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ABSTRACT  

Abstract 

 

The main subject of this thesis consisted in the development of a multiscale procedure for 

the simulation of polymer – layered silicate nanocomposites (PLSN). The final objective 

was to provide a concrete support to in the component selection stage in new materials 

design process. In particular, polymer/silicate interface characteristics have been studied 

by using MD (Molecular Dynamics) techniques, aggregated platelet structure (stacks) by 

using the DPD (Dissipative Particle Dynamics) method, while macroscopic models have 

been built and analyzed using a FEM (Finite Element Method) based approach. Our 

sequential multiscale scheme allowed us to successfully predict Young’s modulus for 

different PLSN systems. 

 

L’argomento di questa tesi consiste nello sviluppo di una procedura multiscala per la 

simulazione di nanocompositi polimero – silicati lamellari. L’obiettivo finale è quello di 

realizzare un efficace strumento di supporto per la fase di selezione dei componenti nel 

processo di design di nuovi materiali. In particolare, le caratteristiche di interfaccia tra 

polimero e silicato sono state studiate con tecniche di Molecular Dynamics (MD), le 

strutture composte da aggregati di lamelle (stacks) con il metodo Dissipative Particle 

Dynamics (DPD) mentre i modelli macroscopici sono stati creati e analizzati utilizzando 

un approccio basato sul metodo FEM. La procedura multiscala così ottenuta ci ha 

permesso di prevedere con successo il modulo di Young per diversi sistemi polimero – 

silicati lamellari. 
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This Chapter reports motivations and objectives of the present research. 

together with a description of investigated systems and a brief introduction 

on the modeling and simulation strategies.  
 

 

 

 



6 1 – INTRODUCTION 

1.1. Introduction 

In this Chapter we will first describe the background of this research, focusing on the 

growing scientific interest on polymer nanocomposites (PNCs) as well as on the need of  

modeling these materials and developing effective strategies for the prediction of their 

macroscopic properties. Then, we will describe motivations and objectives of this 

research and briefly illustrate our modeling strategy. Investigated PNCs (i.e. polymer – 

layered silicate nanocomposites, PLSNs, commonly referred to as polymer – clay 

nanocomposites, PCNs) will be described and reasons for their choice as model systems 

will be illustrated. Finally, we will present a general outline of this thesis. 

1.2. Polymer nanocomposites (PNCs) 

According to the International Union for Pure and Applied Chemistry (IUPAC) [1], a 

composite material is defined as “a multicomponent material comprising multiple 

different (non-gaseous) phase domains in which at least one type of phase domain is in a 

continuous phase”. IUPAC also extends this definition to nanocomposite materials as 

those composites “in which at least one of the phases has at least one dimension of the 

order of nanometers”. 

The mixing of nanoparticles with polymers to form composite materials is not a new 

practice; for example, blending carbon black nanoparticles with rubber is a process that 

has been used in tire production for decades. Moreover, there has always been a high 

interest in developing polymer based composite materials (e.g with carbon or glass 

fibers), due to the enhancement in material properties caused by the addition of fillers. 

Only since the late 1980s, though, the scientific community has started to focus its 

attention on the potential of PNCs. This process was fostered by many factors. The 

possibility of creating novel carbon nanostructures like fullerenes [2] or carbon nanotubes 

(CNTs) [3] was one of the main reasons encouraging researchers in investigating the 

prospect of polymer property enhancement through exploitation of the peculiar functional 

and dimensional characteristics of such fillers [4-7]. Another important motivation for the 

tremendous increase in PNC research consisted in the notable results obtained by Toyota 

Corporation [8,9] in the production of a PLSN based on Polyamide 6 (PA6) using in – 
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situ polymerization techniques. These investigations were the first of a long series of 

studies on PLSNs, focused on mechanical and functional properties as well as on 

production processes: ten years later, a review of the experimental research in this field 

reported more than 450 references [10]. 

There is more than one reason for using nanoparticles instead of common micron-size 

fillers in polymer composites. The most important characteristic is the high surface to 

volume ratio of nanoscale particles; this feature results in an enormous increase in the 

matrix volume affected by interfacial effects in comparison with standard composites [4-

7]. For well dispersed fillers, bulk phase can be constituted mostly by interface materials 

even at very low volume loading fractions. This characteristic deeply influences the 

overall macroscopic behavior, resulting in a material with substantially different 

properties from those of a standard polymer composite with the same composition. This 

feature, together with the high aspect ratio of the particles, may result in an exceptional 

increase of mechanical properties and can introduce other unexpected benefits, as for 

example chemical and ablation resistance, dimensional stability, reduced thermal 

expansion,  increased thermal conductivity, improved gas barrier and flame retardancy 

properties [4-7].  

Generally, it is possible to group different kinds of nanoparticles by their shape and 

consequently by their surface to volume ratio. Common particle geometries and ratios are 

shown in Figure 1.1, together with a short list of materials corresponding to each shape. 

For fibrous and layered nanoparticles, the surface to volume ratio is dominated by the 

first term in the equation. A change in particle diameter, platelet thickness, or fiber 

diameter from the micrometer to nanometer range, will then affect the surface to volume 

ratio by three orders of magnitude [5,7]. 

The main problem in creating such materials is usually represented by achieving a good 

dispersion of the particles, which naturally tends to form agglomerates, thus impairing the 

benefits deriving from their nanometric size. In order to overcome this issue, it is 

common to use different kind of surface modifier together with particular blending 

techniques [4-7] . 
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- Polyhedral oligomeric 

silsequioxane (POSS) 

- Nanoalumina (Al2O3) 

- Nanotitania (TiO2) 

- Multi- and Single-Wall CNTs 

- Carbon Nanofibers (CNFs) 

- Layered Silicates 

- Graphene 

 

 

Figure 1.1 - Particle geometries and their respective surface to volume ratios (adapted 

from [7]) with a relevant list of materials used as fillers in PNCs (from [4]). 

In this short Section we reported only general information on PNCs with the aim of 

supplying a general background for the subject of the thesis. As already mentioned, our 

research is focused exclusively on PLSNs, a particular group of this class of materials. A 

detailed description of processing and characterization techniques, morphology, 

properties and applications of these PNCs. is reported in Chapter 2. However, specific 

details of the systems chosen for investigation are given in Section 1.4.  

1.3. Multiscale modeling of PNCs  

In the last decades, modeling and computer simulation have increasingly become 

fundamental tools in many branches of science and engineering. Numerous methods in 

the continuum scale, like for example Finite Element Method (FEM), are now widely and 

regularly used in many different areas, from structural design to fluid dynamics. On the 

other hand, atom – based molecular simulations at different levels, from quantum 

mechanics (QM) to coarse – grained models, are still growing but increasingly accepted 

as accurate and robust methods for investigation and design of nanoscale systems [11].  

As far as material science is concerned, modeling and simulation are generally intended 

for predicting properties of new materials before their synthesis as well as for 
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investigating their inner structure. This approach can be very useful especially for those 

materials which present nanoscale features, as long as experimental characterization and 

manipulation at this scale represent an extremely difficult task.  Specifically, due to this 

problem, PNCs development is still based mostly on empirical methods and a fine control 

of their properties has not been achieved so far. At the same time, simulation methods of 

these materials have to cope with  structures which can range from nanometer to microns, 

millimeters and larger, while the corresponding time scales of the dynamic processes 

relevant for different properties span an even wider range, from femtoseconds to 

milliseconds or even hours. Currently, there is no simulation method that could 

encompass such range of length an time scales. Moreover, some particular phenomena – 

whose characteristic dimensions define what can be addressed to as “mesoscale” -  are 

neither clearly discrete (thus allowing investigation with classical molecular simulations 

of at most some thousand of atoms) nor continuous (allowing the assumption of 

homogeneous properties for defined volumes, irrespective of the specific molecular 

arrangements) [11-13].  

Figure 1.2 – Different length an time scales involved in multiscale modeling and 

simulation of materials (adapted from [11]). 
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Multiscale modeling and simulation for PNCs aims at linking the different length and 

time scales described above (see Figure 1.2), bridging different models and 

computational methods in order to predict macroscopic properties and behavior from 

fundamental molecular processes [12, 14, 15]. This connection can be done using two 

different approaches: sequential and concurrent. The former is based on a hierarchical 

combination of different methods relevant to each scale, in which quantities calculated at 

one level are used as parameters for models with different characteristic dimensions. The 

latter, on the contrary, combines several computational methods in a general model in 

which events at different scales are considered simultaneously and interacts with each 

other [13]. 

This Section represents only an introduction to multiscale modeling of PNCs. More 

details about methods at different scales will be given in Chapter 3, together with a brief 

review of modeling and simulation of PLSNs.    

1.4. Objectives 

From the considerations illustrated in the previous sections, it clearly emerges the need 

for developing new simulation procedures for predicting properties of PNCs, as well as 

helping in increasing the knowledge of their structure and behavior at all different scales. 

From an engineering point of view, this should be done without developing dedicated 

models and the relative codes for each scale as well as for each PNCs, but instead by 

using currently available methods and combining them using sequential approaches (see 

previous Section). This would simplify the overall simulation procedures and allow 

researchers and engineers to fully exploit the advantages of computer modeling, avoiding 

expensive and time-consuming empirical approaches for the development of PNCs with 

specific properties as well as for the study of their behavior at different scales. 

Within this framework, we decided to focus our attention on modeling and simulation of 

PLSNs, as long as they represent a class of PNCs which has already proven to be a  

successful substitute of standard composite materials in different applications [4, 16], due 

to their excellent structural and functional properties and their relatively low cost. 

By reason of the motivations given above, we can define the objectives of this thesis:  
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• to develop an effective parameter – passing (sequential) multiscale procedure for 

modeling and simulation of PLSNs, linking all different scales and relying on as 

few experimental data as possible. 

• to investigate factors  influencing interfacial interactions between filler and matrix 

using simulations at lower scale (i.e. atomistic models) 

• to predict mechanical properties (Young’s modulus) of investigated PLSNs 

systems using simulations at the higher scale (i.e. continuum models)      

1.4.1. Modeling strategy 

In order to achieve these objectives, we linked  (by using a specific parameter – passing 

scheme) three specific simulation methods:  

 

• Molecular Dynamics (MD) for nanoscale models 

• Dissipative Particle Dynamics (DPD) for mesoscale models 

• Finite Element Method (FEM) for macroscale models 

 

Different scales and models are illustrated in Figure 1.3, while a summarizing scheme of 

the steps taken for linking one model to the other is reported in Figure 1.4. The detailed 

description of the multiscale procedure is reported in Chapter 4, while information on 

each method can be found in Chapter 3. 

1.4.2. Investigated systems 

With the purpose of validating our multiscale procedure, we chose some  PLSN systems 

and simulated them from the atomistic to the macroscopic scale and finally compared our 

predictions with experimental data (when available) at every scale. Moreover, in order to 

evaluate the influence of different combinations of polymer and filler on the interfacial 

interactions, we simulated more systems but this time only at the nanoscale (i.e. using 

MD).  
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Figure 1.3 – Models of PLSNs at different scales, with relative simulation methods 

and associated length scales. 

 

Figure 1.4 – Summarizing scheme describing all the steps of the multiscale procedure 

adopted for modeling and simulation of PLSN systems. 
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Nanoparticles consisted in every case of a layered silicate called montmorillonite (MMT), 

characterized by platelets of nanometric thickness and with a negative charge, determined 

by its cation exchange capacity (CEC);  difference between fillers consist in different 

surface modifications, obtained  with specific quaternary alkyl ammonium cations 

(sometimes referred to as “quats”) In the end, we performed MD simulations of 49 PLSN 

systems, combining 6 quats with 4 polymer and using platelets with 3 different CEC 

(although this last variable was used only for two polymers, namely PA6 and PET, and 

an additional system based on PP, whereas for the other systems we kept this value 

fixed). Of these systems, 5 was chosen both for their suitability for the multiscale 

procedure (i.e. with straightly definable beads, see Chapters 3 and 4) and for the 

availability of experimental data to use for comparison [17-20]. Polymers types were 

chosen because they all are of industrial relevance and their applications could strongly 

benefit from the enhancement due to the blending with MMT.  Quats were chosen on the 

basis of available commercial surface modifiers [21].  

Formulas and abbreviations used for referring to the systems are reported in Table 1.1. As 

already mentioned before, detailed information on PLSNs’  composition and structure is 

presented in Chapter 2.  

1.5. Outline  

The present Chapter represents an introduction to PNCs and modeling of these systems. 

Moreover , motivations and objectives of the thesis as well as investigated systems are 

presented here. Chapter 2 and Chapter 3 consist in a brief review of the current research 

in the fields of PLSNs and multiscale simulation methods respectively. Chapter 4 

contains a detailed explanation of the multiscale modeling .procedure adopted for PLSN 

simulation and represents the core of this work. In Chapter 5 we will present results 

obtained at all different scales, and compare them with experimental findings. In Chapter 

6 we will expose our conclusions, emphasizing advantages and drawbacks of our 

procedure and proposing new possible approaches to improve modeling strategies for 

PLSN simulation.  
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Quats 

 
  

Trimethyl hydrogenated -coco 

quaternary ammonium 

Trimethyl hydrogenated – tallow  

quaternary ammonium 

Dimethyl bis (hydrogenated – 

tallow) quaternary ammonium 

M3C12 M3C18 M2(C18)2 

   

Dimethyl 2-ethylhexyl 

hydrogenated – tallow  

quaternary ammonium 

Methyl bis-2-hydroxyethyl 

hydrogenated – tallow  

quaternary ammonium 

Dimethyl benzyl hydrogenated – 

tallow  quaternary ammonium 

M2C18L8 MC18(EtOH)2 M2BC18 

Polymers 

   
Poly-ethylene Poly-propylene Poly-ethylen- terephthalate Poly-amide 6 

PE PP PET PA6 

Montmorillonite 

(Al3.50Mg0.50)Si8O20(OH)4 - Na0.50 (Al3.33Mg0.67)Si8O20(OH)4 - Na0.67 (Al3.17Mg0.83)Si8O20(OH)4 - Na0.83

MMT60 MMT90 MMT120 

Table 1.1 - Formulas and abbreviations for all different types of polymer, quat and 

montmorillonite used in the modeling and simulation of the 49 investigated PLSN 

systems. 
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Polymer – Layered Silicate Nanocomposites 

 

 

 

 

 

 

 

 

 
This Chapter consists in a general review of  research and applications in the 

field of PLSNs. Part of this work has been adapted from a book chapter that 

will be published in 2010 by CRC Press [22].  
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2.1. Introduction 

This Chapter consists in a general review of the research in the field of PLSNs in the last 

twenty years, approximately since the pioneering work by Toyota Corporation [8,9] 

which led to the synthesis of the first Nylon – based PLSN, later used as material for 

different automotive components by the same company. We will first discuss features 

and characteristics of layered silicates (with particular regard to MMT) and details of the 

surface modifications which allow platelets to be dispersed in the polymer matrix.  Then, 

we will describe different processing techniques and possible morphologies and the way 

these two subjects are linked.  Main characterization techniques will be reported as well 

as final properties for a wide range of PLSNs. Finally, we will illustrate some examples 

of possible applications. 

In the last decade, researchers have been very active in the fields of PLSN synthesis and 

characterization. PLSN have been synthesized using many different types of layered 

silicates and polymers, ranging from simple polyolefins to epoxy resins or even 

conductive polyaniline. For a complete list of the matrix materials as well as layered 

silicates used in PLSN synthesis, we refer to the excellent summaries reproduced in [10] 

and [30].  Many original works have been published, covering every aspect of these 

materials. Attention has been focused on experimental results as well as on theoretical 

and modeling subjects. This Chapter is basically a general overview of main issues 

(morphology, production process, etc.) related to PLSNs and it reports some major 

experimental findings and basic theoretical considerations. More information can be 

found in any of the several reviews published in the field [10, 23-33] which were used as 

sources for most of the content of this Chapter.      

2.2. Clay minerals 

The term "clay mineral" refers “to phyllosilicate minerals and to minerals which impart 

plasticity to clay and which harden upon drying or firing”, where clay is defined as “a 

naturally occurring material composed primarily of fine-grained minerals, which is 

generally plastic at appropriate water contents and will harden with dried or fired. 

Although clay usually contains phyllosilicates, it may contain other materials that impart 
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plasticity and harden when dried or fired. Associated phases in clay may include 

materials that do not impart plasticity and organic matter” [34]. As long as all clay 

minerals used in PLSN are phyllosilicates, we will now briefly describe this particular 

class of silicate minerals. 

2.2.1. Phyllosilicates 

Phyllosilicates are characterized by a planar arrangements deriving from SiO4- tetrahedral 

rings linked by shared oxygen atoms. These minerals, also called layered silicates, are 

characterized by a 2:5 silicon to oxygen ratio and fall in the definition of “layered 

compound”, i.e. “a crystalline material wherein the atoms in the layers are cross-linked 

by chemical bonds, while the atoms of adjacent layers interact by physical forces” [35]. 

They are the clays used for the production of PLSNs and can be substantially grouped 

into three main categories [33]: 

 

• 2:1 type: these minerals present a crystal structure consisting in nanometer thick 

layers (also called platelets) of alumina octahedrons sheets sandwiched between two 

silica tetrahedron sheets. Isomorphic substitution of aluminum (Al) with magnesium 

(Mg), iron (Fe) or Litium (Li) in the octahedron sheets, and/or silicon (Si) with Al in 

the tetrahedron sheets gives each three-sheet layer an overall negative charge. This is 

counterbalanced by exchangeable metal cations residing on the layer surface, such as 

sodium (Na), calcium (Ca), Mg, Fe, and Li. The result of these characteristics consists 

in a stack of alternating hydrated cations interlayer planes (also called galleries) and 

negative silicate layers.   

• 1:1 type: these clays consist of layers made up by alternating Al octahedron and Si 

tetrahedron sheets, respectively. As no isomorphic substitution occurs, each layer 

bears no charge. Therefore, exception made for crystallization and humidity water 

molecules, nor cations or anions are found in the interlayer galleries, and the layers 

are held together by a weak hydrogen bonding network between the hydroxyl (-OH) 

groups in the octahedral sheets and the oxygen atoms of the adjacent tetrahedral 

layers. 
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Smectite Species General Forumla 

Montmorillonite Mx(Al4-xMgx)Si8O20(OH)4

Hectorite Mx(Al6-xLix)Si8O20(OH)4

Saponite MxMg6(Si8-xAlx)O20(OH)4

Table 2.1 – Chemical structures of commonly used smectites; M = monovalent cation; 

x = degree of isomorphic substitution (between 0.5 and 1.3). Adapted from [25]. 

• layered silicic acids: this class of clays is mainly composed of silica tetrahedron 

sheets characterized by different layer thickness. Basically, their structures are 

composed on layered silicate networks and interlayer hydrated alkali metal cations.  

