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Annotation 
 

This work is focused on the molecular modeling in design of nanoparticle/clay and 

nanoparticle/SiO2 nanocomposites. These nanocomposites are (a) Ag/kaolinite and 

Ag/montmorillonite antibacterial nanocomposites, (b) CdS/vermiculite semiconductive 

nanocomposite (usable in optoelectronical devices) and (c) photoactive nanocomposites 

TiO2/kaolinite and TiO2/SiO2 (usable for the photodegradation of organic pollutants). The 

main aim of this work is to predict the structure and stability of nanocomposites in order to 

help in the technology optimization. In this work the development of the modeling strategy 

including building and parametrization of initial models is decribed in detail. Also the 

structural and energetical characterizations of modeled nanocomposites is presented. 

Last chapter of this work is devoted to the simple method for the estimation of the most 

suitable mutual crystallographic orientations of TiO2 nanoparticles anchored on SiO2 

substrate. 

 

Keywords: molecular modeling, empirical force field, nanocomposites, clays, nanoparticles 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 3 

Acknowledgements 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

This research has been funded by the Grant Agency of Czech Republic GAČR GA 

205/08/0869, by the grant of Ministry of Education of Czech Republic MSM 6198910016 and 

by the project of Ministry of Education of Czech Republic SP/2010140. 

Author wish to thank to Prof. RNDr. P. Čapková, DrSc. for patient guiding of this work and 

for many good advices, to consultee Ing. V. Matějka, PhD. and colleague Mgr. J. 

Kukutschová, PhD. for many stimulating conversations and versatile help. Last but not least 

author wish to thank to Prof. Dr. D. Rafaja and to Dr. Ing. V. Klemm from Technical 

University Freiberg and Prof. A. Lerf from Technical University Munich for fruitful 

discussions.   



 4 

Content 
 

I. Introduction ............................................................................................................................ 9 

I.1. Nanocomposites .................................................................................................................. 9 

I.2. Nanoparticle/clay nanocomposites ..................................................................................... 9 

I.3. Computer modeling as the third pillar of science ............................................................. 10 

I.4. Brief historical sketch ....................................................................................................... 11 

II. Objectives ........................................................................................................................... 13 

III. Theoretical part ................................................................................................................. 14 

III.1. Nanocomposites of host/guest type ................................................................................ 14  

III.2. Clays and layer phyllosilicates ....................................................................................... 15 

III.3. Molecular modeling ....................................................................................................... 21 

III.3.1. Principles of molecular mechanics .............................................................................. 22 

III.3.2. Potential surface .......................................................................................................... 22 

III.3.3. Empirical force fields .................................................................................................. 22 

III.3.4. Universal force field .................................................................................................... 30 

III.3.5. Accelrys® Materials Studio modeling environment .................................................... 30 

III.4. Geometry optimization and optimization algorithms .................................................... 31 

III.4.1. Deterministic gradient methods .................................................................................. 33 

III.4.2. Smart algorithm ........................................................................................................... 34 

III.5. Utilization of experimental data in the molecular modeling strategy ............................ 35 

IV. Practical part ..................................................................................................................... 38  

IV.1. Strategy of molecular modeling for nanocomposites .................................................... 38 

IV.1.1. Generating of initial models ....................................................................................... 39 

IV.1.2. Utilization of experimental data in the molecular modeling strategy ......................... 43 

IV.1.3. Computation of adhesion energy and stability of the nanocomposites ....................... 44 

IV.2. Ag/montmorillonite and Ag/kaolinite nanocomposites ................................................. 45 

IV.2.1. Building the initial models of Ag/montmorillonite  

             and Ag/kaolinite nanocomposites .............................................................................. 45 

IV.2.1.1. Montmorillonite and kaolinite substrates ................................................................ 46 

IV.2.1.2. Ag nanoparticles ...................................................................................................... 51 

IV.2.1.3. Modeling conditions for Ag/montmorillonite  

               and Ag/kaolinite nanocomposites ............................................................................ 53 



 5 

IV.2.2. Ag/montmorillonite and Ag/kaolinite nanocomposites - results and discussion ........ 53 

IV.2.2.1. Ag/montmorillonite nanocomposites ....................................................................... 56 

IV.2.2.2. Ag/kaolinite nanocomposites ................................................................................... 58 

IV.2.2.3. Ag/montmorillonite and Ag/kaolinite nanocomposites – summary of results ........ 60 

IV.3. CdS/vermiculite nanocomposite .................................................................................... 61 

IV.3.1. Interlayer structure of vermiculite during the nanocomposite preparation ................. 62 

IV.3.2. Building the initial models of CdS/vermiculite nanocomposite ................................. 64 

IV.3.2.1. Initial models of vermiculite intercalated by Cd2+ cations and CdS molecules ...... 64 

IV.3.2.2. Initial models of vermiculite surface modified with CdS nanoparticles .................. 66 

IV.3.2.3. Modeling conditions for initial models of vermiculite intercalated by  

               Cd2+ cations and CdS molecules .............................................................................. 68 

IV.3.2.4. Modeling conditions for vermiculite surface modified with CdS nanoparticles ..... 69 

IV.3.3. CdS/vermiculite nanocomposite - results and discussion ........................................... 70 

IV.3.3.1. Vermiculite intercalated by Cd2+ cations and CdS molecules ................................. 70 

IV.3.3.2. Vermiculite surface modified with CdS nanoparticles ............................................ 72 

IV.3.3.3. CdS/vermiculite nanocomposite – summary of results ........................................... 74 

IV.4. TiO2/kaolinite nanocomposite ....................................................................................... 75 

IV.4.1. Building the initial models of TiO2/kaolinite nanocomposite .................................... 75 

IV.4.1.1. Kaolinite substrate ................................................................................................... 75 

IV.4.1.2. TiO2 nanoparticles for kaolinite substrate ............................................................... 75 

IV.4.1.3. Modeling conditions for TiO2/kaolinite nanocomposite ......................................... 76 

IV.4.2. TiO2/kaolinite nanocomposite - results and discussion .............................................. 77 

IV.5. TiO2/SiO2 nanocomposite .............................................................................................. 78 

IV.5.1. Building the initial models of TiO2/SiO2 nanocomposite ........................................... 78 

IV.5.1.1. SiO2 substrates ......................................................................................................... 78 

IV.5.1.2. TiO2 nanoparticles for SiO2 substrate ...................................................................... 78 

IV.5.1.3. Modeling conditions for TiO2/SiO2 nanocomposite ................................................ 79 

IV.5.2. TiO2/SiO2 nanocomposite – results and discussion .................................................... 80 

IV.6. Structure compatibility of TiO2/SiO2 ............................................................................. 81 

IV.6.1. Building the structures for TiO2/SiO2 structure compatibility study .......................... 82 

IV.6.2. Structure compatibility of TiO2/SiO2 – results and discussion ................................... 88 

IV.7 Summary of results for TiO2/kaolinite and TiO2/SiO2 nanocomposites ......................... 89 

V. Conclusions ........................................................................................................................ 90 

VI. References ......................................................................................................................... 91 



 6 

VII. Publications and other outputs generated during the work on dissertation thesis ........... 97 

VII.1. Impacted international journals .................................................................................... 97 

VII.2. Conferences and proceedings ....................................................................................... 97 

VII.3. Research reports .......................................................................................................... 98 

VII.4. Functional samples ....................................................................................................... 98 

VIII. Publications and other outputs generated during the PhD study 

         and not related to the dissertation thesis subject ............................................................ 99 

VIII.1. Impacted international journals ................................................................................... 99 

VIII.2. Conferences and proceedings ...................................................................................... 99 

VIII.3. Research reports .......................................................................................................... 99 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 7 

List of abbreviations 
 

AFM   atomic force microscopy 

Ag/KLT nanocomposite containing Ag nanoparticles anchored on the kaolinite substrate 

Ag/MMT nanocomposite containing Ag nanoparticles anchored on the montmorillonite 

substrate 

Cd-VMT vermiculite containing Cd2+ cations in the interlayer space 

CdS-VMT vermiculite containing CdS molecules in the interlayer space 

CNT  Nanotechnology centre on VŠB – Technical university of Ostrava  

d   size of nanoparticles in diagonal directions of basal planes [nm] 

d001  basal spacing of silicate layered structure [nm] 

ε    convergent criterion 

Ead   adhesion energy [kcal] 

Etot   total potential energy [kcal] 

EDAX  energy-dispersive analysis of X-ray spectra  

FTIR   Fourier-transform infrared spectroscopy 

h  height of nanoparticles [nm] 

HRTEM  high-resolution transmission electron microscopy  

K I    interlayer kation 

KO   central kation in octahedron 

KT   central kation in tetrahedron 

KLT   kaolinite 

M  set of possible results 

Mg-VMT vermiculite containing Mg2+ cations in the interlayer space 

MMT   montmorillonite 

MS  Materials Studio modeling environment 

n  number of atoms in a nanoparticle 

N  number of atoms in nanoparticle/clay nanocomposite 

QEq   charge equilibration method 

SEM   scanning electron microscopy 

STEM  scanning modus of transmission electron microscopy  

TEM  transmission electron microscopy 

TGA  thermogravimetric analysis 
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TiO2/KLT nanocomposite containing TiO2 nanoparticles anchored on the kaolinite 

substrate 

TiO2/ SiO2 nanocomposite containing TiO2 nanoparticles anchored on the SiO2 substrate 

UFF   Universal force field 

VMT   vermiculite 

XRD   X-ray powder diffraction analysis 

XRF   X-ray fluorescence analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 9 

I. Introduction 
 

I.1. Nanocomposites 

 

The design of nanocomposite materials is a fast growing area of research, one of the three 

areas (nanotechnology, genetics and IT/robotics technologies) currently representing the most 

progressive trends in science. Significant effort is nowadays focused on the ability to obtain 

control of the nanoscale structures via new preparation approaches.  

The most common definition of the nanocomposite says that at least one component must 

have a size at least in one direction less than one hundred nanometers. Another definition says 

that the volume specific surface area of the nanocomposite has to be equal to, or greater than, 

sixty m2 / cm3 volume of the material [1]. Thus the definitions encompassed a large variety of 

systems containing components of a nanometer scale. These are one-dimensional 

(nanoplatelets having one nanodimension – its thickness), two-dimensional (nanorods and 

nanofibres having two nanodimensions) and three-dimensional (nanoparticles with three 

nanodimensions). These nanosizes (and therefore a change of the surface-volume proportion 

against macroscopic materials) are the general reason of observed novelty properties of 

nanomaterials, mostly unknown in the macroscopic state. Nevertheless the properties of 

nanocomposite materials depend not only on the properties of their individual parts but also 

on their morphology and interfacial characteristics. Worldwide research work has generally 

shown that all types of nanocomposite materials lead to new properties when compared to 

their macrocomposite counterparts.  

 

I.2. Nanoparticle/clay nanocomposites 
 

Nanoparticles of metals, metal oxides and metal sulfides anchored on solid substrates offer a 

wide application field. They are used as quantum dots, solar cells, catalysts, photocatalysts, 

antibacterial nanocomposites, sensors, etc. [2-9]. 

In addition, the anchoring on a suitable substrate eliminates the environmental risk of 

nanoparticles. Recently many papers are dealing with health and environmental risk of 

nanoparticles, see for example [10,11]. Because of their size, nanoparticles can freely 

penetrate the cell membranes and caused damage of the organism and death. People still 
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remember the case of two chinese women of whose death rightly the nanoparticles are in 

charge.  

These women worked in poorly ventilated factory and used a sprays with a paint that contain 

nanoparticles. Women inhaled the nanoparticles during a work time for a two years and after 

this relatively short time died from a lung damage. Nanoparticles found in their pulmonary 

tissue were the same with those in paint [12]. It is, of course, possible that also other 

compounds of the paint played its role, especially if taken into account that workplace safety 

is unknown concept in China, but whether or not, this case brings an evidence that the 

anchoring of nanoparticles on the matrix is significant advantage of the nanocomposites.    

Layer silicates represent an excellent substrate for anchoring of various kinds of 

nanoparticles. Atomic substitutions in the layers and their non stoichiometry, caused by 

defects, give rise to the non uniform distribution of the layer charge. In such sites of the layer 

the nuclei of the nanoparticles may be anchored [13]. Quite unique environment, nanospace 

between the layers, also offer suitable conditions for nanoparticles growth. Cations located 

here in the interalyer can be replaced by the suitable types of another cations which may 

become the nuclei of nanoparticles [14]. 

 

I.3. Computer modeling as the third pillar of science 

 

In the 17th century the scientific paradigm suffered a change. Notional approach truckled to 

objectivism and the rising modern science was butressed by two pillars  – theory and 

experiment.  

While the theory as a creation of human mind can be, but does not need to be, true, the 

experiment is searching the real face of affairs in nature and obtained results depend only on 

experimentalist, whether he „puts a suitable question“ to a nature. Continuous theory – 

experiment confrontation widened the human knowledge. In the 20th century in consequence 

of accumulated facts and computer technology development, the third pillar – computer 

modeling – was raised. In this area of science the theory overlaps the experiment and this 

gives rise to completely new field of research. Computer modeling can be called „the 

theoretical experiment“ because it uses computers to simulate the situations which can, but 

need not, occur in reality.  

Computer simulations are nowadays used in almost all fields of human activity helping us to 

study the genesis of galaxies, to predict the changes of weather or changes in security market, 



 11

to simulate the spread of pollutants in air after some accident, to mark out the stressed areas in 

a frame or, and this is subject of our work, to predict the structure and properties of chemical 

compounds. Last mentioned area of computer modeling is called the computational chemistry.   

