D gas detector and a �flat image plate� for large angles using a 

RigakuTM copper rotating anode (n ~ 1.54 Å) with high flux and resolution. A pair of 

OsmicTM confocal mirrors delivered a cylindrical beam of 2×107 photons/s over 350µm in 

diameter with angular divergence below 0.5mrad. All the X-ray beam path and the 1 mm 

thick nanocomposite pellets were under vacuum (10-3 bar) during measurement. For 

reasons of clarity, the intensities are presented up to 1 Å-1(large angle peaks of 

crystallization of PEO chains are omitted), with absolute intensity scale units (cm-1
i.e.

cm² per cm3 of sample).
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2.2.3 Results 

Rheology. 

Figure 1 shows the frequency dependence of viscoelastic moduli measured at 110 °C for 

samples prepared by solution route with various Laponite loadings ranging from 0 to 9.1 

weight percent. The pure PEO is predominantly viscous, with the loss modulus always 

higher than the storage modulus. The viscoelastic moduli show the expected power law 

behavior over the measured frequency range, i. e., G� Ãの 1 and G�Ãの2, (G� of pure PEO 

can only be detected at intermediate frequencies due to rheometer inertia at higher 

frequencies). 

Figure 1.Storage modulus G� (closed symbols) and loss modulus G� (open symbols) vs.

frequency y at 110 °C for samples prepared by solution route having several different Laponite 

loadings (weight percent).PEO 10000 neat (̈̊), 0.1 % (ìõ), 0.5 % (wy), 2.0 % (vx), 5.75 

% (su) and 9 % (¼æ).

Upon addition of Laponite, even with an amount as low as 0.1 weight percent, the 

predominant viscous behavior of the pure polymer was suppressed by the drastically 

increased storage modulus at low frequencies. The elastic modulus, G� becomes higher 

than G��, and weakly dependent on oscillating frequency. Consequently, an additional 

kpvgtugevkqp"dgvyggp"vjg"gncuvke"cpf"xkueqwu"oqfwnk"ycu"qdugtxgf"cv"ctqwpf"の?"207"tcf1u."

above which the nanocomposite behavior was predominantly that of pure PEO 10000. 

The existence of a low frequency terminal plateau with an elastic modulus around 1 Pa is 

a clear evidence of a fragile elastic solid having some structural connectivity. As seen 

from figure 1, for nanocomposites having up to 2 wt% of Laponite the G�, G� crossover 
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frequency as well as the moduli values at the crossover, both increased with increasing 

clay content suggesting a predominant elastic contribution. For samples with clay content 

beyond 2 wt% the viscoelastic behavior, especially the elastic modulus G�, was found 

independent over whole the measured frequency range and the previously observed G� 

and G� crossover failed to occur. This would indicate an elastic clay network structure 

with no polymer relaxation processes over the time scales ranging between 1x10-1 - 2x102

seconds. However, some extent of dissipation does happen at longer times, which 

presumably is due to slow structural rearrangements remaining after annealing for 8 

hours. The higher the filler content, the greater is the time extent of such network 

rearrangements. This behavior has been observed in several systems like pastes. 

For a further understanding of the solid-like network elastic structure, the 

aforementioned findings were compared with the viscoelastic response of samples with 

same Laponite content but prepared by a differing processing procedure, i.e., via melt 

route. Figure 2 gives the evolution of viscoelastic moduli of the melt prepared samples 

obtained by diluting a 9.1 wt% of master batch concentration. The overall viscoleastic 

behavior, including the apparition of plateau at low frequencies was similar to the 

solution prepared nanocomposite samples. However, the value of storage modulus was 

systematically lower for melt prepared samples. Moreover for a given Laponite loading 

the observed additional G�, G� crossover occurred at lower frequencies as compared to 

solution prepared samples. 

The behavior of the loss tangent provides deeper insight into the apparent solid 

behavior. Figure 3 compares the evolution of tan f as a function of frequency between 

solution and melt prepared samples having identical Laponite contents.  
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Figure 2. Storage modulus G� (closed symbols) and loss modulus G� (open symbols) vs. 

frequency y at 110 °C for samples prepared via melt route from an initial master batch 

concentration of 9.1 % to yield several different final Laponite particle loadings (weight percent). 

PEO 10000 neat (̈̊), 0.5 % (wy), 1.0 % (”»), 2.0 % (vx), 3.3 % (r:) and 5.75 % 

(su).

Figure 3. Comparison of Tan f vs. frequency y curves for solution (closed symbols) and melt 

prepared samples (open symbols) measured at 110 °C samples having Laponite concentrations: 

0.5 % (wy), 1.0 % (”») and 5.75 % (su). 

In all cases, the tan f decreased with lowering frequencies, goes through a 

minimum before increasing slightly at low frequencies. The negative slopes in the low 

frequency side suggest slow rearrangements without any disruption of the elastic polymer 

/ clay network structure. Moreover, as seen from figure 3, for a fixed Laponite loading the 

relaxation time corresponding to the onset of predominant elastic behavior due to the clay 
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network structure varied for the dispersions obtained via different processing routes. The 

apparition of the network effects on viscoelasticity was delayed by an order of magnitude 

in samples prepared via melt procedure. 

The variation in viscoelastic response between the various dispersions is obtained 

from the scaling plots given in figure 4.

Figure 4:Scaling laws of G�0 (closed symbols) and G�0 (open symbols) vs. the Laponite weight 

fraction for nanocomposites prepared by solution route (̈̊) and via melt method (su).Also 

shown are  the plateau modulus values of 9.1 wt% Laponite prepared via solution route and 

further directly extruded by melt procedure G�0 (”) and G�0 (»). (G�0 values corresponds to the 

storage modulus values at a frequency of 0.01  rad/s, whereas the plateau loss modulus 

corresponds to the minimum of G� versus frequency curves).

The moduli varied as a power law of Laponite concentration, i.e., G Ã" l"c, and the 

values of the power law exponent are given by Table 1. The existence of a scaling 

behavior for plateau moduli would indicate a composition range far above the percolation 

threshold in both dispersion types. The percolation concentration is expected to be lower 

than 0.1 wt % of Laponite, and is, to the best of our knowledge, the lowest value for 

percolation concentration reported so far for clay modified nanocomposites. Noticeably, 

the expected percolation threshold is much lower than those observed in aqueous

Laponite gels, which is at 0.3 wt% of Laponite 22.
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Moduli

(Pa)

Power law exponent (c)

Solution route (S) Melt route (M)

G�0 2.7 ± 0.2 4.1 ± 0.1

G�0 2.6 ± 0.2 4.3 ± 0.2

Table 1: Values of power law exponents for solution and melt prepared Laponite /PEO 

dispersions

Plateau moduli were consistently lower for melt prepared samples. An identical 

behavior was also observed with the viscous modulus. Noticeably, the behavior of a 

mixture of 0.5% prepared in solution is very close to a 2% mixture prepared by the melt 

route, and obtaining the modulus G' of the mixture prepared by solution method at 0.1% 

requires ten times more Laponite through melt route. Comparing the loss tangents of the 

nanocomposites with similar plateau moduli (G'0) revealed close but not fully similar 

relaxation behavior as shown in figure 5.

Figure 5. Comparison of Tan f vs. frequency y curves between solution (closed 

symbols) and melt prepared (open symbols) nanocomposites with identical G�0plateau 

modulus values measured at 110 °C: 1.0% (”) & 3.4%(»), 0.5 % (w) & 2 %(y), 0.1 % 

(ì) & 1.0 % (õ). 

Indeed, at identical "macrosopic" modulus at low frequencies, the melt prepared 

samples show an additional relation process at intermediate frequencies. The 

characteristic frequency increases upon increasing the concentration of particles. 

In order to study the effect of initial master batch concentration on the terminal 

plateau modulus, 1 wt% melt prepared samples were produced from solution prepared 
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master batches at various concentrations (9.1, 6.1 and 3.4 %). Figure 6 shows that, at a 

given final concentration of particles, the modulus is greatly reduced when the amount of 

added pure PEO 10000 polymer increases. Quantitatively, the variation of G' is greater 

than 10-fold when diluted from 9.1 wt% or 3.4 wt%. If it as admitted that a high level of 

modulus reflects a high level of connectivity between the particles, it can be deduced that 

concentrated master batches are more difficult to disperse in molten PEO than less 

concentrated ones. 

Figure 6. Storage modulus as a function of frequency for 1 % (in weight percent) 

Laponite in PEO 10000 nanocomposite prepared by solution route (”) compared with 

melt prepared samples (open symbols) with a same final 1 % Laponite obtained from 

different initial master batch concentrations; 3.4% (:), 6.1 %(u) and from 9.1 % (æ).

SAXS Results: 

To link rheological observations with structure, scattering measurements were performed 

on a wide range of scattering vectors. Unlike rheological measurements carried out in 

melt, structural characterization was carried out at room temperature, i.e., with 

crystallized PEO chains. At large scattering angles, the Bragg peaks due to the crystalline 

structure of PEO appear (not shown in the figures). The crystallinity decreases slightly 

when the concentration of particles in the mixtures is increased. Figure 7 shows the I(Q) 

vs. momentum transfer (Q) curve for the mixtures prepared by solution route. 

The crude Laponite powder SAXS curve shows a correlation peak located at 0.5 

Å-1 that reflects the parallel stacking of bare Laponite particles and indicates the presence 

of a relatively soft smectic order (aligned stacked clays). The highly crystalline pure PEO 
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presents markedly diffuse "wiggles" at small angle, as already reported in the literature 29-

31. These oscillations reflect a degree of periodicity between amorphous regions and 

crystalline lamellae. Thanks to the relatively low molecular weight of the polymer chains, 

one PEO chain embedded in lamellae can form several folds at the surfaces. For instance, 

the peak at 20.3 nm corresponds to 2 folds of PEO chains. At small angles, the addition of

Laponite generates a strong increase in the SAXS intensity, thereby reflecting an increase 

in the amount of Laponite-PEO interface per sample unit volume since particles come 

with a high contrast prior to amorphous or crystalline PEO (~0.39 electrons.Å-3 for PEO 

and ~0.85 electrons.Å-3forLaponite). The intensity falls along a characteristic slope in 

log-log scales corresponding to a Q-2 scattering law, the same slope obtained by the 

diffraction of the PEO crystalline smectic sheets. Correspondingly, the oscillations 

existing in the pure polymer progressively disappear and become virtually invisible above 

2% particles, masked by the strong scattering of the Laponite discs/PEO interface and the 

possible increase in PEO disorder. It may be noted that although the system is in the form 

of a viscoelastic solid (in the molten state), there remains a fraction of Laponite smectic 

aggregates, each made of a few particles, giving a structure correlation peak 

corresponding to a stacking distance of 1.9 nm. For composite samples, this peak is 

shifted towards lower Q values from that of pure Laponite, showing evidence of 

intercalation of polymer chains in such clay stacks 32. The intensity of this peak increases 

with the concentration of Laponite, and, follows an overall linear increase with the 

fraction of introduced particles as verified by the inset graph in figure 7 with intensity 

versus amount of Laponite at a value of Q= 0.93 Å-1. This shows, within a first 

approximation, that the fraction of stacks, with respect to the total number of particles 

remains constant. 
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Figure 7. Small angle X-ray scattering profiles of nanocomposites prepared via solution 

route having different Laponite concentrations (weight percent). PEO 10000 neat (｠+."207"

% (w), 1 % (.), 2.0 % (v), 3.3% (r), 9.1 % (¼) and crude Laponite (¶). The crude

Laponite curve comes with an arbitrary shifting factor and is thus not plotted on absolute 

scale of the intensity, contrarily to all other curves, since the sample thickness cannot be 

established unambiguously for a dry clay powder. The inset graph gives the intensity 

values at Q= 0.93 A° -1 versus Laponite concentration.

While rheological measurements show clear differences, SAXS curves for 

samples prepared by solution and melt route, as shown in Figure 8 are quite similar. In 

particular, the peak reflecting the presence of aggregates with few stacked particles is 

unchanged both in position and intensity. The main differences lie in the changes in the 

wiggles due to the crystalline lamellae. Wiggles tend to be less pronounced in samples 

prepared by the melt route. 
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Figure 8. Small angle X-ray scattering curves of Laponite / PEO 10000 (in weight 

percent) nanocomposites compared between those prepared by solution (closed symbols) 

and via melt route (open symbols)  having different Laponite concentrations (weight 

percent). 0.5 % (wy), 3.3% (9:), 5.75 % (DE). 

We also studied the SAXS response of 1% dispersions prepared by the dilution of 

master batches with initially different concentrations.. As revealed from figure 9, the 

mesoscopic structure probed with X-rays over length scales extending from the particles 

diameter to the particles thickness (0,02 to 1Å -1 Q-range), is globally unaffected. We can 

conclude that these samples possess almost equal fractions of dispersed Laponite particles 

(responsible for the strong scattering that follows a Q-2 law as expected for plate like

particles observed from 0.02 to 0.2 Å-1) and comparable fraction of small Laponite 

aggregates made of few stacked particles (peak at Q = 0.35Å -1). 



Chap 2 Structure and rheology of model nanocomposites 49

Figure 9. Small angle X-ray scattering curve of 1 % (in weight percent) Laponite 

concentration in PEO 10000 prepared by solution route (.) compared with melt prepared 

samples (open symbols) having a final 1 % concentration obtained from different initial 

master batch concentrations; 3.4% (:), 6.1 %(u) and from 9.1 % (æ).

DSC Results: 

The dispersion effect on the melting behavior of PEO has been studied using DSC 

measurements and the results are given in figures 10-11 and table 2. Pure PEO 10000 

exists in a single crystalline form as revealed from the single melting endotherm at 

67.5°C (solid lines in figure 10 & 11). The percentage crystallinity was calculated from 

the integrated DSC peak areas corrected for the weight fraction of crystallizable 

component, i.e., the PEO polymer. The enthalpy of fusion of pure PEO was taken as 

197.8 J/g 33. As given by table 2, the crystallinity decreased slightly by the addition of 

Laponite as generally observed for PEO clay nanocomposites 34-36. In nanocomposites 

prepared by solution route the fraction of crystallizable PEO however was relatively 

lower than the melt prepared dispersions.
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Laponite

(wt %)

Tm1

(°C)

Tm2

(°C)

ぬ"*'+

PEO 10000 67.5 - 94.2

Solution 

route

1.9 64.3 75.2 87.0

3.3 63.9 73.3 88.4

5.75

9.1

63.3

62.0

69.3

68.2

88.3

86.7

Melt route 1.9 67.2 - 92.4

3.3 66.7 - 90

5.75 66.0 - 87.5

Table 2: Values of melting point and crystallinity for nanocomposite samples

Figure 10. Melting endotherms for the nanocomposite samples with varying Laponite 

content prepared by melt procedure .Pure PEO 10000 (solid line), 2 % (x), 3.3 % (:), 

5.75 % (u) and 9.1 % (æ). 
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Figure 11. Melting endotherms for the solution prepared nanocomposite samples with 

varying Laponite content. Pure PEO 10000 (solid line), 2 % (x), 3.3 % (:), 5.75 % (E)

and 9.1 % (æ). Inset graph: Melting endotherm for 9.1 wt %  sample prepared via 

solution route at varying heating rates. (a) 2 °C/min (b) 5 °C/min (c)10 °C/min and (d) 20 

°C/min.