 

Amongst 2:1 type phyllosilicates, smectite natural clays such as hectorite or MMT (see 

Figure 2.1 and Table 2.1), have a well defined layered structure (which allow them to be 

easily intercalated by different kind of cations or molecules) and a relatively low layer 

charge (0.2 to 0.6 e- per unit cell, responsible for the relatively weak force between 

adjacent layers). These features, together with their low cost and high availability,  make 

these silicates particularly suited for being dispersed in polymer matrices and hence very 

attractive as fillers for PLSN manufacturing. 

Other than their chemical composition, fundamental parameters defining these types of 

clays are d-spacing and cation exchange capacity (CEC). The former (also referred to as 

interlayer distance or gallery height) represents the distance between two adjacent silicate 

layers. The CEC, usually measured in meq/100g, denotes the unbalanced, excess charge 

present in the silicate layers. 

MMT represents probably the most studied clay in the field of PLSNs. This layered 

silicate mainly present isomorphic substitutions of Al3+ with Mg2+, which results in a 

CEC of 90 meq/100g on average (with possible values ranging from 60 to 120 

meq/100g). This negative charge is commonly counterbalanced by Ca2+ or Na+ hydrated 

cations. The single layer has a thickness of  ~ 1 nm and lateral dimensions ranging from 
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100 to 500 nm [26, 33]. MMT is naturally found in form of microscopic particles 

consisting of agglomerates made up of stacks of single platelets (see Figure 2.2) 

Figure 2.1 – Structure of Na – MMT; Colors: orange = Si; green = Al; violet = Mg; 

blue = Na cations; red = oxygen; white = hydrogen. Interlayer water not shown [30]. 

Figure 2.2 – Agglomeration of single platelets into stacks and naturally occurring 

macroscopic (some μm) particles.  

2.2.2. Surface modification 

Smectite interlayer galleries may contain a large amount of water molecules, which, 

coupled with the clay sheet surface charge and the presence of ions, ultimately 
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contributes to render these substance highly hydrophilic species and, therefore, poorly 

compatible with a wide range of non-polar organic molecules such as many polymers. A 

necessary prerequisite for successful formation of a PLSN is therefore the alteration of 

the clay surface polarity to make the clay organophilic (thus creating e.g. organically – 

modified MMT). Their unique layered structure, coupled to their high intercalation 

ability, allow these minerals to be easily modified to be compatible with polymers. A 

simple and most popular way to produce an organophilic clay from a normally 

hydrophilic clay is therefore to exchange the interlayer cations with organic cations such 

as alkyl ammonium ions [33].  

Upon this treatment, and depending on the chemical structure of the clay surface organic 

modifier, the clay becomes more compatible with a given polymer, being it 

thermoplastic, thermosetting or elastomeric. The resulting modified clay is also often 

commonly referred to as an organoclay. A further, important aspect of clay surface 

treatment with organic salts is that, to accommodate the long, hydrophobic chains within 

the silicate galleries, the interlayer space must increase with respect to the pristine 

mineral. For instance, interlayer space d in natural MMT is equal to 11.8 Å. After Na+ 

exchange with dimethyl bis (hydrogenated – tallow) quaternary ammonium, d = 24.2 Å 

[21]. This increased interlayer space leads to a two-fold advantage in the preparation of a 

MMT-based PCN, as the interlayer binding forces are reduced and the insertion, diffusion 

and accommodation of the polymeric chains (or their monomeric precursors) are 

facilitated. 

2.3. Morphology of PLSNs 

When blending specific layered silicates and polymers (or relative monomers in case of 

in-situ polymerization, see Section 2.4), the resulting PLSN morphologies can be 

classified into three categories relative to the extent of the dispersion of the silicate layers 

(even if different degree of dispersion within a single PLSN are common -  see Figure 

2.3) [33]: 



2 – POLYMER – LAYERED SILICATE NANOCOMPOSITES 21 

• Intercalated: in these PLSNs the polymer chains are inserted between the layers of 

the clay such that the interlayer d-spacing is expanded, but the layers still bear a well-

defined relationship to each other. 

• Exfoliated: in an exfoliated PLSN, the layers of the clay have been completely 

separated, and the individual platelets are randomly distributed throughout the 

polymeric matrix. 

• Immiscible (microcomposite): a third alternative is constituted by the dispersion of 

whole clay particles within the polymer matrix, but this simply represents a use of 

clay as a conventional filler in the formation of a microcomposite. 

Figure 2.3 – Illustration of different states of dispersion of organoclays in polymers 

with corresponding WAXS and TEM results [30]. 
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Many different factors can determine whether a particular PLSN can be synthesized as an 

exfoliated or an intercalated system. Manufacturing processes and process variables 

strongly influence the final morphology, but an essential role is played by the ability of 

surface modifier to assist in layered silicate dispersion, depending on its structure and 

nature (long vs. short chains, fully apolar vs. partially polar, etc.).  

Fundamental thermodynamic considerations have been made in order to elucidate the 

influence of these characteristics on the final morphology of PLSNs. In 1997 Vaia and co 

– workers, starting from experimental investigations [36, 37], developed a mean – field, 

lattice – based model for the intercalation of polymer into organically – modified layered 

silicates [38, 39]. In order to calculate free energy variation in the intercalation process, 

they calculate enthalpic and entropic contributions as functions of the increase in gallery 

height (subsequent to diffusion of polymer chains in the organically – modified layered 

silicates),  basically adopting  slightly modified versions of the Flory-Huggins lattice 

theory of polymer – monomer  mixtures.  In the case of intercalation from polymer 

solution process (see Section 2.4), the driving force for polymer intercalation into layered 

silicates from solution is the entropy gained by solvent molecules release, which 

compensate for the decrease of entropy of the confined intercalated chains. When 

polymer is mixed with layered silicates by melt intercalation (see Section 2.4), on the 

other hand, the enthalpic component of the free energy seems to govern the system 

thermodynamics. In fact, in this case the entropy loss associated to the confinement of the 

polymer melt within the silicate galleries is compensated by the entropy gain of the of the 

chains of the surface modifiers associated to the concomitant layer separation, resulting 

in a net entropy change ΔS ≈ 0. The favorable enthalpy is due to the increase in favorable 

interaction energy between the polymer and the organically – modified layered silicate, 

due to the possible formation of weak hydrogen bonds, dipole–dipole and van der Waals 

interactions. By varying model parameters the authors found that a favourable energy 

change is increased by maximizing the magnitude and number of favourable polymer – 

layered silicate surface interactions while minimizing the magnitude and number of 

unfavourable apolar interactions between the polymer and surface modifier chains. 

Moreover, a slight molecular weight dependence was found, indicating that intercalation 
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is thermodynamically favoured for higher molecular weight polymers, as later proven 

experimentally by other authors [40]. In the case of complete exfoliation of melt – 

intercalated PLSNs, it was found that the total entropy change is near zero and the 

potential stability of the hybrid may be thought of in terms of a blend of two 

macromolecules. An example of the free energy curves related to the three different 

equilibrium states of PLSN (intercalated, exfoliated and immiscible), from which 

previous considerations were taken, is reported in Figure 2.4. 

Figure 2.4 – Free energy per surface area as function of increase in gallery height. 

Curve (a) corresponds to immiscible morphologies, (b) and (c) to intercalated PLSN 

and (d) to complete exfoliation [36]. 

Despite quite effective in representing different morphologies, this model was considered 

unsatisfactory by its own authors, due to the use of such mean – field approach and its 

relative assumptions, like for example the decoupling of surface modifier chains and 
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polymer when calculating thermodynamic quantities. While Vaia and co – workers later 

resorted to molecular modelling techniques to investigate PLSN morphology [41-43], 

their approach was further developed by Balasz and co – workers, which improved their 

method by applying scaling theory [44, 45] as well as self consistent field theory (SCF) 

[46, 47] and Onsager models including specific formalisms of density functional theory 

(DFT) [48-50].  Main results of these models consisted in phase diagrams for PLSNs, 

predicting different morphologies as a function of different dimensional and energetic 

parameters. Many other different approaches have been considered for a thermodynamic 

treatment of intercalation  of polymer in layered silicates. An exhaustive report can be 

found in [13] and [16]. 

2.4. Synthesis of PLSNs 

The correct selection of the synthesis method is essential to ensure effective penetration 

of the polymer or its precursor into the gallery of the clay and obtain the desired 

exfoliated or intercalated product. Substantially, there are three main methods for 

preparing PLSNs: 

 

• Intercalation of polymer from solution. This process is based on the choice of a 

solvent system in which the polymer is soluble and the silicate layers are swellable. 

The clay if first swollen in a suitable solvent, such as water, chloroform or toluene. 

When the polymer and silicate solution are mixed, the polymer chains intercalate and 

displace the solvent adsorbed within the silicate galleries. Upon solvent removal, the 

intercalated structure remains, resulting in the corresponding PLSN (see Figure 2.4) 

[10]. Although being quite effective, this method has the drawback of involving the 

extensive use of solvent. Therefore, exception made for water-soluble polymers (e.g., 

poly ethylene oxide, PEO), this procedure is usually both environmentally unfriendly 

and expensive.  
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Figure 2.4 – Schematic of intercalation of polymer from solution process. 

• In situ polymerization. In this method, the layered silicate is swollen within the liquid 

monomer or a monomer solution so the polymer formation can occur between the 

intercalated sheets. Polymerization can be initiated either by heat or radiation, by the 

diffusion of a suitable initiator, or by an organic initiator or catalyst fixed through 

cation exchange inside the interlayer before the swelling step (see Figure 2.5) [10]. 

This method was used for producing the first commercial PLSN material; Toyota 

Corporation employed it for the synthesis of PA6-MMT nanocomposite, which 

remains the most studied and well characterized system to date. 

• Melt intercalation. This technique represents the most interesting one from an 

industrial point of view. It involves annealing (statically or under shear) a mixture of 

the polymer and organoclay above the polymer softening point. While annealing, the 

polymer chains diffuse from the bulk polymer melt into the galleries between the 

silicate layers. A range of nanocomposites with structures from intercalated to 
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exfoliate can be obtained, depending on the degree of penetration of the 

macromolecular chains in the interlayer spaces (see Figure 2.6). This method has 

great advantages over either in situ intercalative polymerization or polymer solution 

intercalation. It is environmentally safe due to the absence of organic solvents and 

economically viable because compatible with current industrial processes, such as 

extrusion and injection molding [10].  

Figure 2.5 – Schematic of in situ polymerization process. 

Figure 2.6 – Schematic of melt intercalation process. 

2.5. Characterization of PLSNs 

Many techniques have been applied to investigate PLSN. Beside classical thermal and 

mechanical charcterizations, wide – angle X-ray diffraction (WAXD) and transmission 
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electron microscopy (TEM) represent the main techniques used to study PLSN 

morpholgy. Nuclear Magnetic resonance (NMR) studies have been reported as well, but 

are far less common. Another ordinary characterization technique consists in differential 

scanning calorimetry (DSC), which allows to determine the crystallization behavior of 

polymers in presence of layered silicates. We will now briefly describe the usefulness of 

the three main methods mentioned above. 

Wide-Angle  X-ray  Diffraction (WAXD). The reason for the widespread application of 

WAXD in PLSN characterization is mainly due to its easiness of use and widespread 

availability. By monitoring the position, shape and intensity of the basal reflections from 

the distributed silicate layers, the PLSN structure (intercalated or exfoliated) may be 

identified. For example, in an exfoliated PCN the extensive layer separation associated 

with the dispersion of the original clay layers in the polymer matrix results in the 

eventual disappearance of any coherent X-ray diffraction from the randomly distributed 

silicate sheets (see Figure 2.3c). On the contrary, for intercalated PCN structures the 

finite layer expansion associated with polymer penetration into the clay galleries results 

in the appearance of a new basal reflection corresponding to the larger gallery heights 

(Figure 2.3b). For microcomposites, diffraction peaks remain the same of the silicate 

layers. (Figure 2.3a) Although WAXD undoubtedly offers a convenient and precise 

method to determine the interlayer spacing in pristine and organically – modified clays 

and in intercalated PLSNs, these techniques does not allow any speculation about the 

spatial distribution of the clay platelets or the eventual presence of structural non – 

homogeneities in the system [10].  

Transmission electron microscopy (TEM). TEM allows a qualitative understanding of the 

internal structure, spatial distribution of the various phases, and views of the defects 

present in a given PLSN by direct observation (see Figure 2.3). However, care must be 

taken in order to ensure a representative cross-section of the sample. TEM is particularly 

useful when a PLSN present with different dispersion characteristics (i.e. both exfoliated 

and intercalated); this feature results in broadening of diffraction peaks and thus impairs a 

correct evaluation of dispersion grade only by WAXD [10]. 
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Differential scanning calorimetry (DSC). Many of the polymers used to produce PLSNs 

are semi-crystalline. The dispersion of high clay sheets in such polymer matrices can 

provide heterogeneous nucleation sites for crystallization. One way to estimate 

crystallinity in a give PLSN is to compare the melting temperature of the actual system 

with that of a well-known crystalline polymer sample. Another use of DSC 

measurements is the estimation of the amount of intercalated polymers by a combination 

of multiple runs [51].  

2.6. Properties of PLSNs 

PLSNs frequently exhibit remarkably improved mechanical and functional properties 

when compared to those of conventional polymer – based composites containing the 

same amount of layered silicates. Improvements include:  

 

• Mechanical properties (e.g., strength and modulus and dimensional stability); 

• Decreased permeability to gases, water, and hydrocarbons; 

• Thermal stability and heat distortion temperature; 

• Flame retardance and reduced smoke emissions; 

• Electrical conductivity 

• Chemical resistance 

• Biodegradability 

• Optical clarity in comparison to conventionally filled polymers. 

 

As a general consideration, it is important to recognize that layered silicates, due to their 

specific dimensions and shape, confers significant property improvements with very low 

loading levels. This in turn can result in substantial weight and size reductions for similar 

performances, greater strength for similar dimensions and, for barrier applications, 

increased barrier performance for the same thickness [30]. 
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2.6.1. Mechanical Properties 

The enhancement in mechanical properties of PCNs can be ascribed to the high rigidity 

and aspect ratio of the clay nanoparticles, coupled with the good affinity between the 

polymer and the organically – modified silicate layers. Strong interface interactions 

significantly reduce the stress concentration point upon repeated distortion which easily 

occurs in conventional nanocomposites (e.g., those reinforced by glass fibers) and thus 

leads to weak fatigue strength. As an example, for PA6-MMT PLSN tensile strength 

improvements have been reported to be around 40% at room temperature and to 20% at 

120 °C, whilst for the Young modulus an improvement of 70% and 200% at the same 

temperatures was reported [52]. On the contrary, in the case of the apolar polymers such 

as polypropylene or polystyrene (PS), only a slight enhancement in tensile stress was 

observed. This disappointing result was ascribed in part to the lack of an efficient 

interfacial adhesion between the apolar PP or PS chains and the polar clay surface, and 

indeed the use of a PP modified by maleic anhydride led to an improvement of the system 

tensile behavior (see for example [53]). 

Generally speaking, however, the enhancement of the mechanical properties of PLSNs 

strongly correlates with the morphology of the material, and many investigation dealt 

with comparative analyses of results obtained from intercalated and exfoliated PCN 

structures. When considering the same (or very close) loading values, an exfoliated PCN 

structure often exhibits both higher elastic modulus and tensile strength, by virtue of the 

good dispersion and the high moduli of the clay platelets. At the same time, however, an 

exfoliated PLSN can present a lower toughness with respect to the corresponding 

intercalated system. So, again taking PA6-MMT as an example, it has been verified that 

the impact strength of this polymeric material with the inclusion of 10% (by weight) of 

organically - modified MMT decreased from approximately 7 kJ/m2 to 3.2 kJ/m2 and 4.3 

kJ/m2 for the exfoliated and intercalated PLSN, respectively [54]. These experimental 

evidences have been rationalized on the basis of the formation of submicron voids 

associated with intercalated layered silicate stacks. 
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2.6.2. Barrier properties 

The gaseous barrier property improvement that can result from incorporation of relatively 

small quantities of layered silicates is shown to be substantial. Many data concur to show 

that oxygen transmission rates in PLSNs can be as low as 50% of that of the unmodified 

polymer. In addition, studies have shown that PLSNs have excellent barrier properties 

against other gases (e.g., nitrogen and carbon dioxide), water, hydrocarbons, and other 

organic solvents such as alcohols, toluene, and chloroform [30]. The main factors 

contributing to the barrier property enhancement are both the amount of clay incorporated 

into the polymer matrix and the aspect ratio of the filler particle. In particular, the aspect 

ratio is shown to have a major effect, with high ratios  quite dramatically enhancing 

barrier properties. 

Figure 2.7 – Sketch of the Nielson labyrinth or tortuous path model according to 

which a gas or solvent molecule has to follow a zigzag pathway when diffusing 

In general, best barrier effects can be achieved in polymer nanocomposites with fully 

exfoliated clay minerals, and such evidences can be justified considering the Nielson 

labyrinth tortuous path model (see Figure 2.7), according to which, once a film of PLSN 

is formed, the sheet-like clay layers orient in parallel with the film surface [55]. As a 

result, the diffusing species have to travel a longer way around the impermeable clay 

platelets than in the corresponding pristine polymer matrix when they traverse an 

equivalent film thickness. 
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A further note of interest here is that the improvement of the barrier properties in PCN 

materials does not involve the chemistry of the systems, as it is practically independent of 

the nature of the gas/liquid diffusing molecules. 

2.6.3. Thermal stability and heat distortion temperature 

Upon heating, polymer molecules start to degrade and, finally decompose, as temperature 

is increased above a certain critical value, specific for each polymeric specie. The thermal 

stability of a polymer is usually determined via thermogravimetric analysis (TGA), in 

which a weighted sample of polymer is gradually heated and the weight loss upon 

heating, due to the formation of volatile products (e.g., CO2, H2O, NH3, etc.), is recorded. 

The higher thermal stability experimentally verified for PLSNs can be related, in analogy 

with the barrier properties, by the presence of the dispersed clay platelets, which create a 

hindered path for the diffusion of the volatile species and assist the formation of char 

after thermal decomposition. Another important thermal behavior is the heat resistance 

upon external loading, which is quantified by heat distortion temperature (HDT). For 

example, HTD was found to increase from 65°C for pure Nylon to 152°C for the 

corresponding PLSN material [52]. 

2.6.4. Flame retardance 

The ability of layered silicates to reduce the flammability of polymeric materials is one of 

the most important application of these systems. Indeed, flammability behavior can be 

restricted in polymers such as PP with as little as 2% loading, the effect resulting 

substantially from very low heat release Although conventional microparticle filler 

incorporation together with the use of flame retardant agents would ultimately minimize 

flammability behavior, this is usually accompanied by reduction in various other 

important properties. By using PLSNs, this is usually achieved whilst maintaining or 

even enhancing other properties and characteristics. 