It must be noticed that computational chemistry is not the same thing as theoretical chemistry. 

Theoretical chemists, fysicist and mathematicians nowadays develop the suitable computer 

programs, able to solve the chemical problems, while computer chemists use already created 

algorithms for the theoretical experiments, mentioned before.  

Thus theoretical chemists create instruments and computational chemists just simply use these 

instruments either for a better understanding of experimental data (based on analysis of 

existent structures) or to search the energetically optimal arrangement of chemical structure. 

Consequently they identify the correlations between structure and properties using molecular 

modeling which is based on an idea that if it is possible to create the algorithms able to 

compute the structure arrangement from the setted stoichiometric and bonding parameters 

then must be also possible to create the algorithms able to compute the properties from 

previously calculated structures and so on. 

Utilizing analytical data from previous research works the molecular modeling is able to help 

with making decision, whether the given, yet unprepared, structure (nanocomposite in this 

case) is stable and to predict its space arrangement. Molecular modeling saves the time, work 

and stuff of experimentalists but can also serves to the confirmation of theoretical 

presumptions and hypotheses. 

There is a back coupling between these three pillars of research because the results from one 

area assist in progress in other areas and therefore theory, experiment and computer modeling 

create a closed circuit.       

 
I.4. Brief historical sketch 
 

Computer molecular modeling is an outgrowth of long-continuing understanding of discrete 

nature of matter. The problem of composition and internal structure of things, surrounding us 

in our world, is as old as the hills and searching for answers was very twisting. Here only 

brief sketch of some most important moments in the development of computer molecular 

modeling is presented. 

Chemists in the 19th century knew the basic structural arrangement of molecules but they were 

not able to measure this molecular structure. In spite of the fact that besides chemical bonds 

they were acquainted also with van der Waals interactions, electrostatic interactions, donor–
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acceptor interactions or Kekulé conjugation, there was a lack of deeper informations about 

molecular and electronic structures [15]. 

The 20th century brought two important advances. First one was the development of 

diffraction technique whereby the arrangement of atoms could be measured exactly  

([16,17,18] for example) and from known sizes of molecules the values of torsional and 

valence angles as same as non-bond interactions were derived. 

Second break-through was the Schrödinger equation (HΨ = EΨ) ( [19] but also earlier work 

[20] must be mentioned) and its solutions leading to various approximations. The most 

important one is the Born-Oppenheimer approximation [21] whereby the total potential 

energy of simulated system depends on the coordinates of the nuclei. Mathematical 

description of Born-Oppenheimer potential energy surface was theoretically able to solve 

many chemical problems but because of the practical problems with computing of that surface 

an alternative ways have been constructed. These are the empirical and semi-empirical 

approaches, based on experimental data, called molecular mechanics, which are able to 

compute structural and energetic informations more efficiently. After some sporadic works in 

the 1940s the first bigger wave of such studies appeared in the 1950s and 1960s [15]. 
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II. Objectives 
 

This work is focused on the molecular modeling in design of nanoparticle/clay and 

nanoparticle/SiO2 nanocomposites. These are (a) Ag/kaolinite and Ag/montmorillonite 

antibacterial nanocomposites, (b) CdS/vermiculite semiconductive nanocomposite (usable in 

optoelectronical devices) and (c) photoactive nanocomposites TiO2/kaolinite and TiO2/SiO2 

(usable for the photodegradation of organic pollutants). The main aim of this work is to 

predict the structure and stability of nanocomposites in order to help in technology 

optimization. The achievement of this main aim was divided into following partial tasks:  

1. Literature search focused on modeling of the metal (metal oxide, metal sulphide) 

nanoparticle/clay nanocomposites. 

2. Development of the modeling strategy suitable for each type of nanocomposite using 

available experimental data, first of all X-ray powder diffraction, IR spectroscopy, etc. 

Modeling strategy includes the building and parametrization of initial models, choice 

and test of the force field and strategy of energy minimization.  

3.  Utilization of developed modeling strategy for the prediction of structure and stability 

of TiO2 nanoparticle/silica nanocomposite. 

4. Analysis of the structure compatibility between TiO2 and SiO2 surfaces. 

5. Modeling the vermiculite (VMT) structure intercalated by Cd2+ and CdS. 

6. Prediction of the structure and stability of the Ag and TiO2 nanoparticles on clay 

substrates – kaolinite (KLT) and montmorillonite (MMT).  
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III. Theoretical part 
 

III.1. Nanocomposites of host/guest type.  
 

Terms „host“ and „guest“ took origin in supramolecular chemistry where have been used to 

the description of molecules and ions that are held together by non-bond interaction forces. 

The host can be considered the larger molecule and it encompasses the smaller guest molecule 

or iont. In biological systems, the analogous terms of host and guest are commonly referred to 

as enzyme and substrate, respectively. From this part of chemistry those terms entered the 

word-stock of nanotechnology and are commonly used for the description of nanocomposites.  

Here again the „host“ means larger component part of the nanocomposite, the matrix, which 

is often called the substrate. Contrary of the biochemistry the substrate in this context is 

anorganic structure, most often crystallic. Guest still means smaller component part of the 

nanocomposite. It might have been an intercalated ion, nanoparticle in some cavity or 

interlayer space of host and also it might have been the nanoparticle on the surface of host 

structure.  

Not every nanocomposites are of host/guest type, though. For example, the completely 

exfoliated clay matrix, whose individual sheets are mixed upon polymer chains, can not be 

denoted as host. Also the mechanical mixture of two or more nanopowders is not of 

host/guest type. 

The most typical for the nanocomposite is the mutual influence between the component parts 

and subsequent emergence of new properties which are not observed in isolated component 

parts of the nanocomposite. In spite of the fact that the host may sometimes play only a 

passive role as an indifferent carrier of a guest [22], mutual influence between the host and 

guest is the most frequent [23, 24].  

The very important condition for nanocomposite creation is mutual compatibility between 

host and guest. This compatibility is conditioned by chemical and geometrical factors. 

Chemical factors are (a) presence and type of active sites on the host and guest structures, (b) 

distribution of the charge, (c) type and intensity of host-guest interaction and guest-guest 

interaction and its relationship. Generally it can be said that for the nanocomposite creation 

the host-guest interaction must be stronger than the guest-guest interaction. Geometrical 

factors are (a) the distance of active sites and (b) the size and shape of guest.  

Ensemble of these factors gives rise to the structure of nanocomposite.      
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III.2. Clays and layer phyllosilicates  

 

Clays represent important native materials utilized in different areas of industry due to their 

low cost and harmlessness to the environment. They are also highly abundant. The crust of 

Earth consist primarily of clays and one can find them also in other planets [25]. 

The term „clay“ refers to a naturally occuring material composed primarilly of fine-grained 

minerals, which is generally plastic at appropriate water contents and wil harden with dried or 

fired [26]. This definiton gives a description of the clay most apparent property, but it is 

necessary to write in more detail about the composition. Silicates with lamellar structure 

(phyllosilicates) represent the main part of the clay, but there are other parts – mineral and 

organic – which also more or less influence properties of the clay. Generally accepted the 

parts of a clays can be divided into two categories. First category, clay part, contain not only 

the phyllosilicates, but also various oxides and hydroxides which impart plasticity to clays. 

Second category, concomitant part, contain all other compounds being present in clays. These 

compounds do not participate in clay properties or directly deteriorate them.   

Henceforth the attention will be paid to the phyllosilicates only.  

Phyllosilicate structure is formed by two structure units – tetrahedron and octahedron.  

Tetrahedron [KTO4]
a- is composed of one central cation KT (mostly Si4+ but it can be replaced 

in various rate by Al3+ or Fe3+ cation) and four oxygens and has the charge -a. Tetrahedron 

and ideal tetrahedal sheet can be seen in figure 1. Each tetrahedron is bonded with others via 

three tops while fourth top is oriented perpendicularly to the sheet. 

 

 
 
Figure 1. a) Each central cation Si4+ is surrounded by four oxygens while each oxygen is shared with 
neighbouring cations, b) ideal tetrahedral sheet. 
 
This ideal sheet has a hexagonal symmetry but, as mentioned before, real sheet may contain 

trivalent substitutions in the places of KT.  
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Seeing that the size of tetrahedron may change in consequence of the size of substituent, a 

tension appear in a real sheet and causes the rotation of tetrahedra. That is why the real 

tetrahedral sheet is deformed [27].  

It was found that substitutions in tetrahedrons do not exceed fifty percent. Therefore in case of 

two adjacent tetrahedrons at least one of them has Si4+ in a position of central cation [28]. But 

it can not be envisioned that substitutions are staggered in tetrahedral sheet. Tetrahedra 

containing Al3+ as a central cation occur in zones separated by zones of tetrahedra containing 

Si4+ [29]. 

The findings about tetrahedra structure, i.e. the scaffold of phyllosilicates, can be summarized 

in the following points [27]: (a) Si-O bond length is lying in interval 1.57Ǻ - 1. 72 Ǻ, (b) 

interatomic distance (or the bond length) Si-O is influenced by the type of atom coupled with 

oxygen, (c) the space average of the Si-O-Si angle varies between 98º – 122º. 

Octahedron [KOA6]
b- is composed of one central cation KO, six anions A and has the charge -

b. Anions in octahedra need not to be only the oxygen atoms but also the hydroxyl groups 

may occur. Contrary of the tetrahedrons not only the tops but also the edge is shared between 

two octahedrons (see figure 2).  

 
Figure 2. a) Each central cation Al3+ is surrounded by six oxygens while each pair of oxygens is shared with 
neighbouring cations, b) ideal octahedral sheet.    
 

According to occupancy of central position in octahedron the octahedral sheets can be divided 

into three groups: (a) in homooctahedral sheets the central position of each octahedron in each 

triad of neighbouring octahedra is occupied in the same way, (b) in mesooctahedral sheets the 

central position of two octahedra in each triad of neighbouring octahedra is occupied in the 

same way but the third central position is occupied differently and (c) in heterooctahedral 

sheets the central position of each octahedron in each triad of neighbouring octahedra is 

occupied in a different way. Phrase „occupancy of central position“ means not only the 
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presence of central cation (trivalent, divalent or monovalent) but also its absence – the 

vacancy. And with regard to vacancies there is another possibility how to divide octahedral 

sheets: (a) trioctahedral sheets have no vacancy in each triad of neighbouring octahedra while 

(b) dioctahedral sheets and (c) monooctahedral sheets have one vacancy and two vacancies, 

respectively, in each triad of neighbouring octahedra [30].  

Not only tetrahedral sheet but also the octahedral sheet is deformed in the real phyllosilicate 

structure. Deformation is caused by substitutions and vacancies. 

In the phyllosilicate structure there are two manners of tetrahedral and octahedral sheet 

bonding. The first manner is connection through the plane of shared oxygens. It means that 

some oxygens belong to tetrahedron and octahedron simultaneously (see figure 3). This 

connection gives rise to two types of layers. In 1:1 layer type (KLT, for example) there is one 

tetrahedral and one octahedral sheet and noneshared oxygen atoms in tetrahedral sheet create 

one plane of basal oxygens. In 2:1 layer type (MMT or VMT, for example) there are two 

tetrahedral sheets and one octahedral sheet between them so two planes of basal oxygens can 

be found, one on the top and second on the bottom of the layer (see figure 3). Area between 

the layers is called the interlayer space (see figure 4). 

 
Figure 3. Kaolinite layer (1:1 type) with one plane of basal oxygens and montmorillonite layer (2:1 type) with 
two planes of basal oxygens. Planes of basal oxygens are highlighted in blue. 
 

The second manner is the connection of tetrahedral and octahedral sheet via non-bond 

interactions. Two 1:1 layers are connected by hydrogen bonds between (a) basal oxygens of 

tetrahedra and hydroxyl groups of octahedra or (b) basal oxygens of tetrahedra and water 

molecules in the interlayer space. Two 2:1 layers are connected by (a) van der Waals forces 

between the layers, (b) hydrogen bonds between the water molecules in hydration sheats of 

interlayer cations KI
n+ (n = 1 or 2) and basal oxygens of tetrahedra or (c) hydrogen bonds 
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between basal oxygens in tetrahedra and hydroxyl groups of single octahedral net in the 

interlayer space (in case of chlorites). In case of (b) the coulombic interaction also plays a role 

because there is an attraction between negatively charged layers (charge is the consequence of 

substitutions and non-stoichiometry) and positively charged interlayer cations (see figure 4). 

 

 

 
Figure 4. a) kaolinite with an empty interlayer space, b) water molecules in the kaolinite interlayer space,   c) 
Mg2+ interlayer cations and two layers of water  molecules in the vermiculite interlayer space.  
 

Some techniques of instrumental analysis enable us to see „by own eyeball“ the layered 

structure of a clay. We present here the image of VMT from high-resolution transmission 

electron microscope where single layers can be clearly seen (see figure 5). In order to obtain 

very clear visualisation the image has been modified in Olympus Master 2 software. Via the 

changes of brightness, depth of colour and contrast the inexpressive background was 

suppressed and the vermiculite layered structure was emphasized. 

 



 19

 
Figure 5. The side view on vermiculite layered structure. Image from high-resolution transmission electron 

microscope.  

 

One layer and the interleyer content form a basic structural unit of phyllosilicate and denote 

its chemical composition. The chemical composition differs in dependence on the layer type. 