Figure 10 shows the melting endotherm for the samples prepared by melt 

procedure. The PEO melting point at 67.5 °C (Tm1) decreased slightly with Laponite 

addition due to the smaller crystalline domains formed in the presence of nanoclay (Table 

2). The overall shape of the melting curves of nanocomposites were however comparable 

with pure PEO 10000. In contrast, in nanocomposites prepared by solution route (figure 

11), the PEO melting peak Tm1 was strongly broadened and a second peak (Tm2) was 

observed at higher temperatures. Notice also that the temperatures at which melting 

proceeds with maximum rate decreases for both endotherms. PEO crystal reorganization 

and/or re-crystallization is a possible cause for the high temperature Tm2 peak and were 

checked by studying the melting behavior at varying heating rates 37. Inset graph in figure 

11 shows the melting behavior of 9.1 wt % solution prepared at different heating rates. As 

shown in the inset picture, the start of the melting is least affected by heating rate. The 

PEO melting point Tm1 remained unchanged. If the higher melting endotherm Tm2 is 

associated with the melting of reorganized material, one would expect the magnitude of 

this endotherm to decrease with increasing heating rate. In contrast the magnitude of the 

high temperature peak (Tm2) increased with increasing heating rate, and therefore rules 
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out PEO crystal re-organization as well as re-crystallization as origins for the observed 

multiple peaks. The large angle crystallization peaks from SAXS data (not discussed 

here) revealed no new peaks and thus further confirm the absence of any altered PEO 

crystalline characteristics. In the absence of any polymer, the pure Laponite seemingly 

failed to produce any endotherm in the studied temperature range. Considering the 

variable heating rate behavior in the 9.1% sample the additional high temperature peak 

(Tm2) is supposedly caused by a super heating phenomena 38. At higher heating rates the 

heat is supplied to the sample faster than the melting of the crystals can take place 

whereby the interior of the crystal heats above the equilibrium melting point giving 

additional peaks at higher temperatures. Similar findings have been reported recently for 

few PE based nanocomposites 39. As a further approach, we performed a deconvolution of 

the multiple DSC peaks using PeakFit- V4 software to determine the ratio between the 

Tm1 and Tm2 peak areas. The procedure uses a Gaussian response function with a Fourier 

deconvolution/filtering algorithm that ensures the conservation of total area. The filtering 

was set between 75-80% for better noise reduction.  The curves were fitted using three 

variable parameters, namely the peak width at half maxima positions, peak center and the 

corresponding amplitudes. The results are tabulated in Table 3. According to table 3, the 

high temperature peak area decreased with increased Laponite amount, i.e., the peak 

behavior is dependent on the amount of Laponite. 

Laponite

(wt %)

Tm1

(°C)

peak area

(%)

Tm2

(°C)

peak area

(%)

1.9 64.1 32 75.2 68

3.3 63.4 32.6 73.1 67.4

5.75 63 39.7 71.2 60.3

9.1 61.6 42.5 69.4 57.5

Table 3: Results from the deconvolution analysis on the DSC curves of solution prepared 

nanocomposites. 
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2.2.4 Discussion.  

The connectivity of solid particles (which may involve polymer chains) responsible for 

the behavior at low frequencies is highly dependent on the particle concentration and on 

the procedure used to prepare the sample. Even with melt prepared samples at a given 

particle concentration, but issued from master batches at different concentrations, huge 

differences are observed in the rheological behavior, although the structural variations 

seen in the small angle X-ray scattering data are at least very weak, if not negligible.

One can speculate about the existence of assemblies of connected particles, via 

particles contacts especially since we are dealing with concentrated solutions or via 

polymer chains linking two particles. From SAXS data we can deduce that the structure 

that generates such high levels of moduli is produced either on a larger scale than the one 

probed here with X- rays (greater than 60nm) or not pictured from the particle distribution 

in the scales probed. Note that the subtle PEO connections between separated particles 

would be non addressable from such static scattering techniques where most of the X-ray 

contrast comes from the particles/PEO interface. In melt route, the dilution by free PEO 

chains (involving moderate shear) and further annealing at 110 ° C for up to 6-8 hours 

before the rheological measurement cannot separate particles (from solution prepared 

master batch) consisting of Laponite stacks ( responsible for Bragg peak) on a scale large 

enough to allow their dispersion. This can be explained fairly well by the analogy with 

the rheology of immiscible polymer blends. The initial nanocomposite with a high 

particle concentration can be associated with a high modulus phase (containing Laponite)

to be dispersed in a matrix of lower viscosity (pure PEO). Greater the difference in 

viscosity, lower will be the dispersion, or at least the rupture of the disperse phase.

The concept is further elaborated in the schematic representation of molten 

nanocomposites given by figure 12, where the possible state of 1 wt% sample obtained by 

melt processing from concentrated master batches of widely varying initial Laponite 

concentrations, say 9.1 and 3.4 wt % is sketched.
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- Laponite 

- PEO 10000 chains in the solution prepared master batch (S)

- PEO 10000 chains added during dilution by melt method (M)

Figure 12.Schematic representation of the analogous polymer blend behavior explained 

for melt prepared sample (M) obtained from varying concentration of solution prepared 

(S) master batches made of dispersed particles. Clusters made of interconnected clay 

particles (via polymer chains or particles contacts), are surrounded by a dotted line on the 

figures. They can be considered as a piece of the original solution prepared master batch 

surrounded by added pure polymer. We did not picture the intercalated Laponite (stacks 

of few aligned particles) from X-rays. 

PEO/ Laponite (M-1.0 wt % ) sample 

Low Laponiteloadings (S-3.4 wt%) 

High Laponiteloadings (S-9.1 wt%) 

Dilution with 

PEO 10000 g/mol via 

 Melt Route 
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The structure of high modulus concentrated master batch made of dispersed clays, 

S-9.1 wt% could be considered as finely dispersed nanoclay network surrounded by an 

interfacial polymer layer with long relaxation times. It is known from the rheological 

characterization that it behaves as an elastic solid in the linear range. Upon processing via 

melt route (i.e., by the extrusion of solution prepared samples with addition of pure PEO 

10000 in molten state) the flow field of the low viscous PEO 10000 matrix chains offers 

only a lubricant effect, and is ineffective in transferring the applied shear stresses to the 

highly viscous dispersed clusters of master batch having the original Laponite 

concentration ( S-9.1 wt%)  and thereby preventing its break up with steady shear in the 

extruder. Since the suspending fluid in the master batch and the dilutent are chemically 

the same, the role of interfacial tension becomes negligible and dispersion of the master

batch occurs by swelling of the PEO chains. Compared to the S-9.1 wt%, the relatively 

low viscosity of S-3.4 wt% facilitates the dispersion and dilution of clusters by PEO to a 

much higher extent to give the melt processed 1 wt % sample a 10 times higher modulus 

value. As observed earlier in figure 4, the linear scaling law of G� and G� for the two 

preparation methods never intersect at a concentration of 9.1 wt%, the highest master 

batch concentration used for the melt route. This is further confirmed by subjecting the 

9.1% sample prepared by solution to a passage in the extruder which also gave a drop in 

modulus (refer to figure 4). Interestingly, the terminal plateau behavior observed in our 

nanocomposites has also been reported for polymer blends with ultra high viscosity ratios 
39-41.

In view of the proposed nanocomposite morphology, the observed melting 

behavior of these model systems seen from DSC could be explained as follows. It has 

been now generally accepted that during the polymer crystallization, the clay particles are 

rejected from the developing crystal front to the amorphous regions and they likely reside 

at the inter-lamellar and/or inter-spherulitic regions. From our DSC studies, the 

crystallizable PEO in the solution prepared samples exhibited super heating (not seen for 

melt prepared samples)- i.e. a partial slow melting of the crystals giving multiple melting 

peaks. Super heating in macromolecular systems generally involves a transition 

mechanism which allows fast melting only at higher temperatures38. If the amorphous 

phase involved in the transition is highly viscous so that the molecular motion is slow, or, 

if the molecular rearrangement to the new phase is slowed down or arrested, superheating 

is observed. Pertaining to the aforementioned view regarding highly viscous amorphous 

phase, we suggest that in solution prepared nanocomposites, the presence of well 
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dispersed highly viscous clay containing amorphous phase of PEO is possibly 

constrained, thereby restricting the PEO chains molecular motion causing super heating. 

In solution prepared nanocomposites the lowered PEO melting peak (Tm1) values 

indicate a highly homogeneous dispersion of smaller spherulites. The rheological studies 

provide further evidence for the finely dispersed clay structure in solution prepared 

nanocomposites, even at a very low particle concentration. Thus in solution prepared 

samples the fine clay dispersion facilitates increased extent of clay-polymer interactions. 

This explains the two separate peaks in the melting endotherms of solution prepared 

nanocomposites.  

Again as evident from SAXS studies, the SAXS intensity �wiggles� due to the 

PEO lamellar crystallization were slightly more visible for solution prepared 

nanocomposites than for samples from melt route at same clay content at low loadings

(Figure 8). From DCS studies, in melt prepared nanocomposites the pure PEO phase 

responsible for the Tm1 peak is less affected by the presence of clay. To our 

interpretation, in solution prepared samples the clay dispersion is more homogeneous on 

both the nano and meso scales. In melt route the poor dispersion of the clusters that kept 

the structure of the solution master batch after poor mixing with pure polymer reduced the 

extend of pure PEO crystallized sheets and reduced the quantity of clay that goes in the 

amorphous domains, thus also reducing the X-ray contrast between pure PEO crystalline 

lamellae and clay containing amorphous regions. This further supports our view on the 

observed superheating phenomena in our nanocomposite samples.

2.2.5 Conclusion 

In this paper we have attempted to explain the structure �property relationships 

responsible for the rheological behavior of polymer nanocomposites using a well defined 

PEO/Laponite model system. The effect of filler dispersion on the linear viscoelastic 

properties of the nanocomposites in the molten state is investigated. The solid like 

behavior of the filler network were compared for controlled dispersions obtained from 

two different processes; from solution and via melt processing.  Comparison of the linear 

viscoelastic response for the various dispersions states suggests a reduction in the network 

structure modulus during melt processing, which, however fails to alter the clay spatial 

distribution in the nanoscale.  This behavior was qualitatively explained using the analogy 

with the polymer blends. 



Chap 2 Structure and rheology of model nanocomposites 57

2.2.6 References 

1. Pavlidou, S.; Papaspyrides, C. D., A review on polymer-layered silicate 
nanocomposites. Progress in Polymer Science 2008, 33, (12), 1119-1198.

2. Kumar, S. K.; Krishnamoorti, R., Nanocomposites: Structure, Phase Behavior, and 
Properties. Annual Review of Chemical and Biomolecular Engineering 2010, 1, (1), 
37-58.

3. DR, P.; LM, R., Polymer nanotechnology: nanocomposites. Polymer 2008, 49, 3187.
4. Schmidt, D. F.; Giannelis, E. P., Silicate Dispersion and Mechanical Reinforcement in 

Polysiloxane/Layered Silicate Nanocomposites. Chemistry of Materials 2010, 22, (1), 
167-174.

5. Alexandre, M.; Dubois, P., Polymer-layered silicate nanocomposites: preparation, 
properties and uses of a new class of materials. Materials Science & Engineering R-

Reports 2000, 28, (1-2), 1-63.
6. Trappe, V.; Weitz, D. A., Scaling of the viscoelasticity of weakly attractive particles. 

Physical Review Letters 2000, 85, (2), 449-452.
7. Galgali, G.; Ramesh, C.; Lele, A., A Rheological Study on the Kinetics of Hybrid 

Formation in Polypropylene Nanocomposites. Macromolecules 2001, 34, (4), 852-858.
8. Wang, K.; Liang, S.; Deng, J. N.; Yang, H.; Zhang, Q.; Fu, Q.; Dong, X.; Wang, D. J.; 

Han, C. C., The role of clay network on macromolecular chain mobility and relaxation 
in isotactic polypropylene/organoclay nanocomposites. Polymer 2006, 47, (20), 7131-
7144.

9. Su, F. H.; Yan, J. H.; Huang, H. X., Structure and Melt Rheology of Long-Chain 
Branching Polypropylene/Clay Nanocomposites. Journal of Applied Polymer Science 

2011, 119, (2), 1230-1238.
10. Vermant, J.; Ceccia, S.; Dolgovskij, M. K.; Maffettone, P. L.; Macosko, C. W., 

Quantifying dispersion of layered nanocomposites via melt rheology. Journal of 

Rheology 2007, 51, (3), 429-450.
11. Zhang, Q.; Archer, L. A., Poly(ethylene oxide)/silica nanocomposites: Structure and 

rheology. Langmuir 2002, 18, (26), 10435-10442.
12. Krishnamoorti, R.; Giannelis, E. P., Rheology of end-tethered polymer layered silicate 

nanocomposites. Macromolecules 1997, 30, (14), 4097-4102.
13. Sternstein, S. S.; Zhu, A.-J., Reinforcement Mechanism of Nanofilled Polymer Melts 

As Elucidated by Nonlinear Viscoelastic Behavior. Macromolecules 2002, 35, (19), 
7262-7273.

14. Manitiu, M.; Horsch, S.; Gulari, E.; Kannan, R. M., Role of polymer-clay interactions 
and nano-clay dispersion on the viscoelastic response of supercritical CO2 dispersed 
polyvinylmethylether (PVME)-Clay nanocomposites. Polymer 2009, 50, (15), 3786-
3796.

15. Song, Y. H.; Zheng, Q. A., Linear viscoelasticity of polymer melts filled with nano-
sized fillers. Polymer 2010, 51, (14), 3262-3268.

16. Sereda, L.; Visconte, L. L. Y.; Nunes, R. C. R.; Furtado, C. R. G.; Riande, E., Effect of 
silica and rice husk ash fillers on the modulus of polysiloxane networks. Journal of 

Applied Polymer Science 2003, 90, (2), 421-429.
17. Fornes, T. D.; Paul, D. R., Modeling properties of nylon 6/clay nanocomposites using 

composite theories. Polymer 2003, 44, (17), 4993-5013.
18. Eslami, H.; Grmela, M.; Bousmina, M., Linear and nonlinear rheology of 

polymer/layered silicate nanocomposites. Journal of Rheology 2010, 54, (3), 539-562.



Chap 2 Structure and rheology of model nanocomposites 58

19. Khalkhal, F.; Carreau, P. J.; Ausias, G., Effect of flow history on linear viscoelastic 
properties and the evolution of the structure of multiwalled carbon nanotube 
suspensions in an epoxy. Journal of Rheology 2011, 55, (1), 153-175.

20. Loiseau, A.; Tassin, J. F., Model nanocomposites based on laponite and poly(ethylene 
oxide): Preparation and rheology. Macromolecules 2006, 39, (26), 9185-9191.

21. Nelson, A.; Cosgrove, T., Dynamic light scattering studies of poly(ethylene oxide) 
adsorbed on laponite: Layer conformation and its effect on particle stability. Langmuir 

2004, 20, (24), 10382-10388.
22. Mongondry, P.; Nicolai, T.; Tassin, J. F., Influence of pyrophosphate or polyethylene 

oxide on the aggregation and gelation of aqueous laponite dispersions. Journal of 

Colloid and Interface Science 2004, 275, (1), 191-196.
23. Vaia, R. A.; Ishii, H.; Giannelis, E. P., Synthesis and Properties of 2-Dimensional 

Nanostructures by Direct Intercalation of Polymer Melts in Layered Silicates. 
Chemistry of Materials 1993, 5, (12), 1694-1696.

24. Broza, G., Thermoplastic elastomers with multi-walled carbon nanotubes: Influence of 
dispersion methods on morphology. Composites Science and Technology 2010, 70, 
(6), 1006-1010.

25. Bandyopadhyay, J.; Ray, S. S., The quantitative analysis of nano-clay dispersion in 
polymer nanocomposites by small angle X-ray scattering combined with electron 
microscopy. Polymer 2010, 51, (6), 1437-1449.

26. Drummy, L. F.; Wang, Y. C.; Schoenmakers, R.; May, K.; Jackson, M.; Koerner, H.; 
Farmer, B. L.; Mauryama, B.; Vaia, R. A., Morphology of layered silicate- (NanoClay-
) polymer nanocomposites by electron tomography and small-angle x-ray scattering. 
Macromolecules 2008, 41, (6), 2135-2143.

27. Mobuchon, C.; Carreau, P. J.; Heuzey, M. C., Structural analysis of non-aqueous 
layered silicate suspensions subjected to shear flow. Journal of Rheology 2009, 53, (5), 
1025-1048.

28. Wang, X. L.; Sun, P. C.; Xue, G.; Winter, H. H., Late-State Ripening Dynamics of a 
Polymer/Clay Nanocomposite. Macromolecules 2010, 43, (4), 1901-1906.

29. Cheng, S. Z. D.; Chen, J.; Zhang, A.; Barley, J. S.; Habenschuss, A.; Zschack, P. R., 
Isothermal thickening and thinning processes in low molecular weight poly(ethylene 
oxide) fractions crystallized from the melt: 2. Crystals involving more than one fold. 
Polymer 1992, 33, (6), 1140-1149.