The flame retardance effect is evaluated by quantifying the reduction in the peak of the 

heat release rate (HRR). As examples, by the addition of 10% organoclay the average 

HRR of PS decreases by 21% with respect to the pristine polymer [56] or, more 



32 2 – POLYMER – LAYERED SILICATE NANOCOMPOSITES 

impressively, the HRR of a PA6 made fabric was reduced by 40% with addition of only 

5% of organoclay [57]. The molecular explanation for this characteristic property of 

PLSN finds its roots in the carbonaceous char layers that form when the organic material 

burns and the structure of the clay minerals. The multilayered clay structures act as 

excellent insulators and mass transport barriers. Char formation and clay structure thus 

concur to impede the escape of the decomposed volatiles for the interior of the remaining 

polymeric matrix. A word of caution, however, must be spent on the fact that the 

presence of organic surface modifiers has been also shown to be able to catalyze thermal 

degradation and, hence, act somewhat against the flame retardance. Therefore, the 

ultimate flame retardance property of a given PLSN results as a balance between these 

two counteracting effects. 

2.6.5. Electrical conductivity 

Intuitively, being ionic substances, layered silicates exhibit peculiar electrical properties. 

Indeed, although overall a layered silicate can be considered as an insulator, the hydrated 

cationic species present in the interlayer spaces, being quite mobile, can guarantee a 

notable ionic conductivity of the system. Furthermore, the intercalation of neutral species 

could affect the hydration shells of these interlayer ions, resulting a significantly 

modified ionic mobility and, hence, in altered electrical conductivity and other electrical 

parameters. As an example, PEO – based  PLSN shows a remarkably increased ionic 

conductivity with respect to the pristine clay materials, and this conductivity increases 

with increasing temperature. The maximum conductivity in the direction parallel to the 

clay layer is of the order of 10-5 – 10-4 S/cm [58]. Other parameters that play an important 

role in these properties are the eventual presence of crystalline phase within the 

polymeric matrices. In fact, whilst in conventional polymer/salt systems the ionic 

conductivity is strongly influenced by the presence of polymeric crystallites, ion-pair 

formation and the mobility of the counter-ions, it is not so in PLSNs. Indeed, here the 

counterions (that is the negatively charged clay layers) are substantially immobile and, 

hence, ion-pairs and anion-complexed cation interactions cannot take place. 
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2.6.6. Chemical resistance 

Water or chemicals laden atmosphere have long been regarded as one of the most 

damaging environments which polymeric materials can encounter. Thus, the ability to 

minimize the extent to which water/chemical is adsorbed can be a major advantage. 

Indeed, layered silicates incorporation can reduce the extent of water/chemical adsorption 

in a polymer matrix, and this effect again is bound to the clay particle aspect ratio: 

increasing aspect ratio is found to diminish substantially the amount of water/chemical 

adsorbed and, hence, water/chemical transmission to the underlying substrate. Thus, 

application in which contact with water or moist environment is likely could clearly 

benefit from the use of materials incorporating layered silicates [10]. 

2.6.7. Biodegradability 

PLSNs based on biodegradable polymeric matrices have proven to be outstanding 

systems by virtue of their improved biodegradability. The most common biodegradable 

PLSNs are based on organically modified MMT as mineral and poly lactic acid (PLA) as 

matrix. The remarkably improved biodegradability of these PLSNs were substantially 

attributed to a catalytic role of the organoclay in the biodegradation mechanism [59]. 

2.6.8. Optical properties 

The presence of filler incorporation at nano-levels has also been shown to have 

significant effect on the transparency and haze of films. In comparison to conventionally 

filled polymers, nanoclay incorporation has been show to significantly enhance 

transparency and reduce haze. With polymers characterized by significant amount of 

crystalline fractions (e.g., polyamides and PET), this effect has been attributed to the 

modification in the crystallization behavior brought about by the nanoclay particles, the 

spherulitic domain dimensions being considerably smaller. Similarly, nano-modified 

polymers have been shown, when employed to coat polymeric transparent materials, to 

enhance both toughness and hardness of these materials without interfering with light 

transmission characteristics (see for example [60]).  
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2.7. Applications of PLSNs 

The fact that PLSNs show concurrent improved performances in various material 

properties at very low filler content, together with the ease of preparation through simple 

processes, opens up a new dimension for plastic and composite materials.  

Generally speaking, the enhancement of the material properties highlighted above has 

fostered research for a substantial exploitation of PLSN – based systems in industrial 

applications. For instance, the mechanical property improvements have resulted in major 

interest in numerous automotive and general industrial applications. These include 

potential for utilization as mirror housing on various vehicle types, door handles, engine 

covers and timing belt covers. More general applications currently being considered 

include usage as impellers and blades for vacuum cleaners, power tool housing, mower 

hoods and covers for portable electronic equipment such as mobile phones, pagers, and 

so on. 

The excellent barrier characteristics exhibited by PCNs have resulted in considerable 

employment of PLSNs for food packaging applications, both flexible and rigid. Specific 

examples include packaging for processed meats, cheese, confectionery and cereals, 

extrusion-coating applications in association with paperboard for fruit juice and dairy 

products, together with co-extrusion process for the manufacture of beer and carbonated 

drinks bottles. The use of PLSNs is expected to enhance considerably the shelf life of 

many types of foods. 

Reduced solvent transmission through PLSNs highlights the possibility of applications of 

these materials as both fuel tank and fuel line components for cars. Of further interest for 

this type of application, the reduced fuel transmission characteristics are accompanied by 

significant material cost reduction. Finally, the optical clarity coupled with the flexibility 

and resistance properties have opened the opportunity for the employment of PCNs in the 

micro/electronics industry for special applications such as light-emitting devices (LEDs). 

An excellent review of current commercial applications of PLSNs can be found in [16] 

and [30]. 
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This Chapter consists in a short review of  some of the main methods used in 

multiscale modeling of PNCs, with particular attention to the techniques 

applied in this research. In addition, information on current advances in 

multiscale modeling of PLSN is reported.  
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3.1. Introduction 

As already outlined in Chapter 1, modeling and simulation methods have increasingly 

become fundamental tools in the field of PNCs science and technology. These techniques 

have been used for investigation of molecular arrangements as well as for predicting 

macroscopic properties of these materials [11]. In this Chapter, we will present a 

summary of the main simulation methods for each of the length and time scales involved 

in multiscale modeling of materials in general and of PNCs in particular. Different 

techniques will be grouped in three classes, according to the typical scale to which they 

belong: 

 

• Microscale methods, consisting in atomistic simulations of systems corresponding to 

limited number of molecules and characterized by models whose characteristic size is 

restricted to few nanometers at most. These models aim at investigating 

thermodynamics and kinetics of the formation, molecular structure and interactions. 

• Mesoscale methods, used for the modeling of systems in which characteristic 

dimensions range from hundreds of nanometers to microns, with behaviors and 

morphologies strongly depending on microscopic interactions but far too large to be 

modeled using microscale methods. 

• Macroscale methods, in which models can be regarded as representative of the 

average structure and properties of the whole material and simulations can be 

performed regardless of the molecular processes occurring at the microscale. These 

methods aim at representing an heterogeneous material as an equivalent 

homogeneous one. 

  

Multiscale modeling aims at linking these different methods, using the sequential or 

concurrent approaches outlined in Chapter 1. Our multiscale procedure (see Chapter 4 for 

details) can be regarded as a sequential parameter – passing process. As long as it is 

based on MD, DPD and FEM (each technique being related to one of the classes defined 

above), fundamental concepts of these methods will be explained in the present Chapter. 

Finally, we will present an overview of the research in the field modeling and simulation 
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of PLSNs in recent years. An exhaustive review of multiscale modeling methods for 

PNCs can be found in [13] and [61]; this Chapter is essentially based on these works but 

with some major differences in the classification of the modeling methods:  Additional 

sources have been used to enrich the overall perspective [12, 14, 15, 62-65], particularly 

with respect to macroscale methods. 

3.2. Microscale methods 

The modeling and simulation methods at molecular level usually employ atoms or  small 

atom clusters (in coarse – grain approaches) as the basic units considered. Beyond 

Quantum Mechanical (QM) methods (which incorporate quantum effects and are 

applicable only to very small systems due to their computational cost), the most popular 

methods include molecular mechanics (MM), Molecular Dynamics (MD) and Monte 

Carlo (MC). As already outlined above, modeling of PNCs at this scale is predominantly 

directed toward the prediction of thermodynamic and dynamic properties based on the 

principles of equilibrium and non-equilibrium statistical mechanics [12, 13]. MM 

methods allows to determine minimum energy conformation of  atomistic systems, 

assuming the validity of the Born – Oppenheimer approximation, which enables 

electronic and nuclear motions to be separated; calculations are based on a force field, i.e. 

a rather simple model of the interactions within a system with contributions from 

different processes (e.g., such as the stretching of bonds). MD methods are based on the 

same force field based calculation of MM, but by integration of Newton’s laws of motion 

they allow generation of successive configurations (connected in time) of the simulated 

system. This method will be illustrated in more detail in the next Section.  MC methods, 

conversely, generate configurations of a system by making random changes to the 

positions of its elements, using a special set of criteria to decide  whether or not to accept 

each new configuration. Amongst the different MC algorithms which have been 

developed, the Rotational Isomeric State  (RIS) method [66] represents one of the most 

common for the generation of polymer chains configurations. An excellent introduction 

to these methods (very often referred to as molecular modeling) is reported in [65]. 
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3.2.1. Molecular Dynamics (MD) 

MD is a computer simulation technique that allows one to predict the time evolution of a 

system of interacting particles (e.g., atoms, molecules, granules, etc.) and estimate 

relevant physical properties. Output of MD consists in atomic positions, velocities and 

forces from which the macroscopic properties (e.g., pressure, energy, heat capacities) can 

be derived by means of statistical mechanics. MD simulation is based on a set of initial 

conditions (e.g., initial positions and velocities of all particles in the system) and the 

interaction potentials to represent the forces among all the particles (i.e. the force field). 

The evolution of the system in time is obtained by solving a set of classical Newtonian 

equations of motion for all particles in the system. The equation of motion is generally 

given by: 

 

2
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where Fi is the force acting on the ith atom or particle at time t which is obtained as the 

negative gradient of the interaction potential U, m  is the atomic mass and ri i the atomic 

position. An effective simulation involves the proper selection of interaction potentials, 

numerical integration, periodic boundary conditions and the controls of pressure and 

temperature to mimic physically meaningful thermodynamic ensembles.  

A typical interaction potential U may consist of a number of bonded and non bonded 

interaction terms, which can be calculated for each of the N particles: 
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The first four terms represent bonded interactions, i.e., bond stretching Ubond, bond-angle 

bend Uangle, dihedral angle torsion Utorsion and inversion interaction Uinversion, while the last 

two terms are non bonded interactions, i.e., van der Waals energy Uvdw and electrostatic 

energy Uelectrostatic. 
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Usually, equation of motion are integrated applying one of the many algorithms using 

finite difference methods. MD simulations can be performed in many different 

ensembles, such as grand canonical (μVT), microcanonical (NVE), canonical (NVT) and 

isothermal–isobaric (NPT). The constant temperature and pressure can be controlled by 

adding an appropriate thermostat and barostat [13, 65] 

3.3. Mesoscale methods 

Mesoscale  methods aim at linking microscale methods, i.e. atom base simulations, with 

macroscale methods based on continuum models. Specifically, in PNC systems, they 

allow the study of structural evolution by describing the bulk flow and the interactions 

between nanoparticles and polymer components Various simulation methods have been 

proposed to study the mesoscale structures characterizing PNCs and polymer systems in 

general, most common being Brownian Dynamics (BD), Dissipative Particle Dynamics 

(DPD), Lattice Boltzmann (LB), time – dependent Ginsburg – Landau (TDGL) theory, 

and Dynamic Density Functional Theory (DDFT). In these methods, a polymer system is 

usually treated with a field description or with largely coarse – grained particles that 

incorporate molecular details implicitly [12, 13].  

BD make use of an implicit continuum solvent description, typically ignoring the internal 

motions of molecules and thus allowing a much larger timestep than that of MD. 

Therefore, BD is particularly useful for systems where there is a large gap of time scale 

governing the motion of different components [13].  

The DPD method, originally developed by Koelman and Hoogerbrugge [67, 68], is based 

on units representing group of atoms or molecular assemblies, whose movement is 

determined by forces resulting from mutual direct interactions and dissipative and 

random contributes. This method has been chosen for mesoscale modelling in this work 

and will be treated in more detail in the next Section.  

LB method is originated from lattice gas automaton which is constructed as a simplified, 

fictitious molecular dynamic in which space, time and particle velocities are all discrete. 

A typical lattice gas automaton consists of a regular lattice with particles residing on the 
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nodes. Polymer chains can be treated with typical bead – spring models, whereas solvent 

molecules can be represented using a discretized Boltzmann equation [13]. 

Time – dependent Ginsburg – Landau (TDGL) theory, based on based on the Cahn – 

Hilliard – Cook (CHC) nonlinear diffusion equation for a binary blend, allows the 

simulation of the structural evolution of phase-separation in polymer blends and block 

copolymers and has recently been applied to PNC systems as well. In the TDGL method, 

a free-energy function is minimized to simulate a temperature quench from the miscible 

region of the phase diagram to the immiscible region [13].  

DDFT method [69] is usually used to model the dynamic behavior of polymer systems 

and has been implemented in the software package Mesodyn from Accelrys [70, 71]. The 

DFT models the behavior of polymer fluids by combining Gaussian mean-field statistics 

with a TDGL model [13] 

3.3.1. Dissipative Particle Dynamics (DPD) 

The DPD method is a particle based method having many similarities with classical  MD; 

however, its basic unit is not a single atom but groups of atoms, referred to as beads and 

whose mutual interactions are defined by soft potentials. The set of particles moves 

according to Newton’s equation of motion and interacts dissipatively If the mass of all 

particles is set to equal to unity, the time evolution of the positions (r (t)) and forces (fi i(t), 

equal to particle’s acceleration due to mass value set to unity) is given by : 
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where r , v , and fi i i are the position vector, velocity, and total force, respectively, acting on 

particle i. 

The force acting on the particles, which is pairwise additive, can be decomposed into 

three elements: a conservative ( ), a dissipative ( ), and a random ( ) force. 

Accordingly, the effective force f
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where the sum extends over all particles within a given distance rc from the ith particle. 

This distance practically constitutes the only length scale in the entire system. Therefore, 

it is convenient to set the cutoff radius rc as a unit of length (i.e., rc = 1), so that all 

lengths are measured relative to the particles radius. 

The conservative force is a soft repulsion, given by: 
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where aij is the maximum repulsion between particles i and j, rij is the magnitude of the 

particle-particle vector r ijij r/ˆ ijrr =ij = r  – ri j (i.e., rij = ⏐rij⏐), and  is the unit vector 

joining particles i and j. The other two forces,  and , are both responsible for the 

conservation of the total momentum in the system, and incorporate the Brownian motion 

into the larger length scale. They are given by the following expressions: 
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where vij = vi –vj, ωD and ωR are r-dependent weight functions tending to zero for r = rc, 

and θij is a randomly fluctuating variable with zero mean and unit variance. It has been 

shown that one of the two weight functions in Eq. (3.6) can be chosen arbitrarily, thereby 

fixing the other weight function. However, the weight function and constants should 

obey: 
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where kB is the Boltzmann constant. Further incorporation of chain molecules simply 

requires the addition of a harmonic spring force between the beads allowing them to 

interconnect to highly complex topologies: 

B

 

ij
spring
ij K rF =  (3.8) 

 

Many different formulations of the DPD method have been proposed, for example with 

inclusion of angle potentials; for some introductory studies, see [72, 73] 

3.4. Macroscale methods 

Within the framework of material multiscale modeling, we refer to macroscale methods 

as those modeling and simulation techniques which allow the calculation of some specific 

macroscopic property (e.g. Young’s modulus, electrical conductivity, gas permeability, 

etc) of a material by considering a continuous distribution of its components throughout 

its volume, i.e. ignoring discrete atomic and molecular structures and their influence on 

system’s behaviour. The final aim basically consists in representing an heterogeneous 

material as an equivalent homogeneous one. Such a description could be as well suited 

for the definition of micromechanics according to some authors [62, 64], for which 

micromechanics’ objective basically consists in bridging and determining relationship 

between microstructures and macroscopic (mechanical) properties. Other authors, on the 

other hand, consider micromechanics as just one of the possible methods for obtaining 

macroscopic properties starting from a representative model of the material [13] 

In any case, the fundamental concept of these methods consists in the choice of a model 

which is representative of the whole material. Thus, the model has to be a Representative 

Volume Element (RVE) for the system, i.e. a sample which is “entirely typical of the 

whole mixture on average” [74] Defining RVE and its minimum dimensions is obviously 

a non trivial task and amenable of different interpretations.  
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Besides setting the RVE, macroscale methods usually involve the definition of 

appropriate constituent laws and implementation of relationships between structural 

features and macroscopic properties. Thus, the latter can be calculated. 

Possible macroscale modeling strategies can be grouped into methods which directly 

calculate overall properties from system parameters (like the well known Halpin- Tsai or 

Mori – Tanaka models of composite materials) and methods which calculate properties 

starting from the generation and subsequent analysis of material structure samples , using 

different possible schemes for the estimation of the investigated characteristics. The 

Finite Element Method (FEM) can be applied as a possible scheme for property 

prediction in these kind of methods. As long as for our multiscale procedure we chose a 

particular calculation technique based on this method, we will report more details on this 

approach in the next Section. A very detailed description and classification of what is 

referred here as macroscale methods can be found in [13] as well as in [62, 64] for what 

concerns mechanical behaviors.  

3.4.1. Finite Element Method (FEM) 

A fairly recent development for studying different characteristics of composite materials 

involves the use of FEM and iterative solvers for the evaluation of average material 

properties and subsequently for the determination of optimal particle features for given 

requirements [64]. 

FEM is a general numerical method for obtaining approximate solutions to many 

different problems and has been widely used for many application in very different 

branches of science and engineering. It is based on the spatial discretization of the entire 

investigated model into an assembly of simply shaped subdomains (e.g., hexahedra or 

tetrahedral) without gaps and without overlaps. A thorough description of FEM is beyond 

the scope of this simple overview. Here we will describe only the specific form of the 

method we used for this research, based on the work of Gusev [73] and performed using 

its implementation in the software Palmyra by Matsim GmbH [74].  