For the 1:1 layer type the chemical composition can be expressed by crystallochemical 

formula 

(KO
2+, KO

3+, •)3 (Si, KT
3+)2 O5 (OH)4 

 

where KO
2+ is divalent central cation in octahedron, KO

3+ is trivalent central cation in 

octahedron, • is vacancy and KT
3+ is trivalent cationic substitution of Si4+ in central position of 

tetrahedron. Thus the first parenthesis contains the central cations in octahedra while the 

second contains central cations in tetrahedra. 

For the 2:1 layer type the chemical composition can be expressed by crystallochemical 

formula 

(KO
+, KO

2+, KO
3+, •)3 (Si, KT

3+)4 O10 (OH)2 

 

where KO
+ is monovalent central kation in ocahedron, KO

2+ is divalent central cation in 

octahedron, KO
3+ is trivalent central cation in octahedron, • is vacancy and KT

3+ is trivalent 

cationic substitution of Si4+ in central position of tetrahedron. Layer charge x is given by the 

sum of positive and negative cationic and anionic charges in the layer. If the sum of positive 

charges is equal to the sum of negative charges then the layer is electrically neutral (x = 0). If 

the sum of negative charges is greater then the layer is negatively charged (x =  - n ) and this 

charge is compensated by positive charges of the interlayer cations [30].  
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This situation frequently occurs in case of 2:1 layer type phyllosilicates so that their full 

crystallochemical formula must include the interlayer cations as well. 

 

(K I
+, KI

2+)n (KO
+, KO

2+, KO
3+, •)3 (Si, KT

3+)4 O10 (OH)2 

 

It must be noticed that crystallochemical formula represents averaged composition of given 

phyllosilicate structure so the number of cations KI, KO a KT need not be an integer. 

We mentioned here the crystallochemical formula of KLT from Sedlec, Czech Republic, as an 

example [13]: (Al 1.95Fe3+
0.04K0.01) (Si2)  O5 (OH)4. 

Layer type, layer charge and interlayer content are the three criterions allowing phyllosilicates 

to be divided into six groups (see table 1).  

 
Phyllosilicate group Layer type Layer charge Interlayer content 

serpentinite-kaolinite 1:1 x ~ 0 nothing or H2O 

talcite-pyrofylite 2:1 x ~ 0 nothing 

micas 2:1 x ~ -2.0 to -0.6 non hydrated KI
+ and KI

2+ 

smectites 2:1 x ~ -0.2 to -0.6 hydrated KI
+ and KI

2+ 

vermiculites 2:1 x ~ -0.6 to -0.9 hydrated KI
+ and KI

2+ 

chlorites 2:1 x various octahedral net 

Table 1. Description of phyllosilicate groups. 
 

Each group can be further divided into two subgroups using the fourth criterion which is the 

type of octahedral net – dioctahedral or trioctahedral. The last, fifth, criterion is the chemical 

composition indicating directly the given mineral.  

 
This work is dealing with three phyllosilicates and silica. So the descriptions of these 

materials follow.  

 

Kaolinite , belonging to the serpentinite-kaolinite group, is dioctahedral phyllosilicate with 

1:1 layer type. This phyllosilicate contains only negligible amount of substitutions. Ideal 

crystallochemical formula of KLT is (Al4) (Si4) O10 (OH)8. 

 

Montmorillonite , belonging to the smectite group, is dioctahedral phyllosilicate with 2:1 

layer type. Layer charge is caused mainly by the substitutions in octahedra because the central 

cations in tetrahedra are replaced only rarely. Ideal crystallochemical formula of MMT is 
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(Al 2) (Si4) O10 (OH)2. Real composition depends on the location of the source area and various 

montmorillonites are named after the locality.  

 

Vermiculite , belonging to the homonymic group, is phyllosilicate with 2:1 layer type. 

Both dioctahedral and trioctahedral forms exist. Central cations Al3+ in octahedra are replaced 

by Mg2+ in such range, that it is more correct to consider the Mg2+ to be dominant cation in 

octahedra. Ideal crystallochemical formula of trioctahedral VMT is (Mg3) (Si4) O10 (OH)2. 

 

Silica is a hard mineral formed by free-dimensional net of tetrahedra. This net can undergo 

many variations and thus silica has many modifications. Their origins are both in the 

admixtures and thermal changes of the net structure. Ideal crystallochemical formula is 

generally known: SiO2. 

 

III.3. Molecular modeling 
 

Molecular modeling is based on the computation of the most stable configuration of chemical 

structure. This is done via optimization of the bonding geometry by minimization of the total 

potential energy. There are three approaches how to solve this problem: ab initio quantum 

mechanics calculations, semi-empirical calculations and molecular mechanics. 

If the used equations do not include any parameters taken only from the experimental results, 

if the parameters are derived directly from theoretical principles without any further inclusion 

of empirical data, then it is the method ab initio, meaning „from the beginning“.  

When the disappointing result is obtained, then some parameters must be modified according 

to experiment. So, for example, one may find out that it is useful to take the force constant 

value from the empirical vibrational energy relation derived from infra-red spectra. This is the 

semi-empirical approach combining theoretical and experimental data.  

Equation parameters in molecular mechanics are derived from the experimental data and the 

molecular mechanics is representative of the empirical approach. Therefore empirical 

calculation, in which no parameter taken from the theory is used, interpolate structure and 

deformational energy of given molecule from the set of similar molecules with known 

structure.  

Two significant advantages of molecular mechanics against ab initio quantum mechanics 

calculations and classical structure analysis can be found. First advantage is the posibility to 

optimize models containing large number of atoms, for which the ab initio quantum 
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mechanics calculation is unfeasible. Second advantage is the posibility to examine the 

fractured and disordered structure, where the diffraction method fails.  

 

III.3.1. Principles of molecular mechanics 
 

Molecular mechanics has its origins in Born-Oppenheimer approximation, which assumes the 

independence of the atomic nuclei motion on the motion of electrons [15].  

By other words only motions of atomic nuclei are considered and it is assumed that electrons 

will occupy a new positions immediately after the nuclei locations are changed. The basis of 

molecular mechanics is the idea that one can get the idea about space arrangement of structure 

by description of all forces between the atoms whereas these forces are obedient to Newtonian 

mechanics. It means that bonds between the atoms are replaced by forces that behave as 

mechanical springs obedient to Hooke`s law. Non-bond interactions are considered to be 

made up from attractive and repulsive forces.  

The outcome of bond and non-bond forces, acting in a given structure, is the total potential 

energy. Set of values of the total potential energy function is called the potential surface [15].  

 

III.3.2. Potential surface 
 

For a better understanding of the problem one can imagine that the changes of the structure 

are equivalent to the motion of this structure on the curved surface.  Each point belonging to 

this surface represent exactly one space arrangement of the structure. If there is a possibility 

in a given point to shift the structure lower down, i.e. in the direct of the bottom of some 

hollow or valley on the potential surface, then this structure can not be considered as stable. 

Structure can be considered as stable only when is located in a minimum of potential surface. 

Potential surface is a visual display of potential energy as a function of the coordinates of all 

the nuclei in a given structure. Except these variables the potential function contains also the 

set of parameters characterising forces between atoms in a structure. This set of parameters is 

called force field and, as mentioned before, if the parameters were derived from the 

experimental results then the set is called empirical force field.  

 

III.3.3. Empirical force fields 
 

Quality of all calculations strongly depends on dependability of potential energy function and 

also on appropriate force field parameters. That is why the selection of these parameters is 
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one of the most important steps in molecular modeling. It must be noticed that the value of 

potential energy strongly depends on chosen force field so this value does not have much 

sense by itself. Nevertheless there is the possibility to compare the potential energies of 

similar structures which have the same types of bonds and the similar valence and torsion 

angles. In this way the simulated structures can be compared with the existing structures 

analysed experimentally.  

As noted previously the empirical force field is a set of parameters characterising individual 

atoms in a structure. It is not only the characterisation of individual elements (it is a matter of 

course that each element has its own unique parameters) but also the characterisation of 

various role of the compound in the structure. Parameters for oxygen atom in hydroxyl group 

differ from that for oxygen atom in SiO2. Thus the number of sets of parameters in force field 

is larger than the number of compounds in a periodic table. Force fields differ from each other 

according to its purpose. Some force fields are suitable only for hydrocarbons (and so do not 

include parameters for metals), other force fields are able to treat only the zeolite structures 

(do not contain parameters for carbon atom) etc. But, of course, also exist the force fields 

containing parameters and therefore able to describe all atoms in periodic system (Universal 

force field – see below) [31]. This force field was used in this work.   

Just mentioned force fields are the all-atom force fields providing parameters directly for an 

atoms. On the other hand the united-atom force fields treat some functional groups (hydroxyl 

or carboxyl for example) as a single interaction centre. Variation of united-atom force fields 

are the coarse-grained force fields treating the large parts of molecules or even whole 

molecules as a single interaction centres and therefore used for simulations of complicated 

biochemical precesses.  

These simplifications lead to the apparent decreasing of the computational time which would 

be intolerably long for large and intricate structures.  

Here will be described the terms of the all-atom empirical force field total potential energy 

expression.  

Total potential energy (Etot) of a given structure is expressed as a sum of bond (Eb) and non 

bond (Enb) interactions. 

nbbtot EEE +=                                                   (1) 
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The bond interaction (Eb) term contains the subterms characterising covalent bond, while the 

non bond interaction (Enb) term include the Coulombic force, van der Waals force and 

hydrogen bond.  

Following equation is a sum of five bond interaction energy subterms.  

 

UBinvtorangbsb EEEEEE ++++=                                            (2) 

 

where Ebs is a bond stretch energy, Eang is an angular energy, Etor is a torsion energy, Einv is an 

inversion energy and  EUB is an Urey-Bradley potential. 

Individual subterms are described using simple analytical functions. Bond stretch subterm 

(Eb) represents elastic part of a bond interaction obedient to Hooke`s law and determine the 

bond length. It is expressed by equation 

2
0)(

2
1

rrkE ijbb −=                                                        (3) 

where kb is a force constant, rij is the distance between the atoms i and j and r0 is the ideal 

(equilibrium) bond length. Seeing that the graphic chart of the equation (3) is parabola (see 

figure 6) one may come to a conclusion that for atoms i and j to be close or to be far gives the 

same increasing of the energy.  

 

 
 
Figure 6. Two approaches to express  the bond stretch energy. Harmonic approximation and Morse potential. 
 

This simplest approximation is called harmonic and is not very precise because the bond 

between the atoms can not be stretched out ad infinitum and reaching the certain internuclear 
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distance and certain energy, called dissociative energy, must finally cause the break of the 

bond. Hence the energy function describing the real bond must be anharmonic [15].  

First way how to fulfill this requirement is to use the Morse potential (see figure 6) 
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where D0 is energy of the bond, kb is force constant, rij is the distance between the atoms i and 

j and r0 is the ideal (equilibrium) bond length. Second way means that cubic terms or higher 

powers of (rij-r0) are included into the equation (3).   

Angular energy (Eang) is calculated similarly. The simplest expression of angular bonding 

deformaton is 

2
0)(

2
1 θθθθ −= ijkkE                                                       (5) 

where kθ is the force constant of spring keeping the angle θijk between the atoms i, j and k on 

ideal value θ0 (see figure 7). Equation (5) , however, dot not describe well the situation when 

the angle θ becomes close to the value 180o.  

 

 
Figure 7. Angle θijk between the atoms i, j and k 

 
 

That is why the high powers of (θijk-θ0) or its cosine expansion are introduced into the 

equation (5) [15]. The simplest cosine expansion is 

2
0)cos(cos

2
1 θθθθ −= ijkkE                                                 (6) 

 

where kθ, θijk and θ0 have the same meaning in equation (5). 

Urey-Bradley potential describes the interaction between the pair of atoms i and j both 

common to atom k (see figure 8). The simplest expression of the term EUB is 



 26

 

)()(
2
1

01
2

00 rrkrrkE ijUBijUBUB −+−=                                                                (7) 

 

where kUB0 and kUB1 are the force constants, rij is the distance between the atoms i and  j and r0 

is the ideal (equilibrium) distance. 

 

 
Figure 8. Interatomic distance of atoms i and j bonded with atom k. 

 

 

Dihedral angle torsion term describing the bonding geometry of four atoms i, j, k and l (see 

figure 9) is characterised by angle φ between the planes defined by locations of atoms i, j, k 

and  j, k, l. In the figure, illustrative the torsion angle φ, can be clearly seen that φ = 0o leads to 

cis configuration and φ = 180o leads to trans configuration. The simplest expression of energy 

Etor is 

( )))(cos(1
2
1

0ϕϕϕ ++= ijkltor pkE                                             (8) 

 

where kφ is the height of rotation barrier around torsion angle φijkl, p is the periodicity of 

function and φ0 is the equilibrium angle equal to equilibrium state. 

 

 
Figure 9. Torsion angle φ between the ijk and jkl planes. 
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Inversion energy term (Einv) describing the bonding geometry of four atoms i, j, k and l 

characterising out-of-plane deformation. There are three variants how to express Einv.  

Variant Umbrella  (see figure 10)  

2
0)cos(cos

2
1 ωωω −= kEinv                                                 (9) 

 

where kω is force constant, ω is the angle between axis il and plane ijk a ω0 is the equilibrium 

value of this angle. 

 
Figure 10. Umbrella variant of the inversion energy expression. Angle ω between il axis and ijk plane. 

 

Variant AMBER (see figure 11)  

( ))(cos
2
1

0ψψψ −= pkEinv                                                (10) 

 

where kψ is the energetical rotation barriere, p is the periodicity, ψ is angle between planes jil 

and kil and ψ0 is equilibrium value of this angle. Figure 11 shows that p = 2 appertain to 

planar arrangement and p = 3 appertain to tetrahedral coordination.  