30. Cheng, S. Z. D.; Chen, J. H.; Zhang, A. Q.; Heberer, D. P., Nonintegral and Integral 
Folding Crystal-Growth in Low-Molecular Mass Poly(Ethylene Oxide) Fractions .2. 
End-Group Effect - Alpha,Omega-Methoxy-Poly(Ethylene Oxide). Journal of Polymer 

Science Part B-Polymer Physics 1991, 29, (3), 299-310.
31. Cheng, S. Z. D.; Zhang, A. Q.; Barley, J. S.; Chen, J. H.; Habenschuss, A.; Zschack, P. 

R., Isothermal Thickening and Thinning Processes in Low-Molecular-Weight 
Poly(Ethylene Oxide) Fractions .1. From Nonintegral-Folding to Integral-Folding 
Chain Crystal Transitions.Macromolecules 1991, 24, (13), 3937-3944.

32. Stefanescu, E. A.; Stefanescu, C.; Donose, B. C.; Garno, J. C.; Daly, W. H.; Schmidt, 
G.; Negulescu, I. I., Polymer/clay nanocomposites: Influence of ionic strength on the 
structure and adhesion characteristics in multilayered films. Macromolecular 

Materials and Engineering 2008, 293, (9), 771-780.
33. Mark, J. E., Ed, Physical Properties of Polymer handbook. AIP press: Woodbury, NY.
34. Loyens, W.; Jannasch, P.; Maurer, F. H. J., Poly(ethylene oxide)/Laponite 

nanocomposites via melt-compounding: effect of clay modification and matrix molar 
mass. Polymer 2005, 46, (3), 915-928.



Chap 2 Structure and rheology of model nanocomposites 59

35. Loyens, W.; Jannasch, P.; Maurer, F. H. J., Effect of clay modifier and matrix molar 
mass on the structure and properties of poly(ethylene oxide)/Cloisite nanocomposites 
via melt-compounding. Polymer 2005, 46, (3), 903-914.

36. Strawhecker, K. E.; Manias, E., Crystallization Behavior of Poly(ethylene oxide) in the 
Presence of Na+ Montmorillonite Fillers. Chemistry of Materials 2003, 15, (4), 844-
849.

37. Menczel, J. D.; Judovits, L.; Prime, R. B.; Bair, H. E.; Reading, M.; Swier, S., 
Differential Scanning Calorimetry (DSC). John Wiley & Sons, Inc.: 2008; p 7-239.

38. Wunderlich, B., One hundred years research on supercooling and superheating. 
Thermochimica Acta 2007, 461, (1-2), 4-13.

39. Liu, T. X.; Liu, Z. H.; Ma, K. X.; Shen, L.; Zeng, K. Y.; He, C. B., Morphology, 
thermal and mechanical behavior of polyamide 6/layered-silicate nanocomposites. 
Composites Science and Technology 63, (3-4), 331-337.

40. Everaert, V.; Aerts, L.; Groeninckx, G., Phase morphology development in immiscible 
PP/(PS/PPE) blends influence of the melt-viscosity ratio and blend composition. 
Polymer 1999, 40, (24), 6627-6644.

41. Rameshwaram, J. K.; Yang, Y. S.; Jeon, H. S., Structure-property relationships of 
nanocomposite-like polymer blends with ultrahigh viscosity ratios. Polymer 2005, 46,
(15), 5569-5579.



Chap 2 Structure and rheology of model nanocomposites 60

Supporting Information 

(A) (B)

Figure: Storage modulus G� (closed symbols) and loss modulus G� (open symbols) 

versus time (min) during annealing at 110 °C for samples prepared by (A) Solution route 

and (B) Melt route containing different Laponite contents (weight percent): 1.0 % (”»), 

5.75 % (su) and 9 % (¼æ).
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2.3 Influence of Molecular Parameters on the Structure and Rheology of 
Model Poly (ethylene oxide)/ Laponite Clay Nanocomposites1

2.3.1 Introduction 

Dynamic response of polymer nanocomposites has been an area of active investigations 

where unique and intriguing observations have been gathered. A good example is the 

solid like behavior with a terminal plateau in the low frequency linear viscoelastic moduli 

signaling a lengthening of the terminal relaxation time [1-15]. Many hypotheses have 

been advanced, simulations performed and experimental evidence attributes the solid like 

behavior to (a) inter-particle interactions due to particle clustering via percolation caused 

by Van der Waals forces[16-18],  H-bonding[19] etc., often coupled with (b) particle 

induced changes in polymer dynamics via polymer adsorption[3], confinement[20], chain

bridging[21, 22], entanglement [18, 23-25] etc. Among all the evidences of elastic 

behavior, the role of polymer molecular weight in tuning the dynamic response is poorly 

understood. In the nanoparticle limit, for polymers above Me, the network solid 

viscoelastic response is supposed to be influenced by topological constraints due to 

entanglements that are manifested via relaxation through reptation and non reptation 

motions[23]. Some authors suggest that a high polymer molecular weight favors particle 

structure build up and elasticity [18, 26-28]. In contrast, others have suggested higher 

relative reinforcement with low polymer mass [29-31]. A third view also exists with a 

negligible effect of polymer matrix on viscoelasticity. Adding further complexity, the 

state of dispersion is not always documented in the vast majority of studies, further 

limiting the ability to explain the observed phenomena, and therefore adversely affecting 

the nanocomposite design and processing.

The present paper addresses the controversial role of the polymer entanglements 

in the structure and rheology using model systems based on Laponite and poly (ethylene 

oxide) capable of good dispersion control[32]. We have chosen to work with three 

molecular weights PEO having widely varying entanglement densities. It also provided a 

                                                            
1 Paper in preparation for submission :

Coauthors : Jesmy Jose, Abakar Adam Omar, Guillaume Brotons, Jean-François Tassin
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length scale R/Rg ranging between colloidal to nanoparticle limit. This further enabled us 

to understand the dynamics, as a first approximation in a continuum fluid-mechanics 

framework[33]. In section II we describe the sample preparation procedure and the 

measurements carried out. Section III describes the scattering and rheology results and 

the implications of polymer dynamics on the structure and viscoelasticty are discussed. A 

summary of results and conclusions are presented in section IV.

2.3.2 Experimental 

Materials

Laponite RD, obtained from Rockwood additives Ltd. (U.K.), with density 2570 

kg/m3was used. The cation exchange capacity is 0.95 mequiv/g, and the specific surface 

is 750 m2/g. Particles were dispersed in PEO matrices ranging in molecular weight from 

10000, 350000 and 130000 g/mol purchased from Aldrich. Polymer properties are listed 

in Table 1. The entanglement molecular weight, Me in PEO is around 1800 g/mol making 

10000, 35000 and 130000 moderate to highly entangled polymers. The zero shear 

viscosities were taken from the dynamic oscillatory measurements given by figure 1 

where the PEO 130k shows a Non-Newtonian behavior. For better compatibility with the 

polymer, the clay particles were protected by adsorption with low molecular weight either 

PEO 10k or PEO 130k. A stock solution was prepared at a concentration of 1 % (w/w) by 

mixing (1/1 v/v) of separately well dispersed PEO and Laponite solutions in deionized 

water at a continuous stirring for 24 hours.  Compatibilization of particles is crucial to

obtaining exfoliation. Lyophilized samples of uncompatibilized particles have showed 

marks of re-aggregation [32, 34].



Chap 2 Influence of molecular parameters 63

Figure1. Evolution of complex viscosity j* vs frequency y at 110 °C for pure PEO 10k 

(green), 35k (red) and PEO 130k (blue). 

The nanocomposites were prepared by two methods. In the solution mixing 

method, a concentrated solution of PEO polymer was mixed with calculated volumes of 

stock solution of PEO protected Laponite particles and kept under stirring for 4-5 hours. 

In order to preserve as much as possible the homogeneous state of dispersion, this

sterically stabilized suspension, in which the majority of particles are still non-

aggregated, was frozen rapidly with liquid nitrogen and was freeze dried for 12 to 18 

hours at -46 °C to remove the water. The freeze drying yields a fluffy powder that was 

finally compressed at 110 °C for 2 hours, to form 1 mm thick discs. To achieve a different 

dispersion state using mixing in the molten state of PEO, a master batch approach was 

adopted where a high concentrated (9.1 wt%) freeze dried sample was diluted  by adding 

the matrix polymer PEO, in the molten state, using a Haake Minilab microcompounder 

under corotating twin-screws operating at110 °C, at 50 rpm for 10 min. The processing 

conditions have been optimized for maximum rheological properties. The extrudates were 

finally compressed in the same way to give 1 mm discs. 
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PEO Na Rg

[nm]

jPEO
a

[Pa.s]

Z=Mw/Me

PEO 10000 227 8.9 2.15 5.5

PEO 35000 796 16.8 46 19.4

PEO 130000 2955 32.3 2248 72

aNumber of monomers. a Temperature of 110 °C

Table 1:Polymer properties

Characterization. 

Rheology Measurements. Viscoelastic properties of PEO/Laponite nanocomposites were 

studied using a stress controlled Thermal Analysis ARG2 rheometer equipped with 25 

mm diameter stainless steel parallel disks at 1 mm separation. Measurements were 

performed under oscillatory shear in the linear domain at a fixed temperature of 110 °C, 

which is well above the melting temperature of PEO. The viscoelastic properties of 

nanocomposites have been found to depend strongly on the flow history and they undergo 

a structural ripening with time [35-37]. Therefore, in order to allow for complete micro 

structural equilibration, the samples were first subjected to thermal annealing in the 

rheometer at a frequency of 0.1 rad/s for up to 6 hours. A comparison of the time sweep 

data collected at the end of equilibration showed slower ripening at high PEO molar mass 

(refer supporting information).  Initially, nanoparticles are randomly dispersed in the 

polymer matrix. After annealing at high temperature, particles aggregate leading to a filler

network which evolves towards thermodynamic equilibrium. Frequency dependency of 

storage and loss modulus of the equilibrated nanocomposite samples were measured by 

imposing very small deformations (0.5 %) in the frequency range from 100 to 5x10-3

rad/s. 

Small Angle X- ray Scattering Studies (SAXS). X-ray scattering measurements were 

performed on solution and melt prepared samples with different PEO molar masses as 

well as varying Laponite contents at room temperature. A wide range of wave vectors 

ranging from 0.02 Å to 5 Å-1 obtained by combining a 2D gas detector and a �flat image 

plate� for large angles using a RigakuTM copper rotating anode (n ~ 1.54 Å) with high 

flux and resolution was made use of. All beam path and the 1 mm thick nanocomposite 
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pellets were under vacuum. A pair of OsmicTM confocal mirrors delivered a cylindrical 

beam of 2×107 rjqvqpu1u" qxgt572たo" kp" fkcogvgt" ykvj" nqy angular divergence below 

0.5mrad. For reasons of clarity, the intensities are presented up to 1 Å-1(large angle peaks 

of crystallization of PEO chains are omitted), with absolute intensity scale units (cm-1
i.e.

cm² per cm3 of sample).

2.3.3 Results 

Identification of nanocomposite structures by SAXS-  

The particle dispersion state in our samples was validated using SAXS. Figure 2 gives the 

scattering profiles for PEO 10k and 130k nanocomposites prepared by the solution route 

at varying Laponite contents. The pure PEO 10k polymer intensity (solid lines in figure) 

at lower angles falls along a characteristic slope in log-log scales corresponding to the Q-2

scattering law associated to the structuration of the polymer into crystalline lamellae. 

Figure 2. Small angle X-ray scattering profiles of PEO 10000 (green) and PEO 130000 

(blue) containing various Laponite loadings (in weight percent); solid lines in green and 

blue are the scattering profiles for pure PEO 10000 and PEO 130000 respectively, 0.5 % 

(ý), 3.3% (ù), 9.1 % (฀オァモワュァヤンヶュユァネモヱヰワリヵユァォ K).The inset graph shows the profiles of 

PEO 10000 (green symbols), PEO 35000 (red symbols) and PEO 130000 (blue symbols) 

containing 3.3 percent by weight of Laponite prepared by solution route.

A slightly higher slope value in less crystalline pure PEO 130k is observed, and it shifts 

to a lower value of 2 in the nanocomposites because of prominent scattering from the 

Laponite discs. This strong scattering from the Laponite discs/PEO interfaces in PEO 10k 
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nanocomposites is also responsible for the diminished wiggles originating from pure PEO 

crystalline-amorphous periodicity. 

A lower, constant Q value for the Laponite Bragg peak (peak at Q = 0.35Å -1) in 

the nanocomposites indicate PEO intercalated Laponite stacks. The peak intensities 

increased with clay loading and PEO molar mass. The Bragg peak intensities reflect the 

fraction of PEO intercalated Laponite stacks, either with a similar or varying number of 

clay stacks per aggregate. Considering the remaining fraction of clay particles to exist as 

particles, either well isolated and/or partially exfoliated, we performed a quantitative 

modeling of the SAXS profiles. Our results show that the shifted Laponite Bragg peak 

correspond to a fixed number of PEO intercalated stacks per aggregate (from 3 up to 5), 

independent of the Laponite content and PEO molar mass. Thus from figure 2, at a fixed 

Laponite content, the low Bragg peak intensities for PEO 130k samples would suggest 

better dispersion through clay exfoliation than the low molar mass counterpart. This is 

further clear from the inset graph in figure 2, which compares the scattering profiles for 

3.3 wt % Laponite sample prepared using 10, 35 and 130k PEO by solution route. An 

almost complete exfoliation is attained with PEO 130k matrix. 

In order to further investigate the polymer effect on exfoliation we analyzed the 

filler dispersions in the same polymer matrices, but prepared by melt route. Figure 3 

compares the scattering profile for highly entangled PEO 130k polymer matrix 

nanocomposites prepared by solution and melt procedure. 

Figure 3. Small angle X-ray scattering profiles of PEO 130000 compared for 

nanocomposites prepared by solution route (closed symbols) and melt route (open 

symbols) containing various Laponite loadings (in weight percent); 0.5 % (g), 3.3% (:), 

9.1 % (u).
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As seen from the figure 3, for a given particle concentration, the dispersion via 

solution route provided samples with a lower fraction of Laponite aggregates, and thus a 

better particle dispersion. Remarkably, from our earlier studies, with PEO 10k matrix 

samples, the processing methods failed to make any difference in the degree of 

dispersion. Dispersions of Laponite in high molecular weight PEO in solution are capable 

of bridging and thus giving highly interconnected structures [38-40]. Previous studies on 

PEO using unprotected Laponite have shown a possible re-aggregation of Laponite stacks 

up on expulsion of water during freeze drying process [34].  The observed higher 

exfoliation with 130k therefore could be attributed to less aggregated, more stable, well 

dispersed final structures for high molar mass PEO130k/Laponite samples. In same Q

window, figure 4 shows the Bragg peaks 10k and 130k nanocomposites obtained via melt 

route, i.e. by diluting a 9.1 % solution prepared master batch of 10k and 130k with the 

respective pure polymers by extrusion. 

Figure 4. Small angle X-ray scattering profiles of nanocomposites prepared via melt 

route using PEO 10000 (green symbols) and PEO 130000 (blue symbols) containing 

various Laponite loadings (in weight percent); 0.5 % (g), 3.3% (:), 9.1 % (u). 

The comparable peak intensity values between 10k and 130k nanocomposites 

indicate an identical fraction of Laponite aggregates, and thus similar dispersion states. 

Variable Laponite Bragg peak intensities with polymer molar mass clearly establish 

variances in the dispersion state. However, it is noteworthy that in SAXS, the subtle PEO 

connections between separated Laponite particles would be non addressable from such 

static scattering techniques and most of the X-ray contrast comes from the particles/PEO 

interface. Thus the above observed identical Bragg peak intensities for varying PEO 

molar masses in the melt prepared nanocomposites does not reflect in itself alone the 

nature of interaction between PEO chains and the partially/ fully exfoliated Laponite. 
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Rheology

Effect of PEO molecular weight: For the pure PEO 10k, or polymer containing no 

particles, the probed frequencies pertained to a terminal relaxation behavior having the 

nkpgct"xkueqgncuvke"oqfwnk."IÑ*の+Ãの 1 cpf"IÓ*の+Ãの2. A high entanglement density in the 

rwtg"RGQ"352m"rqn{ogt"ikxgu"IÑ*の+Ãの 0.8 and G�(の+Ãの1 reflecting only the beginning of 

the terminal regime. The linear viscoelastic response of nanocomposites with Laponite 

dispersed in varying PEO matrices was analyzed. We shall first discuss the solution 

prepared nanocomposites.