This FEM approach consists in a constant-strain-tetrahedra displacement-based technique 

with an iterative solver. After the Monte Carlo generation of RVE in form of a unit cell 
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with appropriate boundary conditions, an adaptative mesh is built using specific criteria 

to model particle – matrix interface effectively. For calculation of thermomechanical 

properties, six different infinitesimally small deformations are applied to the composite 

mesh and the total strain energy for each of these deformations is minimized using the 

conjugate gradient method in order to calculate the elastic composite properties. Since 

composite materials are usually anisotropic, the symmetry class of the tensor is triclinic; 

if, however, the material has some symmetry, the corresponding tensor specifications 

may be simplified. The total elastic energy FE, which is a quadratic function of the 

displacements of the nodes, is defined as the sum over the element contributions: 
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where ft is the elastic energy of tetrahedron t, V its volume, Cik the elastic constants, and 

ei the local strains. In general, the ei are made up of mechanical and thermal parts. The 

units of the energy F are [L³ GPa], where L is the length unit of the simulation cell. 

3.5. Modeling and Simulation of PLSNs 

Modeling and simulation of PNCs have attracted the interests of many researchers in the 

last decades. Nanoparticles have been themselves the subject of intensive studies and 

many different models have been proposed for representing their structure. For PNCs, 

modelling and simulation are especially useful in addressing the following fundamental 

issues [13]: 

 

• the thermodynamics and kinetics of the formation of PNCs.  

• the characteristics of the structure and dynamics of PNCs ranging from microscale to 

mesoscale and macroscale, in particular, the molecular structures and dynamics at the 

interface between nanoparticles and polymer matrix. 

• the dependence of polymer rheological behaviour on the addition of nanoparticles. 

• the molecular origins of the mechanisms of property modification generated by the 

addition of nanoparticles. 
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Particular attention has been devoted to the investigation of composites using CNTs as 

fillers (see for example [77, 78]).  Even if it did not attract as much attention, research in 

the field of modeling and simulation of PLSNs has been quite intense as well and lead to 

interesting results. In this Section we will present an overview of the most relevant works 

on this subject and report some of the main findings. 

Different  techniques have been applied for the simulation of PLSNs, according to the 

specific characteristics studied by investigators. A large number of these researches 

aimed at investigating the molecular arrangements and relevant interactions at the 

interface between the polymer and the layered silicate particle;  other studies focused on 

the influence of particle’s shape and distributions on final properties, and how to predict 

them; others described models for the analysis of the thermodynamic mechanisms 

determining PLSNs’ final morphologies. 

Amongst the first researches in this field, the work of Vaia and co – workers [38, 39] can 

be considered of outmost relevance, together with that of Balasz and co – workers [44-

50]. By using different lattice – based models, these authors reached important 

conclusions on the thermodynamics of formation of PLSNs, as has already been 

described in Chapter 4 of this work.  

Many other authors resorted to MD to study the interface between polymer and PLSNs as 

well as the distributions of components in the interlayer. Tanaka and Goettler [79] and 

Fermeglia and co – workers [80] investigated the binding energies between components 

for polyamide based systems and found that an increase in the number of contacts 

between the polymer and the clay surface enhance the total binding energy. This result is 

in agreement with the conclusions of Vaia and Balasz as well as with subsequent 

experimental measurement, demonstrating the negative influence of surface modifier’s 

occupied volume on binding energy [81]. Other authors later studied PLSN systems using 

very similar approaches, i.e. determining favorable components’ features for polymer 

intercalation and properties enhancement by investigating interactions at the interface 

[82-87].  

Distribution of components within the interlayer gallery has been studied with MD by 

other authors, who focused their attention on polymer intercalated structures as well as on 
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the organically – modified layered silicate alone [41, 88-92]. All these studies 

emphasized a particular layered conformation of polymer and surface modifier next to the 

clay surface.  

MD has been used also to evaluate interaction energies between silicate platelets as 

function of the interlayer distance [43, 93] as well as  for describing the intercalation of 

polymer in the gallery [42, 94-97]. These last studied, though, involve the use of 

simplified interaction potentials and, for [42, 97], a high degree of coarse graining, which 

almost makes this models belonging to a mesoscale modeling framework. Despite these 

efforts, though, a reliable and realistic model of polymer intercalation in organically 

modified layered silicates has not been produced yet and in our opinion represents one of 

the most interesting challenges in this field, due to its inherent complexity deriving to the 

different scales that dominates this process.  

Macroscale methods have been applied to predict final properties of the PLSN, mainly as 

direct functions of platelet shape, size and degree of dispersion. Using this kind of 

modeling approach, just to mention some examples, PLSN mechanical [98-100], thermal 

[101] and gas barrier [102] properties have been predicted. FEM - based approaches have 

been applied as well, sometimes in a framework of multiscale modeling in which 

platelets strongly influence properties of the nearby matrix volume. With this approach, 

mechanical [103, 104] and gas barrier [105] properties have been predicted.  

As far as multiscale integration of these methods is concerned, we devised different 

sequential parameter – passing schemes for the simulation of PLSNs. Similar procedures 

have been previously applied to PNCs filled with nanoparticles other than layered 

silicates [13]. Our work consisted in linking MD to DPD or DDFT models and then 

export the resulting mesoscale representation to the FEM based software described in the 

previous Section. This allowed us to predict mechanical and barrier properties of 

different PLSN systems [12, 106-108]. 



 

Chapter 4 
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This Chapter reports a detailed description of the simulation procedures 

applied in the process of  PLSN multiscale modeling. Part of this Chapter 

has been published in J. Phys. Chem. B (2007), 111 (9), 2143 and Fluid 

Phase Equilibr (2007), 261 (1-2), 366. 
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4.1. Introduction 

This chapter contains a detailed description of the methods and  procedures we adopted in 

order to achieve the objectives outlined in Chapter 1, and has to be considered as the 

fundamental part of this thesis. We will illustrate the reasons for the choice of simulation 

methods of the PLSNs systems we decided to investigate and then we will carefully 

describe the procedures we adopted at each scale:  

 

• MD, in order to elucidate the influence of components chemistry on the interfacial 

binding energies and to retrieve data to define interaction parameters in mesoscale 

simulations; 

 

• DPD, in order to describe the morphology and predict the properties of the 

mesoscale structures within the PLSN (i.e. polymer-intercalated MMT stacks); 

 

• FEM, in order to compute macroscopic properties of the PLSN, using results from 

DPD simulations. In particular, we focused our attention on Young’s modulus.  

 

Moreover, we will elucidate the methods we applied in order to pass from simulations at 

the microscale to the calculation of macroscopic properties, thus creating a general 

parameter – passing multiscale scheme capable of producing predictive results for the 

design of PLSNs.   

An important note concerns the choice of the parameters used in simulations at all 

different scales. This was not a straightforward process, and conversely it used most of 

the time at the beginning of our research activity. For example, with respect to MD 

simulations, many trials have been made in order to determine the optimal set of 

parameters (size of the simulation cell, degree of polymerization and number of the 

polymer chains, time length of the simulation, charge assignment, etc.). The final set of 

values for all the different variables has been chosen with the aim to obtain the best 

results using the smallest systems possible, in order to reduce computational time; at the 
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same time, we aimed at keeping as accurate as possible in representing the molecular 

arrangements at the interface between the polymer and the organically-modified clay. 

Thus, we realized models of different dimensions and then we performed a careful 

comparison between the outcomes of smaller and larger systems. Similarly, we applied 

different charge schemes and different forcefields and then compared the results. This 

process of parameters setting has been applied to DPD and FEM simulations as well. In 

DPD simulations we explored different strategies to represent the MMT platelet, to 

define bead dimensions and to minimize simulation time length. Conversely, during the 

FEM modeling part, our attention has been focused on the results produced by the 

commercial software we applied to predict material properties. By changing model size, 

property averaging method and inclusion number on some reference systems [75, 105, 

109, 110] and on ours as well, we tested its reliability and defined the maximum number 

of volume elements we could take into account in our calculations. This testing process 

allowed us also to be certain that each model we were creating could be regarded as a 

Representative Volume Elements (RVE) (see Chapter 3.5) for the bulk material, thus 

producing results that could be compared to experimental data.  

All the data produced during this process of parameter setting are not reported here, as 

long as they do not represent significant results but can instead be regarded as a kind of 

preliminary work Nonetheless, we thought this process should be at least mentioned as a 

part of the research itself. In this chapter we will just report the settings we applied during 

ultimate simulations and we will briefly argument their choice in the light of the 

aforementioned assessment process.  

Part of the reported procedures have been recently published [106, 107].   

4.2. Molecular Dynamics Simulations 

The choice of MD simulation for the investigation of the interfacial interactions between 

the polymers and the organo-modified MMT platelets was quite a simple decision. As a 

matter of fact, this technique has been widely employed in recent years to study many 

different aspects of the interfacial behavior of these materials, as already explained in 

Chapter 3. In the next Sections we will explain details of model building and of 
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calculation of binding energies and density profiles. Investigated systems are those 

reported in Chapter 1. All the models and MD simulations have been performed using 

Materials Studio (MS) molecular modeling package (v. 4.2, Accelrys, San Diego, CA, 

USA) [71]. 

4.2.1. Model Building 

MMT. The chemical structure of MMT is a phyllosilicate characterized by random 

substitution of Al with Mg ions. The principal building elements of this mineral are 2-D 

arrays of aluminum-oxygen-hydroxyl octahedra sandwiched between two 2-D arrays of 

silicon-oxygen tetrahedra, forming a three-layered platelet, as already explained in 

Chapter 2. Thus, starting from relevant crystallographic coordinates [111], we built the 

unit cell of the MMT crystal using the Crystal Builder tool implemented in the modeling 

package. To obtain the corresponding crystal structure of MMT, some aluminum ions 

were substituted by magnesium ions. In order to model MMTs with cation exchange 

capacity (CEC) of approximately 60, 90 and 120 meq/100g, we first replicated the basic 

cell three times in the a direction and two times in the b direction (thus obtaining a 3 x 2 

supercell of dimensions 15.3 Å x 17.9 Å x 10 Å, corresponding to the surface of 6 unit 

cells), and then substituted 3, 4 or 5 every 24 Al atoms with an equal number of Mg ones. 

The resulting MMT models can be chemically described by the unit formulas reported in 

Table 4.1.  

CEC Unit Cell Formula 

60 (Al3.50Mg0.50)Si8O20(OH)4 - Na0.50

90 (Al3.33Mg0.67)Si8O20(OH)4 - Na0.67

120 (Al3.17Mg0.83)Si8O20(OH)4 - Na0.83

Table 4.1 - Unit Cell Formulas for 3 MMTs with different CEC

Lastly, the charges on the individual atoms were placed following the charge scheme 

proposed by Cygan et al. [112] and after removing the appropriate number of Na+ 

cations, this finally yielded the overall neutral MMT cell models that were used in all 

subsequent simulations, an example of which can be seen in Figure 4.1. Dimensions of 



4 – METHODS  51 

the MMT model were determined by a comparative process as already outlined in the 

introduction. 

Figure 4.1 – MMT (CEC90) model made by 6 unit cells. Colors: orange = silica 

tethraedra; pink = alumina octahedra; green = magnesia octahedra; violet = Na 

counterions; red = oxygen; white = hydrogen. 

Surface Modifiers. The selected alkyl-ammonium cations (or “quats”, see Chapter 1), 

after being sketched using the 3D modeling tools implemented in the software, were 

geometrically optimized using the COMPASS forcefield [113-115]. The choice of the 

COMPASS forcefield resulted from a compromise between good accuracy and 

availability of forcefield parameters for all atom types present in the molecular model. 

Partial charges on the molecules were assigned using parameters implemented in the 

forcefield. The geometrical optimization process was performed using a Smart Minimizer 

that combines Steepest Descent and Conjugate Gradient (using Fletcher – Reeves 

algorithm [116]) methods; convergence levels were set to 1000 and 10 kcal/mol Å 

respectively. Electrostatic and van der Waals interaction were treated using an atom 

based method with a cutoff of 9.5 Å. As long as all these molecules were later subjected 

to the complete MD simulation procedure (that will be illustrated afterwards) within the 

PLSN model, only a rough geometrical optimization has been performed at this stage. 

Sketches of the minimized models of the alkyl-ammonium cations can be seen in Fig 4.2. 
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M3C12 M3C18 MC18(EtOH)2 

 
 

M2BC18 M2C18L8 M2(C18)2 

Figure 4.2 – Sketches of the minimized models of the investigated alkyl-ammonium 

cations. Colors: grey = carbon; blue = nitrogen; red = oxygen; white = hydrogen.  

Polymer Chains. As far as selected polymers (see Chapter 1) are concerned, we first built 

the relative constitutive repeat units (CRUs), then used them to build the chains and 

finally to model the volume of polymer located at the interface with the organically 

modified clay. This last step was performed using the Amorphous Cell module of the 

software, which allows the creation of reasonable polymer chains arrangements through a 

version of the Rotational Isomeric State (RIS) method [66], once chain length and 

number, bulk density and temperature are given as input data. Choosing the appropriate 

chain length has been one of the most time consuming tasks during the preliminary stage 
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mentioned in the introduction of this Chapter. Simulating the real length of a polymer 

chain would be almost an impossible task to perform in a standard MD simulation, so it is 

necessary to resort to shorter chains. However, although a few monomer long chain could 

hardly give a genuine response of the behavior of a real one, it has been proven that all 

typical features of the fast segmental dynamics of interfacial polymer chains can be 

explored using much shorter molecules [117] and indeed this is a widely accepted 

approximation in the literature concerning MD simulations of PLSN systems [79, 80, 82-

93]. With the final aim of identifying the smallest representative model of the interfacial 

volume between polymer and organically modified clay, we realized several models of 

the PLSN, using all the different investigated polymers and M2(C18)2 modified MMT 

(CEC = 90meq/100g) as a reference, varying number and length of the polymer chains. 

Finally, comparing concentration profiles and binding energies between components 

(more details on the computation of these quantities are reported later on),  we decided to 

use 12 monomer long molecules and a variable number of chains for each investigated 

polymer. We chose to vary the number of chains in order to  keep atom number more or 

less constant for each model generated, as long as we wanted to realize PLSN models 

which occupied roughly the same volume and therefore could be regarded as comparable. 

In the end, we produced 10 models (in order to obtain a reasonable sampling of the 

polymer conformational space) for each polymer, which were subsequently subjected to 

1000 steps of NVT MD simulation at 298K (in order to relax the structure) using once 

again the COMPASS forcefield and the same scheme used for surface modifiers to treat 

non-bond interactions. An example of these models can be seen in Fig. 4.3. Densities, 

chain and atom number of the different polymer models are given in Table 4.2. 

 

Polymer – Layered Silicate Nanocomposite. In order to simulate the interface between 

the organically modified MMT and the polymers we build a cell “stretched" along the c-

direction (up to 150 Å); in this way, even if the model is still 3-D periodic, there are no 

interactions between the periodic images in the c-direction, ultimately resulting in a 

pseudo 2-D periodic system. [79, 80] After separating the two MMT layers by 150 Å, we 

substituted the Na+ atoms of the lower MMT sheet with the surface modifier molecules.  
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Figure 4.3 – Three 12-monomer PET chains in a periodic box (average density 1,33 

g/cm3, cell dimensions 20x20x20 Å), built using the RIS Method.  

 Density (g/cm3) 
Number of 

Chains 

Number of 

Atoms 

PA6 1.14 3 690 

PE 0.92 9 666 

PP 0.92 6 660 

PET 1.33 3 798 

Table 4.2 – Density, number of chains and number of atoms of 12 – monomer  long 

polymer chains configurations generated with RIS method. Density were taken from 

[17, 18, 119].  
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We then copied polymer chains models in the cells, thus obtaining 10 different model 

systems for each polymer. The center of mass of each polymer chain  was located 

approximately 30 to 40 Å above the center of mass of the lower MMT sheet.  

As an example, one of the models can be seen in Figure 4.4. Once again, at last the 

structure was geometrically optimized using the COMPASS forcefield and the Smart 

Minimizer (up to 5000 steps) applied for the alkyl-ammonium cations, but this time we 

used the Ewald summation method [118] for treating both van der Waals and electrostatic 

interactions.  

Figure 4.4 – Model of a PET – M2C18L8 – MMT  PLSN; upper MMT layer (located 

150 Å above the lower one) is not visible 

4.2.2. Simulation Parameters 

4.2.2.1 Simulations for binding energies calculation 

In order to elucidate the link between polymer and quat chemistry and at the same time 

retrieve the information on components interactions that is necessary for our scale-up 
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procedure, we performed NVT MD simulations (using Discover module of MS software) 

on the PLSN models built according to the process we described above.  

In order to reduce computational time, during each MD run, both montmorillonite layers 

were treated as rigid bodies by fixing all cell dimensions, while all atoms in the interlayer 

space including the cations (except the Na+ ions of the MMT upper platelet)were allow to 

move without any constraint. [80] Each NVT simulation was run at 298 K for 400 ps, 

applying the Ewald summation method (with an accuracy of 0.01 kcal/mol and an update 

width of 1 Å) for treating both van der Waals and electrostatic interactions. An 

integration time step of 1 fs, and the Nosé thermostat [120] (with Q ratio = 1) were 

adopted. Some snapshots of a MD trajectory for one of the investigated systems can be 

seen in Figure 4.5. 

(a) (b) (c) (d) 

Figure 4.5 – Snapshots of MD simulation of a PET/M2C18L8/MMT90 system: (a) 

initial conformation; (b) after 10 ps; (c) after 50 ps; (d) after 200 ps.  

4.2.2.2. Simulations for interlayer densities calculation 

It is well known, both from simulation  and experimental studies (see Chapter 3 and 

Chapter 2) that the presence of layered silicates in a polymer matrix causes modifications 

in the chain conformation next to the particle surface. In particular, considering the 

density of the organic species, there seems to be a tendency of the surface modifier 
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molecules and polymer chains to adopt a layered conformation. In order to investigate 

this behavior, we developed an original procedure to simulate alkyl ammonium cations 

and polymer chains intercalation into the clay galleries. For these simulations, we used 

the same molecular models described in the model building section. However, this 

procedure was applied to a model system only (PA6 – M2(C18)2 – MMT90) and used as 

a validation of the scale-up procedure.  

Starting from the 3 x 2 MMT supercell (with its “regular” height of 10 Å), we removed 

one Na+ ion and substituted it with a alkyl ammonium molecule, laying between the 

MMT sheets; we then performed a geometry optimization of the system, keeping all cell 

parameters fixed except for the c distance, using the same parameters reported above but 

this time using the UNIVERSAL forcefield [121], in order to avoid some problems 

connected to the typing of movable atoms within MMT layers using COMPASS. The 

resulting configuration was then subjected to a NVT annealing procedure using 

COMPASS, in order to sample as many system configurations as possible. The total 

simulation lasted 25 ps, with a time step of 1fs, and consisted of 5 annealing cycles with a 

starting temperature of 298 K, a mid-cycle temperature of 1500 K, and 5 heating ramps 

per cycle. Ewald method and Nosé thermostat (with the same set of parameters described 

above) were again employed for treating the non bond energy components and 

controlling temperature. After each cycle, a molecular geometry optimization was run 

with the same criteria explained before. Finally, the lowest potential energy conformation 

from the 5 different frames obtained as output from the described procedure was selected 

for further modeling. 