 

 
Figure 11. AMBER variant of the inversion energy expression. Angle ψ between jil and kil planes. 

 

 

Variant CHARMm  (see figure 12) 

2
0)(

2
1 ψψψ −= kEinv                                                    (11) 
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where kψ is force constant, ψ is angle between the planes ijk and ljk and ψ0 is the equilibrium 

value of the angle.  

 
Figure 12. CHARMm variant of inversion energy expression. Angle ψ between ijk and jkl planes. 

 

  
Non bond energy term (Enb) is a sum of three interactions. These are the electrostatic 

(Coulombic) interaction (EC), the van der Waals interaction (EvdW) and the hydrogen bond 

(Ehb).  

hbvdWCnb EEEE ++=                                                                             (12) 

 

Coulombic interaction energy (EC) is caused by unequal stable electrostatic charges and 

expressed by equation  

εij

ji
C r

QQ
CE

ΣΣ
= 0                                                         (13) 

where Qi, Qj are charges, rij is the distance of this charges, ε is the dielectrical constant and C0 

is the conversion factor given by choice of units.  

For the simulation of crystals where the sums in equation (13) contain endless number of the 

terms the Ewald summation is used [32].  

Van der Waals interaction energy (EvdW) represent immediate interaction via momentaneous 

dipoles, kvadrupoles etc. in consequence of fluctuation of electron density around the atomic 

nuclei. Cloud of electrons is mediumly symmetric in sufficiently long time interval though, 

but the more shorter interval the more some deviations from the symmetry occur in it. Good 

example is the hydrogen atom, i.e. the proton – electron system, where in one moment the 

electron is located either on one side or on the opposite side of the nucleus but never in both 

sides at one time. Each fluctuation (i.e. time constrained dipole in consequence of non-

uniform distribution of electron density) induce the opposite dipole in the neighbouring atoms 

and thereby an attraction force between them. Due to this fact the van der Waals interaction 

appear also between molecules (intermolecular van der Waals interaction) or between various 
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parts of one molecule (intramolecular van der Waals interaction) although they are non-polar 

and do not have stable charge.  

Van der Waals interaction is much more weaker than bond forces, but plays the fundamental 

role in many chemical systems. Typical example of van der Waals ineractions incidence are 

the state phases of halogens. Heavier atoms have larger electron cloud and in this case 

increases the probability of dipole origination and therefore the exhibition of van der Waals 

interactions. Hence the fluorine and chlorine are gases whereas the bromine is liquid and 

jodine is a solid substance. Van der Waals interaction also became stronger with large surface 

of a given chemical structure.   

Van der Waals interaction between the atoms i and j is calculated either using the exponential 

equation 

6
ij

Br
vdW r

C
eAE ij −⋅= −                                                     (14) 

where A,B,C are constants and rij is the distance between atoms i and j or using the  

Lennard-Jones potential  
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D
E −=                                                           (15) 

where D and E are constants and rij is the distance between atoms i and j. Term D·rij
-12 

represent repulsion in the moment when the atomic nuclei are too close to each other. 

Attraction is described by the term E / rij
-6 [31]. 

Hydrogen bond (Ehb) is the dipole-dipole attraction force occuring between the hydrogen 

atom fixed in polar bond (i.e. there is positive partial charge on it) and some electronegative 

atom like oxygen, nitrogen or fluorine. Nevertheless also the carbon atom may participate on 

hydrogen bond if it is bonded with some electronegative atom like chlorine in case of 

chloroform CHCl3, for example. Known evidence of hydrogen bonds is for example the 

higher boiling points of NH3, H2O, and HF compared to their analogues PH3, H2S, and HCl or 

the fact that ice is less dense than liquid water. Crystal structure of ice is stabilized by 

hydrogen bonds. Also the KLT layers are coupled via hydrogen bonds between the hydroxyl 

groups in octahedral sheet and the oxygens in tetrahedral sheet.   

Energy of hydrogen bond is expressed by equation 

1012
ijij

hb r

G

r

F
E −=                                                           (16) 

where F and G are constants and rij is the distance between hydrogen and appropriate more 

electronegative atom. 
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III.3.4. Universal force field 
 

In case of molecular modeling of nanoparticle/clay nanocomposites one must face the fact 

that various elements will be present in the models. These are not only elements belonging to 

the structures of nanoparticles but also the elements in substrates. In chapter III.2. Clays and 

layer phyllosilicates the wide range of substitutions in phyllosilicates was discussed. Not 

every force fields are able to parametrize such wide range of elements (most of them are 

focused only on a small part of periodic table and therefore are unefficient) and thus it is 

necessary to use a force field involving parameters for all atoms in modeled structures. That is 

why the Universal force field (UFF) was used in this work as mentioned before. 

UFF has one hundred twenty six atom types. See [31] where all UFF atom types are listed. 

Also its description of energies are similar to the equations (1-16) mentioned in chapter 

III.3.3. Empirical force field.  

The parameters used to generate UFF include a set of hybridization dependent atomic bond 

radii, a set of hybridization angles, van der Waals parameters, torsional and inversion barriers, 

and a set of effective nuclear charges [31]. 

It should be noted that UFF is suitable force field for modeling of the nanoparticle/clay 

nanocomposites (i.e. UFF gives the best agreement of measured and calculated structure 

parameters) as was demonstrated not only in CNT [13,14,33,34,35] but also elsewhere  

[36-40].    

 

III.3.5. Accelrys® Materials Studio modeling environment 

 

Preparing of all models mentioned in this work as well as the geometry optimizations and 

energy computations were done in Accelrys® Materials Studio (MS) modeling environment 

[41]. 

MS is designed for structural and computional researchers in chemicals and materials 

sciences. It provides tools for modeling crytal structures, for the study of polymer properties, 

catalysis and the study of structure-activity relationships. 

The most important part of MS is Visualizer where it is possible to build three dimensional 

graphical models, manipulate with them and analyze them. Visualizer also handles graph, 

tabular and textual data. MS also includes modules which are sorted in four groups: Analytical 

and crystallization, Polymers and simulations, Quantum and catalysis and Statistics. In CNT a 

wide range of various tools is used but for presented work only some of them were utilized. 
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Using of Visualizer is a matter of course but further must be mentioned the Crystal builder, 

Forcite, Adsorption locator and Reflex.   

 

Crystal builder containing a large database of predefined unit cells enables to create the 

structures of arbitrary size and cleave these structures along given hkl planes. The latter is 

very useful for preparing the structures in order to obtain models for mutual crystallographic 

orientation studies.  

 

Forcite is a molecular mechanics module for energy calculations and geometry optimizations 

of molecules or crystals. A big advantage is that Forcite calculations strictly honor any crystal 

symmetry. Forcite contains various analysis tools which can be applied on optimized models.  

 

Adsorption locator is a useful application for finding the most stable adsorption sites for a 

broad range of materials, including zeolites, layered phyllosilicates, silica gel and many 

others. This application is designed to find low energy adsorption sites for both periodic and 

non-periodic structures. 

 

Reflex simulates X-ray, neutron and electron powder diffraction patterns based on models of 

crystalline materials. Reflex assists the interpretation of diffraction data and it is applied to 

validate the results of experiment and computation.  

 

III.4. Geometry optimization and optimization algorithms 

 

As mentioned before the set of potential energy values of a given structure creates the 

potential surface and space coordinates of atomic nuclei are the variables in this potenial 

function by which the potential surface is described. Structure can be considered as stable 

when the atoms have such space coordinates that the value of potential energy is the minimum 

point of potential surface. Process of searching the right atomic space coordinates and thus the 

process of searching the stable structure is called the geometry optimization. Instruments of 

geometrical optimization are the optimization algorithms. 

Optimization algorithm is the succession of acts, whose aim is to find step-by-step a minimum 

of a potential function via the change (optimization) of the variables. Therefore „the 

optimization of the structure“ is equivalent of „the minimization of the potential energy“. 
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Mathematical definition of the minimization task is simple. The values of the function f(x) are 

the set of possible results (M). The aim of minimization task is to find such element xmin 

(belonging to M) that for arbitraty element x (belonging to M) applies 

 
)()( min xfxf ≤   Mx ∈∀                                                       (17) 

 
It is very improbable that the first found element will be a minimum. Algorithm usually need 

to make more steps (usually a lot of steps) to find a minimum. But the average number of 

steps, with respect to the number of optimized variables, is known for each type of the 

algorithm. This allows us to choose a suitable algorithm for each optimization task.  

Average number of steps of the algorithm is a measure of its computational cost which means 

the time necessary to reaching the minimum. When the result of each succesive step is closer 

to the minimum then the result of the previous step one be sure that algorithm works well. 

This is called convergence to the minimum. The situation, when the optimization procedure 

does not converge, may occur sometimes. This can be caused either by unsuitable choice of 

optimization algorithm (some other must be choosed) or by wrongly created initial model 

(initial model must be changed and for the correction a small shift of molecule is often 

enough). At the beginning there are large differences between the results of succesive steps 

but towards the end of the optimization process the results differ from each other only 

slightly.  

To decision, whether the optimization process is at an end, serves the parameter which is 

called convergent criterion ε. The result of a given step is compared with the result of the 

previous step. If the difference is smaller than the value of convergent criterion then the 

optimization process is stopped and the last obtained result is considered to be the final result. 

Thus the value of convergent criterion is the measure of accuracy of the result.  

Large value of convergent criterion causes the shortening of computational time but the 

obtained result is not very precise. On the other hand low value of convergent criterion 

ensures the high accuracy but at the expense of long computation time. Therefore the setting 

up of convergent criterion must provide the reasonable compromise between the length of 

computational time and reasonable accuracy of the result.     

It must be noticed that reached minimum does not have to be necessarily the global minumum 

and therefore the structure does not have to be the most stable. This is true especially for large 

models containing hundreds and thousands of atoms. It is useful to prepare several starting 

variants of such models, to compare their optimized structures and to choose the best one, i.e. 

the structure with the lowest potentional energy. The probability of reaching the global 
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minimum (and therefore the energetically optimal arrangement of the structure) is highest for 

very small models because the potential surface of small molecule is simple and does not 

contain lot of extremes. 

As mentioned before, many optimization methods exist. The difference is how the used 

algorithms search the minimum of the potential energy surface. Generally these methods can 

be divided into three groups: (a) stochastic methods, (b) deterministic non gradient methods 

and (c) deterministic gradient methods. The brief description of the third group is provided 

here because in this work only gradient methods are used. 

 

III.4.1. Deterministic gradient methods  

 

These methods are fast, reliable and often used. To search the minimum of the potential 

energy surface these methods use the first (Steepest descent method, Conjugate gradient 

method – see chapter III.4.2. Smart algorithm) and second (Newton - Raphson method, Quasi 

Newton method – see chapter III.4.2. Smart algorithm) derivation of the potential fiction. 

Gradient methods stay and fall with the accuracy of the derivation calculation. This causes the 

most frequent problems such as coarse rounding of the results which may cause stopping of 

the optimization process before the minimum was reached. Another problem is wrong 

estimation of initial parameters. This may leads to the incorrect value of derivation and 

collapse of the calculation even if the derivation is simple and attainable in analytic form. 

Also it must be taken into account that the derivation of potential function is not always 

attainable in analytic form. This can be solved by calculating the derivations via numerical 

methods but the failure of calculation still may occur sometimes. Articulation of the potential 

surface (i.e. complicated potential function) is the most frequent reason. 

The minimization process can be visualized as follows. On the potential surface the starting 

point xk is chosen. This point is equal to the initial structure which have to be optimized. The 

less is the initial structure similar to the minimized structure, the farther from the minimum of 

the potential surface the starting poit is. Aim of the succesive step is to find the point xk+1 

accesible from the point xk along the curve on which the potential energy value is getting 

lower when the curve draws near to the point xk+1 (see figure 13).    
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Figure 13. Starting point xk and the path of the optimization through the point xk+1 to the minimum of the 
potential energy surface, i.e. the point xk+2. 
 

III.4.2. Smart algorithm 

 

Various optimization methods can be used (as mentioned before) for the geometry 

optimization task. Because of their unequal abilities to optimize the system correctly during 

all steps, these algorithms are lined up into the cascades, one by one, in order to obtain good 

progress in each step of the optimization process. The cascade called „Smart“ was used in our 

work. This chain of optimization algorithms is composed of three methods mentioned before: 

steepest descent as a first, conjugate gradient as a second and Quasi Newton (an efficient 

alternative to the Newton-Rhapson method) as a third and final method.  

A short description of these methods follows. 

Steepest descent is the most simple gradient optimization algorithm. It is often used in the 

begining of the optimization process when the structure is far away from the minimum of the 

potential surface. Single steps are going in the direction of largest variance of potential 

surface, i.e. in the direction of highest negative gradient. In each following step the gradient is 

perpendicular to the direction of gradient from previous step and all steps together creates a 

„zig-zag“ path. It causes, of course, reversing of previous direction and consequently the 

iteration process does not advance straight to the minimum of potential surface.  

Reaching an area close to the minimum the gradient approaches zero (area around the 

minimum use to be flatter) and optimization slows down.  

From the aforementioned facts one may understand why the steepest descent method is 

included to the cascade as the first (cca 10-100 steps). This method is extremely robust for 

models that are far from the minimum and therefore when the gradients are large which is 
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common for initial relaxation of poorly refined crystallographic data or for graphically built 

models. The more closely to the minimum the more inexact and slower it turns. Therefore in 

this moment it is replaced by the conjugate gradient method. This algorithm is similar to the 

steepest descent but with one important exception: to determine the direction in current step 

not only gradient from current step but also all gradients from all previous steps are used. This 

makes possible the faster convergence and the more direct way to the minimum which is why 

the conjugate gradient method should be placed in the middle of cascade. Its task is to steer 

the structure throughout more or less flat vicinage of a minimum as close as possible to the 

midpoint. The term „conjugate gradient“ is incorrect because there are no conjugate gradients 

but the conjugate directions. Thus the correct term should be „conjugate direction“ method. 