Figure 5.Storage modulus G� (closed symbols) & loss modulus G� (open symbols) vs. 

frequency y at 110 °C for several different Laponite particle loadings (weight 

percent).PEO 130000 neat (̈̊), 0.25 % (ìõ), 1.0 % (”»), 3.3 % (r:), 5.75 % 

(su) and 9.1 % (æ¼). Solution prepared samples

Figure 5 shows the evolution of pseudo-solid like behavior for PEO 130000 

matrix nanocomposites at various Laponite concentrations. Despite having low filler 

content a frequency independent plateau with a moderate storage modulus of 100 Pa was 

visible at lower frequencies for 0.25 wt % Laponite/ PEO 130k nanocomposite. The 

observed plateau suggests certain structural connectivity to account for the increased 

sample elasticity. It is now well established that a low frequency plateau is primarily 

caused by sample spanning percolating filler network, either with or without any added 

polymer effects [41-43]. The increase in G� is much more sensitive to Laponite content 

than that of G�. This induces an additional crossover at lower frequencies which is visible 

for up to 1.0 wt % Laponite loading. At large frequencies i.e., above the additional G�, G� 
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crossover the relaxation behavior of the nanocomposites approaches that of the neat PEO 

130k. The terminal plateau moduli increased with Laponite content. Above 1.0wt% the 

viscoelastic moduli were found independent of the measured frequency scale suggesting a 

highly elastic solid. Similar responses were also observed for 10k and 130k 

PEO/Laponite samples, but with varying degree of reinforcement. Figure6 compares the 

elastic moduli for PEO 10k, 35k and 130k nanocomposite samples. For the sake of 

simplicity we present only two filler loadings, at a lower (0.5) and one at a higher (2.0 wt 

%) Laponite content. As seen from the figure, at lower loading, i.e., for 0.5 wt% samples 

the additional G�, G� crossover, both the modulus (Gc) as well as the cross over frequency 

(yc), are affected by the polymer viscoleasticty.  The above observation is further used for 

building master curves and will be discussed later. In 2.0 wt % samples, irrespective of 

the PEO molar mass, the identical relaxation behavior observed for the viscous and elastic 

modulus suggests a three dimensional stable structure without any relaxations in the 

measured time scale. Thus no transient network structure exists as opposed to several 

other nanocomposite systems [44-47]. However some extent of relaxation is indeed 

observed for 130k nanocomposite suggesting certain energy dissipation. 

Figure 6: Evolution of storage  modulus G� (closed symbols) & loss modulus G� (open 

symbols) vs. frequency y measured at 110 °C, for nanocomposites prepared  by solution 

route using PEO 10k (green), PEO 35k (red) and PEO 130k (blue) with varying Laponite 

content (in weight percent); 0.5 % (ý) and 2.0 % (0).

The most important consequence from Figure 6 would be the matrix effect on the 

terminal plateau moduli (G�0&G�0). Figure 7 and table 2 summarize the PEO molar mass 
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effect on the power law scaling behavior of terminal moduli versus the Laponite 

concentration for samples prepared by solution and melt routes. 

(a) (b)

Figure 7:Scaling laws of G�0 (closed symbols) and G�0 (open symbols) vs. Laponite 

weight fraction for nanocomposites prepared by (a) solution procedure and (b) melt 

method using PEO 10000 (green), PEO 35000 (red) and PEO 130000 g/mol (blue) 

respectively. The solid lines are the respective power law fits.
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PEO matrix

Power law exponent (c)

Solution 
route

Melt route

G�0 G�0 G�0 G�0

PEO 10000 2.7 2.5 4.1 4.3

PEO 35000 2.6 2.4 2.7 2.5

PEO 130000 2.0 1.8 2.3 1.9

Table 2: Power law exponents for nanocomposites prepared by solution procedure with 

varying PEO molar masses.

High molecular weight PEO offered better reinforcement, especially at lower 

Laponite concentrations. For example, in solution prepared nanocomposites, adding 0.25 

wt% Laponite to PEO 130000 gave ten times more storage modulus than with a PEO 

10000 matrix. With increasing clay content, the moduli reaches a limiting value 

irrespective of the PEO molar mass at the highest weight percent studied , i.e., at 9.1 wt%.  

Further, from table 2, the separate slope values for different PEO�s indicated that the 

structures responsible for the observed solid behavior are not identical. In 35k and 130k, 

the identical power law values for solution and melt prepared samples suggest that the 

structures responsible for terminal moduli are identical. However, the fraction of Laponite 

contributing to the network varies to account for the differences in the absolute value of 

the moduli.  

Master curve analyses of the viscoelastic moduli

The viscoelastic response of our samples with varying Laponite content could be 

categorized into those with and without an additional G�, G� cross over and was studied 

separately using master curves. 

In samples exhibiting additional cross over, i.e., at lower particle loadings, by 

considering a predominant filler network contribution to be responsible for solid 

behavior, the percolated particle clusters represents the building elements for elasticity. 

Interspersed throughout this structure is the polymer fluid, which has an intrinsic and 

filler-independent viscoelastic response that mixes with the network dynamics giving rise 
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to the complex frequency and volume fraction dependencies observed in figure 6. 

Because of the widely different temporal relaxation scales between the filler network (low 

frequencies) and the polymer melt (high frequency), the nanocomposite viscoelasticity 

could be approximately decomposed into the independent responses of the elastic particle 

network, primarily dependent on filler content and governing the long time scale 

response, and that of the suspending medium, dominating the high-frequency behavior. 

Figure 8 compares the pure polymer viscous modulus with that of the nanocomposites at 

the additional cross-over and the observed superimposition verifies the above view.  

Figure 8: The pure polymer loss modulus (solid line) and the nanocomposite moduli at 

crossover (Gc) (symbols) plotted against frequency(y) along with the crossover 

frequencies (yc) for PEO 10k (green), 35k(red) and 130k (blue) polymers and 

nanocomposites. Open symbols : melt route; closed symbols : solution route.

Thus the G�, G� crossover sets the nanocomposite elasticity and corresponds to 

equally contributed network elasticity and polymer viscous modulus. Shifting the 

frequency and modulus independently across yc and Gc using frequency shift factor 

a=1/yc and the modulus shift factor b=1/Gc for the various solution prepared PEO/ 

Laponite nanocomposites successfully generated a master curve given by figure 9. PEO 

10k nanocomposite sample prepared by solution method having a Laponite concentration 

of 2.0 wt % was used as the reference. Similar master curves for melt prepared samples 

were also generated using the same reference (figure not given).

The observed analogy with the dynamics of hard sphere suspensions has been 

applied extensively for nano filler dispersions to establish dominant filler-filler 

interactions [48][49][50].Our interest is focused on understanding the matrix effect, if 
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any, towards the network elasticity, which is least explored. Theories predict that the 

diffusivity of particles decreases with an increase in viscosity of the fluid, and that the 

addition of particles increases the overall viscosity of the suspension. As shown in the 

insert graph in Fig. 9, and by considering figure 8, the nanocomposite elasticity at the 

crossover for a given PEO matrix (Gc) scales along the crossover frequency.

Figure 9:Master curve showing the scaled moduli for nanocomposites having varying 

particle concentrations (those with G�, G� cross- over) with PEO molecular weights-

10,000 (black color), 35,000 (red color) & 130,000 g/mol (blue color) respectively. Inset 

graph shows the variation of moduli shift factor (b) with frequency shift factor (a) for 

nanocomposites prepared via solution (closed symbols) and melt (open symbols) routes 

using  PEO 10000 (̈̊), PEO 35000(r:) and PEO 130000 g/mol(”») respectively. 

The solid and broken lines give the linear fit for the solution and melt prepared 

nanocomposites respectively. 

Of particular interest is the variable scaling for polymer molar masses summarized 

by Table 3. With increasing polymer matrix molar mass the elasticity due to filler 

network varies less with the polymer viscosity
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PEO matrix

Scaling factor

Solution 
route

Melt 
route

PEO 10000 1.3 1.4

PEO 35000 1.1 1.2

PEO 130000 0.6 0.7

Table 3: Scaling exponents from the master curve analysis for nanocomposites prepared 

by solution and melt procedure with varying PEO molar masses.

A second kind of master curve was constructed by the superposition of modulus 

curves corrected for the pure polymer relaxation times (i.e. plotted versus the reduced 

frequencyyv) and is given by figure 10. The longest relaxation times for pure PEO 

10000, 35000 and 130000 g/mol at 110°C are respectively 5.5 ×10-7, 5.1×10-5 and 9.56 

×10-3 seconds. 

Figure 10 : Master curve showing storage modulus versus reduced frequency for solution 

prepared samples with varying PEO molecular weights-10,000 (green color), 35,000 (red 

color) & 130,000 g/mol (blue color) respectively. Concentrations above 2wt%.

The x- axis yv is a chain length independent quantity and for yv<1 indicates a 

predominant viscous region for the respective pure polymers. As seen from figure 10, at 

higher Laponite loadings, above 3.3 wt% the modulus curves superimpose well and the 

modulus is unaffected by polymer chain dynamics. To an excellent approximation, at the 
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highest loadings the polymer relaxations collapses onto a particle loading dependent 

constant value, which is close to the rubbery plateau modulus of pure PEO. However at 

lower loadings they do affect the plateau values. The superposition fails or is not as good 

in melt prepared samples as given by figure 11. It is possible that these samples are 

further from thermodynamic equilibrium than solution ones.

Figure 11: Master curve showing storage modulus vs reduced frequency for melt

prepared samples with varying PEO molecular weights-10,000 (green color), 35,000 (red 

color) & 130,000 g/mol (blue color) respectively.

Role of adsorbed polymer chain dynamics

The existence of an additional crossover would indicate a region with predominant 

viscous behavior followed by a relaxation due to the impact caused by the particles. This 

pertains to heterogeneous dynamics, wherein the relaxation reflects the dynamics of 

distinctly relaxing elements, each of which relaxes at widely separated and/or with 

different rates. Such a situation could occur if only some of the polymers form a network, 

when their dynamics is effectively frozen on the time scale the free polymers are

themselves relaxing. Moreover at high particle loadings an altered chain dynamics by 

confinement and bridging could correspond to the suppression of chain relaxations 

[33][51, 52]. It has been shown that in strongly adsorbing polymers the adsorbed chain 

thickness scales increases with molecular weight[53]. However, a rather flat conformation 

of adsorbed PEO chains has been observed on Laponite[54]. Hence we investigated the 

influence of polymer adsorbed chains on the solid behavior for our strongly interacting 

PEO-Laponite systems.  We studied the plateau behavior for samples by fixing the 

particle dispersion as well as the PEO matrix chain dynamics for varying the molecular 

weight of PEO compatibilizer. Figure 12 compares the modulus values for 
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nanocomposites with intermediate molar mass 35k matrix, prepared by solution method 

using PEO10k and PEO 130k for Laponite adsorbtion. 

Figure 12. Evolution of storage modulus G�( closed symbols) and loss modulus G� (open 

symbols) with frequency y for PEO 35000/ Laponite nanocomposites containing  

Laponite adsorbed with PEO 10000 (red) and PEO 130000 (black) prepared by solution 

route; 0.25 % (ìõ), 3.3 % (rù) and 5.75 % (su). 

When PEO 35k solution is added to Laponite containing 10k absorbed chains, the 

short chains can be replaced by 35k chains due to entropy gain. No kind of such 

replacement would occur with 130k adsorbed chains. A particle with adsorbed 130k has 

more adsorbed chain density due to larger number of possible trains and loops. We 

studied the sample viscoelastic responses at both low and high Laponite contents. The 

identical relaxation behavior between short chain PEO10k and long chain 130k adsorbed 

Laponite dispersed in an intermediate molar mass PEO 35k indicates negligible influence 

of adsorbed polymer molar mass. Similar result was also observed for melt processed 

samples. The results very well superimpose on the earlier master curves discussed for 

PEO 35 k (Figure 9 & 10).  Also from our earlier studies it was established that the 

amount of polymer used for compatibilizing the particles does not appear to induce 

changes in the formation of elastic network, except through the fraction of particles 

included in the network [34].

For a uniform particle dispersion the interparticle distance (d) calculated for 

varying filler amount is given by Table 4. 
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Laponite
(wt %)

Inter particle distance
(nm)

9.1 27.9

5.75 32.6

3.3 39.3

2.0 46.9

1.0 58.7

0.5 73.7

0.25 92.6

0.1 125.6

Table 4: Inter-particle distance calculated for varying Laponite loadings in PEO 
nanocomposites.

Confinement of polymer chains arises for d< Rg. The degree of confinement at 

higher loadings is expected to vary with adsorbed PEO molecular weight[24]. In 5.75 wt 

% sample, from figure 12, any confinement of the adsorbed chains (primary confinement) 

or those between adsorbed chains (secondary) would have contributed differently towards 

the viscoelastic properties with 10k and 130k adsorbed chains. The above behavior 

establishes absence of the chain confinement to account for the viscoelasticity or even if 

exists it does not contribute predominantly to the observed viscoelastic behavior. This is 

further supported by the small effect of the molecular weight of the matrix chains as the 

concentration increases, i.e. when confinement effects of long polymer chains should be 

dominant.

2.3.4 Discussion and concluding remarks 

In this discussion, we focus essentially on the results plotted in Figure 9, 10 and 11. 

The viscoelastic behavior of filled polymers is governed by the spatial organization of the 

fillers in the matrix [55]. The elasticity coming from the self-assembly of the Laponite 

particles is controlled by degree of dispersion and is dependent on PEO molar mass as 

well as processing route. For processing via solution route PEO 130k gives better 

dispersion and higher moduli. The influence of the molecular weight is best seen at low 

concentrations of particles. It is possible that during mixing of the 10k adsorbed particles 

with PEO 130k some small chains desorb from the particles to allow for the adsorption of 
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longer ones. Bridging of the particles by long polymer chains is able to occur, whereas it 

is less probable with low molecular weights. This can produce high moduli even at low 

concentrations. At higher concentrations, long and shorter PEO chains are able to bridge 

the particles, which can explain the weaker influence of the chain length in these 

conditions.

In this study, we have been able to construct, at least within a first degree of 

approximation, master curves representing the viscoelastic response of Laponite-PEO 

nanocomposites. We have shown that for solution prepared samples (Figure 10), at high 

enough concentration, the level of the storage modulus at low frequency is essentially 

determined by the filler concentration, rather than the molecular weight of the matrix. 

This is no more true at low concentration, where we attributed the non-expected high 

level of elasticity within PEO 130k matrix to the bridging of the Laponite particles (or at 

least of part of them) by the polymer chains. This induces a complementary contribution 

to the modulus which prevails with respect to the structuration of the Laponite particles. 

The master curves also explain why, in some cases, the frequency dependence of the 

storage modulus is flat, and why this is not always the case. Indeed, independence of G' 

with frequency is obtained when the dynamics of the melt is rapid with respect to the 

investigated frequency range. It is likely that some polymer chains are moving (might be 

reptating) but thanks to a structuration of the particles inside the polymer a network is 

formed which prevents flowing. 

When we increase the molecular weight of the chains, slower polymer dynamics 

occurs. The polymer chains bring an additional contribution to the modulus of the 

nanocomposite which is still a soft solid. This is very clear from the master curve of both 

moduli, obtained for various molecular weights at low concentration of particles (Figure 

9). These master curves are simply obtained by shifting data horizontally and vertically in 

logarithmic scales, by rescaling on a crossover between G' and G", so the reciprocal of a 

relaxation time. 