This frame was used as an initial configuration for the insertion of the second quat 

molecule after removal of another Na+ ion. We then applied the same procedure 

described above, and repeated it until all 4 Na+ atoms were substituted by surface 

modifier molecules. The resulting configuration with 4 quats was in turn used as the 

initial configuration for the polymer chain insertion. To this purpose, we first built a 30 

monomer polymer chain using the procedure described in Section 4.2.1, and then we 

inserted it 5 monomers at a time. Each time 5 new monomers were added, we modified 

the charges on the chain end atoms in order to have a zero–charge system, and replaced 
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them with their original values once other 5 monomers were added and bonded to the 

chain end. Every time we inserted a new 5 monomer set, we performed the same 

optimization procedure described above for the quat insertion. Accordingly, the final 

system was a MMT cell with 4 surface modifier molecules and a 30 monomer long PA6 

chain, characterized by a d-spacing of 4.22 nm. The length of the chain was indeed 

chosen in order to obtain a final configuration which matched the experimental d-spacing 

for this system [17]. The model was subjected to a last NVT annealing run, from which 

Figure 4.6 – Snapshots of subsequent steps during simulation process of interlayer 

density: (a) MMT with one intercalated M2(C18)2 quat; (b) with 2 quat; (c) with 3 

quat; (d) with 4 quat and (e) with 4 quats and the 30 – monomer long PA6 chain. 
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we selected the lowest potential energy frame from the trajectory file and used it as 

starting configuration to perform a productive 300 ps NVT run (at 298 K) with the usual 

parameter set. An illustration of the process is presented in Figure 4.6. 

4.2.3. Analysis 

4.2.3.1. Binding Energies Calculation 

Binding energies (in our case represented by the total non bond energy between different 

species in the PLSN model) can be used as an indicator of the affinity between a polymer 

and an organically – modified clay and hence as one of the factors determining the final 

degree of exfoliation of the nanocomposite. In order to calculate binding energy (Ebind), 

we started from the concept that the total potential energy of a ternary system composed, 

for instance, by polymer (P), montmorillonite (MMT) and quats (Q), E(P/MMT/Q), may be 

written as: 

 

E(P/MMT/Q) = EP + EMMT + EQ + Eint(P/MMT) + Eint(MMT/Q) + Eint(P/Q) (4.1) 

 

where the first three terms represent the energy of polymer, MMT and quat (consisting of 

both valence and non bond energy terms), and the last three terms are the interaction 

energies between each of two component pairs (made up of non bond terms only). By 

definition, the binding energy Ebind is the negative of the interaction energy. To calculate 

the binary binding energy Ebind(P/Q), for instance, we first created a P–Q system deleting 

the MMT platelet and the Na+ ions from one of the MD trajectory frames, and then 

calculated all the different contributes to the energy of the system EP/Q. Next, we deleted 

the quat molecules, leaving the polymer chains alone, and thus calculated the energy of 

the polymer molecules, EP. Similarly, we deleted the polymer molecules from the P–Q 

system, and calculated EQ. Then, the binding energy Ebind(P/Q) can be calculated from the 

following equation: 

 

Ebind(P/Q) = EP + EQ – EP/Q (4.2) 
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Similarly, the binding energies Ebind(P/MMT) and Ebind(MMT/Q) can be computed as 

follows: 

 

Ebind(P/MMT) = EP + EMMT – EP/MMT (4.3) 

 

Ebind(MMT/Q) = EMMT + EQ – EMMT/Q (4.4) 

 

As the MD frame choice is concerned, we decided to calculate the system energies at 

steps of 10 frames, from 300 to 400 ps. We considered these as representative energy 

values, since every energy component is well equilibrated after approximately 100 ps of 

simulation. All data collected have then been averaged over the 10 different model 

systems obtained using procedure described in the previous Sections. Finally, in order to 

capture the influence of different polymers on binding energies, we rescaled the obtained 

values by dividing it by the number of atoms of polymer models.  

We performed all calculations using the MMT model characterized by a CEC of 90 

Table 4.3 – Example of the output of a complete analysis of energy contributes for the 

PLSN system PA6 – MC18(EtOH)2 – MMT90.   
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meq/100g and all the possible combinations of quat and polymer, for a total of 240 (24 

cases x 10 polymer conformations per case) different systems. For PA6 and PET (and all 

quats) and PP/M2(C18)2, in addition, we carried out MD runs using MMT models with 

CEC of 60 and 120 meq/100g. An example of the tables obtained in this way is presented 

in Table 4.3. 

 With respect to the models we decided to simulate at all scales by applying the whole 

multiscale procedure, we also had to compute binding energies, but this time between the 

different bead species we still have to define. Therefore, though pertaining to MD 

trajectory analysis, this subject is treated in Section  4.3.1.2. 

4.2.3.2. Density profiles 

Once the simulation described in Section 4.2.2.2 was completed, 30 frames were 

extracted from the corresponding trajectory file (1 every 10 frames from the final 

productive NVT), and on each one we performed a concentration profile calculation of 

the organic species (polymer and quat) within the interlayer space of the studied systems 

(i.e. PA6 – M2(C18)2 – MMT90), using the appropriate tools of the Discover module 

implemented in MS software.  

4.3. Dissipative Particle Dynamics Simulations 

In order to simulate the morphology of the organic species between the montmorillonite 

layers at a mesoscopic level, we decided to resort to the DPD method. This choice was 

taken in order to evaluate the possibility of using this relatively simple soft particle 

method to realize mesoscale models of complex nanocomposite systems like PLSNs. In 

literature, other coarse graining strategies have been adopted to simulate the behavior of a 

polymer intercalated MMT stack [42, 97], but using the DPD method represents an 

option that has never been explored. In any case, this method has been successfully 

applied to other kinds of nanocomposites systems [78]. In the next sections, we will 

describe our strategy for linking MD to DPD and we will explain our choices for the 

creation of the stack model.  All DPD calculations have been performed using the DPD 
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module as implemented in Materials Studio (MS) molecular modeling package (v. 4.2, 

Accelrys, San Diego, CA, USA) [71].  

4.3.1. From MD to DPD 

As outlined in Chapter 3, a DPD simulation requires the definition of bead types and of 

the relative repulsive parameters. In our multiscale scheme, we propose the coupling of 

DPD repulsion parameters to the energy values resulting from the atomistic MD 

simulations, after scaling the latter according to the number of beads. The DPD 

simulations were performed on the following models: 

• PA6 – M3C18 – MMT90 

• PA6 – M2(C18)2 – MMT90 

• PP – M2(C18)2 – MMT90 

• PP – M2(C18)2 – MMT120 

• PET – M2C18L8 – MMT90 

As already mentioned in Chapter 1, the choice of these models was dictated by the fact 

that these systems have been recently investigated [17-20]; in these works, d-spacing and 

PLSN composition are clearly reported and Young’s modulus is measured, allowing us to 

have a quantitative comparison between experimental data and simulation results from 

our FEM models (see Section 4.4).      

4.3.1.1. Bead definition 

The first step necessary for the determination of the DPD input parameters consists in 

defining the DPD bead dimensions, thus implicitly defining the characteristic length of 

the system (rc). As illustrated in the Chapter 3, the interaction range rc sets the basic 

length-scale of the system; in other terms, rc can be defined as the side of a cube 

containing an average number of  ρ  beads. Therefore: 

 

( ) 3/1ρ bc Vr =  (4.5) 

 



4 – METHODS  63 

where Vb is the volume of a bead. Thus, even in a heterogeneous system consisting of 

several different species, such as PLSNs, a basic DPD assumption is that all bead-types 

(each representing a different group of atoms) are of the same volume Vb.  

Defining bead dimensions is therefore not a trivial task and requires to be carefully 

considered. Alkyl ammonium cations basically consist in a strongly polar head and one or 

two almost apolar tails: as long as we wanted to preserve this feature in our DPD 

simulation, we chose to define our bead according to the dimension of the polar head of 

the quat, considering it as comprising also the first two –CH2 groups of the alkyl tail. The 

chosen bead volume has a value of about 120 Å3, (measured using the Connolly 

algorithm [122] as implemented in MS, with a Connolly Radius of 0 and a vdW scale 

factor of 1) Surface modifiers MD models were thus mapped to DPD models made up of 

one head bead and from two to four tail beads (see Figure 4.6), whereas investigated 

polymers were mapped to beads consisting of 1 to 3 monomers (see Figure 4.7). Finally, 

MMT 3 x 2 cell was considered as being constituted by 18 beads. This is of course an 

approximation (measured volumes for the above species in fact ranged from 120 to 160 

Å3); nonetheless, after sampling a large number of molecular models of the beads  and 

calculating their volumes, we finally decided to set the bead volume to a value of 130 Å3.      

   
M3C18 M2C18L8 M2(C18)2 

Figure 4.6 – Mapping of molecular models of surface modifiers to DPD bead based 

models. Head bead is colored in blue.
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PA6 PET PP 

Figure 4.7 – Mapping of molecular models of 12 – monomer long polymer chains to 

DPD bead based models. 

After fixing the system density to ρ = 3 according to previous , we could calculate the 

characteristic dimension of the mesoscopic system (i.e. the cutoff distance rc) from Eq. 

(4.5), obtaining rc = 7.3 Å. As said in Chapter 3, this value represents the soft potential 

cutoff distance, but is also the length of one of the unit cells in the DPD simulation box. 

4.3.1.2. Calculating DPD Repulsion Parameters from MD Binding Energies  

Given the fundamental parameters defined for DPD simulations, what really 

characterizes different models investigated with this method is the conservative force 

(Fc) between beads, (see Chapter 3): 
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Once unit length is determined (i.e. bead volume and hence rc are defined), the aij 

parameters have to be set. In literature, these coefficients have been fixed arbitrarily or 

sometimes linked to different physical quantities: for example, to the χ-parameter in a 
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Flory-Huggins-type model [73] or to the bead size [123]. In our multiscale approach, as 

anticipated above, we propose an alternative route, in which the repulsive DPD 

parameters are coupled to the interaction energies resulting from the atomistic molecular 

dynamics simulations. The choice of using only these non bond interactions stems from 

the fact that they could represent the most appropriate choice to describe the DPD 

conservative force. To obtain a set of energy values which could be mapped onto 

mesoscale beads, we first ideally split the quats in two parts: a head, which takes into 

account the quaternary nitrogen group, and the tails, which include one or two long 

hydrocarbon chains. We then calculated the interaction energies between polymer, MMT 

and these new “components” of the surface modifier molecules, using the same NVT MD 

trajectories and the same energy calculation procedure described in Section 4.2. The only 

difference from the previous case obviously consisted in calculating also the binding 

energies for all those combinations which included heads and tails: 

 

 Ebind(P/H) = EP + EH – EP/H (4.7) 

 

Ebind(P/T) = EP+ ET – EP/T (4.8) 

 

Ebind(MMT/H) = EMMT + EH – EMMT/H (4.9) 

 

Ebind(MMT/T) = EMMT + ET – EMMT/T  (4.10) 

 

The interaction energy between heads and tails obviously corresponded to the non bond 

contribution to the total energy previously calculated for the entire quat molecule. 

At this point, we had to find a way to link these values to the aij parameters. To this 

purpose, the following combinatorial approach was used to rescale the non bond 

interactions energies for the investigated systems (see Table 4.3).  
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PA6 – M3C18 –MMT90 

 
PA6 – M2(C18)2 –MMT90 

 
PP – M2(C18)2 –MMT120 

 
PP – M2(C18)2 –MMT90 

 
PET – M2C18L8 –MMT90 

Table 4.4 – Self and mixed interaction energies between components in molecular 

models of investigated PLSN systems; energies are rescaled according to bead 

number.  
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Considering a system made up of single particles i and j, the total energy of the system is 

given, in the hypothesis of neglecting the ternary contributions to interaction, by  

 

jijiijijjjjjiiii
tot
system EnEnEnEnE +++=   (4.11) 

where: 

 

( )
2

1−
= iiii

ii
nnn

  (4.12)  

 

is the number of contacts between ni particle of type i, and 

 

2
ji

ij
nn

n =
  (4.13) 

 

is the number of contacts between ni particles of type i and nj particles of type j. Since the 

mixed energy terms Eij and Eji, and the number of contacts nij and nji are the same, the 

expression for the system total energy, i.e. Eq. (4.11), becomes: 

 

ijijjjjjiiii
tot
sys EnEnEnE 2++=   (4.14) 

 

The values of self-interaction energies Eii and Ejj are easily obtainable dividing the 

corresponding values reported in Table 4.3 by the appropriated number of contacts 

(directly depending from the number of beads in which each component has been 

divided) whilst the value of the system total energy  is derived straightforward from 

the MD simulation. Accordingly, the remaining mixed energy term, E

tot
sysE

ij, is calculated by 

applying Eq. (4.14). Table 4.4 reports all the values of the self- and mixed rescaled 

interaction energies. 

After defining an average value for each rescaled interaction energy, we had to fix two 

reference values in the aij parameters set; in this way, supposing a linear dependence of  



68 4 – METHODS 

 
PA6 – M3C18 –MMT90 

 
PA6 – M2(C18)2 –MMT90 

 
PP – M2(C18)2 –MMT120 

 
PP – M2(C18)2 –MMT90 

 
PET – M2C18L8 –MMT90 

Table 4.5 – aij repulsion parameters for DPD models of the investigated systems. 

Parameters derive from rescaled interaction energies reported in Table 4.4. 
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the repulsion coefficient from the rescaled energies, we could determine a value for each 

possible interactions, i.e. for each repulsion parameters. Thus, we decided to fix the bead-

bead interaction parameter for polymer – polymer  contacts to aPP = 25, in agreement 

with the value reported in literature for a density value ρ =3 [73]. The other value we 

decided to fix was the head – head interaction; after a large number of trials, we set it to 

aPH = 500, with the aim of mimicking a strong electrostatic repulsive interaction between 

two neatly positively charged groups. After these two parameters were set, their values 

were associated to the corresponding values of the DPD energies rescaled from MD 

simulations. Thus, for example, in the system PA6/M2(C18)2/MMT90, aPP = 25 

corresponds a rescaled interaction energy value of -4.82, whilst a value of 279.30 is 

mapped to aHH = 500. All the remaining DPD interaction parameters aij can then easily be 

derived following a linear dependence to the original MD energies. In the case of 

MMT/MMT interaction, since no energy values could be extracted from the MD 

simulations, we set aM/M = 15. Finally, for the pair M/H, the parameter aij was not 

calculated using the scaling law, but we set it to the value of 5, because of the strong 

negative value of its rescaled energy. The final set of DPD parameters for each of the 

investigated systems are listed in Table 4.5.  

4.3.2. Simulation Parameters 

In order to simulate the polymer intercalated stack, we decided to build a model that 

could be representative of a significant volume of the gallery between two MMT surface. 

Consequently, we built 3 different simulation boxes (in periodic boundary conditions), 

characterized by the same dimensions in the x – y plane but differing in the z direction, in 

order to describe the different d-spacing known to be peculiar of the PLSNs we chose to 

model. . Dimensions (both in reduced DPD and real units) of the simulation boxes are 

reported in Table 4.6, together with the PLSN system they are intended to represent and 

the total number of beads they contain (derived from the considerations made in previous 

Section on bead volume and  rc). To represent the clay platelets, we made use of the 

available software option of including a repulsive wall in the simulation box, 

perpendicular to the z-axis at the origin. The wall has a height approximately 
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corresponding to rc as well as to the thickness of a real MMT platelet (~0.8 nm, measured 

from the MD models). A solid flat wall in DPD is usually constructed as an ensemble of 

locally frozen DPD particles [124, 125]. The frozen particles behave as normal fluid 

particles, but maintain a fixed position and velocity. 

Simulation Box Dimensions 

(reduced units & nm) 
PLSN System 

x y z 

Total 

Bead 

Numbe

r 

PP - M2(C18)2-CEC120 
20  

(146 nm) 

20  

(146 nm) 

4  

(29.2 nm) 
4800 

PP - M2(C18)2-CEC90 

PET - M2C18L8 -CEC90 

20  

(146 nm) 

20  

(146 nm) 

5  

(36.5 nm) 
6000 

PA6 - M2(C18)2 - CEC90 

PA6 - M3C18 - CEC90 

20  

(146 nm) 

20  

(146 nm) 

6  

(43.8 nm) 
7200 

Table 4.6 – Dimensions of the DPD cells used for modeling different PLSN system 

and relative total bead number. 

Therefore, the wall interacts with each bead in the system with a potential of the same 

form as the bead-bead conservative force. This force is soft and short-range, so beads are 

not strictly forbidden from passing through the barrier. In order to fill the space between 

the two surfaces of the wall, we defined a very low value (aM/Wall = 5) for the repulsion 

parameter between MMT beads and the wall, thus obtaining a good representation of the 

MMT platelet (see Figure 4.8). As far as the remaining bead/wall repulsive parameters 

are concerned, we decided to simply scale up the interaction parameters with the MMT 

bead by a factor of 10. In this way, we preserved the proportion of interaction energies 

between clay and organic species and, at the same time, we prevented the beads from 

crossing the wall, creating an effective solid surface.  

Having set the DPD box features and dimensions, we proceeded by calculating the 

number of beads that had to be inserted in order to match the relative concentration of 
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Figure 4.8 – DPD cell used in PLSN simulation: MMT platelets are represented using 

a repulsive wall filled with MMT beads. 

each component. We started by considering the MMT sheet in our atomistic model: the 3 

x 2 platelet used in the simulations has a volume of approximately 2303 Å3, considering a 

MMT thickness of 8.3 Å (measured from the molecular model). This volume roughly 

corresponds to 18 bead volumes as defined in the previous Section. For each system, the  

DPD platelet has an area that is approximately 77 times larger than that of the molecular 

model, hence – considering the same sheet thickness for both the DPD and the atomistic 

representation -  we can define the number of MMT beads (18 x 77 = 1386) to be inserted 

in our DPD box. Secondly, we can easily define the number of quat beads, as long as we 

know the charge that each platelet bears in the atomistic model (2 or 3 e-, for MMT90 and 

MMT120 respectively), hence the number of surface modifier molecules present on the 

MMT surface. Considering the two surfaces, for the MMT90 representation the total 

number of quats to be inserted is then 308 (77 x 2 x 2) and 462 for the MMT120 model 

(77 x 3 x 2). Taking into account the different types of quats, the number of beads can be 

easily calculated. Finally, we can determine the number of polymer beads, by simply 

subtracting the number of quat and MMT beads to the total number contained in the 

whole box. All polymer molecules have been chosen to be 100 beads long. Table 4.7 

reports all details on bead number for each investigated system. Once aij repulsion 

parameters and system dimension and composition were set, we had to define dissipative 

parameters, timestep and length of the simulation. According to literature [73], we chose 

to leave dissipative parameters to their standard value (i.e. 4.5) and decided for a 

simulation length of 2x105 steps with a time step of 0.04 DPD reduced units. 
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Finally, we set the spring constant (see Eq. 3.8) for polymer and quat beads to a value of 

4. 