Conjugate direction is the direction not disturbing the minimum reached during a previous 

step. 

Newton-Rhapson method is very precise algorithm rapidly convergating near the minimum. 

It is very useful at the end of a cascade when the optimized structure is in closest proximity to 

the minimum while it is absolutely unsuitable in the beginning of the optimization process. To 

reach the minimum not only gradient but also the Hessian matrix is used. But the terms in the 

Hessian matrix and inverse Hessian matrix are difficult to derive and the computation is very 

time- and memory-consuming. It is because there are much more (in comparison with steepest 

descent and conjugate gradient methods) variables to be stored during computation. Moreover 

calculating and inverting a matrix for a large system is unwieldy for a model containing about 

five hundred atoms and model with more than a few thousand atoms is intractable.  

Quasi Newton method solves this problem. Real value of inverse Hessian matrix is 

substituted by its approximation. There are many approaches how to obtain the approximated 

matrix like Davidon-Fletcher-Powell approach, Broyden-Fletcher-Goldfarb-Shanno approach 

and others. In this work the latter was used. 

Broad issue of gradient optimization algorithms exceeds this work so the reader is reffered to 

the scientific literary sources. Basics can be found, for example, in [42-46]. 

 

III.5. Utilization  of experimental data in modeling strategy 

 

Molecular modeling requires a close cooperation with experiment. Using available 

experimental data is crucial not only for the building of models but also for the verification of 

results. Some experimental techniques are more important, some are less, but all together 
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delimites an area in which the molecular modeling can be realized. Molecular modeling 

without the support of experiment is with no sense.  

 

Elementary analysis is essential and first instrumental technique which must be taken into 

account by computational chemist. It presents qualitative and quantitative informations about 

composition of the modeled structure. For the preliminary orientation in elementary 

composition the X-ray energy dispersive analysis (EDAX, see scanning electron 

microscopy below) may be sufficient but the most important and presently the most exploited 

method is X-ray fluorescence analysis (XRF).  

 

Fundamental informations about structure presents the X-ray powder diffraction analysis 

(XRD). From the diffraction pattern one can determine not only the degree of crystallinity of 

given structure and existing crystal phases but also the interlayer distances in clay minerals. 

By the comparison of these values obtained before and after the nanocomposite preparation 

computational chemist finds out whether the interlayer space suffered a change and thus if it 

is important to pay attention to it or not.  

 

Fourier transform infrared spectroscopy (FTIR) is an analytical instrumental technique for 

the observation of changes of vibrational-rotational states of molecules and functional groups 

in a sample during the heat absorption. FTIR presents the survey of existing bonds between 

atoms. In case of clay based nanocomposites it is possible (by the comparison of FTIR spectra 

of substrate before and after the nanocomposite preparation) to observe changes in structure. 

It is possible to find existing, arising or cracking bonds and shifting functional groups 

(hydroxyl groups, for example)   

 

Thermogravimetric analysis (TGA) helps us to understand the process of the weight loss in 

the prepared samples (pure clays and nanoparticle/clay nanocomposites) that is connected 

with the change of the hydration sheath of interlayer cations and with the interlayer ordering 

after the nanocomposite preparations. 

 

For the sample analysis also the visual analytical methods are important. Optical microscopes 

are less useful in the field of nanotechnologies and the main role is playing by scanning 

electron microscopy (SEM) with no doubt. Using this method it is possible to see „by own 

eyeball“ the structure of our interest and its details. In the case of nanocomposites one can 
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see, for example, the degree of substrate coverage by nanoparticles, one can find out whether 

the nanoparticles grow separately or in agglomerates, whether nanoparticles grow on the 

substrate surface, on the substrate edge or on cracks in substrate etc.  

The part of SEM can be also the module for X-ray energy dispersive analysis (EDAX) 

enabling the elementary analysis of chosen sites and areas (in the range of square 

micrometers) of the sample.  

 

More precise visual analysis can be done using high-resolution transmission electron 

microscopy (HRTEM). This kind of microscope allows us to see the sample in nano-

resolution and in ideal case it is possible to see single atoms in crystal lattice. Very precise 

measurement of nanoparticle sizes is thus possible. HRTEM also enables to determine hkl 

planes of nanoparticles and substrate as same as the rough profile analysis using special 

software.  

 

The result of atomic force microscopy (AFM) analysis is the three dimensional map of given 

area on analysed structure. It is possible to see nanoparticle shapes and relief of the surface 

(asperities, cracks, edges etc.).    
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IV. Practical part  
 

IV.1. Strategy of molecular modeling for nanocomposites 

 

Strategy of molecular modeling represents the way of model treating before, during and after 

the geometry optimization. Modeling strategy is not (and can not be) always the same – it 

varies from case to case. Finding accurate modeling strategy for a given kind of problem 

makes possible to obtain a credible results. In this chapter we present the summary of 

modeling strategy used in our work.  

Models of nanoparticle / substrate structure have been built using crystallographic data  

[47-51]. Phyllosilicate structures contain many atomic substitutions (Fe, Ti, Al, Mg, etc.). 

Nanoparticles of metals, metal oxides and metal sulphides also contain lot of various elements 

(moreover major part of elements in periodic system are metals). Thus it is necessary to use 

the force field having parameters for all elements present in the model. UFF is such type of 

force field [31]. UFF has been originally created for positive metal ions but nowadays it 

contains revised parameters for better treatment of group 13 (B, Al, Ga, In, Tl), group 14 (C, 

Si, Ge, Sn, Pb), and group 15 (N, P, As, Sb, Bi) elements. Taking into account that UFF is not 

able to assign atomic charges, these have been calculated by QEq method (Charge 

equilibration method) [52]. 

Experiment plays a key role in modeling strategy in case of disordered structure.  Although in 

such a case the information content of diffraction pattern is very limited, it can provide some 

very useful information for building of initial models. Some might say that using of 

experimental data plays down the molecular modeling, because it will be found only what has 

been entered but it is absolutely not true, as from experimental data of disordered structures 

we can hardly obtain the detailed structure informations. Imagine that we have a clay mineral 

sample and corresponding diffraction pattern. From this pattern we can obtain the value d001. 

TGA reveals an amount of interlayer water. Visual analysis like SEM offers informations 

about situation on the clay surface. But what if we want to know something about the 

arrangement of ions and molecules in the interlayer space? Moreover one can elicit the 

amount of interlayer water from the model based only on experimental d001 when TGA is not 

available and vice versa. Thus the molecular modeling can offer informations unidentifiable 

by experimental analysis or can, more or less successfully, substitute for some analytical 
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methods. For such kind of problems the molecular modeling using empirical force field is 

very useful. 

Time requisite for the optimization process depends on three facts. Number of atoms in the 

model, number of constrained atoms (i.e. atoms with fixed positions) and whether the model 

is built under periodic boundary conditions or not.  

One must always have in mind that preparing a starting model is only the first step in search 

for the global energy minimum. Generating initial models we have used the deterministic 

search for global energy minimum, that means systematic translation and rotation of 

nanoparticles on the clay substrate. Only the model with the lowest total potential energy 

should be considered as final. From this final model the adhesion energy is then computed 

(see chapter IV.1.3. Computation of  adhesion energy and stability of the nanocomposites).  

 

IV.1.1. Generating of initial models            

 

Generating of initial models is crucial part of modeling process. Best part of succes depends 

on it because only from reasonable initial model is possible to obtain meaningful results.  

Initial model have to be built with respect to the information we want to obtain. If we are 

interested in, for example, adhesion of nanoparticles on clay platelet edge then the substrate 

does not need to necessarily contain too large flat basal surface. On the contrary if the aim of 

our research is the adhesion of nanoparticles on flat basal surface then the substrate does not 

need to necessarily contain several clay layers. One is enough. Of course, having good reason, 

an exceptions from this rule may exist and these exceptions will be mentioned later.  

The question is not only what model contains and what not. Also its size is an importatnt 

question as will be mentioned in step (c). The size of the model must be chosen in accordance 

to the computational ability of computer we keep at disposal. Here pays a rule that the size of  

model is always a compromise between a reasonable accuracy and a reasonable computing 

time. 

Principle of the adhesion energy calculation (see Eq. 18 in chapter IV.1.3. Computation of  

adhesion energy and stability of the nanocomposites) leads to the fact that each model must 

contain only one nanoparticle. It is not possible to stack up nanoparticles with various 

crystallographic orientations on a single substrate and to compute the adhesion for 

nanoparticles severally because this approach would lead to the strong affection of results by 

the presence of other nanoparticles. In spite of the fact that the real samples have more 
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nanoparticles on one substrate, the initial structures can not be prepared in this way. Always it 

is necessary to keep in mind that we deal with the models and not with the reality.  

Bearing just mentioned facts in mind we may separate the generating of initial models into 

following fifteen steps.          

 

(a) First of all the unit cell of modeled substrate have to be taken. There are a lot these 

preconstructed unit cells in the MS structure library so one can either use the completed unit 

cells or modify them in order to get a structure of his own wish. Also, if the required substrate 

structure is not present in the MS structure library, it is possible to build it from the scratch. 

But this is very time consuming and thus it is better to find the required structure elsewhere - 

for example in the Cambridge Structural Database [53] which is free for academic 

researchers. 

 

(b) The basic structure have to be modified according to the crystallochemical formula of a 

real sample. We may know the crystallochemical formula of the substrate already (if the 

modeled structure is well known then we can find its composition in literature) but more often 

it is necessary to calculate the composition from elementary analysis results. In this case we 

have only weight percents of oxides of compounds included in real substrate sample. To know 

how to obtain the crystallochemical formula from such kind of experimental data is very 

important. Calculation is lengthy but easy [54].   

 

(c) The following step, done for the present only theoretically using pencil and paper, is an 

approximation of crystallochemical formula of the substrate. This step is connected with 

chosen size of initial model. Imagine that we have very precise crystallochemical formula of 

montmorillonite (Ca0.24 K0.06 Na0.09 Mg0.10) (Al2.52 Fe3+
0.54 Mg0.90 Ti0.04) (Si7.96 Al 0.04) O20 

(OH)4. To prepare the non approximated substrate (Ca24 K6 Na9 Mg10) (Al252 Fe3+
54 Mg90 Ti4) 

(Si796 Al4) O2000 (OH)400 is comfortable but not very wise because the optimization process 

will be very long and the blackout time will not be proportional to the „lifelikeness“ of the 

model. It would be better to omit the compounds being present only in trace amount, like 

aluminium atoms in tetrahedrons, titanium atoms in octahedrons etc. The reasonable 

approximation does not influence the results of computation.  

With the highest probability, taking into account the very fast progress in computer 

engineering, this step will be needless after few years. 
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(d) The unit cell has to be cleaved along given hkl plane using MS Surface builder module in 

order to prepare the substrate with required crystallographic orientation. Unit cells 

representing either the substrate surface or the substrate edge are prepared in this way. 

  

(e) The unit cells are multiplied along x and y axes in order to obtain the supercell of in 

advance chosen size. Further this periodic supercell is turned into the non-periodic 

superstructure. During this step one must be careful of atoms whose bonds with other atoms 

from the substrate were broken due to this conversion. These atoms are „in the air“ now and 

must be removed from the superstructure. These removed atoms give rise to a non-

stoichiometry of the substrate. It does not matter because no real substrate has strictly 

stoichiometric structure. 

 

(f) Some atoms in the prepared superstructure must be substituted now according to the 

approximated crystallochemial formula which has been prepared theoretically in step (c). 

These substitutions give rise to a completed substrate of the model but yet without computed 

layer charge. After doing this we recommend to control the substrate structure whether some 

mistake has been made during the preparation or not. It can be done by looking over the 

prepared substrate structure but the optimal way is to assign provisionally only formal charges 

to individual atoms in the substrate and find out whether the total charge of whole substrate is 

the same as we want it to be. 

  

(g) Computation of the layer charge distribution in substrate using QEq method [52] is the 

next step. Optimal is to use the parameter set QEq_charged1.1. 

  

(h) The interlayer cations compensating the charge of substrate have to be placed now into the 

interlayer space. If we built our substrate only as a one layer then the cations should be placed 

on the bottom of this layer in order to prevent contact with nanoparticle on the top. In this step 

it is advantageous to use the MS Adsorption locator module. This tool is able to help us find 

the most suitable sites for cations.   

 

(i) Finally the charges must be assigned to the interlayer cations. If we did no mistake during 

previous steps the absolute value of total charge of substrate with interlayer cations should be 

equal to the charge of nanoparticle. The substrate model isready to use. 
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(j)  Now is time to prepare nanoparticles. Procedure is the same as mentioned in step (a). Both 

steps (b) and (c) may be omitted because most often no substitutions are needed in 

nanoparticle structure. 

 

(k) The unit cell of the nanoparticle structure has to be cleaved along given hkl plane using 

MS Surface builder module in order to prepare the structure with required crystallographic 

orientation. 

 

(l) The unit cells have to be multiplied along x and y axes in order to obtain much larger 

supercell than chosen final size of nanoparticle. This is a variance against step (e). Then this 

periodic supercell is turned into the non-periodic superstructure. The reason why obtained 

superstructure must be much bigger than the final nanoparticle is very simple. Nanoparticles 

may have various sizes of the base, various heights, various numbers of atoms etc. and large 

non-periodic structure is like a stone from whom via the step-by-step withdrawing of single 

atoms the nanoparticle will be "carved".  