For the melt route, we need to consider what is occurring during the melt blending 

process. The viscosity scales with molecular weight with a power of 3.4. The high 

viscosity of the PEO 130k causes reduced diffusivity of the Laponite particles, thereby 

restricting formation of open percolating structures2

                                                            
2 Note that to some extent an increase of the moduli is observed with high molecular 
weights at low concentration. This might come from structures that are not at equilibrium 
during the measurement time, which is rather long since low frequencies are considered

. The dilution of 9.1 wt % solution 
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prepared master batch for 10, 35, 130k (all having polymer independent structures, as 

judged from the small influence of the molecular weight at high concentration) by pure 

polymers breaks some structural connectivity and thereby reduces the fraction of 

interconnected clusters contributing towards viscoelasticity. Considering the analogy with 

polymer blends, comparable viscosities between master batch and diluting polymer favors 

better dispersion. The effect of shear varies with polymer molecular weight. The high 

molecular weight PEO chains are capable of breaking the master batch structure since 

higher stresses are generated during mixing. This improves the mixing with respect to 

lower molecular weights and should generate fewer aggregates. However, SAXS data do 

not bring evidence for this behavior. It is thus possible that the structures responsible for 

the viscoelastic response in samples prepared by the melt route are not a network of 

isolated particles but rather clusters of particles that originate from the master batch. If the 

master batch can be separated in smaller dimensions a better dispersion of these clusters 

will be obtained. This will in some sense increase the effective volume fraction of the

particles and will increase the moduli. A higher sensitivity is expected at low 

concentrations, leading to stronger effects in this range.

Looking at the exponents of the scaling laws, it is likely that the structure of melt 

dispersed nanocomposites is quite different from solution, especially with low molecular 

weight matrices. In this case, the large difference in viscosity between the master batch 

and the matrix renders even more difficult the rupture of the clusters. 
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2.4 Influence of the route of protecting the particles

2.4.1 Introduction 

In recent years, studies have shown that, the addition of layered-silicate nanoparticles into 

polymer matrices is an effective strategy for achieving improved, thermal, electrical, 

optical, mechanical properties and morphology in the case of polymer blends of polymer 

materials. This strategy appeared in the 90thsin Toyota Central Research and 

Development1, where it was demonstrated that at low loadings of clay particles, the 

modulus doubled, the strength increased by more than 50%, and the heat distortion 

temperature increased by 80°C compared to the pristine polyamide polymer. So far, it has 

been reported that, the degree of property enhancement achieved in the polymer 

nanocomposites depends on the state of nanoparticles dispersion and the ability of the 

particles surface to alter polymer segment dynamics. However, the state of dispersion is 

sensitive to the interaction forces between particles, between the polymer chains and the 

particles dispersed in the polymer and how these forces drive particles organization2-5.

For a given pair of particles and polymer,  molecular weight of the polymer matrix and 

preparation methods show a great effect on the final dispersion state of the particles6-10.

Consequently, depending on the nature of the fillers distribution within the matrix, the 

morphology of nanocomposites can evolve from the intercalated structure with the 

regular alternation of layer silicates and polymer monolayer to the exfoliated 

(delaminated) structure with layered silicate randomly and homogeneously distributed 

inside the polymer matrix5. It is very important to mention that, creating specific 

interactions between particles and polymer matrix by surface treatment of the particles is 

considered as the best way to reach the exfoliation state, where the high specific surface 

of the particles becomes fully accessible to polymer chains.

Generally, surface treatment of the clay mineral with polymers is achieved by two 

different approaches. One is physical adsorption, and the second is chemical grafting of 

functional polymers or molecules onto the surfaces of the clay minerals2. Mongondry et 

al11 have reported on steric stabilization of Laponite particles against the aggregation by 

using chemical grafting polymers on the surface of clay particles. Loiseau et al12 have 

achieved better dispersion of Laponite particles inside a poly(ethylene oxide) matrix with 

end grafting of polymer chains as compared to adsorbed ones. In a previous work, 

Loiseau13 has studied the influence of the molecular weight of the adsorbed chains on the 

viscoelastic properties of nanocomposites based on PEO/Laponite. He pointed out that, 

storage modulus increases with increase of adsorbed molecular weight up to 20kg/mole. 

This was attributed to the increase of entanglement of the adsorbed chains with the 

polymer matrix (PEO10k), whereas, for high molecular weight (35kg/mole and 

130kg/mole) modulus found to decrease because of bridging of long polymer chains onto 

several Laponite particles which acts against dispersion of the particles, since they are 

partially stuck together. Up to now we are not aware with any study concerning the 

influence of the molecular weight of grafted chains on the properties of polymer 

nanocomposites.
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In this present study, the aim was to investigate the influence of the length of the 

grafted chain (molecular weight) on the linear viscoelastic properties of model 

nanocomposites based on poly (ethylene oxide) and Laponite. For this purpose two 

procedures has been considered to prepare nanocomposites; solution mixing and melt 

dispersion14-15. Three different chain lengths of modified poly (ethylene glycol) have been 

investigated. In section II materials as well as samples preparation procedures will be 

described. Section III will show the linear viscoelastic results of the various controlled 

dispersions using dynamic linear rheology. Discussion and conclusion will be displayed 

in section IV. 

2.4.2 Experimental Section 

Materials: 

Poly (ethylene oxide) of molecular weight Mw= 10000 g/mol was purchased from Sigma 

Aldrich and was used as received. The melting temperature as measured by DSC is 

67.5°C, while size exclusion chromatography (SEC) in THF gave Mw = 9850 g/mol and 

Mw/Mn= 1.08. Poly (ethylene glycol) methyl ethers with molecular weights: 1.000, 

2.000, and 5.000 g/mole have also been purchased from Sigma Aldrich, and their 

hydroxyl (OH) end group has been modified to trimethylammonium salt. Laponite RD, 

supplied by Rockwood additives Ltd. (U.K), with density 2570 Kg/ m3 was used. The 

cation exchange capacity is 0.95mequiv/g, and the specific surface is 750 m2/g.

Conversion of Hydroxyl-PEGs to Trymethylammonium-PEGs 

The hydroxyl group at the chain end of poly (ethylene glycol) methy ether(MPEG) was

converted to trimethylammonium-MPEGs in three steps, shown in scheme 1, according to 

the procedure introduced by Mongondry et al11. In the first step Hydroxl-PEGs is 

converted to Phthalimido-PEGs by using the Mitsunobu reaction described for the 

preparation of 2-Octylamine16. 1H NMR confirmed 96% of this conversion, and the yield 

was found to be 94%. The second step, known as hydrazinolysis, was used to transform 

the phtalimido end group into an amino one. In this step, phthalimido-PEGs were treated 

with an aqueous solution of hydrazine hydrate under reflux for 3-4 hours using ethanol as 

solvent. The pH of the cold solution was adjusted in the range 2-3 by adding concentrated 

hydrochloric acid, and the precipitate was removed by filtration. After evaporation of 

ethanol and addition of basic water solution, the polymers were extracted with methylene 

chloride. The phtalimido-PEGs were further purified. Conversion and yield were 85 and 

67% respectively. The third step is a quaternization of the amino group. A mixture of 

amino-PEGs, sodium bicarbonate methyl iodide and methanol was heated with stirring 

for 75h and methyle iodide was further added after 30h. The solid was removed by 

filtration, the reaction mixture was evaporated, the residual product was dissolved in 

water. After washing twice with diethyl ether, the aqueous solution was evaporated and 

the quarternary ammonium salts were recovered with conversion of 81.1% and yield of 

76.9%.
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Scheme 1

This synthetic scheme was carried out for poly (ethylene glycol) methyl ether of 

molecular weights 1000, 2000 and 5000 g/mol. The corresponding trimethylammonium 

salts polymers are noted as NPE1k, NPE2k, and NPE5k.

Nanocomposites preparation: 

Model nanocomposites were prepared by two methods: melt dispersion and solution 

mixing. Melt dispersion14 method consists in two steps. The particles were first protected 

by adsorbed or grafted chains by dispersing separately the Laponite powder at a 

concentration of 2wt% and polymer  chains (at a concentration of 0.6wt% for NPE1k, 

0.84wt% for NPE2k, 1.04wt% for NPE5k and 2wt%) in milliQ water under gentle stirring 

for 24h. Equal volumes of two solutions were mixed for 24h leading to a suspension of 

protected particles, either with grafted chains or absorbed chains. The polymer quantities 

with regard to Laponite were calculated from the adsorption isotherm. With NPE1k a 

very strong interaction with the particles is observed and the maximum surface coverage 

is 0.32 g of polymer/g of Laponite. The isotherm is less sharp for NPE2k and saturation is 

obtained of 0.46 g of polymer/g of Laponite. Finally, the NPE5k adsorption is even less 

sharp than with 2k, and the isotherm suggests that adsorption may come together with 

end-grafting. The saturation is 0.52 g of polymer /g of Laponite.

For solution mixing, a convenient quantity of these solutions was mixed with a 

PEO 10k solution at 10wt% in MilliQ water for additional 24h in order to get the targeted 

concentration of particles. The final suspension was further freeze dried to remove water, 

leading to fluffy powder, which was either hot pressed to provide samples for rheological 

characterization or further used as a master-batch for the melt preparation method. 

For melt dispersion, a master-batch prepared as described above (solution mixing) 

containing 10 wt % of Laponite was further blended with the PEO matrix in the molten 

state, at the targeted concentrations, using a Haake minilab microcompounder under 

corotating twin-screws operating at 80°C 60 rpm for 10mn. 

Rheological characterization 

Samples for rheological characterization were disks of 25 mm diameter and 1 mm 

thickness that were prepared by molding at 90°C followed by cooling at room 

temperature. The linear viscoelastic properties of the samples were studied, with the aim 

of determining the parameters that act on the low frequency modulus of the samples by
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using ARG2 rheometer from TA instruments. Measurements were performed under 

oscillatory shear in the linear domain at a fixed temperature of 80°C, which is well above

the melting temperature of PEO. In order to allow for complete micro structural 

equilibration or mechanical equilibration of the samples, time sweep measurements have 

been carried out. The samples were first subjected to thermal annealing in the rheometer 

at a frequency of 0.1 rad/s until the independency of loss modulus and storage modulus 

with time is observed. Strain sweep was carried out to determine the linear domain. 

Frequency dependence of storage and loss modulus of the equilibrated nanocomposites 

samples was measured by imposing very small deformations (0.5%) in the frequency 

range from 100 to 5x10-3 rad/s

2.4.3 Results 

The linear viscoelastic response of nanocomposites with Laponite protected by either 

adsorbed PEO10k or one of the three types of grafted trymethylammonium-PEG (1k, 2k, 

and 5k) dispersed in PEO 10k as matrix was analyzed. We first present the results for 

samples prepared by melt route procedure and, secondly with samples prepared by 

solution dispersion route. Our previous work had demonstrated that, the increase of 

storage modulus (G�) is much more sensitive to Laponite concentration as well as the 

matrix molecular weight than the loss modulus (G��). In this study for sake of simplicity 

and clarity just storage modulus will be presented in all the results.

Results for samples prepared by melt dispersion

Figure 1 shows the frequency dependence of the storage modulus (G�) measured at 80°C 

for sample prepared by melt dispersion containing Laponite particles protected by either 

adsorbed PEO10k (crossed Symbol) or grafted trymethylammonium-PEG (NPE1k, 

NPE2k, and NPE5k) with various Laponite namely 2wt%, 3.5wt%, and 6.5wt%. Figure 1, 

clearly shows that , as the concentration of Laponite particles increases, storage modulus 

increases over all the frequency range . This is also the case of the loss modulus G�� (not 

showed in figure). A low frequency plateau is apparent for all the samples, reflecting the

solid like character of these polymer nanocomposites. This behaviour shows that all the 

samples are well above the percolation threshold which appears to be very low in the

Laponite-PEO system. It is however highly dependent on the type of protection of the 

particles. Loiseau et al12 reported that, the percolation threshold for Laponite-PEO system 

shown to be decreased from 1 wt% when the surfaces of particles are not fully covered 

down to 0.5wt% with saturated particles. 
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Figure 1. Storage modulus G� versus frequencies at 80°C for samples prepared by melt 

dispersion route with different Laponite loadings (2, 3.5, and 6.5wt% referred to Black, 

Blue and Red, respectively). Laponite particles are protected by adsorbed PEO10k and 

grafted modified-PEG (NPE) 1k, 2k, and 5k. 

Whatever the Laponite concentration, samples with Laponite particles protected 

by grafted chains achieve higher modulus as compared to that with adsorbed chains. This 

observation is in agreement with  our previous work12-13. Among the three different 

lengths of grafted chains, the modulus increases significantly with increasing the grafted 

chains molecular weight. 

Figure 2 presents the influence of the type of protection of the particles on the 

scaling behavior of the low frequency modulus versus the Laponite concentration for 

samples prepared by melt procedure. It is worth to mention that, samples with grafted 

NPE5k Laponite at 1wt% shows higher modulus than those with adsorbed PEO10k at 

2wt%. Qualitatively, samples with adsorbed PEO10k need twice more Laponite loadings 

to reach the same modulus of samples NPE5k grafted Laponite. Figure 2also shows that, 

at low loadings of Laponite particles, influence of the type of protection of the particles 

on the modulus is higher than at high concentration. If we draw a fictive horizontal line in 

figure 2, we can deduce that the same level of modulus can be obtained either by 

choosing the particle concentration or the type of surface protection. Figure 2 shows that 

scaling laws relating the modulus to the concentration of particles are obtained with 

different values of the exponent, linked to the nature of the modified PEO particles. The 

different scaling exponent values (G�0Bhx) for different types of particle's protection the 
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particles (x= 4±0.2 , 3.2±0.2, 3.2±0.2, and 3.1±0.1for PEO10k, NPE1k, NPE2k, and 

NPE5k respectively) might indicate that, the structures responsible for the observed solid 

behavior are not identical.

Figure 2. Scaling exponent of G�0 vs. Laponite weight fraction for samples prepared by 

melt dispersion using different types of protected Laponite particles: adsorbed PEO10k 

(green), grafted NPE1k (red), NPE2k (black), and NPE5k (blue).

Results for samples prepared by solution mixing

Figure 3 shows the frequency dependence of the storage modulus (G�) measured at 80°C 

for samples prepared by solution mixing containing Laponite particles protected by either 

adsorbed PEO10k or grafted trymethylammonium-PEG (NPE1k, and NPE5k) with 

various Laponite loadings 2wt%, 3.5wt%, and 6.5wt%. Comparison between Figure 1 and 

Figure 3 shows that, for a given type of protection and a given concentration of particles, 

the modulus of samples prepared by solution mixing is higher than the modulus of 

samples prepared by melt dispersion (figure 3). This agrees with what has been 

established in our previous study concerning the influence of the preparation methods on 

the properties of nanocomposites.
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Figure 3. Storage modulus G� Vs. frequency at 80°C for samples prepared by solution 

mixing with different concentration of Laponite loading (2, 3.5, and 6.5wt% referred to 

red, blue, and black respectively). Laponite particles have been protected by adsorbed 

PEO10k (crossed symbols) and (NPE1k (open symbols)) and NPE5k (filled symbols).  

To analyze these data, we plotted in Figure 4 the zero frequency modulus versus 

the Laponite concentration for the different types of Laponite. Figure 4 does not allow us 

to point for any influence of the type of protection of the particles when the samples are 

solution prepared, although a wide range of Laponite loadings has been covered. The 

values of the scaling exponents (G�0Bhx)are x=2.7±0.2, 2.5±0.2, and 2.6±0.2 for PEO10k,

NPE1k, and NPE5k respectively. These values are very similar and Figure 4 shows that 

the points are essentially randomly scattered along the average line (exponent 2.6±0.1). 

We must admit that the reproducibility of the experiments does not bring better than a 

factor on the order of 2-3 for the modulus. We are inclined to conclude that for solution 

prepared samples, the structures responsible for the zero frequency modulus are 

indistinguishable, in contrast with what has observed with melt prepared samples.
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Figure 4: Scaling exponent of G�0 vs. Laponite weight fraction for samples prepared by 

solution mixing. With different route of protecting Laponite particles: adsorbed PEO10k 

(green), grafted NPE1k (red), and NPE5k (blue).

2.4.4 Discussion 

In this discussion, we would like to emphasize the main tendencies observed with 

viscoelastic properties when the protection of Laponite particles varies from adsorbed to 

grafted chains. 

Three main effects have been observed. Two are linked to the protection of the particles. 

‚ Particles bearing grafted chains lead to higher values of the modulus than particles 

with adsorbed chains. 

‚ Grafted chains onto the Laponite particles lead to an higher modulus when the length 

of the chain increases,

The third effect is rather linked to the method of preparation of the nanocomposite. 