 Bead Number 

PLSN System Polymer Quat MMT 

PP - M2(C18)2-CEC120 1104 2310 1386 

PP - M2(C18)2-CEC90 3074 1540 1386 

PET - M2C18L8 -CEC90 3382 1232 1386 

PA6 - M2(C18)2 - CEC90 4274 1540 1386 

PA6 - M3C18 - CEC90 4890 924 1386 

Table 4.7 – Type and number of beads in each DPD simulation of chosen PLSN 

systems . 

Figure 4.9 – Example of the final outcome of a DPD simulation: PA6 – M2(C18)2 – 

MMT90 after 2 x 105 timesteps. Colors: red = polymer; blue = quat’s head; green = 

quat’s tail; orange = MMT, depicted as a solid field for bead densities > 1. 

Due to the fact that the aij parameters were calculated using MD trajectories at 298K, our 

DPD simulation were necessarily performed at this temperature. This, together with the 

fact that the average mass of the defined beads corresponds roughly to 140 u, allowed us 

to calculate the real time length of our DPD simulation (see Chapter 3): 
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s
Tk

mrtt
B

cr μ2≅⋅⋅=  (4.15) 

 

An example of the final outcome of a DPD simulation of one of our PLSN systems can 

be seen in Figure 4.9. 

4.3.3. Analysis 

Bead positions in a DPD simulation can be visualized as density fields within the box. 

We chose to use a grid interval of 0.2 rc, thus obtaining a 100 x 100 x  20, 25 or 30 

(depending on the height of the box) density grid (see Figure 4.10). Density values within 

each grid element are automatically rescaled according to the proportion with the DPD 

unit volume. We later processed the density files for each component and obtained the 

relevant density graphs to use as a comparison with those obtained form MD trajectories 

(see Section 4.2.3.2). 

Figure 4.10 – Representation as bead density fields of the DPD simulation cell of 

Figure 4.9. Colors: from blue to red = increasing organic density (polymer + quat’s 

tails); grey = MMT, depicted as a solid field for bead densities > 1. 

4.4. FEM Simulations 

Predicting nanocomposites properties, as already explained in Chapter 1, is a subject that 

has attracted much interest since first examples of these materials were created. 
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Concerning PLSNs,  even if classical composite theory can produce significant results, 

generally it is not completely appropriate due to the complexity of  material morphology. 

For this reason, many researchers have investigated PLSNs and other nanocomposites by 

resorting to micromechanics and applying different FEM techniques (see Chapter 3), with 

the final objective of retrieving information on the macroscopic properties of these 

materials. For our systems, we chose to apply the method developed by Gusev, as already 

mentioned previously, as long as it proved to produce noteworthy results. Moreover, this 

method is already implemented in a commercial software package (Palmyra by MatSim 

GmbH, Zürich, CH) that we used for the entire micromechanical stage of our multiscale 

simulation procedure. In the next sections, we will describe our approach for creating the 

PLSN RVE model and the procedure and parameters used for the calculation of the 

investigated macroscopic properties. 

4.4.1. From DPD to FEM 

Palmyra has been developed to be able to perform FEM analysis on density fields 

generated using  the DDFT mesoscale method [69, 70] as implemented in the MS 

modeling package. After opportunely modifying the file format of the density profiles 

obtained as described in the previous Section, we could thus import the structure of our 

DPD stack representation to the FEM software and finally calculate the properties of the 

mesoscale model. 

4.4.1.1. Calculating stack properties 

In order for property prediction calculations to be performed, the density fields have to be 

mapped to mesh elements. For arbitrary composite morphologies defined by density 

fields, Palmyra creates a mesh which is represented as a fixed regular cubic lattice, but 

actually provides the solver with a space-filling tetrahedral mesh, i.e. without voids, on 

which it performs all the calculations necessary for properties prediction. The mapping of 

cubic grid elements to a tetrahedral mesh results in six isochoric tetrahedrons for each 

cubic grid element [76]. An example of a meshed volume from a DPD simulation can be 

seen in Figure 4.11. According to the different DPD box height, we obtained meshes 
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containing 1.2 x 106, 1.5 x 106 or 1.8 x 106 tetrahedral elements. Each tetrahedron is 

characterized by a specific fraction (defined from the density field) of each PLSN 

component relative to its particular position. Two methods can be chosen for calculating 

the properties of grid elements which are a combination of different phases: serial 

(arithmetic) averaging or parallel averaging. These names come from the meaning of the 

method in electronic circuits, where resistors can be connected in series or in parallel. 

There are no clear rules available yet about which method should be used for multi-

component mixtures. After several trials for different morphologies and relative 

comparison to experimental data, we found that the parallel method gave largely 

underestimated evaluations and thus decided to use the serial averaging system in order 

to calculate properties of our stack models. Finally, we run the solver (using equations 

discussed in Chapter 3) for calculating mechanical properties with a convergence level of 

0.0001.. Mechanical properties for the silicate and polymer were taken from the available 

literature [17-20, 99, 119]. The properties of the quat molecules where chosen to match 

those of MMT and polymer for the cation heads and tails, respectively.  

Figure 4.11 – Cut plane of the meshed volume of the DPD simulation cell of Figure 

4.9 obtained using Palmyra. Colors: red = polymer; green = quat’s tail; blue = quat’s 

head; grey = MMT; color changes according to the relative densities of components 

within each tetrahedron 
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4.4.2. Simulation Parameters 

While creating a model that could correspond to the bulk structure of the investigated 

PLSN systems, our main concern was devoted to the definition of a RVE that could be 

representative of the different morphologies that are almost always present within such 

materials (see Chapter 2). Our first attempt resulted in a publication [107], in which we 

chose to use 36 particles (grouped in stack of different sizes) in order to model a cubic 

RVE of two different PLSN systems (PA6 – M3C18 – MMT90 and  PA6 – M2(C18)2 – 

MMT90) characterized by a filler fraction of 4.5% volume. In these models, both 

particles and stacks were set to have a preferential orientation, similarly to what happens 

in real extruded PLSN samples.  Properties were assigned from experimental data [99] to 

single platelets and matrix, while for the stacks we used properties estimated using the 

DPD model described in the previous section. For these systems, we built an adaptative 

tetrahedral mesh and we calculated both Young’s modulus and oxygen permeability. 

Comparison with experimental data gave quite good results, but the choice of exfoliation 

degree (i.e. the fraction of particles completely dispersed within the polymer) was largely 

subjective, being based solely on visual analysis of TEM images [99].  For the system 

investigated in this work, despite predicting real exfoliation grade from component 

chemistry only is currently unfeasible (even if some indications can be drawn, see 

Section 5.2) and depends on many process factors that in our simulation procedure can 

not be accounted for, we wanted to give at least a range of values for the predicted 

properties, related to different possible morphologies (from almost totally exfoliated to 

mainly intercalated). Details on the methods used for modeling of the exfoliation degree, 

particles orientation and finally for meshing are given in the next sections. 

4.4.2.1. Degree of Exfoliation 

In order to effectively model different degrees of exfoliation for our PLSN systems and 

calculate the relative mechanical properties, we first had to define some basic features of 

the models. Initially, we had to define the volume MMT fraction (vf) of each investigated 

system. In our first work we used vf ≅ 1,9 % in order to model a 4.6% weight fraction for 

a PA6 – based PLSN, with the final objective of comparing the obtained results with 
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existing literature works [vari paul], in which the same weight fraction was used. With 

the purpose of maintaining at least one constant variable in all the different models, we 

then decided to use vf 1,9 % for every PLSN system. This of course resulted in having 

different weight fractions depending on the chosen matrix polymer, due to the difference 

in density (see Table 4.8).  

≅

PLSN system 

Polymer 

Density 

(g/cm3) 

MMT 

weight % 

PET - M2C18L8 -CEC90 1.33 3.91% 

PP - M2(C18)2-CEC90  

PP - M2(C18)2-CEC120 
0.92 5.54% 

PA6 - M2(C18)2 - CEC90 

PA6 - M3C18 - CEC90 
1.14 4.60% 

Table 4.8 – MMT weight % of simulated systems having MMT volume % of 1,9%. 

After defining vf, we had to set the number of particles (hence determining the RVE) and 

their shape and size Relying on previous studies [17,26fpe] and on extensive trials 

performed with the purpose of testing software’s response to different RVE’s, we chose 

to use a RVE containing 48 MMT single particles; obviously, as long as we decided to 

simulate MMT both in the exfoliated and intercalated state, the actual number of particles 

(including both single sheets and stacks) was lower, ranging from 18 to 40 units, as we 

will better explain later.  

MMT particles (both single platelets and stacks) were chosen to be modeled as disks with 

a toroidal rim (see Figure 4.12), using the appropriate tools implemented in Palmyra.  

The thickness of the platelet is given by the height of the symmetry axis (2 h), the radius 

of the inner disk is r, thus the total diameter of the platelet projection is 2(h + r). The 

aspect ratio of the platelets is defined as diameter over thickness = (r + h)/h [76]. 



78 4 – METHODS 

 

Figure 4.12 – Geometrical description of  MMT platelet and stack model 

We then had to define particle dimensions. For each system, we set single platelet’s 

diameter (dp = 2h + 2r = 120 nm) and thickness (tp = r = 1 nm). Aspect ratio was 

consequently fixed to ar = 120, in agreement with dimensional information on silicate 

sheets [vari]. A single MMT platelet’s volume thus corresponds to Vp  11.3 x 10≅ 3 nm3. 

As long as we know MMT volume fraction (vf ≅ 1,9 %) and number of platelets in the 

model box (np = 48), we can retrieve the dimensions of the simulations cell (chosen to be 

cubic), which thus has a volume Vc ≅  0.029 μm3 and an edge lc ≅ 0.307 μm.  

Having defined these fundamental parameters, we had to model some different degrees of 

exfoliation, with the purpose of producing a range of values rather than a single one when 

predicting properties of the PLSN systems. Consequently, we decided to group some 

particles in stacks, effectively building models containing two different kinds of fillers: 

single platelet and polymer intercalated stacks. Stacks were modeled using the same 

particle representation used for MMT single sheets, but changing platelet thickness 

according to the number of platelet characterizing each element. In this way we defined 6 

different grouping schemes (A – F) for each system, defining stack aspect ratios 

according to the d-spacing reported in literature. The resulting models represent PLSNs 

with an exfoliation grade ranging from almost completely exfoliated (A) to mainly 

intercalated (F). Anyway, if compared to experimental data on possible degrees of 

exfoliation, all models we built present quite a good level of dispersion, even in the worst 



4 – METHODS  79 

case (F). This was done because in case of absence of at least partial exfoliation or even 

intercalation, beneficial effects of adding MMT to polymers is almost negligible and 

modeling of these systems would not be of any interest. A summary of the different 

parameters used for each system is given in Tables 4.9 to 4.11, where “particle” is used to 

designate both single exfoliated platelets and intercalated stacks.  

4.4.2.2. Particles orientation 

After having built all different PLSN models using the procedure presented in the 

previous section, we decided to define an orientation for stacks and single particles, using 

the appropriate tools implemented within Palmyra software. Considering a particle, each 

orientation can be described by the three Cartesian components {p1, p2, p3} of a unit 

vector p pointing along the particle axis. The components of the orientation vector p can 

be expressed by the angles φ and θ in the following way: 

 

θ=
ϕθ=
ϕθ=

cos
sinsin
cossin

3

2

1

p
p
p

 (4.16) 

 

Only two vector components are independent since the length of p is normalized to 1. 

Orientation tensors can be defined by forming dyadic products for each vector p that 

characterizes the orientation of an object and subsequently integrating the product of the 

resulting tensors with the distribution function over all possible directions of p. The 

second order orientation aij tensor can be calculated as following: 

 

ρρψρρ= ∫ da jiij )(  (4.17) 

 

For any orientation state we can define a coordinate system where all off-diagonal 

components of the orientation tensor become zero. In this case, the diagonal components 

correspond to the eigenvalues and their sum equals 1 because we deal with normalized 

orientation vectors p.  
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DPD Simulation Cell Height: 4 PLSN 

Systems 
PP - M2(C18)2-CEC120 

Related d-spacing: ~ 2 nm 

   

A Total Num. of Particles: 40 

Particle 

type 

Num. of 

particles 

 

Aspect 

ratio 

Relative 

vol. % 

Single 32 120 1.25 

2-Stack 8 20 1.87 

4-Stack 0 10 0.00 

6-Stack 0 6.67 0.00 
 

B Total Num. of Particles: 36  

Particle 

type 

Num. of 

particles 

Aspect 

ratio 

Relative 

vol. % 

Single 24 120 0.94 

2-Stack 12 20 2.81 

4-Stack 0 10 0.00 

6-Stack 0 6.67 0.00 
 

C Total Num. of Particles: 31  

Particle 

type 

Num. of 

particles 

Aspect 

ratio 

Relative 

vol. % 

Single 16 120 0.62 

2-Stack 14 15 3.28 

4-Stack 1 7.5 0.47 

6-Stack 0 5 0.00 
 

D Total Num. of Particles: 28 

Particle 

type 

Num. of 

particles 

Aspect 

ratio 

Relative 

vol. % 

Single 12 120 0.47 

2-Stack 14 15 3.28 

4-Stack 2 7.5 0.94 

6-Stack 0 5 0.00 
 

E Total Num. of Particles: 22 

Particle 

type 

Num. of 

particles 

Aspect 

ratio 

Relative 

vol. % 

Single 6 120 0.23 

2-Stack 12 15 2.81 

4-Stack 3 7.5 1.40 

6-Stack 1 5 0.70 
 

F Total Num. of Particles: 18 

Particle 

type 

Num. of 

particles 

Aspect 

ratio 

Relative 

vol. % 

Single 4 120 0.16 

2-Stack 8 15 1.87 

4-Stack 4 7.5 1.87 

6-Stack 2 5 1.40 
 

 

Table 4.9 – Platelet stacking parameters and relative aspect ratio and volume % for 6 

possible exfoliation grades (A – F) of system PP – M2(C18)2 – MMT120.  
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DPD Simulation Cell Height: 5 PLSN 

Systems 

PP – M2(C18)2 – MMT90 

PET – M2C18L8 –MMT90. Related d-spacing: ~ 3 nm 

   

A Total Num. of Particles: 40 

Particle 

type 

Num. of 

particles 

Aspect 

ratio 

Relative 

vol. % 

Single 32 120 1.24 

2-Stack 8 15 2.50 

4-Stack 0 7.5 0.00 

6-Stack 0 5 0.00 
 

B Total Num. of Particles: 36 

Particle 

type 

Num. of 

particles 

Aspect 

ratio 

Relative 

vol. % 

Single 24 120 0.94 

2-Stack 12 15 3.74 

4-Stack 0 7.5 0.00 

6-Stack 0 5 0.00 
 

C Total Num. of Particles: 31 D Total Num. of Particles: 28 

Particle 

type 

Num. of 

particles 

Aspect 

ratio 

Relative 

vol. % 

Single 16 120 

Particle 

type 

Num. of 

particles 

Aspect 

ratio 

Relative 

vol. % 

0.62 Single 12 120 0.46 

2-Stack 14 15 4.37 2-Stack 14 15 4.37 

4-Stack 1 7.5 0.62 4-Stack 2 7.5 1.25 

6-Stack 0 5 0.00 6-Stack 0 5 0.00 
  

E F Total Num. of Particles: 22 Total Num. of Particles: 18 

Particle 

type 

Num. of 

particles 

Aspect 

ratio 

Relative 

vol. % 

Particle 

type 

Num. of 

particles 

Aspect 

ratio 

Relative 

vol. % 

Single 6 120 0.23 Single 4 120 0.16 

2-Stack 12 15 3.74 2-Stack 8 15 2.50 

4-Stack 3 7.5 1.87 4-Stack 4 7.5 2.50 

6-Stack 1 5 0.94 6-Stack 2 5 1.87 
  

 

Table 4.10 – Platelet stacking parameters and relative  aspect ratio and volume % for 6 

possible exfoliation grades (A – F) of system PP – M2(C18)2 – MMT90 and PET – 

M2C18L8 –MMT90.  



82 4 – METHODS 

DPD Simulation Cell Height: 6 PLSN 

Systems 

PA6 - M2(C18)2-CEC90 

PA6 - M3C18 - CEC90   Related d-spacing: ~ 4 nm 

   

A Total Num. of Particles: 40 

Particle 

type 

Num. of 

particles 

Aspect 

ratio 

Relative 

vol. % 

Single 32 120 1.25 

2-Stack 8 12 3.12 

4-Stack 0 6 0.00 

6-Stack 0 4 0.00 
 

B Total Num. of Particles: 36 

Particle 

type 

Num. of 

particles 

Aspect 

ratio 

Relative 

vol. % 

Single 24 120 0.94 

2-Stack 12 12 4.68 

4-Stack 0 6 0.00 

6-Stack 0 4 0.00 
 

C Total Num. of Particles: 31  

Particle 

type 

Num. of 

particles 

Aspect 

ratio 

Relative 

vol. % 

Single 16 120 0.62 

2-Stack 14 12 5.46 

4-Stack 1 6 0.78 

6-Stack 0 4 0.00 
 

D Total Num. of Particles: 28 

Particle 

type 

Num. of 

particles 

Aspect 

ratio 

Relative 

vol. % 

Single 12 120 0.47 

2-Stack 14 12 5.46 

4-Stack 2 6 1.56 

6-Stack 0 4 0.00 
 

E Total Num. of Particles: 22 

Particle 

type 

Num. of 

particles 

Aspect 

ratio 

Relative 

vol. % 

Single 6 120 0.23 

2-Stack 12 12 4.68 

4-Stack 3 6 2.34 

6-Stack 1 4 1.17 
 

F Total Num. of Particles: 18 

Particle 

type 

Num. of 

particles 

Aspect 

ratio 

Relative 

vol. % 

Single 4 120 0.16 

2-Stack 8 12 3.12 

4-Stack 4 6 3.12 

6-Stack 2 4 2.34 
 

 

Table 4.11 – Platelet stacking parameters and relative  aspect ratio and volume % for 6 

possible exfoliation grades (A – F) of system PA6 – M2(C18)2 – MMT90 and PA6 – 

M3C18 – MMT90.  
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In Palmyra, the adjustment of the orientation tensor is done by predefining the targeted 

second order orientation tensor, entering two eigenvalues of the tensor. The third 

eigenvalue is determined by the fact that the sum of the eigenvalues must be 1. In our 

research, for all investigated systems, we set eigenvalues 1 and 2 (corresponding to the x 

and y direction, respectively) equal to 0.06. Accordingly, eigenvalue 3 (relative to z 

direction) was 0.88. In this way, we created a morphology in which the platelets are 

oriented parallel to the x – y plane, as if the nanocomposite were extruded perpendicular 

to the z direction. An example of the final result of our modeling procedure can be seen in 

Fig. 4.13. 