 

(m) As same as in step (f) we recommend to control the final nanoparticle whether some 

mistake has been made during the preparation or not. Here also the optimal way is to assign 

provisionally only formal charges to individual atoms in nanoparticle and find out whether the 

total charge of whole nanoparticle is the same as we want it to be. 

 

(n) The following step is to compute the charge distribution in nanoparticle using QEq 

method (QEq_charged1.1 parameter set is recommended) [52]. Now the substrate model is 

ready to use. 

 

(o) Now we are approaching the final step - placing the nanoparticle on the substrate. Atoms 

in the nanoparticle structure must not cut atoms in the substrate structure. Therefore one must 

use the visualisation mode displaying the real sizes of atoms. In MS it is CPK mode 

displaying van der Waals diameters of atoms. Other visualisation modes (like balls-and-sticks 

mode, lines mode, polyhedrons mode etc.) do not allow us to see whether close atoms are 

cutting or not. When the model contains cutting atoms the optimization process will fail.  
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IV.1.2. Utilization of experimental data in the molecular modeling strategy 

 

As mentioned in chapter III.5. Utilization of experimental data in the molecular modeling 

strategy molecular modeling goes hand in hand with the results of experimental analysis. 

CNT is a research working-site with many analytical instruments which have been used also 

for the analyses of nanoparticle/clay nanocomposites. Some analyses served as a basis and 

background for the preparation of initial models of these nanocomposites, results from others 

were used for the verification of our models. Closer informations about the role of each 

analysis are given in discussions of the results. Here is presented the overview of instruments 

and analytical techniques which have been used for the analyses of nanocomposites.  

 

The elemental analysis using XRF was performed on kalcium bromide pressed pellets using 

the energy dispersive X-ray fluorescence spectrometer SPECTRO X-LAB. XRF quantitative 

analysis method directly for clay nanocomposites has been worked out in CNT [55]. For the 

measurement of nanoparticles content in nanocomposites the calibration set of reference 

samples has been prepared. 

 

The XRD patterns of samples were recorded in the reflection mode on an XRD powder 

diffractometer from INEL that was equipped with a sealed X-ray tube with copper anode, a 

germanium monochromator and a curved position-sensitive detector CPSD120. The 

germanium monochromator transmitted only the CuKα1 radiation to the sample was used. For 

the XRD analysis, samples were pressed into a flat holder, which was rotated during the 

exposition. 

 

FTIR  spectra were obtained on a Perkin Elmer 2000 spectrophotometer. About sixty scans 

were recorded in the 4000-400 cm-1 spectral range with a resolution of 4 cm-1 at room 

temperature using the kalcium bromide pressed pellets technique (0.8 mg of sample and  

290 mg of kalcium bromide and 1.5 mg of sample in 300 mg of kalcium bromide, 

respectively) for each sample. 

 

The TGA  curves of the samples were obtained on a SETARAM multi-modular thermal 

analyzer SETSYS 12 from working with the measurement head TG-ATD 1600 rod under the 

following conditions: the heating rate was 10 K·min-1 and the final temperature 550 ºC.  
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The morphology of the nanocomposites has been investigated using a SEM XL 30 from 

Philips. Important informations were obtained from the SEM images taken with secondary 

electrons. The samples were coated with a gold/palladium film in order to avoid problems 

with electrical charging. The SEM analysis was supported by EDAX . 

 

HRTEM  analysis was done with a 200 kV analytical high-resolution transmission electron 

microscope JEM 2010 FEF from Jeol equipped with an ultra-high-resolution objective lens 

(Cs = 0.5 mm) and in column energy filter that was used to select only the elastic electrons for 

the image recording. The HRTEM analysis was supported by EDAX . 

 

Nanocomposite surfaces have been studied by AFM . The AFM-ExplorerTM from 

ThermoMicroscopes, USA, was used. The measurements were performed in anhydrous 

ethanol for that approximately 20 µl of the suspension (containing the nanocomposite 

particles) was dropped onto a mica sheet with the size 15 mm × 15 mm and thickness 

0.15 mm and dried at 60 °C for 15 minutes. The AFM scanning was performed with the 

silicon probe 1650-00 in the non-contact mode with 8 µm Z-linearized dry scanner. 

 

IV.1.3.Computation of  adhesion energy and stability of the nanocomposites  

 

The interaction between nanoparticle and substrate was for all cases quantified using the 

adhesion energy: 

Ead = (Etot,NP + Etot,S) - Etot                                         (18) 

 

In Eq. 18, Etot is the total potential energy of the nanocomposite (i.e. the nanoparticle 

anchored on the substrate), Etot,NP is the total potential energy of a given nanoparticle and  

Etot,S is the total potential energy of a given substrate. The above energies are expressed in the 

unit [kcal] and have been calculated using UFF [31] in the MS Forcite module.  

The stability of the models is governed by the value of the total potential energy computed 

using force field (see chapter III.3.3. Empirical force fields) for the whole model (i.e. 

containing nanoparticle, substrate and molecules and ions in the interlayers space). Only the 

models with the negative values of this energy can be considered as stable.  
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IV.2. Ag/montmorillonite and Ag/kaolinite nanocomposites 

 

This part of present work is focused on the preparation, structure analysis and study of the 

stability of Ag/MMT and Ag/KLT nanocomposites as well as on the analysis of the adhesion 

forces between the nanoparticles and the solid substrates.  

The interaction energy between the nanoparticle and the substrate was quantified using  

Eq. 18. 

The adhesion between the nanoparticle and the surface of the solid substrate is ruled by three 

dominant forces: Van der Waals, Coulombic and deformational forces. The effect of the 

particle size and the surface roughness on the adhesion was analyzed by Chow [8]. In his 

paper, the rough surface of the substrate was modeled via fractals; the deformation forces 

were calculated from the lattice misfit between the substrate and the particles taking the 

elastic constants of both counterparts (particles and substrate) into account.  

We used the atomistic model in order to quantify the adhesion on the nano-scale. The 

molecular modeling with the empirical force field as implemented in the MS was applied on 

Ag nanoparticles anchored on the MMT and KLT surface for various mutual orientations of 

host-guest structure. This approach takes the van der Waals and Coulombic forces as well as 

the change of the bond length into consideration. The details of the modeling strategy are 

given below. Our recent experiments that used MMT and KLT as a matrix for the Ag 

nanoparticles yielded a lot of experimental data [33], which could be utilized for finding a 

suitable modeling strategy and consequently for the verification of model calculations. 

Results of the modeling were confronted with HRTEM, XRD, XRF and FTIR. Special 

attention has been paid to the effect of the nanoparticle size and the mutual crystallographic 

orientation of nanoparticles and the substrate.  

 

IV.2.1. Building the initial models of Ag/montmorillonite and Ag/kaolinite 

nanocomposites 

 

The natural Ca-MMT from Ivančice, Czech Republic, and KLT from Sedlec, Czech Republic, 

were selected as starting materials for experiments. The structural formula of MMT is (Ca0.24 

K0.06 Na0.09 Mg0.1) (Si7.96 Al 0.04) (Al2.52 Fe3+
0.54 Mg0.90 Ti0.04) O20 (OH)4. The structural formula 

of KLT is (Si4.0) (Al3.9 Fe3+
0.08 K0.02) O10 (OH)8.  The original MMT and KLT powder samples 

were sieved and the fraction < 40 µm was used as a host matrix for preparation of the 
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Ag/MMT and Ag/KLT nanocomposites. The metal precursor was AgNO3 (purity 99.99 %, 

Aldrich). Clay samples were dispersed in the 0.1 M AgNO3 solution and stirred for 24 hours. 

No reducing agent was used. Solid samples were prepared by repeated centrifugation 

followed by washing with distilled water and drying for 24 h at 80 °C. This preparation 

method with no reducing agent was succesfully used and described also in [33]. The reduction 

of Ag+ in the initial step of nanoparticles growth passed on negatively charged sites of clay 

substrate as discussed below. 

As mentioned before, for characterization of the samples four experimental methods were 

employed: XRF, XRD, HRTEM and FTIR. The XRF analysis revealed the chemical 

composition of the Ag/MMT and Ag/KLT nanocomposites. It confirmed the presence of Ag 

in the MMT and KLT particles (treated by the procedure described above] and furthermore 

revealed a significant difference between the Ag content in MMT and KLT. The Ag content 

in Ag/MMT and Ag/KLT nanocomposites was 2.2 wt% Ag and 0.6 wt% Ag, respectively.  

XRD analysis revealed that Ag did not enter into the interlayer space of KLT and only 

partially entered into the interlayer space of MMT (for more details see [33]). Results of XRD 

and XRF analysis led to the following conclusions: (a) In case of KLT substrate Ag is 

deposited only on the KLT particle surface and (b) in case of MMT substrate Ag is 

predominantly deposited on the MMT particle surface and only partially in the interlayer 

space of MMT structure.  

According to the results of XRD and XRF analysis [33] (Ag only on KLT surface and 

predominantly on the MMT surface) our models have been built with Ag nanoparticles 

attached to the surface or edge of laminar clay particles.  

 

IV.2.1.1. Montmorillonite and kaolinite substrates 

 

The crystal structure of the MMT was built in the MS Crystal builder module using the 

structure data published by Tsipursky and Drits [47]. The lattice parameters according to 

Méring [48] have been used to define the planar unit cell dimensions: a = 5.208 Å and  

b = 9.020 Å. KLT structure was taken from the MS crystal structure database [49].  

The starting model of the substrates was created by MS Surface builder module, cleaving the 

3D periodic layer structure of MMT and KLT along the (001) and (100) plane, respectively. 

Due to the disc-shaped clay particles with {001} type of the disc plane, the (001) surface has 

the largest area while the edge (i.e. the (100) plane) represents only small part of the total clay 

particle surface [56].  
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To create the model of a reasonable size, the structural formula of the “real” MMT, (Ca0.24 

K0.06 Na0.09 Mg0.10) (Al2.52 Fe3+
0.54 Mg0.90 Ti0.04) (Si7.96 Al 0.04) O20 (OH)4, was approximated by 

(Al 2.56 Mg0.88 Fe3+
0.56) (Si8) O20 (OH)4 with the total negative layer charge of -0.88 per 

structure formula (i.e. per 20 oxygen atoms) and the model of MMT(001) was built as a non-

periodic superstructure with the formula (Al184 Mg64 Fe3+
40) (Si576) O1440 (OH)286 and with the 

total negative layer charge of -62 el, arising from the octahedral substitutions in the silicate 

layer and partially from the non-stoichiometry in the coigns of the layer (see figure 14). At the 

conversion of the periodic MMT layer into non-periodic superstructure the infringement of 

the stoichiometry may occur if some atoms and functional groups sharing the bond with atom 

located besides the periodic cell overhang inward the cell. Two hydroxyl groups that had been 

detached from the continuous surface in this manner were deleted. Measure of the MMT(001)  

plate is 6.1 nm × 5.1 nm, thickness ~ 0.9 nm (see figure 14).  

 
Figure 14.   Optimized model containing six layered Ag(110) nanoparticle with d = 2.2 nm anchored on the 
MMT oxygen faced (001) plane. The Ca2+ cations (green) can be seen under the MMT layer.  
 

The size and shape of the models, as well as the approximation of the structure formula is 

always a compromise between a reasonable accuracy and a reasonable computing time. Our 

models of Ag/KLT and Ag/MMT nanocomposites were created as non-periodic 

superstructures because the geometry optimization of the silicate substrates simulated under 

periodic boundary conditions is exceedingly time consuming and does not give any new 

findings. In the starting models of the MMT(001) the layer charge was compensated by the 

following way: (a) sixteen Ca2+ cations have been placed on the bottom side of the silicate 

layer compensating one half of the total layer charge  (i.e. -32 el) and (b) the Ag nanoparticles 

located on the upper side of the silicate layer compensated the second half (i.e. -30 el) of the 

total layer charge.  
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This model has been built to describe truly the real structure of nanocomposite, where the 

presence of the Ca2+ cations in the interlayer space of MMT was proven by the XRD and XRF 

experiments in [33]. This charge compensation was set up in accordance with the 

nanocomposite preparation. It was assumed that at the beginning of the anchoring process an 

individual Ag+ cation has been anchored on the negatively charged silicate layer surface as 

nucleus for the nanoparticle growth. This growth is in the first step controlled predominantly 

by the local heteroepitaxy of Ag on the clay substrate as described in [33]. It can be assumed 

that first Ag+ cations coming from the solution to the clay particles are reduced on the 

negatively charged sites of clay surface and edges and formed the basis of Ag crystallites. 

Then following Ag+ cations are adsorbed on this ultra-thin Ag agglomerates. This process can 

be expressed by two following equations: 

xAg+ + xe- → Ag0
x                                           (19) 

Ag0
x + yAg+ → Agy+

x+y                                        (20) 

The charge of the initial Ag agglomerate is later gradually redistributed over the growing 

nanoparticle.  

MMT(100) plate was built as a non-periodic superstructure with the formula  

(Al 394 Mg136 Fe3+
86) (Si1231) (O3079) (OH)602 and with the total negative layer charge -124 el, 

arising from the octahedral substitutions in the silicate layer and from the non-stoichiometry, 

which occurs on the edges of the silicate layers (see figure 15). Forty seven Ca2+ cations have 

been placed into the interlayer space to compensate the charge of -94 el. The rest of the total 

negative layer charge (i.e. -30 el) was compensated by the anchored Ag nanoparticle.  