Whatever the type of protection, preparation of the suspension by freeze drying of a 

polymer solution containing particles leads to nanocomposites with similar properties, for 

the range of molecular weights that have been investigated. 

This latter observation can be understood if we admit that the solution route leads to 

melt suspensions that reflect at best the optimum dispersion of the particles that can occur 

in solution. From our previous studies11, 17, it has been established that PEO adsorbs onto 

Laponite particles and that adsorbed PEO chains create a steric barrier acting against the 

aggregation of particles in water, which leads to the formation of gels which can be 

destroyed by application of shear18-20. The structure of these gels, which has been studied 

by light scattering, shows a fractal dimension on the order of 2, whatever the type of 
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protection. However, it was shown that flocculation occurred when long enough polymer 

chains were used to protect the particles17, leading eventually to so call shake-gels i.e. 

shear thickening systems21. This case was not studied here. 

We can thus postulate that under the conditions of molecular weight considered here, 

the suspensions before freeze drying are all in the same state. It is likely that sublimation 

of water followed by hot pressing of the resulting fluffy powder leads to the same type of 

materials. We attribute the large scatter of the data, depending on the molecular weight to 

differences in the kinetics of aggregation in water due to the molecular weight of the 

chains and small variations of the duration of the mixing in solution.

The higher moduli observed when the nanocomposites are obtained from solution 

mixing rather than melt blending has been already explained in a previous paper and is 

simply attributed to the optimum state of dispersion that is reached using this procedure. 

In the case of the melt dispersion route, a 10 wt% Laponite suspension is diluted, 

in the molten state, with neat PEO to adjust the concentration in the range 0.5 � 6.5 wt%, 

i.e. dilution by factors between 1.5 and 20. From previous results we can assume that 

initial state of dispersion of the particles in the 10wt% Laponite master batch does not 

depend on the type of protection of the nanoparticles, since the master batch has been

prepared by solution mixing. All the blends have been obtained under identical conditions 

in the micro-compounder, so that the shear forces are mainly related to the viscosity of 

the matrix (which is low). It is however likely that for small dilutions (i.e. rather 

concentrated nanocomposites), interactions between the concentrated zones in Laponite 

arising from the master-batch contribute to an increase of viscosity. We can assume, as a 

first approximation, commonly used in the rheology of suspensions, that the volume 

fraction of the dispersed phase governs the viscosity. It should thus not be much 

influenced by the surface treatment of the particles. 

We have thus to consider the mixing of a concentrated phase of surface treated 

platelets into a polymer matrix. We assume that, aside from shearing forces during the 

mixing, this problem bears some analogy with surface anchored polymer brushes and 

polymer melts of the same chemical nature. The problem is slightly different from grafted 

particles in polymer solutions22-23 where flocculation can be observed due to the depletion 

effect when the grafting density increases. Hasegawa et al24 reported the existence of a 

minimum of the storage modulus in the low frequency plateau in ABS polymers when the 

grafting density of the polybutadiene particles by poly-(acrylonitrile-co-styrene) 

increases. The lowest plateau was attributed to the less aggregated particles (thus the best 

dispersed state). This optimum grafting density does not depend on the particle size, 

neither on the particle volume fraction, and was therefore attributed to the minimal 

attraction between particles. These authors demonstrate theoretically that this is due to the 

interaction energy between polymer brushes which becomes attractive in the polymer 

matrix. The origin of the attractive energy relies on the fact that in polymer melts, the 

brush and the matrix do not mix with each other (although there might be partial 

penetration, which has been the purpose of theoretical considerations25-26), and there is a 



Chap 2 Influence of the type of protection 93

positive interfacial energy at the interface. If the dense brushes touch each other, the 

interface between brush and matrix disappear and the free energy of the system decreases, 

accounting for aggregation of the particles. On the other hand, if the brushes are not dense 

enough (mushroom regime), compression of the polymer layer leads to repulsion. 

Figure 5 reproduces27 the phase diagram of different regimes of interaction 

between matrix chains of polymerization degree P, grafted chains of length N and 

grafting density. 

When applied to our case, P is constant and N increases from NPE1k to NPE5k. 

However, the graft density decreases as N increases. Thus, wetting appears easier for 

NPE5k. In other words, matrix chains will be more easily incorporated into the brushes 

with NPE5k, rather than NPE1k. However, from the amount of adsorbed chains, we can 

estimate that the grafting density j"decreases by 1/3 when going from NPE1k to NPE5k.

The length, h, of the swollen brush is given by25 :

hÃPj1/3P-1/3

so that h for NPE5K is 3.4 times larger than with NPE1k. We thus deduce than chain 

length effects are dominant with respect to grafting density. 

Figure 5 : Phase diagram for nanoparticle stability as function of graft density and ratio 

P/N of matrix versus grafted chains length. Stability (i.e. best dispersion) is observed in 

the complete wetting region.

We assume that having longer brushes with the same number of particles is by 

some way equivalent to increase the volume fraction of the particles. This accounts 

qualitatively for the chain length effect, since about the same modulus is obtained for 
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NPE1k suspensions than NPE5k suspension if the weight fraction is increased by a factor 

on the order of 2. Furthermore, the external part of grafted NPE5k chains might entangled 

with the PEO10k matrix which is able to swell the brush. Because of the chain length 

difference, entanglements are more probable than with short chains of NPE2k and 

NPE1k, since the molecular weight between entanglements for PEO is on the order of 

2000 g/mol. 

In the case of adsorbed chains, in the molten state, it has been shown that the 

thickness of the adsorbed layer is independent of L and simply proportional to the 

adsorbed quantity28. We thus deduce that a rather flat layer is obtained and that the 

effective volume fraction of covered particles is even lower than with NPE1k. This 

argument reinforced by the small entanglement of the adsorbed chains with the 

surrounding chains accounts for the smaller moduli with this type of protection.

2.4.5 Conclusion 

The influence of the type of protection of the particles is often considered as an important 

parameter to control the dispersion state of the particles in a polymer matrix25, 27. As 

compared to most of the studies reported on layered silicates, the singularity in our 

Laponite/PEO system is to cover the particles with polymer chains rather than with 

surfactants (small molecules). In this present study, the aim was to study the influence of 

the type of protection of the particles on the rheological properties of the model 

nanocomposites. Thanks to the ability to obtain PEO chains containing a quaternary 

ammonium salt at one end, we were able to graft polymer chains instead of simply 

adsorbing them. 

The nanocomposites obtained by the so called solution mixing procedure showed 

rheological properties that were, within the scattering of the data, independent of the 

protection of the Laponite particles. On the opposite, when starting from a master batch of 

grafted or adsorbed particles that were further dispersed in the molten state inside the 

polymer matrix, noticeable differences in the rheological properties were noted. It was 

shown that increasing the length of the grafted chain increases the storage modulus at 

zero frequency. In addition, grafted chains even of low molecular weight were more 

efficient than adsorbed ones to obtain higher moduli. 

This observation recovered the results of a previous work. In this case, we were 

able to access X-Ray data to show that grafted chains were providing better dispersion of 

the Laponite particles, leading in other words to an higher effective volume fraction of 

particles involved in the structuration of the particles. 

With grafted chains we proposed an interpretation based on the degree of wetting 

of the grafted chains by the chains of the matrix to explain the molecular weight 

differences. It would be tempting to use even longer chains but unfortunately only chains 

with two hydroxyls groups at the chain ends are commercially available with higher 

molecular weights. 
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2.5 General conclusion

Strong interactions between dispersed clay particles and polymer matrix can fairly change 

the rheological behavior of composites in the molten state. Dispersion state of the 

particles is considered as the key to get maximum of properties. When clay particles are 

largely exfoliated the melt rheology of a composite can change form a melt-like to a gel-

like state, which essentially suggests that the dispersed clay platelets either behave as 

physical cross links or undergo structuration in the melt, leading to gelation. The 

structures responsible for the viscoelastic behavior of polymer nanocomposites at low 

frequency are found to be governed by three parameters: 

‚ Preparation procedures 

‚ Matrix molecular weight 

‚ Type of protection of the particles.

As it has been mentioned in the introduction of this chapter, the aim of the work was to 

study the influence of these parameters that have an effect on rheological properties of 

model nanocomposites based on Laponite and Poly (ethylene oxide). 

In this conclusion we recall the main findings gathered in the three draft papers of 

chapter 2. We also add the results of other experiments, which were carried out using the 

same procedures, which show the coherence of the data. 

First of all, to study the effect of the preparation method on rheological properties 

of composites, two preparation methods have been considered in this work: solution 

mixing and melt dispersion. Laponite particles were protected by adsorbed PEO10k. 

Linear viscoelastic response of nanocomposites showed that, samples prepared by 

solution mixing achieved higher modulus compared to that prepared by melt dispersion. 

Solution mixing was chosen to reach the best state of dispersion we were thinking of. 

Nevertheless SAXS data pointed that some stacks of a few Laponite particles remain. The 

lower moduli obtain after dilution of the master-batch suggests a reduction in the network 

structures modulus during melt processing, which, however fails to alter the clay spatial 

distribution in the nanoscale. 
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A nice proof of this idea was obtained by preparing a 1% nanocomposite from the

dilution of master batches at different concentration, where it was shown that higher 

moduli are observed when starting from more diluted master batches. This behavior was 

qualitatively explained using the analogy with the polymer blends. It was argued that the 

higher the viscosity differences between the polymer matrix and the master batch, the 

lower the dispersion of the structures in the matrix.

The coherence of these findings is supported by the same kind of experiments 

carried out with grafted NPE1k chains rather than adsorbed ones. The results are shown 

in figure IV.1 and agree with those obtained with adsorbed PEO10k. The scalings are also 

presented in Figure IV.2. The exponent of 2.5 obtained for solution mixing is in total 

agreement with the one (2.7) obtained for adsorbed 10k. This also confirms the 

conclusions of the third paper, in the sense that the values of moduli are coherent with 

those of solution prepared samples with adsorbed 10k chains. 
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Figure. IV.1: Storage modulus G� Vs frequency at 80°C for different concentrations (by 

weight) of Laponite particles protected with grafted chains (NPE1k) dispersed into PEO 

10k matrix for samples prepared by solution mixing(closed symbols), and melt dispersion 

(open symbols)
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Figure IV.2 Scaling laws of storage modulus G� Vs Laponite weight fraction for 

nanocomposites prepared by two procedures : melt dispersion (open symbols), and 

solution mixing (closed symbols). Protection of the particles using grafted chains NPE1k.

Effect of matrix molecular weight on properties of nanocomposites was studied. 

Linear viscoelastic modulus was found to be increased significantly with the increase of 

matrix molecular weight. This increase was more pronounced at low loadings of Laponite 

particles rather than high loading of Laponite particles. This might indicate that the 

particles stability at high loading is largely controlled on the polymer segmental level 

rather than on the polymer molecule level. The high molecular weight PEO chains are 

capable of breaking the master batch structures into small clusters. These clusters can be 

well mixed into the matrix and generate structuration of the nanocomposite. The second 

paper of this chapter deals with molecular weights above 10k. The conclusions are still 

valid if lower molecular weight matrices are consider, as indicated in Figure IV.3 where 

the viscoelastic response of nanocomposites containing 3.5wt% of Laponite particles 

protected by grafted NPE1k is plotted for PEO matrices ranging from 2k to 35k. We 

recall that solution mixing shows pronounced differences for rather low concentrations of 

particles, which is the case here. 
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Figure 3. Modulus Vs frequency (rad/s) for samples prepared by solution route with 

3.5wt% of Laponite loading protected by grafted NPE1k.

Influence of the type of protection of the particles has also been considered. A 

change in properties has been observed when the particles bear grafted chains rather than 

adsorbed ones in the case of melt prepared samples. The type of protection was 

essentially negligible following a preparation in solution. Lacking of SAXS data for this 

part of the work, we assumed that equivalent interpretations as previously were still valid. 

However, here the same matrix is considered, and it is likely that the properties of the 

master batch do not depend strongly on the surface treatment of the particles. To interpret 

the data, we point an analogy with the dispersion of grafted particles in melts which has 

been the subject of various investigations and also of theoretical considerations. Based on 

them, we discussed the wetting of the polymer brush on the particles by the matrix chains 

as a function of the length of the grafted chains and of the grafting density. We came up 

with the conclusion that conditions for partial wetting of the brush were gathered (rather 

than dewetting and aggregation) and that we could explain partly the observation by the 

change of volume fraction of the particles when covered with long or shorter grafted 

chains. 
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More experiments were carried out to confirm the independence of modulus for 

samples prepared by solution procedure regardless of the amount of adsorbed or grafted 

chains on Laponite. Figure IV.4 shows the behavior of nanocomposites prepared by 

solution mixing containing 2wt% of Laponite bearing grafted chains NPE1k, NPE2K or 

NPE5k or adsorbed 10k. The ratio between Laponite and grafted or adsorbed chains has 

been set at (1:1). We recover expected results, i.e. independency for moduli on the surface 

treatment of the particles. In the same idea, the ratio of NPE2k with respect to the amount 

of Laponite has been varied (see Figure IV.5), but no influence on the moduli has been 

detected.

Figure IV. 4. Moduli Vs frequency (rad/s) for samples prepared by solution route at 

2wt% of Laponite loading protected by different methods. Molecular weight of the matrix 

is PEO10k
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Figure IV.5: Moduli Vs frequency (rad/s) for samples prepared by solution route at 2wt% 

of Laponite loading protected with varying quantities of grafted NPE2k chains. Molecular 

weight of the matrix is PEO10k.
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Chapter 3: Polymer blends nanocomposites based on PMMA-PEO 
blends/Laponite

3.1 Introduction

Polymer nanocomposites are materials in which a filler phase, made of particles where at 

least one dimension is less than 100nm, is dispersed in a polymer matrix. When 

dispersion is obtained at the scale of the individual particles, an improvement of the 

mechanical properties of the polymer is observed as well as an increase in solvent 

resistance, ionic conductance, heat resistance, and gas permeability and flammability1-5.

Blending polymers is a useful technique for creating new materials 6 which has been 

applied for several polymeric system of commercial importance. Polymer blends are most 

often incompatible, so that a macroscopic phase separation occurs between the two 

phases, leading in the general case to poor mechanical properties which can be improved 

using compatibilization techniques. Some systems6, such as polystyrene �

polydimethylphenyleneoxyde, polystyrene � polyvinylmethylether, show miscibility at 

the molecular scale over all the composition range. Taking into account our previous 

studies on the dispersion of Laponite particles in PEO, it was tempting to extend these 

studies to compatible polymer blends containing PEO and more precisely to PMMA/PEO 

blends.

PMMA/PEO blends have been early recognized to be miscible in the liquid state 7-9, i.e. 

above the melting temperature of PEO. The analysis of melting point depression as well 

as Small Angle Light Scatterings (SALS), and Small Angle Neutron Scattering (SANS) 

experiments confirmed PMMA/PEO miscibility with negative (and small) values of 

interaction parameter (e/
12)

10. Since they consist of an amorphous and a crystallizable 

component, crystallization of PEO is expected under given conditions. For PEO 

concentrations less than roughly 20%, an amorphous blend is observed, with a single Tg 

which decreases when the PEO content increases. Quenching experiments have been used 

to inhibit PEO crystallization and characterize Tg versus composition10. For higher 

concentrations of PEO, crystallization appears, but the degree of crystallinity of the PEO 

is reduced as compared to the neat polymer. The content of PEO in the amorphous phase 

has been determined using NMR investigations 11-12 . About 10wt% PEO is included in 

the PMMA rich phase for PMMA contents ranging from 40 to 60%. Poly (ethylene 

oxide) (PEO)/poly (methyl methacrylate) (PMMA) blends have been the subject of 

numerous investigations in the past, but also more recently where attention has been paid 

due to extreme difference in mobility between PEO and PMMA since about 12 orders of 

magnitude separate the fast PEO dynamics and the slow PMMA one13.