Figure 4.13 – 48-platelets configuration with grade of exfoliation “B” before (a) and 

after (b) particles orientation process. 

4.4.2.3. Meshing 

Once all model systems were built according to the procedure described in the previous 

sections, we had to construct a volume mesh in order to predict final PLSN’s properties 

by performing the calculations described in Chapter 3. For mesh generation, we used the 

appropriate tools implemented in Palmyra. Mesh generation and refinement methods 

used in Palmyra are quite complex, and a thoroughly description of them would be 
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beyond the scope of this work. Nonetheless, we would provide some basic elements in 

order to give an idea of the process. 

First of all, we built a surface mesh for each particle. In Palmyra, surface nodes are 

initially placed in regular layers on the objects in a way that the separations between 

nearest-neighbor pairs of surface nodes are more or less identical over the whole surface.  

For platelets,  they are distributed according to layers on the toroidal rim with the layer 

planes parallel to the top and bottom plane of the particle, while on the flat surfaces of 

they are equally distributed. In order to have a good final volume mesh, additional nodes 

are placed. This is done to avoid bridging tetrahedrons (having at least two vertices on the 

surface of different particles and thus connecting two inclusions) and surface crossing 

elements (having vertices both inside the particle and the matrix, thus generating rough 

surfaces or even holes); nodes are added by using a the triangle area surface refinement 

method. This method introduces a distant factor:  

 

dAd f /=  (4.18) 

 

where A is the area of a surface triangle on an object and d is the distance of the 

projection of the center of mass of the same triangle on the surface of the nearest object. 

Nodes are added to the surface until df  becomes smaller than a chosen volume. In order 

not to excessively increase the final number of tetrahedrons, we used df = 0.5 [palmyra 

userguide]. As can be seen in Figure 4.14, number of surface nodes can increase 

significantly especially with inclusions characterized by high aspect ratio. 

In order to create a 3D tetrahedralization of the configuration (hence a complete volume 

mesh consisting of non-overlapping tetrahedrons that completely cover the whole volume 

of the cell considering periodic boundary conditions), Palmyra uses the surface nodes and 

centers of inclusions as a basis and then creates a grid by fixing a predefined number of 

nodes along the cell edges. Grid points are used to place further nodes in the simulation 

cell and in its 26 neighbors, following some specific rules; then, the obtained non-

periodic mesh is reconnected to give a fully periodic mesh, obeying the periodic 
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boundary condition. Finally, a mesh refinement process takes place, in which more nodes 

are added according to different possible requirements.  

Our models were meshed imposing the absence of bridging elements of any kind and an 

average mesh quality of 0.3. Average mesh quality is defined on single tetrahedrons as 

the ratio between their volume and the volume of the regular tetrahedron (with 6 identical 

edges) that fits into the same circumsphere [palmyrauserguide].  

Figure 4.14 – A single platelet with aspect ratio 20 and 5 nodes on the toroidal rim. 

Total number of surface nodes is 4587.  

Figure 4.15 – Volume mesh building process in Palmyra, showing placement of : (a) 

objects centers; (b) surface nodes; (c) volume nodes. Finally (d), the complete 

tetrahedral mesh is built using both surface and volume nodes. 

Our final volume meshes contained a number of tetrahedrons approximately ranging 

from 400000 (for “F” models with d-spacing of 6 nm) to 2000000 (for “A” models with 

d-spacing of 4 nm). The difference in the quantity of elements derived from the higher 
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number of exfoliated platelets in A models; the high aspect ratio of exfoliated platelets 

(ar = 120), indeed, resulted in a very high number of elements near the object’s edge, 

which were created in order to avoid low quality tetrahedrons. Some examples of model 

configurations and their relative meshed volumes are presented in Table 4.12. 

   

   
A B C 

   

   
D E F 

Table 4.12 – Configuration and cut-planes after volume meshing representing systems 

described in Table 4.11; decreasing degree of exfoliation from A to F. 
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4.4.3. Analysis 

As far as model analysis is concerned, our attention was focused on the prediction of 

Young’s modulus for the different investigated PLSN systems. We chose this quantity as 

long as it is often used as a reference for general mechanical properties of materials. We 

run Palmyra solver (which uses the techniques already described in Chapter 3) with a 

convergence level of  0.0001. Properties of the polymer matrices and exfoliated MMT 

platelets were assigned according to literature data [17-20, 99, 119] , whereas stack 

properties  were assigned using the values (reported in Table 5.1) calculated as described 

in Section 4.4.1.1.  
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This Chapter reports a complete report of the results obtained applying 

methods and techniques described in the previous Chapter. Part of these 

results has been published in Fluid Phase Equilib. (2007), 261 (1-2), 366. 
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5.1. Introduction 

In this Chapter, we will present and comment the results obtained using the different 

procedures described in Chapter 4. First, we will examine the output of the binding 

energy analysis performed on MD trajectories. Attention will be focused on the influence 

of quat’s chemistry on the interfacial interactions between different polymers and 

organically – modified MMT. Results will be discussed in the light of relevant 

experimental data, in order to examine possible links to PLSNs’ exfoliation grade. 

Subsequently, we will compare density profiles from MD and DPD in order to produce a 

proof of the internal consistency of the multiscale scheme. Finally, we will report the 

output of the FEM calculations for the prediction of Young’s modulus of the investigated 

systems and will compare the results with experimental data.  

5.2. Binding energy analysis 

Using the procedures already described in Chapter 4, we calculated binding energies 

between different components in the 24 PLSN systems built using MMT90 (MMT model 

with CEC = 90 meq/100g) and in the additional 24 PLSN systems based on PET and PA6 

built using MMT60 and MMT120 (models with CEC = 60  or 120 meq/100g 

respectively). The difference between MMT types directly results in a different number 

of surface modifiers on the MMT model surface (1, 2 or 3 for MMT60, MMT90 and 

MMT120 3 x 2 cells respectively).  

In order to evaluate the overall binding energy between polymer and organically – 

modified MMT, we introduce the Effective Binding energy (EBindEff), simply defined as: 

 

EBindEff = Ebind(P/M) + Ebind(P/Q) (5.1) 

 

This quantity has already been used in literature and can be regarded as a general 

indication of the interfacial energy contribution to the overall PLSN mechanical 

properties as well as to its tendency towards an exfoliated morphology. [79-81] Figure 

5.1 to Figure 5.6 report histograms of EBindEff, Ebind(P/M) and Ebind(P/Q) for each 
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investigated polymer for MMT90. Electrostatic and vdW contributes to the total binding 

energy are also reported. In Figures 5.7 and 5.8 the same data are presented, this time 

emphasizing  Ebind(P/M) and Ebind(P/Q) contributes to EBindEff. From Figure 5.9 to 5.12 the 

same kind of data are reported for all PA6 and PET – based systems (thus including those 

characterized by the use of MMT60 and MMT120).  All energies are reported in kcal/mol 

per polymer atom. This normalization solution was chosen in order to allow a comparison 

between the different polymers.  

In the next sections we will first take into account the general influence of polymer type, 

focusing on the behavior of PET and PA6 in relation to the volume occupied by quats on 

the surface. Then, we will compare some types of quats in order to evaluate the influence 

of surface modifier’s structure on binding energies at the interface. 

5.2.1. Influence of polymer type  

A simple analysis of the data presented in the previous Figures allows some general 

considerations to be drawn. Comparing the histograms from Figure 5.1 and 5.2, it is 

possible to clearly recognize the influence of the polar nature of the polymer on EBindEff. 

Irrespective of the quat, EBindEff tends to be always lower for PE and PP – based systems. 

This is due basically to the total absence of any electrostatic contributes to the total 

energy (for both Ebind(P/M) and Ebind(P/Q), see also Figures 5.4 and 5.6), as indeed 

expected owing to the hydrophobic character of these polyolefins. EBindEff has already 

been linked to exfoliation grade for PA6 based systems [81]. These results seem to 

confirm that this quantity can be in fact used as one of the factors for a qualitative 

prediction of the PLSN degree of exfoliation. Polyolefin based PLSNs are actually 

known for not being suited for melt – intercalation compounding with MMT if not 

blended with similar polymers modified with polar groups [53].  

Another general consideration is that, conversely, in PA6 – based models the Ebind(P/M) 

component of EBindEff  is generally higher than in the other systems (see Figure 5.7 and 

5.8) and this appears to be resulting exclusively from the higher electrostatic component 

of the interactions between PA6 and MMT. As a matter of fact, the vdW component of 

Ebind(P/M) seems to be almost independent of the polymer type and depending only on 
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the quat shielding effect on the MMT surface (i.e. decreasing for quats with higher 

volumes - see Figure 5.3 and 5.4).  

PET – based models present a behavior that is somehow similar to that of PA6 –based 

ones but due to the lower affinity between this polymer and MMT (compare Figure 5.3(a) 

and 5.3(b)) the decrease in EBindEff  with quat’s volume is by some means compensated by 

the corresponding increase in Ebind(P/M), a feature that can be recognized for each 

polymer and is due to the higher number of interactions deriving from larger surface 

modifiers (see Figure 5.5 and 5.6) 

A more detailed comparison between the behavior of PA6 and PET in relation to quat 

volume is shown in Figures from 5.9 to 5.12, where EBindEff, Ebind(P/M)  and Ebind(P/Q) are 

reported also for systems built using MMT60 and MMT90. In these graphs, data for quats 

M2BC18 and MC18(EtOH)2 are not reported as long as the presence of ethylene-

hydroxide and benzene groups generally affect binding energies and thus would disturb a 

comparison based solely on volume. The x axis report the total volume occupied by quat 

molecules on MMT surface and is directly related to the CEC, as explained previously. 

The quat shielding effect is evident, especially when examining Figure 5.10. Interactions 

between polymer and MMT dramatically decrease with increasing total quat volume, 

both for vdW and electrostatic contributions. Due to the highly polar nature of PA6, this 

decrease is more pronounced in systems based on this polymer, whereas PET – based 

models show a more limited decrement. As already outlined before, on the other hand, 

for both polymers Ebind(P/Q) tends to increase with quat total volume, basically because 

of the higher vdW interactions, while the electrostatic contribute is more or less constant 

(even if data are quite scattered for PA6). These two different tendencies for Ebind(P/M) 

and Ebind(P/Q) are combined when calculating EBindEff (see Figure 5.12), resulting in two 

different trends: slightly increasing for PET and considerably decreasing for PA6. This is 

entirely depending on the strong decrease in the electrostatic component of Ebind(P/M) for 

PA6, which is not balanced from the increase in Ebind(P/Q), as conversely happens for 

PET (see Figure 5.19). As far as PA6 is concerned, these results are once again in 

agreement with previous findings [79, 80].   
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 Figure 5.1 – Effective Binding energy (split in vdW and Electrostatic 

contributions) for (a) PA6 and (b) PET combined with 6 different organically 

modified MMTs with CEC = 90  
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 Figure 5.2 – Effective Binding energy (split in vdW and Electrostatic 

contributions) for (a) PP and (b) PE combined with 6 different organically 

modified MMTs with CEC = 90 
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Figure 5.3 – Binding energy between Polymer and MMT (split in vdW and 

Electrostatic contributions) for (a) PA6 and (b) PET combined with 6 different 

organically modified MMTs with CEC = 90 
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Figure 5.4 – Binding energy between Polymer and MMT (split in vdW and 

Electrostatic contributions) for (a) PP and (b) PE combined with 6 different 

organically modified MMTs with CEC = 90 
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Figure 5.5 – Binding energy between Polymer and Quat (split in vdW and 

Electrostatic contributions) for (a) PA6 and (b) PET combined with 6 different 

organically modified MMTs with CEC = 90 
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Figure 5.6 – Binding energy between Polymer and Quat (split in vdW and 

Electrostatic contributions) for (a) PP and (b) PE combined with 6 different 

organically modified MMTs with CEC = 90 
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Figure 5.7 – Effective Binding energy (split in Pol-MMT and Pol-Quat 

contributions) for (a) PA6 and (b) PET combined with 6 different organically 

modified MMTs with CEC = 90 
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Figure 5.8 – Effective Binding energy (split in Pol-MMT and Pol-Quat 

contributions) for (a) PP and (b) PE combined with 6 different organically 

modified MMTs with CEC = 90 
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  Figure 5.9 – Effective Binding energy (split in vdW and Electrostatic 

contributions) for (a) PA6 and (b) PET combined with 18 different organically 

modified MMTs with CEC = 60, 90 and 120.  
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Figure 5.10 – Binding energy between Polymer and MMT (split in vdW and 

Electrostatic contributions) for (a) PA6 and (b) PET combined with 18 different 

organically modified MMTs with CEC = 60, 90 and 120. 
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Figure 5.11 – Binding energy between Polymer and Quat (split in vdW and 

Electrostatic contributions) for (a) PA6 and (b) PET combined with 18 different 

organically modified MMTs with CEC = 60, 90 and 120.
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Figure 5.12 – Effective Binding energy (split in Pol-MMT and Pol-Quat 

contributions) for (a) PA6 and (b) PET combined with 18 different organically 

modified MMTs with CEC = 60, 90 and 120.
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5.2.2. Influence of quat structure 

Drawing on a very detailed work by Paul et al. on the influence of quat structure on PA6 

– based PLSN properties [paulconfronti], we decided to investigate some features of 

surface modifiers (namely, length and number of quat tails, presence of hydroxyl - ethyl 

and benzene groups) by comparing different quats with M3C18, taken as reference. Data 

are reported and discussed for each of the investigated polymers and are relative to 

models built using MMT90. Although these data can be retrieved from previous figures, 

we will reproduce them in a different form in order to facilitate direct comparison. 

 

Influence of tail length. In order to evaluate the influence of tail length, we chose to 

compare EBindEff, Ebind(P/M)  and Ebind(P/Q) resulting from the analysis of MD trajectories 

of PLSN models characterized by M3C18 and M3C12. (see Figure 5.13). Histograms in 

Figure 5.13a do not reveal any noticeable difference in EBindEff for any of the investigated 

polymers, but this apparent correspondence actually originates by two opposite trends in 

Ebind(P/M)  and Ebind(P/Q). Indeed, differences in Ebind(P/M)  and Ebind(P/Q) are quite 

evident. Interactions between polymer and MMT are obviously impaired by longer alkyl 

tails (Figure 5.13b), but on the other hand binding energy between polymer and quat is 

enhanced by this feature to a similar extent (Figure 5.13c). However, this is not so clear 

for PA6, where only a moderate decrease is evident for  Ebind(P/M). Ebind(P/Q) is even 

higher for M3C12 than for M3C18; this could be due to more favorable electrostatic 

interactions  depending on a more concentrated charge on the shorter alkyl chain of 

M3C12 (see Figure 5.5a), finally resulting in a balance for the decrease in the relative 

vdW component. If once again we link EBindEff  to the final degree of exfoliation, we 

should find experimental data reporting similar morphologies for PLSNs produced using 

these 2 quats; this is indeed the case for PA6 [17].  

  

Influence of tail number. The effect of alkyl tail number was estimated by comparing the 

reference quat (M3C18) with its “double-tail” counterpart (M2(C18)2). Different 

contributes are reported in Figure 5.14. 
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Figure 5.13 – Comparison of EBindEff, Ebind(P/M)  and Ebind(P/Q) for PLSN systems 

characterized by quats M3C12 and M3C18. 
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Figure 5.14 – Comparison of EBindEff, Ebind(P/M)  and Ebind(P/Q) for PLSN systems 

characterized by quats M2(C18)2 and M3C18. 
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EBindEff is always higher for systems based on M2(C18)2 (Figure 5.14a), due to the 

considerable increase in  Ebind(P/Q) (Figure 5.14b) for all polymers, that largely 

compensate the corresponding decrease in  Ebind(P/M). However, this is not true for PA6; 

for this polymer, increase in Ebind(P/Q), due to the greater number of polymer – quat 

interactions,  is not enough to compensate the critical reduction of Ebind(P/M), whose 

electrostatic component  is actually the main reason for the high values of EBindEff  in 

PLSNs with single – tail quats. These results are once again in agreement with 

experimental data for PA6, if we retain the connection between EBindEff and exfoliation 

degree. MMT modified with M2(C18)2, indeed, present a lower extent of platelet 

dispersion in PA6, if compared to the one modified with M3C18 [17]. Moreover, the high 

value of  EBindEff  for PP – M2(C18)2 – MMT90 suggests possible exfoliation for these 

PLSNs;  indeed, this quat is known to produce at least partially intercalated morphologies 

in PP matrices [19, 20]. 

 

Influence of hydroxy - ethyl group. MD trajectories of systems characterized by 

MC18(EtOH)2 were compared to reference ones (M3C18) in order to determine the 

influence of the hydroxyl – ethyl groups attached to the head of this quat. Data are 

reported in Figure 5.15. The first element that can be noticed is the increase in Ebind(P/Q) 

for PA6 and PET, as it could be expected due to the polar nature of both the quat and 

these two polymers (see Figure 5.15c). A surprising result is that the same enhancement 

for Ebind(P/Q) occurs for PP as well, although this polymer can be considered rather 

apolar. Moreover, despite the presence of the hydroxy - ethyl groups (that in principle 

should shield the MMT surface from interactions with polymer), Ebind(P/M) of PP – 

MC18(EtOH)2 – MMT90 is higher than the one of its reference counterpart (PP – 

M3C18 – MMT90) (see Figure 5.15b).  Nonetheless, these increases for the PP based 

system are entirely due to the vdW component of the binding energy, as its electrostatic 

component is more or less constant (see Figure 5.4a and 5.6a). As long as many 

conformations have been sampled, this behavior should not be relative to any particular 

initial condition, and further investigation should be performed to study these results. 
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Figure 5.15 – Comparison of EBindEff, Ebind(P/M)  and Ebind(P/Q) for PLSN systems 

characterized by quats MC18(EtOH)2 and M3C18. 
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Figure 5.16 – Comparison of EBindEff, Ebind(P/M)  and Ebind(P/Q) for PLSN systems 

characterized by quats M2BC18 and M3C18. 
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PE, on the other hand, shows a predictable behavior, with almost no change in Ebind(P/Q) 

and a decrease in the vdW component of  Ebind(P/M). As far as PA6 is concerned, once 

again the comparison between EBindEff  in the two systems (PA6 – MC18(EtOH)2 – 

MMT90 and PA6 – M3C18 – MMT90) reflects a different degree of exfoliation detected 

by experimental measurements, with the former exhibiting a lower dispersion due to the 

supposed shielding effect of the hydroxy - ethyl groups on polymer – MMT interactions 

[solito paul]. This shielding effect is evident in our models (see Figure 5.15b), showing a 

strong decrease in Ebind(P/M). 