The interlayer distance is according to XRD data 1.5 nm. Six hundred forty-eight molecules 

of water placed in the interlayer space represent the 9.2 wt% of the MMT(100) and this 

quantity is in good agreement with the experimental interlayer distance [57]. Measure of the 

MMT(100) plate was 9.7 nm × 9.6 nm , thickness ~1.25 nm. 
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Figure 15.   Optimized model containing six layered Ag(110) nanoparticle with d = 2.2 nm anchored on the 
MMT (100) plane. The Ca2+ cations (green) and the water molecules can be seen in the interlayer space.  
 

The starting models of the Ag/KLT(001) and the Ag/KLT(100) nanocomposites were built 

analogously to the previous nanocomposites by anchoring the Ag nanoparticles on the oxygen 

faced surface KLT(001) and the edge KLT(100) (see figure 16 and figure 17). The tetrahedral 

sheet of KLT carries only a small permanent negative charge due to the isomorphous 

substitution of Si4+ by Al3+, leaving a single-negative charge from each substitution. 

According to [58] and [59] two distinct processes are involved in the adsorption of trace 

elements on KLT surface. The first one involves the cation exchange at the permanently 

negatively charged sites on the tetrahedral sheet and the second one, which is predominant, 

forms inner sphere complexes on the aluminol faces and surface hydroxyl groups at the 

crystal edges. As the KLT has only negligible layer charge arising from tetrahedral cationic 

substitutions the main layer charge non-homogeneity comes from the non-stoichiometry on 

the particle edge. For the modeling, the following idealized structural formula of KLT was 

used:  (Al8) (Si8) O20 (OH)16.  

The model KLT(001) was built as a non-periodic superstructure with the formula  

(Al 560) (Si560) O1417 (OH)1086. This idealized model of the KLT (001) without tetrahedral and 

octahedral substitutions has zero total layer charge (see figure 16). Measure of the KLT(001) 

layer fragment is 5.8 nm × 4.9 nm, thickness ~1.4nm.  Interlayer distance (basal spacing) 

corresponding to real structure 0.74 nm [49] has been used in this model.  
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Figure 16.   Optimized model containing six layered Ag(110) nanoparticle with d = 2.2 nm anchored on the 
KLT oxygen faced (001) plane.  
 

KLT(100) substrate was built as a non-periodic superstructure with the formula  

(Al 381) (Si384) O994 (OH)721. This model has no tetrahedral cationic substitutions as the 

previous one and its total layer charge of -30 el comes fully from the non-stoichiometry on the 

edges (see figure 17). This layer charge was compensated by the anchored Ag nanoparticle. 

Measure of the KLT(100) layer fragment was 6.1 nm × 4.8 nm, thickness ~1.1 nm  

(see figure 16).  

 

 
Figure 17.   Optimized model containing six layered Ag(110) nanoparticle with d = 2.2 nm anchored on the 
KLT plane (100). 
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IV.2.1.2. Ag nanoparticles 

 

A series of initial models was investigated. In all of them, the Ag nanoparticles had prismatic 

shape, but various size and thickness and different crystallographic orientations on the silicate 

layer. The size of the nanoparticles d has been characterized by the magnitude of basal 

diagonal of the Ag nanoparticles (i.e. the size of the Ag particles in the diagonal direction of 

the basal planes). The following lengths of basal diagonal have been selected for our starting 

models: 1.7 nm, 2.2 nm, 3.3 nm and 4.2 nm; the heights of these prismatic nanoparticles were: 

2, 4 and 6 atomic layers, respectively (for illustration see figure 18). The orientations of the 

Ag nanoparticles on the silicate surface and edge were: {100}, {110} and {111} 

crystallographic planes of Ag structure adjacent to the silicate layer.  

 

 
Figure 18.   The side view on three prismatic Ag nanoparticles with identical length of the basal diagonal  
d = 1.7 nm but with the different thicknesses. The heights of two, four and six atomic layers are displayed. Top 
three nanoparticles originate from the Ag(110)/MMT(001) initial models. The same nanoparticles after geometry 
optimization can be seen below.  
 

The total energies of the optimized models containing differently oriented Ag nanoparticles 

are displayed in table 2. As one can see the Ag nanoparticles with the {110} orientation on the 

silicate layer are preferred exhibiting the lowest total potential energy of a system and the 

growing difference of the total energies is in the line with the number of atoms in the 

nanoparticles. 
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Total potential energy  [kcal/mol] 
KLT(100) 

 
Ag(100) 
d [nm] 

 

 
Ag(110) 
d [nm] 

 

 
Ag(111) 
d [nm] 

 
 
n Ag(100) Ag(110) Ag(111) 

1.5 1.5 1.3 96 -215155 -219358 -214301 
1.6 2.1 1.5 150 -129623 -152030 -134480 
2.6 2.9 2.3 315 129396 84981 125568 
3.2 3.6 2.9 489 419433 339144 474001 

 

Table 2. The total potential energy values of the models containing six layered cylindrical Ag nanoparticles with 
three different crystallographic planes adjacent to the KLT(100) are shown in this table.  
 

We also have compared the total energies of the optimized models containing Ag 

nanoparticles with prismatic and cylindrical shapes. The similarity of the nanoparticles with 

different shapes (prismatic and cylindrical) for possible comparison was warranted by the 

fulfillment of three following conditions: (a) the same number of Ag atoms, (b) the same 

number of Ag atoms in the plane adjacent to the silicate layer, (c) the same number of atomic 

layers. For this comparison the nanoparticles with six atomic layers were chosen because of 

their robustness which makes possible to prepare distinctively different shapes. Table 3 shows 

the results for Ag/KLT nanocomposite, anyway the comparison of all these models led to the 

following conclusions:  (a) the total potential energy is only slightly influenced by the shape 

of Ag nanoparticle (average of the energy deviations between the nanoparticles with different 

shapes but with the same number of atoms is 1.7%, see table 3) and (b) the dependence of the 

total potential energy on the nanoparticle size exhibit the same trend regardless of the 

nanoparticle shape (cylinder/prism) for MMT and KLT substrate. For that reason the Ag 

nanoparticles in all series of initial models applied for total potential energy and adhesion 

energy calculations had the prismatic shapes.  

 

Total potential energy  [kcal/mol] 
Ag(110)/KLT(001) Ag(110)/KLT(100) 

 
Ag cylindrical 

d [nm] 
 

 
Ag prismatic 

d [nm] 
 

 
n 

Ag cylindrical Ag prismatic Ag cylindrical Ag prismatic 

1.5 1.7 96 -439691 -440620 -219358 -220793 
2.1 2.2 150 -373233 -368376 -152030 -147324 
2.9 3.3 315 -134256 -135784 84981 83294 
3.6 4.2 489 121613 116646 339144 334414 

 

Table 3. Total potential energy values for the models containing six layered Ag nanoparticles with cylindrical or 
prismatic shape either.  
 
It should be noted that values of the total potential energy including all interactions within the 

models can not be compared for the models with different number of atoms, that means for 

models with MMT and KLT substrates and their {100} and {001} orientations. This applies 
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for table 3, table 4 (see the discussion in chapter IV.2.2.1 Ag/montmorillonite 

nanocomposites) and table 5 (see the discussion in chapter IV.2.2.2 Ag/kaolinite 

nanocomposites), where energies of Ag/KLT and Ag/MMT models are listed together. 

 

IV.2.1.3. Modeling conditions for Ag/montmorillonite and Ag/kaolinite nanocomposites 

 

QEq (charge equilibration) method in MS has been used to calculate the atomic charges [52].  

Smart algorithm (i.e. the cascade of Steepest descent, Conjugate gradient and Quasi-Newton 

optimization algorithms; see chapter III.4.2. Smart algorithm) was used for the geometry 

optimization with 50 000 iteration cycles. During the structure optimization of the starting 

models, positions of all atoms in the substrate and all the atomic coordinates of Ag 

nanoparticles were optimized without constraints.  

One hundred fourty four initial models have been prepared, optimized and examined.  

3 (Ag nanoparticles with two, four and six atomic layers) × 4 (four different d of Ag 

nanoparticles: 1.7nm, 2.2nm, 3.3nm, 4.2nm) × 3 (three crystallographic orientations of Ag 

nanoparticles: (100), (110), (111)) × 4 (four different substrates: MMT(001), MMT(100), 

KLT(001), KLT(100)) = 144 models. This number does not include the models with 

cylindrical shape (see table 3) and also plenty of modifications of just mentioned one hundred 

fourty four models via shifting and rotations of the Ag nanoparicles along substrate in order to 

obtain better optimization results.  

 

IV.2.2. Ag/montmorillonite and Ag/kaolinite nanocomposites - results and 

discussion 

 

Figures 19 and 20 show the comparison of FTIR spectra for the silicate host structure MMT 

and KLT and nanocomposite Ag/MMT and Ag/KLT.   
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Figure 19. (a) FTIR spectra of the pure MMT and (b) the MMT after the treatment with 0.1M solution of 

AgNO3. 

 

 
Figure 20. (a) FTIR of the pure KLT and (b) the KLT after the treatment with 0.1M solution of AgNO3 (b). 

 

As one can see in both figures the positions of vibrational bands in the region 1100-400 cm-1 

corresponding to Si-O and other interlayer bonds remain unchanged, indicating the rigidity of 

silicate layers and non-bond interaction between silicate layers and Ag nanoparticles. All the 

substrates in our models stayed rigid during the geometry optimization with the exception of 
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KLT(001) which was strongly deformed due to the thinness of KLT substrate. KLT silicate 

layer is the 1:1 type while MMT layer is the 2:1 type. To prevent this distortion due to the size 

of the model and keep the rigidity of layers in accordance with the experimental (FTIR) data 

we changed this set of models and the substrate was built from the two KLT layers with the 

interlayer distance 0.74 nm as mentioned before (see figure 16).  

Energy minimization for all models led to a certain degree of bonding deformation of silicate 

layers in the interface Ag/substrate. While the scaffold structure of silicate substrate remained 

stable during and after energy minimization, the hydroxyl groups in case of MMT exhibited 

changes in their orientation and bond-length especially in the vicinity to Ag nanoparticle. The 

average O-H distance is ~ 0.92 Å for the model with pure MMT substrate and ~ 0.96 Å for 

the model with Ag/MMT nanocomposite. For hydroxyl groups adjacent to the Ag 

nanoparticle this distance is growing up to 1.03 Å.  

Ag nanoparticles exhibit deformation in structure and bonding geometry, which depends on 

the Ag nanoparticle thickness, as it is illustrated in the figure 18.     

The force field calculations revealed the lowest total potential energy for the Ag nanoparticles 

that adhere with their crystallographic planes (110) on all faces of MMT and KLT layers. 

Table 2 shows the result for Ag/KLT nanocomposite, anyway the same result has been 

obtained for all faces of MMT and KLT surfaces. That means the preferred orientation of Ag 

nanoparticles on all faces of clays is with (110) plane of Ag structure adherent to clay surface. 

Consequently, all models for further investigations have been built in such a way that the 

(110) plane of the Ag nanoparticles stuck on the surface or edge of the silicate particles.  

In all optimized models the distortion of the Ag nanoparticles has been observed with the 

exception of Ag(110)/KLT(001) because of too weak adhesion (for adhesion energy see  

table 5). The distortion of Ag nanoparticles having different number of layers is illustrated in 

the figure 18, where the deformation of bonding geometry is illustrated by rod-sticks 

visualization mode. For the two layered Ag nanoparticles in whole size range and for the four 

layered Ag nanoparticles having d < 3 nm the observed distortion is very distinctive 

accompanied with the higher adhesion energy nanoparticle - substrate (see tables 4 and 5).  

Table 3 shows the total energies of the models containing six layered Ag nanoparticles with 

cylindrical or prismatic shape anchored on the KLT(001) and the KLT(100), respectively. 

One can see that the total potential energy values are close to each other and for that reason 

it’s possible to simulate the Ag/clay nanocomposites with the prismatic Ag nanoparticles. 

Total potential energy values are lower for the Ag(110)/KLT(001) than for the 

Ag(110)/KLT(100), but this fact does not mean the stronger interaction between Ag 
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nanoparticles and the substrate. The difference is caused by the two reasons: (a) unequal 

numbers of atoms in models and (b) different structure and bonding geometry in substrates 

KLT(001) and KLT(100) as one can see comparing figures 16 and 17. Continuous silicate 

surface differ from the silicate edge because the surface contains the covalent bonds only but 

the partial contribution to the edge energy comes from the non-bonding interactions between 

the layers. We can conclude that Ag(110)/KLT(001) is stable for larger Ag nanoparticles than 

Ag(110)/KLT(100) (see the bottom row of the table 3) but how strong is the interaction 

between the nanoparticles and the substrate cannot be said until we look over the adhesion 

energies. 

 

IV.2.2.1. Ag/montmorillonite nanocomposites 

 

Table 4 shows the total energies for all sizes of Ag nanoparticles in Ag(110)/MMT(001) and 

Ag(110)/MMT(100), respectively. The values of the total potential energy are comparable 

only within the models with the same type of substrate (because of different structure, 

bonding geometry and atomic composition, as mentioned before). As one can see in table 4 

the total potential energy for Ag(110)/MMT(001) nanocomposite is growing with increasing 

nanoparticle size and thickness. Table 4 shows that for Ag(110)/MMT(001) nanocomposite 

the maximum size of single crystalline six-layered Ag nanoparticles can be ~ 3.3 nm. For 

larger nanoparticle the total potential energy is positive. 