PMMA/PEO blends nanocomposites have received significant interest in recent years due 

to their superior properties as compared to the polymer itself. It has been observed by 

many authors14-17 that PMMA/PEO blends shows high affinity to layer-silicates, as
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organically modified montmorillonite16 , Laponite17, and N+-rich montmorillonite (MMT) 
14. So far, nanocomposites based on PMMA/PEO blends and low contents of 

montmorillonite achieved an exfoliated morphology, with the enhancement of ionic 

conductivity as well as segmental dynamics13, 18. Moreover, referring to the literature 

ideas16, 19, PMMA/PEO blends nanocomposites achieved higher tensile modulus, 

elasticity (at low frequency) and elongation at break than pristine polymer blends. 

According to Kim et al16 the increase of elasticity at low frequency region is originating

from the nanoscopic interaction between polymers and nanoparticles.   

Relatively few papers have been published to date on PMMA/PEO blends containing 

layered silicates such as Laponite or Montmorillonite. Some of them are related to the 

beneficial enhancement of ionic conductivity (of Li+ or Na+ species) within the solid state 

batteries field of application. In this case, the content of nanoparticles is quite high (on the 

order of 70wt% or more). Intercalation is sought in this case. Organically modified 

montmorillonite (OMMT) has been dispersed in PEO and PMMA using dichloromethane 

as cosolvent16, 19. Intercalation of the blend inside the clay galleries was proven by X-Ray 

diffraction and enhancement of the Young modulus in the solid state was observed with 

respect to pristine blends. Thermodynamical analysis of the melting point depression was 

used to measure the interaction parameter, from which it was suggested that PMMA had a 

greater affinity towards the OMMT than PEO. Rheological properties of the blends were 

checked in the molten state for equivalent ratio of PMMA and PEO. A slight increase in 

G' and G" was reported, but no real evidence of a physical network of particles and 

polymers was obtained16. Melt intercalation was studied by Shen et al.14, 20, who used 

both non modified sodium Montmorillonite (MMT) and OMMT. It was shown that PEO 

could intercalate between both MMT and OMMT, whereas PMMA was only able to 

intercalate in OMMT. In these studies intercalation was the goal of the work so that long 

annealing times were studied. It was shown that the OMMT was able to host a higher 

concentration of polymer chains from a miscible blend rather than from either polymer 

alone. PEO/PMMA blends with 20wt% PEO containing Na+ MMT were prepared using 

solution methods and their melt rheological properties were investigated21. Influence of 

2wt% particles was seen (as an increase of complex viscosity and a shift in relaxation 

times) when the MMT particles already mixed in PEO were further dissolved in PMMA 

using a co-solvent, whereas essentially no modification was observed when the particles 

where dispersed in the two polymers in a single step. TEM pictures clearly showed that 

compact aggregates of MMT are formed in the latter case, whereas some dispersion is 

observed with the former one. 

The aim of this chapter is to study the internal structure, thermal properties and 

rheological properties in molten state for polymer blends nanocomposites based on 

PMMA-PEO blends and Laponite. The direct visualization of internal structure was 

conducted using Transmission Electronic Microscopy (TEM) and Scanning Electronic 

Microscopy (SEM). Thermal and rheological properties give complementary information

and all techniques have been combined to get the most detailed inside into the structure of 

the nanocomposites.
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3.2 Experimental part

Materials 
PEO and PMMA were considered as the base materials for the polymer blends in this 

study. PEO, of molecular weight 10 000 g/mol was obtained from Fluka AG. PMMA was 

provided by Arkema. Its molecular weight, as analyzed by Size Exclusion 

Chromatography in THF, was determined as Mn = 50.178, Mw = 110.140 g/mol.

Laponite RD, supplied from Rockwood additives Ltd. (U.K), with density 2570 Kg/ m3

was used. The cation exchange capacity is 0.95 mequiv/g, and the specific surface is 750 

m2/g.

Samples preparation 
A master batch containing PEO and Laponite was prepared according to the solution 

method following our previous studies. MiliQ water was used as solvent for PEO and 

dispersing media for Laponite particles.  Nanocomposites based on PMMA-PEO blends 

and Laponite were prepared by a combination of solution mixing and melt dispersion 

procedures 3-4. Initially, Laponite powder and poly (ethylene oxide) with molecular 

weight 10.000g/mole were dispersed separately under gentle stirring in deionized water 

(milli Q) for 24 hours at a concentration of 1% (w/w). The solutions of PEO 10k g/mole 

and Laponite were mixed in equal proportions, leading to a 50% wt of Laponite with 

respect to PEO. Adsorption of PEO onto the Laponite particles was allowed for 24 hours 

and the particles were further diluted with PEO solutions to obtain targeted concentration 

of Laponite particles of either10wt% or 20wt%. The mixtures were frozen rapidly with 

liquid nitrogen and were freeze dried for 12 to 18 hours at -46 °C to remove the water;

finally a fluffy powder was obtained and is considered hereafter as a master batch. 

The master batch were mixed with PMMA in molten state in different ratios , thanks to a

Haake Minilab microcompounder under corotating twin-screws operating at 160 °C, at 60 

rpm for 10 min. The 10wt% and the 20wt% master batch were used depend on the 

targeted concentration of Laponite. 

PMMA/PEO blends with PEO content ranging from 10 to 60 wt% were thus obtained.

Measurements
Samples for rheological characterization were disks of 25 mm diameter and 1 mm 

thickness that were prepared by moulding at 190°C followed by cooling at room 

temperature. The linear viscoelastic properties of the samples were studied, with the aim 

of determining the parameters that act on the low frequency modulus of the samples by

using a strain controlled Rheometer RDAII.

Calorimetric measurements were performed on 2920 modulated DSC from TA 

instruments using sealed aluminum pans. Instrument was calibrated for the melting 

endotherm using Indium standard. About 8-10 mg of the sample was used. The sample 

was first heated up to 160°C at 10°C/mn, than annealed at 160°C during 10 mn and 

further cooled at 10°C/mn down to -60°C. The DSC traces were recorded during the next 

heating at a rate of 10°C/mn.
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Samples for SEM were prepared by cutting with microtome (glass knife) to obtain very 

smooth surface, then poured into miliQ water to dissolve and remove as much possible of 

the PEO phase, and dried under vacuum at 50°C. The measurements were carried out 

with SEM HITASHI S3200N.

For TEM characterizations, samples with ultrathin sections were cut using an 

ultramicrotome (Leica UC7) at room temperature and under dry condition and then 

transferred onto a 300 mesh Cu grids coated with a Lacey carbon film. The micro-

structures were studied by Transmission Electron Microscopy (TEM) using a HF2000 

Hitachi (Field Emission Gun 100kV, point to point resolution = 0.23 nm). 

3.3 Results and discussions

Miscibility of PMMA/PEO blends.

The miscibility of PMMA/PEO blends and their nanocomposites has been studied using 

visual observation, X-ray diffraction, DSC, TEM and SEM. 

The transparency of the samples is an easy way to detect immiscibility, since scattering of 

light will appear as soon as a difference in the refractive indices of the two phases exist 

and the size of the phase is not small as compared to the wavelength of light. Figure 1 

illustrates qualitatively the transparency of PMMA/PEO disks of 2 mm thickness

containing from 10 to 50wt% PEO. The concentration of Laponite increases from 0.9 

with 10wt% of Laponite to 4.8wt% with 50%. Up to 30wt% of PEO a rather good 

transparency is observed, whereas immiscibility is quite obvious for higher PEO contents.

As Laponite is added, a slight decrease of transparency is observed. It is more marked in 

PEO rich blends, since to concentration of particles is higher. 
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Figure 1. Apparent transparency of PMMA/PEO disks of 2 mm thickness in different 

ratios without Laponite (A) and with Laponite (B).  (Laponite concentration from left to 

right 0.9, 1.9, 2.9, 3.8, and 4.8wt% respectively) 

Miscibility of the components implies that the PEO is mixed at the molecular level with 

PMMA, so that amorphous blends must be obtained. 

X-Ray diffraction spectra shown in figure 2 demonstrate that samples with PMMA 

concentration higher than 70% are completely amorphous. The spectra show three broad 

peaks which essentially coincide with those of pure PMMA. A more careful examination 

shows that, small crystallization peaks of PEO can be detected for 30wt % of PEO. These 

weak signs disappear when Laponite is added. 

For 40 and 50 wt% of PEO crystallization of PEO is clearly seen. The introduction of 

Laponite decreases the apparent crystallinity of the samples, as seen from the decrease of 

intensity of the peaks and the increase of width at half height which denotes that smaller 

or more imperfect crystals are obtained. 
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Figure 2. X-ray diffraction for PMMA/PEO blends and their nanocomposites for 
crystalline and amorphous. A: samples with PEO concentration higher than50%, B:
samples with PEO contents less than 30%. Data have been shifted along the Y axes for 
clarity.

The thermal properties (Tg, Tm and crystallinity) have been characterized using DSC. 

DSC traces for samples with an increased content of PEO are presented in figure 3, The 

Tg s of individual components after passing through the extrusion were found to be 109°C 

and -50°C for PMMA and PEO respectively. For PEO contents lower than 30 wt% the 

DSC traces are typical of compatible amorphous polymers, since a single Tg is observed. 

The glass transition temperature decreases when the PEO content increases and does not 

seem affected by the presence of Laponite particles. At a PEO content of 30% and above 
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melting of PEO is observed and the glass transition of PMMA appears difficult to detect 

on the DSC traces.

By comparing 30wt% PEO blends with or without Laponite, it appears that the melting 

endotherm is of lower intensity with Laponite. Melting of PEO appears at a slightly lower 

temperature than pure PEO (55°C instead of 60°C). This is coherent with the X-Ray 

diffraction data which showed a slight crystallinity and rather broad peaks, sign of small 

or un-perfect crystals. The onset of the glass transition temperature appears at 25 � 30°C 

for this blend without Laponite. With Laponite, Tg of PMMA rich phase cannot be 

observed. For higher PEO contents, the DSC trace reveals essentially crystallization 

(broad exothermic peaks in the range from -25°C to 400C) followed by a clear melting 

peak at 60°C. Obviously, the presence of Laponite particles decreases the crystallinity of 

the PEO phase.



Figure 3 DSC traces for PMMA/PEO blends, with (dashed blue line) and without (red line) Laponite particles.
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observed by scanning electronic microscopy (SEM). The results are displayed in figure 4,

where we aim at comparing different PEO contents and the influence of Laponite.

Figure 4. SEM micrographs of PMMA/PEO blends in different ratios with (right column) 

and without (left column) Laponite.

From figure 4, PMMA/PEO blends up to 30wt% PEO appear quite homogeneous, 

although some deposits of about 1 up to 2 microns size are observed. With 40% PEO, the 

surface of the sample is no more smooth, but droplets of PEO are not observed. When 

Laponite is added, the heterogeneity of the surface is increased. Some micron size craters 

are apparent at 30% PEO, which is not the case without Laponite. With 40% PEO these 
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craters transform into holes whose sizes vary from about a fraction of micron to 3 

microns. There is here a clear sign of the introduction of Laponite particles which seem to 

act against the dispersion of the PEO phase inside the material. 

TEM micrographs of the samples, given in Figure 5, confirm the previous observations. 

With up to 30% PEO and absence of Laponite, the samples are quite homogeneous. At 

higher concentrations, crystallization of the PEO phase is obvious. When adding 

Laponite, the existence of domains with a size ranging from a fraction of micron to a few 

microns is observed. These domains show a strong electron density due to the high 

concentration of Laponite particles. Apparently inside these domains Laponite particles 

have various degrees of dispersion. Some domains are very dark, indicating existence of 

aggregates of Laponite. Others contain rather well dispersed particles, although their 

concentration is quite high (3.8wt% ). There is apparently no sharp interface between the 

Laponite rich domains and the matrix. In some cases, it seems that some light grey zones 

between darker domains contain essentially individual particles. 
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PMMA/PEO without Laponite PMMA/PEO with Laponite

50%/50%

60%/40%

70%/30%

80%/20%

Figure 5. TEM micrographs of PMMA/PEO blends in different ratios without (left 

column) and with (right column) Laponite particles
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Figure 6. TEM micrographs of PMMA 60%/PEO 40% blends containing Laponite.

The continuity of one phase is often checked in polymer blends by the measurement of 

the weight loss of the sample after dissolution of one phase in a selective solvent. The 

continuity of the PEO phase has been checked using dissolution in water and the results 

are plotted in Figure 6. The weight loss is expressed as the percentage with respect to the 

mass of PEO of the sample, rather than the total mass. 

It can be seen that without Laponite about 100% of the PEO is dissolved for compositions 

above 40wt% of PEO in the blend. Surprisingly, already at 30% of PEO, about 80% of 

the total content of PEO is dissolved, which means that a high degree of continuity is 

observed. This is not contradictory with the fact that a high degree of compatibility is 
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observed for this concentration. In compatible blends, PEO is extracted above 10 wt%. 

However, the extracted mass is only 30% of the maximum. 

Figure 7. Weight loss vs. Laponite concentration in PMMA/PEO blends with and without 
Laponite Blue and Red respectively 

When Laponite is added and for PEO concentrations higher than 30wt%, a slight decrease 

of the extracted amount of PEO is observed. One possible interpretation originates from 

the fact that if strong interactions between PEO protected Laponite particles and PMM 

chains exist, the extraction of PEO will be more difficult. The strong interactions can 

develop either at the interface between the PEO/Laponite rich domains and the PMMA 

matrix or eventually inside the matrix because of the tiny dispersion of particles in the 

matrix, as can be seen from the TEM pictures. 

From the above characterization we can conclude that our studies confirm the 

compatibility between PEO and PMMA for concentrations of PEO up to slightly less than 

30 wt%. For higher concentrations, although the blends are reputed miscible in the molten 

state crystallization of the PEO phase occurs on cooling. When Laponite particles are 

added, it is likely that, even in the molten state, the master batch of PEO containing 

Laponite does not disperse in the PMMA phase. Indeed, small domains containing high 

concentrations of particles are visible on the TEM pictures. However, some degree of 

mixing seems to exist, since regions with more dilute concentrations of particles can be 

observed. 

In immiscible polymer blends, nanoparticles often act as compatibilizer22-26, leading to a 

reduction of the size of the dispersed phase. Hydrophilic particles like Laponite are 

unlikely to disperse in PMMA. It was thus tempting to protect them by a compatible 

polymer to help their dispersion in the PMMA matrix. This apparently only works very 

partially since only a very small fraction of Laponite particles is dispersed. 
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Rheological properties 

The rheological properties of PMMA/PEO blends have been characterized at 110°C, fig 8 

compare blends with or without Laponite but with the same PMMA/PEO composition.

Figure 8. Frequency-dependence of the storage (filled symbols) and loss modulus (open 

symbols) of PMMA/PEO blends in different ratios (90%/10%, 80%/20%, 70%/30%, 

60%/40%, 50%/50% and   40%/60%, labeled as A, B, C,D, E, and F respectively) without

and with Laponite red and blue respectively. Measurements were performed at 160°C.

In compatible blends (10 and 20% PEO), no large change of the viscoelastic behavior is 

observed when particles are added. At 10 wt% the terminal behavior is essentially 

unchanged, whereas in the "plateau zone" a slight decrease of the plateau modulus is 

observed. The moduli at high frequency are also depressed when Laponite is added with 

20wt% PEO, but now a kind of reinforcing effect is observed at low frequency. The 

viscosity increases by a factor 1.3 and some additional contribution to G' can be noticed.

For concentrations of 30% PEO and above, the moduli with Laponite are systematically 

higher than those of the pristine blends. In addition, a large change in the frequency 

dependence is observed with the nanoparticles. Progressively, G' increases towards low 

frequency and a low frequency plateau appears in the frequency window for 60 wt% 

PEO.

Figure 9 allows us to better appreciate the variations of moduli (G�&G��) with the 

composition of the blends for pristine polymer blends as well as polymer blends 
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nanocomposites. At a given temperature, the moduli (G�&G��) of pristine polymer blends 

as well as nanocomposites increase with PMMA concentration in the blends. This is very 

clear in the high frequency region. In the low frequency side, this observation is still true 

for pristine blends, but no more in nanocomposites where the shape of G' is strongly 

affected by the PEO content and a plateau observed G' at high PEO contents.

Figure 9. Frequency-dependent storage and loss modulus of PMMA/PEO blends in 

different ratios, A1&A2 referred to G� for pristine and blends nanocomposites respectively 

and B1&B2 referred to G�� for pristine and blends nanocomposites respectively.