 

Influence of benzene group. The benzene group attached to the head of quat M2BC18 

seems to hardly have any effect on EBindEff  if compared with data resulting from MD 

trajectories of PLSNs based on M3C18, apart from a significant decrease in PA6 matrix 

systems (see Figure 5.16a). This reduction is once again due to a critical drop in 

Ebind(P/M) (see Figure 5.16b), probably caused by the hindrance provoked by the benzene 

ring on the MMT surface. However, although this trend is strong and evident not only for 

PA6 but for all polymers (except for PP, which shows a slighter decrease), it is almost 

entirely compensated  by a relative increase in Ebind(P/Q) (see Figure 5.16c) due to the 

larger dimensions of the quat. This increase is not present for PA6 – based systems and 

thus the drop in Ebind(P/M) is not balanced by any means, leading to the critical decrease 

in EBindEff. Unfortunately, no direct comparison with experimental data was possible for 

this quat, as long as it is not used in  for the polymers we investigated. 

5.3. Interlayer organic density analysis 

In order to validate our mesoscale procedure, consisting in applying the DPD method to 

simulate an intercalated MMT stack and in particular the arrangement of organic 

molecules (quats and polymer chains) between MMT layers, we decided to compare 

density profiles calculated from MD trajectories with those obtained by analysis of the 

DPD runs. Moreover, density profiles of polymers and quats between MMT layers have 

been calculated by many authors (see Section 3.5) using MD and there is general 

agreement amongst researchers about the arrangement of organic species within the 
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gallery. Intercalated species usually exhibit high and low density layers alternating from 

the clay surface, rapidly reaching bulk polymer density in the center of the gallery. 

This arrangement is confirmed by the calculation of organic density from our MD 

trajectories for system PA6 – M2(C18)2 – MMT90. Analysis of the DPD model presents 

similar results. A comparison of the two is given in Figure 5.17. Density profiles for the 

other  DPD models are presented in Figures 5.18 and 5.19. All density values have been 

rescaled by setting equivalence between polymer average experimental density (see Table 

4.2) and a DPD bead density of 3 in the relative model.   
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Figure 5.17 – Comparison between interlayer density of organic species (polymer 

and quats) of PLSN system PA6 – M2(C18)2 – MMT90, calculated from MD and 

DPD simulations. 
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(b) 

Figure 5.18 – Interlayer organic density (polymer and quats) of PLSN systems 

PA6 – M3C18 – MMT90 (a) and PET – M2C18L8 – MMT90 (b), calculated from 

DPD simulations. 
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Figure 5.19 – Interlayer organic density (polymer and quats) of PLSN systems PP 

– M2(C18)2 – MMT90 (a) and PP – M2(C18)2 – MMT120 (b), calculated from 

DPD simulations. 
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The overall arrangement and in particular the presence of very high peaks in density next 

to the MMT surface is in agreement with what reported by many investigators on similar 

systems [88-93], proving that our procedure correctly reproduces density distributions of 

polymer chains and surface modifier molecules within MMT layers. 

5.4. Young’s modulus prediction 

Prediction of macroscopic properties of PLSN represents the last step of our parameter – 

passing multiscale simulation procedure. In particular, we chose to focus on calculating 

Young’s modulus for the 5 PLSN  we decided to investigate (see Chapter 1.4).  In the 

next sections we will first report stack properties calculated using  the method described 

in Chapter 4.4.1.1. Then, we will present results of the FEM modeling of the RVEs 

relevant to different PLSN and different levels of exfoliation (see Chapter 4.4.2). 

5.4.1. Prediction of Young’s modulus for stacks   

Following the procedures described previously, we calculated Young’s modulus for the 

stack models built using DPD. Quite obviously, the z component of the modulus (i.e., 

perpendicular to the MMT sheet) presents much lower values than the other two 

component. Data are presented in Table 5.1, together with the approximate simulated d - 

spacing. These properties have then been assigned to those particles representing stacks 

in PLSN RVE models (see Figure 5.20). 

 
 PA6 

M2(C18)2 
MMT90 

PA6 
M3C18 
MMT90 

PET 
M2C18L8 
MMT90 

PP 
M2(C18)2 
MMT90 

PP 
M2(C18)2 
MMT120 

Exx (GPa) 130.4 126.1 129.5 109.8 159.2 
Eyy (GPa) 130.4 125.9 129.4 109.7 159.2 
Ezz (GPa) 21.7 20.0 26.1 17.0 21.4 
Simulated 

d – spacing (nm) ~ 4 ~ 4 ~ 3 ~ 3 ~ 2 

 

Table 5.1 – Young’s modulus and approximate simulated d – spacing of DPD models 

of investigated PLSNs. 
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Figure 5.20 – Properties calculated from FEM analysis of the DPD model are assigned 

to those particles which represent intercalated stacks in the RVE models of PLSNs.  

5.4.2. Prediction of Young’s modulus for PLSN models 

For each of the 5 studied PLSN system, we created 6 models of the RVE (each one 

corresponding to a different degree of exfoliation) and calculated Young’s modulus using 

the method by Gusev as implemented in Palmyra. Results are reported in Figures 5.21 to 

5.23. The y axis represents the ratio between Young’s moduli of the PLSN (resulting 

from an average of Exx and Eyy obtained from FEM analysis) and the matrix material. In 

every graph, we report the experimental value of the modulus for each investigated 

PLSNs. These data were retrieved from relevant experimental literature [17-20, 99, 119]. 

As long as weight filler fractions used in these studies did not always match the ones we 

modeled [20], we extrapolated values corresponding to our loadings by simply 

considering a linear relationship between modulus and filler fraction at low loadings.  

Young’s modulus and Poisson’s ratio used for each polymer matrix and for MMT single 

platelets are reported in Table 5.2. 

 

 PA6 PET PP MMT 

Young’s Modulus (GPa) 2.75 2.58 1.76 178 

Poisson’s Ratio 0.35 0.40 0.40 0.20 

Table 5.2 – Properties of different components in PLSN RVE models  
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(b) 

Figure 5.21 – Predicted Young’s modulus for PLSN systems PA6 – M2(C18)2 – 

MMT90 (a) and PA6 – M3C18 – MMT90 (b) for different exfoliation degrees and 

MMT weight fraction of 4.60%. 
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(b) 

Figure 5.22 – Predicted Young’s modulus for PLSN systems PP – M2(C18)2 – 

MMT90 (a) and PP – M2(C18)2 – MMT120 (b) for different exfoliation degrees and 

MMT weight fraction of 5.54%.  
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Figure 5.23 –  Predicted Young’s modulus for PLSN system PET – M2C18L8 – 

MMT90  for different exfoliation degrees and MMT weight fraction of 3.91%.  

Examining results presented in these graphs allows us to draw some conclusions on the 

influence of the exfoliation degree on the final value of Young’s modulus for our models. 

At the same time, comparing our data with experimental ones represents a test of the 

value of the whole parameter – passing multiscale procedure.  

One thing that can be noticed for all models is that degree of exfoliation as we modeled it 

has quite deep influence on final outcome of the simulation, despite all models (A to F) 

present at least a partially exfoliated morphology and platelet grouping scheme is limited 

to stacks with a maximum of 6 particles. Differences between A and F configurations, 

indeed, are 25% of the matrix modulus on average.  

PA6 – M2(C18)2 – MMT90 models (see Figure 5.21a) displays a more linear trend in 

relation to exfoliation degree, if compared to other systems. Experimental data intersects 

predicted Young’s modulus – exfoliation degree curve in correspondence of the 

configuration denoted by “C”. This model represent an average degree of exfoliation, 

with approximately half of the platelets completely dispersed and half grouped in stacks 
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of 2 and 4 sheets. This level of dispersion is confirmed by experimental data [99], 

reporting mainly intercalated stacks for this PLSN. Actually, the real degree of 

exfoliation seems to be even lower than the one corresponding to the “C” configuration, 

and high Young’s modulus values could originate not only from MMT reinforcing action 

but also from a higher cristallinity of the matrix, induced by the presence of MMT (as 

suggested by other authors [99, 126]). 

A similar behavior is displayed by PA6 – M3C18 – MMT90 system (Figure 5.21b). In 

this case, the experimental value of Young’s modulus is higher than the one predicted in 

the most favorable case (“A”). This is essentially in agreement with experimental data 

[17], which show a complete dispersion of MMT within the PA6 matrix, resulting in the 

highest possible value for Young’s modulus. 

Data for PP – M2(C18)2 – MMT90 system (Figure 5.22a), when compared with 

experimental ones, suggest that this PLSN should exhibit a moderate degree of 

exfoliation. This is only partially confirmed by experimental results [19], which report a 

good dispersion of MMT, but mainly in the form of intercalated stacks, whereas our “D” 

or “E” configuration  include a certain number of exfoliated platelets as well. The 

positive effect of exfoliated platelets could have been replaced in the real situation by the 

higher aspect ratio (due to platelet misalignment) of the intercalated stack. 

The experimental data from PP – M2(C18)2 – MMT120 system (Figure 5.22b) is well 

described by our model. The intersection of experimental and simulated data, indeed, 

suggest a very low degree of exfoliation, as reported in literature [20]. Similarly to the 

case of PP – M2(C18)2 – MMT90, though, real degree of exfoliation is even slightly 

lower than the one suggested by comparison (“F” configuration). Once again, this could 

be due to the reinforcement action of stacks with very high aspect ratio, which are not 

included in our models. 

Finally, in Figure 5.23, we report results for PET – M2C18L8 – MMT90 system. In this 

case, our models highly overestimate experimental values of Young’s modulus reported 

in experimental literature [18]. This could be due to the very bad dispersion of MMT 

within the PET matrix, much worse than the one we represented using the “F” grouping 

scheme.   
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This Chapter reports our conclusions about the present research. Results of 

our multiscale procedure, along with its advantages and disadvantages, will 

be discussed and further improvements will be proposed.  
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6.1. Introduction 

In this Chapter we will first make some general considerations and discuss the results of 

our multiscale simulation procedure with respect to the objectives declared in Chapter 1 

and to the current status of research in the field of modeling and simulation of PLSNs. 

Then, we will emphasize advantages and disadvantages of our parameter – passing 

scheme, considering the validity of our assumptions and the general effectiveness of the 

methods involved. Some considerations on the specific results will be made as well. 

Finally we will propose some possible improvements and describe major challenges in 

the field. 

6.2. General considerations 

With respect to the objectives declared in Chapter 1, we can state  that we managed to 

achieve our goals, having developed a sequential multiscale procedure which resulted in 

sensible predictions for the value of Young’s modulus of different PLSN systems. 

Moreover, we could retrieve some interesting results from the analysis of MD trajectories 

through an accurate evaluation of binding energies between different components.  

Starting from this last result, the investigation of interactions next to the clay surface 

allowed us to confirm previous studies [79, 80] and shed some light on the reasons for the 

low degree of exfoliation of those systems characterized by apolar or slightly polar 

polymers  For all systems characterized by PA6, although the main component of the 

total binding energy is represented by polymer – quat interactions, polymer - MMT ones 

(and their electrostatic component in particular) represent the most important contribute, 

as they appear to be definitely higher in those systems which experimentally present 

exfoliated morphologies. This contribute is obviously much lower or even missing in 

those systems characterized by apolar or slightly polar polymers. Nonetheless, these 

systems, when characterized by specific quats, can sometimes present intercalated or 

even exfoliated structures, as an analysis of the relative simulated effective binding may 

suggest. This usually happens with quats characterized by long hydrocarbon chains. This 

is a clear indication that the exfoliation process is chemically dominated by many 

different factors and not only by the polar/apolar nature of its components, but also by 
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quat structure and initial gallery height. This is not an unprecedented result, but in this 

research we managed to confirm these speculations (usually deriving from experimental 

considerations or thermodynamic models like those described in Chapter 2) using a 

comparative analysis of the effective binding energies obtained with MD simulations of 

different PLSN systems. 

As far as the multiscale simulation procedure is concerned, we managed to cover all the 

different scales involved in the synthesis of PLSNs. The sequential nature of our scheme 

is represented by the methods adopted for the definition of DPD repulsive parameters and 

for the calculation of stack mechanical properties. These steps clearly belong to a 

parameter – passing  approach. From MD to DPD, we defined mesoscale parameters by 

calculating interaction energies with a microscale method and rescaling these quantities 

by considering them in relation with DPD beads. From DPD to FEM, we used a discrete 

distribution of beads (i.e. bead punctual densities) to calculate the properties of a layered 

silicate stack by using a macroscale method like FEM.  In this way, information obtained 

at the microscale is not neglected when macroscopic properties are calculated. Interaction 

energies calculated with MD, indeed, determine component density distribution in the 

interlayer mesoscale model and consequently influence stack and overall PLSN 

mechanical properties calculated with FEM. Results for mechanical properties, although 

depending on the setting of an appropriate value for the gallery height, are in good 

agreement for experimental data concerning exfoliated PLSNs.  

Although many authors worked on the prediction of properties of PLSNs by using 

models which incorporated microscale features of particles in several ways, this is the 

first time to our knowledge that a complete sequential multiscale procedure (ranging from 

few nm to almost a μm) is applied to such materials. Other multiscale approaches 

accounted for the modifications of matrix properties next to the platelet by introducing 

concepts like the effective particle [103, 104] or used coarse graining methods to simulate 

the behavior of very large systems [42, 97, but none of them directly implemented 

information obtained with microscale methods into macroscale simulations. 
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6.3. Advantages and disadvantages 

Clearly, a large number of assumptions have to be made in order to build a multiscale 

procedure which encompass such a wide range of length and time scales. Besides from 

basic postulates of MD theory, one of the main approximations in our procedure consist 

in the DPD representation of molecules. Using beads to simulate the interactions of 

different groups of atoms is certainly a quite common assumption in both microscale and 

mesoscale models. The choice of the bead size (and therefore of the atoms which it 

represents) should be very accurate, but it is somehow limited by the condition which 

imposes the same volume for all bead types. Nonetheless, this is again common practice 

in DPD simulations as long as it is an intrinsic limit of this modeling method. In the case 

of molecular characteristics varying on short distance ranges (think for example of the 

positive/negative head of MC18(EtOH)2 quat) , however, an appropriate modeling could 

lead to a very small bead size and thus strongly impair the benefits over an atomistic 

description in terms of accessible length and time scales.  Another possible criticism 

could be represented by the fact that we represented a solid silicate layer by using a 

mesoscale model that is typically designed for the simulation of soft matter. In this case, 

it must be noted that we used very high repulsion parameters for the interactions between 

the silicate layer and the other components, thus preventing polymer and quat beads from 

crossing the MMT sheet.  

Another rather important assumption concerns the shape of the layered silicate platelets 

and stacks. We assumed a very regular shape for these elements, but this is very far from 

being true. Nonetheless, except for a model considering simply curved  sheets [104], this 

is a standard approximation in literature. In our opinion, an improvement of the models 

used to represent this as well as other kinds of nanoparticles is thus strongly needed.  

Finally, our procedure is still depending from an experimental input (i.e., the gallery 

height) and is not capable of reproducing poorly exfoliated morphologies. The first point 

could be solved only by building a reliable model of the intercalation process, but as 

already mentioned in Chapter 3 this is a problem that has not yet been solved mainly due 

to the different length and time scales that such a model should cover. Conversely, 

concerning the simulation of poorly exfoliated PLSN, this problem could be simply 
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solved by using larger stacks, but this would lead to models with a very high number of 

single platelets, finally resulting in very large RVEs and number of elements in the mesh 

used for FEM based calculations. 

Our multiscale scheme, however, has many positive features. First of all, by starting from 

chemical structures and pure properties of components, it is capable of providing a 

bounded quantitative prediction of the final properties of a PLSN system. Moreover, as 

already outlined above, it represents the first example of a complete multiscale (from 

microscale to macroscale)  simulation of PLSN systems. Moreover, it is based on very 

well known modeling methods which are already implemented in commercial software. 

making it easily reproducible and a possible option for PLSN design  

Every step of our procedure, though,  is certainly susceptible of further improvements. 

Some of these could represent solutions to the issues raised above. In the next Section we 

will briefly describe some possible developments  

6.4. Further developments 

As far as MD simulation is concerned, there are not many possible improvements. MD 

simulation is a well established method and our approach to the simulation of interfacial 

interactions in PLSNs systems have been validated by many different authors (see 

Section 3.5).  

Mesoscale simulations, conversely, could be improved in several ways. First of all, a 

more rigorous definition of the bead could be implemented, for example by comparing 

the radial distribution functions of atom and bead based molecular models. Simulations 

could also be improved by introducing a field representation for the polymer melt 

through the application of  the mixed mean field – bead model recently implemented in 

the software CULGI [127]. Some work in this sense has already been done and recently 

led to the submission of a paper [128]. At this stage of the procedure, moreover, it could 

be possible to challenge the problem of simulating the intercalation process. This would 

require the possibility of representing a stack of organically modified MMT platelets 

immersed in a polymer melt and subjected to shear forces. Due to the high aspect ratio of 

the platelets this is not a trivial problem, as long as both space and time length required 
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for such simulations would be considerably high; nonetheless, we will try to move in this 

direction in the next future in order to be independent of any experimental data in our 

multiscale procedure. 

Macroscale modeling of PLSN properties could be improved as well. This could be done 

by modifying platelet and stack models in order to have a more realistic representation of 

nanoparticles and nanoparticles arrangements. Another more radical choice would consist 

in applying different approaches rather than FEM,  as for example simple analytical or 

bead – spring models.  
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List of Abbreviations 

 

CEC : Cation Exchange Capacity 

CNT : Carbon Nanotube 

DPD : Dissipative Particle Dynamics 

FEM : Finite Element Method 

MC : Monte Carlo 

MD : Molecular Dynamics 

MMT : Montmorillonite 

PA6 : Polyamide 6 

PCN : Polymer – Clay Nanocomposite 

PE : Poly ethylene 

PEO : Poly ethylene oxide 

PET : Poly ethylen terephthalate 

PLSN :Polymer – Layered Silicate Nanocomposite 

PNC : Polymer Nanocomposite 

PP : Poly propylene 

QM: : Quantum Mechanics 

RIS : Rotational Isomeric State 

RVE : Relevant Volume Element 
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