With pristine blends, since the two components are miscible in the molten state, the 

decrease of the moduli can be simply attributed to the decrease of the glass transition 

temperature with the PEO content, and thus to an increase of the dynamics of both 

polymers at a given temperature. When Laponite particles are added, even if only the high 

frequency region is considered this effect is strongly reduced. This is an obvious sign of 

the fact that PEO chains do not totally mix with PMMA. Whereas G" was dropping by 

almost two decades from 10 to 60% PEO for pristine blends, the decrease is only a factor 

of 5 with Laponite. If we assume a direct relation between the change in high frequency 

loss modulus and the PEO content of the blend, we can try to estimate the concentration 
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of PEO inside the PMMA phase in the presence of nanoparticles. With the PMMA/PEO 

40/60 blend a concentration on the order of 40% can be estimated. 

Above 30wt% of PEO, the large change of G' and to a lesser extend of G" especially at 

low frequency suggests a typical behavior of a two phases system, when a filler is 

progressively added and percolates. One might note that the level of the plateau modulus 

for 60% PEO is very close to the one obtained with pure PEO containing Laponite at the 

same concentration (5.6 wt%). It is likely that a percolation of the PEO rich phase which 

contains the Laponite particles occurs in the molten state and leads to this rheological 

behavior. This is further substantiated by the almost full extraction of the PEO phase in 

water. 

It is noteworthy to mention that Laponite concentrations are not same in all the blends but 

increase with PEO content. To study the influence of Laponite concentration, we focus on 

two blends, one (PMMA80%/PEO20%) is miscible; the other (PMMA60%/PEO40%) is 

immiscible. 
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Effect of Laponite concentration
The influence of Laponite concentration has been studied from the miscibility and the 

viscoelasticity points of view. 
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Figure10. Effect of Laponite concentration on crystallinity of immiscible blends (A) and 
Tg�s of miscible blends (B).

DSC measurements show that the crystallinity of PMMA/PEO blends nanocomposites 

decreases sharply with the increase of Laponite concentration for immiscible blends 

(PMMA60%/PEO40%). For miscible blends (PMMA80%/PEO20%) the Tg�s do not 
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seem much affected by the introduction of Laponite, as displayed in the figure 10 (B) 

above. The decrease of crystallinity with increase of Laponite content agrees with what 

has been observed with melt prepared PEO/Laponite nanocomposites27, but the strength 

of the decrease is much higher in the blends. The decrease in the crystallinity gives a hint 

that Laponite particles are preferentially located in a PEO environment rather than in the 

PMMA phase.

A shift of the Tg of the blends would be indicative of a change in the local composition of 

the blends. If we assume that the PEO phase is concentrated around Laponite particles 

that does not mix with PMMA, and that this tendency is increased with the concentration 

of Laponite, one should expect an increase of the Tg of the blend with the Laponite

content. This is not clearly seen experimentally. However, the breadth of the transition 

zone seems to increase, pointing for an increased local heterogeneity inside the blend. 

In order to investigate the influence of Laponite concentration, we performed linear 

viscoelastic measurement on composites with various particles composition (0, 1.9, 2.9, 

3.8 wt %).

Figure11. (A) Influence of Laponite concentration on the viscoelastic properties of 

immiscible PMMA60%/PEO40% blends nanocomposites and (B) relaxation phenomena 

of polymers blends 

We focus first on the (immiscible) composite which shows two phases at room 

temperature as revealed by SEM and TEM (figures 4 and 5 respectively). The linear 

viscoelastic measurements (figure 11 A) show the progressive appearance of a low-

frequency plateau in the storage modulus when increasing the concentration of Laponite

particles. Furthermore, both storage and loss moduli increase with Laponite

concentration. The change is more pronounced at low frequencies rather than at high 
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ones. This is in agreement with our previous work with simple PEO/Laponite

nanocomposites28-29. From our studies, the increase of modulus and appearance of plateau 

at low frequency region originates from nanoscopic interactions between polymers and 

nanoparticles16. In this immiscible system, where most of the particles are located in the 

PEO phase, the pseudo solid-like mechanical behavior even at low particles loadings is 

due to a continuous PEO/Laponite phase, even at high temperature. A physical network is 

built from the interactions between particles and PEO chains. 

The high frequency increase of both moduli might be connected to a slight decrease of the 

PEO content in the PMMA phase, which induces a slight increase of Tg when the 

Laponite concentration is increased. 

Figure 11 B gives evidence that the relaxation of polymer chains decreases with the 

increase of Laponite concentration. The relaxation time associated to the maximum of 

tanf is not affected by the Laponite concentration. Only the amplitude of the process 

decreases. 

In contrast to these findings, the linear viscoelastic measurements on the �miscible�� 

blends (figure 12 A) showed that, the solid-like rheological character does not appear

even with Laponite concentrations up to 3.87wt%. The influence of Laponite

concentration on the values of storage and loss modulus is very limited, as compared to 

the immiscible blends in the same range of concentration of Laponite. However, an 

increase of the moduli is noted when Laponite particles are added and there is no marked 

change in the polymer dynamics, except a general slowing down upon introduction of 

Laponite. One possible interpretation could be that the quantity of PEO mixed at a 

molecular level with PMMA is slightly less than in the pristine blend. This leads, at the 

same temperature, to an almost frequency independent slowing down of the dynamics. 

Furthermore, it does not vary strongly by adding more Laponite.

The Laponite particles are not homogeneously dispersed in the blend as it appeared 

clearly on the TEM measurements. The concentration of Laponite in the remaining PEO 

rich domains that originate from the master batch is thus very high since a large amount 

of PEO has diffused inside the matrix. 
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Figure12. Influence of Laponite concentration on the viscoelastic properties of miscible 

PMMA80%/PEO20% blends nanocomposites (A) and relaxation phenomena of polymers 

blends (B)

Consequently, the influence of Laponite concentration appears to be more pronounced 

with immiscible blends rather than miscible blends. For concentration on the order of 

40wt% PEO, a continuous structure of a PEO phase containing the large majority of 

Laponite particles is obtained. As in the case of simple PEO melts containing Laponite, a 

gel like structure is formed. The zero frequency modulus of this gel increases strongly 

with the Laponite concentration. 

When blended with PMMA, the value of G' at low frequency increases by about one 

decade when the Laponite concentration has doubled. This is slightly less than expected 

from PEO melts. This might indicate that a given part of the Laponite particles is 

incorporated in the PMMA phase. 

In filled polymers, the reinforcement due to particles is often expressed as the ratio 

between the storage modulus of the filled polymer and that of the neat one. This quantity 

is plotted in Figure 13 at low and high frequency, for immiscible and miscible blends. 

The SEM pictures are also displayed. This figure gathers the interpretations proposed to 

explain the difference in the influence of Laponite between these two blends. The 

existence of cavities containing PEO and Laponite that can be extracted by water is 

obvious in the "immiscible" blend, whereas it is not the case it the miscible one. The 

TEM pictures shown above indicate that Laponite is concentrated in small domains.
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Figure 13. Reinforcement of Laponite concentration related to the structure for 
immiscible blends (A) and miscible blends (B).
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3.4 Conclusions

PMMA/PEO blends and their nanocomposites were prepared by a combination of 

solution mixing to generate PEO protected Laponite particles and melt dispersion to blend 

the PEO/Laponite master batch with PMMA. Morphology, thermal properties, and 

rheological properties of these composites were investigated by using various techniques 

namely; Rheology, DSC, TEM, SEM, and X-Ray diffraction with aim of correlate their 

morphology and properties.

PMMA/PEO blends appear to be miscible at room temperature only for PEO 

concentration less than 30wt%, in agreement with data reported in the literature. 

However, in the molten state, rheological data indicate miscisbility between PMMA and 

PEO. The introduction of Laponite particles which are, in the master batch, located inside 

the PEO phase does not lead to their dispersion in the blend. On the contrary, a large 

majority of them remain in PEO domains. However, diffusion of PEO inside the PMMA 

phase is observed in the molten state since glass transition temperature and rheological 

properties of the blends with 20wt% PEO are almost identical to those of the pristine melt 

with the same composition. The slight differences are explained by a smaller 

concentration of PEO blended with PMMA. Most of the Laponite particles are 

concentrated in droplets. They act as simple fillers, without interactions between them, 

which only provides a weak reinforcing effect. 

On the contrary, at high concentrations of PEO, it has been demonstrated that a continuity 

of the PEO phase is observed where most of Laponite particles are located. Some 

particles, but their fraction cannot be estimated, seem to be inside the matrix. These types

of nanocomposite blends show a non vanishing zero frequency storage modulus. Its 

origin is attributed to the formation of a Laponite PEO network as in PEO melts filled 

with Laponite. These results show that Laponite particles, such as those used in this 

study, i.e. protected by PEO chains, do not act as compatibilizer in these blends in 

contrast to other layered silicate nanocomposites. On the opposite, TEM micrographs 

showed that Laponite particles partially hinder the diffusion of PEO in PMMA/PEO 

blends and thereby limit its miscibility.
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General conclusion and Perspectives

In this study we focused on the rheological behavior in the molten state and on the 

structure of model nanocomposites based on Laponite and PEO. Many efforts have been 

done to prepare samples using well defined conditions of particle protection and 

incorporation of the protected particles in polymer matrices. The protection of the 

particles was varied using either adsorbed chains or end-grafted chains of various lengths. 

The trimethylammonium terminated chains were synthesize for this purpose. We used 

two routes of preparation of the suspensions. We tried to transfer in the solid state the 

disordered and dispersed state of the PEO/Laponite solutions by freeze drying these 

suspensions. This state is, to our knowledge, the best dispersion of the particles we could 

achieve. It is however of limited use if industrial considerations are taken into account. 

Rather, it is tempting to produce nanocomposites using the melt dilution in a twin screw 

extruder of a concentrated master batch of compatibilized particles. This way of 

preparation was studied and called the melt route. 

In a first chapter, after a bibliographic review, we have carefully studied the influence of 

the preparation method using the combination of linear viscoelastic measurements, Small 

Angle X-Ray Scattering and melting properties of the samples. We have been able to 

show that the preparation method is of primary importance to control the state of 

dispersion of the particles and thus the properties. With a given kind of compatibilization 

(i.e. adsorption), we have shown that melt prepared samples show a lower modulus than 

solution prepared ones, especially at low concentrations. It is most probable that a 

completely different structure exists in these two kinds of materials since the exponents of 

the scaling law relating the zero frequency modulus to the concentration are different. By 

preparing samples from master batches at different concentrations, we have shown that 

the state of the samples was not determined by thermodynamic equilibrium but was rather 

dependent on the blending process. Since nanocomposites with a higher connectivity 

were obtained from a less concentrated master batch we made an analogy with the 

rheological behavior of polymer blends where one tries to mix a high viscosity liquid with 

a matrix of low viscosity. The effect is even worse here, since the master batch does not 

flow at rest but is rather a soft (breakable) solid. 

The relatively good state of dispersion that can be produced using the solution route was 

supported by many other results, like influence of the molecular weight of the matrix 

chains, influence of the type of protection of the particles, since the properties of these 

samples do not depend much on these parameters. 

Using master curves, we were able to understand the differences in the shape of the 

moduli versus frequency curves. Master curves could be constructed over a given 

concentration range by simple horizontal and vertical shifts in logarithmic scales. This 

shows that the samples mainly differ by the time scale of their dynamics. 
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The concept of breaking of the master batch structure during the blending process has 

been used again to explain the increase of the moduli when using matrices with large 

molecular weight chains. 

Finally, by looking at the influence of the length of grafted chains, we connected the 

observed behavior with the idealized problem of wetting a polymer brush with a polymer 

melt of the same chemical nature. This problem was treated theoretically and we could 

deduce that our particles bearing grafted chains can be wetted by the polymer, which 

improves their dispersion. The longer the grafter chain, the more the wetting and the 

better the dispersion. This can be seen as increasing the volume fraction of the particles 

accounting qualitatively for the observed results. 

In the last chapter of this work we opened the system to one polymer compatible with 

PEO, i.e. polymethylmethacrylate (PMMA). We have been able to produce such 

nanocomposites with a good level of transparency, which is not possible if the particles 

are not protected. Using this system, we could obtain TEM pictures of Laponite dispersed 

in one phase that is supposed to contain mainly PEO. To our knowledge, these are the 

first micrographs of Laponite inserted into a polymer matrix. In the case of pure PEO as 

matrix, the poor mechanical properties inhibit the preparation of ultrathin samples.

By analyzing the rheological data, we could argue on the diffusion of PEO into the 

PMMA phase for low contents of PEO (20wt% or less) and also retrieve the properties of 

a connected phase of Laponite particles when the PEO concentration is high enough to 

generate cocontinuous phases. Unfortunately we were not able to fully disperse particles 

even recovered with adsorbed chains inside the PMMA phase. 

Nevertheless, we think that choosing optimum conditions with this type of blends could 

be used to improve the conductivity of solid state batteries electrolytes. Indeed, we have 

shown that above 30wt% of PEO, a continuous PEO rich phase is formed. The 

crystallinity of this phase can be kept low, leading to an increase in ionic conductivity. It 

is most likely that, increasing the Laponite content will even push the crystallization of 

PEO towards higher concentrations.





Abstract

Polymer nanocomposites appear in the beginning of the 90ths and consist usually in the 
dispersion of inorganic nanoparticles inside a polymer matrix. Nanocomposites can show 
improved mechanical properties with a very low inorganic content. Widely studied classes of 
inorganic particles are clays. However, most often, organophilic clays derived from 
Montmorillonite are used. 

In this thesis model nanocomposites based on a geometrically well-defined nanoparticles 
(Laponite) and on a hydrophilic polymer (polyethylene oxide � PEO, alone or blended with 
polymethylmethacrylate � PMMA ) were considered. This study focuses on the relationships 
between rheological properties in molten state and dispersion state of the particles, as 
characterized by X-Ray diffraction data using three experimental parameters, namely 
preparation method, PEO matrix molecular weight, and method of steric protection the 
particles.

Laponite particles were protected by adsorbing PEO (Mw=10k) or end grafting shorter chains 
(Alkyl-Ammonium terminated PEO Mw=5k, 2k and 1k) by using two methods of preparation 
: melt dispersion and solution mixing. Several grades of PEO were used as matrix to 
investigate the influence of PEO matrix molecular weight.

Samples prepared by solution mixing achieved higher modulus and the best state of dispersion 
as compared to those prepared by melt dispersion. A picture based on the blending of 
incompatible polymer melts of various viscosities was used to interpret the results. 

The storage modulus (G�) for samples prepared by solution mixing is independent on the 
route of protecting the particles, whereas, properties of melt dispersed samples strongly 
depend on the route of protecting the particles. The modulus are higher when longer chains 
are grafted onto the particles. Grafted chains appear more efficient than absorbed ones. This 
was attributed to the intercalation of the polymer matrix between particles either by diffusion 
or a mechanical peeling mechanism during melt dispersion.

Mixing in a higher molecular molecular weight polymer matrix leads to higher moduli in the 
molten state, especially for low contents of Laponite. This is interpreted as the consequence of 
an higher viscosity of the melt during the mixing process, allowing an easier breakdown of 
domains containing a high concentration of particles. 

Since protection by the same polymer as the matrix seems an effective way to prepare rather 
well dispersed nanocomposites, an extension of this concept was checked by using a polymer 
matrix which is compatible with PEO. The characterization of PEO/PMMA bends and their 
nanocomposites, so far, internal structure, thermal and rheological properties of these 
composites was investigated using several techniques such as Rheology, DSC, TEM, SEM, 
and X-ray diffraction with the aim of correlating morphologies and properties. PMMA/PEO 
blends are known to be miscible over all the concentration range in the molten state, whereas 
PEO undergoes crystallization above 30wt%. For low PEO contents, Laponite particles do not 
seem to decrease the compatibility with PMMA, since no crystallization of PEO neither 
domains of PEO are observed. However, the structuration of the melt through particle-particle 
interactions is lost. For higher PEO contents, phase separated blends are observed where the 
Laponite particles are clearly located in the PEO rich domains. This has allowed us to obtain 
TEM pictures of Laponite particles dispersed in PEO, which was not possible due to the 
difficult in preparing ultrathin samples of PEO.