The HRTEM photographs of Ag nanoparticle on MMT substrate in the figures 21 and 22 

show the Ag single crystalline domains within the size range similar to our findings.  
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Figure 21 . HRTEM image of the Ag nanoparticles agglomerate on the MMT. 

 

 
Figure 22. HRTEM image of  Ag single crystals on the MMT. 
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At higher local densities of the Ag nanocrystals in real samples, the individual nanocrystals 

form agglomerates (see figure 21), which are, however, separated from each other by low-

energy grain boundaries to minimize the total potential energy as already discussed in [33]. 

The adhesion energies per one Ag atom for Ag(110)/MMT(001) and Ag(110)/MMT(100) 

displayed in the table 4 lead to the conclusion, that Ag nanoparticles slightly prefer the 

oxygen faced MMT(001) surface.  As one can see in the table 4 the adhesion energy steeply 

falls with increasing Ag nanoparticle size and thickness for both faces of MMT substrate.  

 

Ag(110)/MMT(001) Ag(110)/MMT(100) 
Total potential 

energy    
[kcal/mol] 

Adhesion  
energy / n    

[kcal] 

Total potential 
energy 

[kcal/mol] 

Adhesion  
energy / n    

[kcal] 

 
 
n 

 
 
d 

[nm] 
2 layers 2 layers 

30 1.7 -426271 534.30 -870472 494.54 
50 2.2 -417557 294.14 -859777 222.22 
105 3.3 -398832 121.10 -842638 94.55 
163 4.2 -378681 68.31 -821331 49.41 

  4 layers 4 layers 
64 1.7 -377098 207.76 -821909 192.67 
100 2.2 -337667 120.40 -781959 104.92 
210 3.3 -196042 43.68 -663739 30.11 
386 4.2 -87895 29.37 -530526 19.36 

  6 layers 6 layers 
96 1.7 -325200 117.98 -767898 83.10 
150 2.2 -251966 69.47 -697062 64.05 
315 3.3 -21410 28.14 -463683 17.04 
489 4.2 229297 - -212685 10.77 

 

Table 4. Total energies and the adhesion energies per one atom of the nanoparticle (calculated using Eq. 18 for 
the models with negative total potential energy only) of the Ag/MMT nanocomposites are displayed. Value n is 
number of atoms in nanoparticle, d is the size of nanoparticle. 
 

IV.2.2.2. Ag/kaolinite nanocomposites 

 

Table 5 shows the total energies for all sizes of Ag nanoparticles in Ag(110)/KLT(001) and 

Ag(110)/KLT(100), respectively. Total potential energy shows the same trend as in case of 

MMT surfaces, that means growing values with increasing the Ag nanoparticle size and 

thickness. However there is one significant difference from Ag/MMT nanocomposite. The 

adhesion energy is almost zero for the Ag(110)/KLT(001) surface, indicating the low 

probability of Ag anchoring on KLT(001) surface, on the other hand there is quite large 

adhesion comparable with MMT surfaces on the KLT(100) surface. The weak adhesion 

energy on the KLT(001) surface is due to the almost zero KLT layer charge, where tetrahedral 

and octahedral substitutions are very rare [56]. Edges provide suitable conditions for the Ag 
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nanoparticles growth but it is lesser part of the total KLT particle surface, as mentioned 

before. Anchoring of Ag nanoparticles on the KLT particle edges only, obtained by modeling 

explains the difference in Ag content for Ag/KLT and Ag/MMT nanocomposites observed by 

XRF: 0.6 wt% Ag in Ag/KLT  and 2.2 wt% Ag in Ag/MMT.  

 

 
Figure 23. HRTEM image of Ag nanoparticles agglomerate on KLT. This very disordered agglomerate has an 
indistinctive border. 
 

Adhesion energies in case of the Ag(110)/KLT(100) are nearly the same as in the 

Ag(110)/MMT(100). Nevertheless in case of Ag(110)/KLT(100) the total potential energy 

becomes positive for the models containing four layered Ag nanoparticles having d > 4 nm 

and six layered Ag nanoparticles having d > 3 nm (see table 5), hence we can conclude that 

only smaller Ag nanoparticles can grow on the KLT(100) surface. This result is in good 

agreement with the HRTEM observations (see figure 23). Ag crystallites on KLT surface are 

not as large as on MMT surface in the figure 22. Structure of Ag nanoparticle on the KLT 

surface is much more disordered with smaller single crystalline domains, than in case of 

Ag/MMT nanocomposite (see figure 23).  
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Ag(110)/KLT(001) Ag(110)/KLT(100) 
Total potential 

energy  
[kcal/mol] 

Adhesion  
energy / n    

[kcal]  

Total potential 
energy 

[kcal/mol] 

Adhesion  
energy / n    

[kcal] 

 
 
n 

 
 
d 

[nm] 
2 layers 2 layers 

30 1.7 -535651 0.59 -321390 419.99 
50 2.2 -528265 0.60 -313072 236.54 
105 3.3 -509261 0.59 -294216 92.38 
163 4.2 -488424 0.59 -273919 49.86 

  4 layers 4 layers 
64 1.7 -489418 0.37 -240225 127.67 
100 2.2 -451744 0.34 -232625 90.41 
210 3.3 -330745 0.35 -113371 37.09 
386 4.2 -199150 0.36 17178 - 

  6 layers 6 layers 
96 1.7 -440620 0.26 -220793 91.80 
150 2.2 -368376 0.25 -147324 52.06 
315 3.3 -135784 0.25 83294 - 
489 4.2 116646 - 334414 - 

 

Table 5. Total energies and the adhesion energies per one atom of the nanoparticle (calculated using Eq. 18 for 
the models with negative total potential energy only) of the Ag/KLT nanocomposites are displayed. Value n is 
number of atoms in nanoparticle, d is the size of nanoparticle. 
 

IV.2.2.3. Ag/montmorillonite and Ag/kaolinite nanocomposites - summary of results 

 

Present results of modeling led to conclusions allowing deeper understanding of structure, 

mechanism of formation and properties of Ag/clay nanocomposites. Confrontation of present 

results of modeling with the experiment (XRD, FTIR and XRF) supports results of 

computations, which can be briefly summarized in following notes:  

• While the silicate layers in substrate structure remain rigid and do not undergo significant 

deformation (with exception of hydroxyl groups in the vicinity of Ag nanoparticles), the 

Ag nanoparticle anchored on the clay surface exhibits deformation of structure and 

bonding geometry, dependent on its thickness. 

• Ag nanoparticle prefers anchoring via (110) crystallographic plane adjacent to clay 

surface for any type of face on KLT and MMT substrate. 

• While in case of MMT substrate Ag nanoparticles prefer the (001) surface of silicate layer 

(basal plane of clay particles), in case of KLT substrate Ag nanoparticles are preferentially 

anchored on (100) surface of KLT structure (edges of KLT clay particles). Basal surface 

i.e. oxygen faced (001) surface of KLT silicate layer exhibits bad adhesion.   

• Adhesion of nanoparticles for both preferred substrates MMT(001) and KLT(100) 

decreases with increasing particle size and thickness. 
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• Calculations also led to the conclusion, that in case of KLT substrate Ag nanoparticles 

have no chance to grow larger than ~ 3.3 nm for the thickness 4 atomic layers and larger 

than ~ 2.2 nm for the thickness 6 atomic layers (for larger size the total potential energy of 

the system becomes positive). 

 

Present results of modeling are in agreement with the available experimental data that include 

the chemical analysis using XRF, FTIR and the direct visualization of the nanoparticles using 

HRTEM. First of all the molecular modeling explained the lower Ag content observed in the 

Ag/KLT nanocomposite in comparison with Ag/MMT nanocomposite. Using results of 

modeling we can also explain the difference between the structure of Ag nanoparticles 

observed in HRTEM photographs for MMT and KLT substrate, where the Ag structure on 

KLT surface is much more disordered and with smaller domains than in case of MMT.  

 

IV.3. CdS/vermiculite nanocomposite 

 

In this part of presented work the molecular modeling with the empirical force field as 

implemented in the MS was divided into two tasks related to the CdS/VMT nanocomposite. 

First task was to simulate the changes of VMT interlayer space in each step of the 

nanocomposite preparation. 

Second task was to describe the adhesion of CdS nanoparticles (CdS) anchored on the VMT 

substrate. 

Experimental data obtained from XRD, XRF, AFM, TGA and SEM analyses during the 

experiment have been used for the generating of initial models and for the verification of 

model calculations. The modeling strategy is given below. 

For better understanding of this first task a brief description of the method how CdS/VMT 

nanocomposite has been prepared must be mentioned. 

The Mg-rich VMT (i.e. containing Mg2+ cations in the interlayer space) was collected from a 

weathered ultrabasic zone at Letovice, Czech Republic. Structural formula of this VMT is 

(Mg2.39Fe3+
0.51Fe2+

0.02Al0.08) (Si2.64Al 1.33Ti0.03) O10 (OH)2. 

The Cd2+ cation exchange was carried out by putting VMT into aqueous solution of 

Cd(NO3)2·4H2O. This mixture was shaken and the liquid portion was separated using 

centrifugation. The intercalation procedure was repeated three times. After the intercalation 

procedure the sample has been dried. The completion of the exchange of Mg2+ cations in the 
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interlayer of VMT by Cd2+ cations was confirmed by a change in the interplanar spacing of 

the basal planes (001) of VMT (d001 = 1.411 nm) using XRD. 

To prepare the CdS/VMT nanocomposite the suspension of VMT (already with Mg2+ 

interlayer cations completely exchanged by Cd2+) in distilled water was bubbled with H2S. 

After this crucial step, the supernatant solution was removed by centrifugation. The resulting 

CdS/VMT nanocomposite was washed three times in distilled water. Each washing process 

was followed by centrifugation. The procedure of the composites preparation was completed 

by drying [14]. 

 

IV.3.1. Interlayer structure of vermiculite during the nanocomposite 

preparation   

 

Contraction of the interlayer distance (d001) in VMT after the CdS/VMT nanocomposite 

preparation, which has been observed by XRD (d001(Mg-VMT) = 1.411 nm, d001(Cd-VMT) = 

1.429 nm, d001(CdS-VMT) = 1.407 nm,  see also table 7 in chapter IV.3.3.1. Vermiculite 

intercalated with Cd2+ and CdS), allowed us to make a conclusion that CdS nanoparticles 

cannot grow in the interlayer space although right here Cd2+ cations are located. The growth 

of CdS nanoparticles would cause the expansion of d001 which was not confirmed by XRD. 

Hence the question is what happened in the VMT structure ? Inasmuch as that the nearest way 

of Cd2+ cations (creating together with sulphur the CdS nanoparticles during the bubbling of 

H2S) out from the VMT structure finishes on edges, we postulated the working hypothesis 

that CdS nanoparticles grow on VMT(100) edges. In that time we kept at disposition only the 

results from XRD analysis (mentioned before) and TGA. Results from visual methods SEM 

and AFM have not been available yet.  

Here we provide the results of TGA supporting the strategy of modeling. TGA has been 

carried out for the three samples: Mg-VMT, Cd-VMT and CdS-VMT. Results showed the 

same character of weight loss for samples Mg-VMT and Cd-VMT, where the main weight 

loss occurs in two temperature intervals 50-125 ºC and 200-250 ºC. The amount of escaping 

water was higher for Cd-VMT sample than for Mg-VMT sample. The lowest amount of 

escaping water was observed in case of CdS-VMT sample. Two subsequent drops of the 

weight observed on the curve of the original Mg-VMT and Cd-VMT were related to the 

escape of surface water and consequently to the escape of interlayer water. In opposite to the 

Mg-VMT and Cd-VMT the weight loss in case of  CdS-VMT nanocomposite exhibit different 
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behavior. There was the first drop corresponding to the escape of surface water and 

subsequent monotonous decrease of water content in temperature region 25–250 ºC. This fact 

indicate the presence of some barriers at the clay particle margins, blocking the escape of 

water from the interlayer space. This result supported our previous hypothesis that CdS 

nanoparticles grow on VMT(100) edges. And if the CdS nanoparticles are located on the 

VMT(100) edges then the process of the growth probably proceeds as follows.  

H2S molecules are brought into the aqueous solution where the Cd-VMT is present. H2S is 

very well soluble in water, much better than CO2 [60]. The rate of H2S concentration and SH- 

concentration is strongly dependent on pH of the solution and for pH < 6 the amount of H2S 

molecules in aqueous solution is significantly higher than the amount of the SH- ionic form. 

[61]. During the preparation of the CdS/VMT nanocomposite, pH of aqueous solution  

(i.e. water containing Cd-VMT and H2S molecules) was 3 and therefore it can be concluded 

that H2S form exceeds considerably the SH- form. 

H2S molecules enter the VMT interlayer space, meet Cd2+ cations and react with them. 

During this reaction the decomposition of H2S occurs and instead of Cd2+ cation two H3O
+ 

cations are compensating now the charge of VMT layers. This process proceeds in VMT 

interlayer space in accordance with following proposed reaction:  

 

Cd2+ + H2S + 2H2O → CdS + 2H3O
+                                       (21) 

 

This reaction also occurs on VMT(100) edge near the mouth of interlayer space. Cd2+ cations 

located close to the mouth of interlayer space react with H2S molecules while created H3O
+ 

cations are dragged into the interlayer space by increasing negative charge in the interlayer. 

Thus the reaction Eq. 21 occurs inside the interlayer space as well as in the vicinity of the 

interlayers mouth. The result of the reaction Eq. 21 is (and this is important now) – single CdS 

molecules. These molecules do not agglomerate in the interlayer space and do not create CdS 

nanoparticles in the interlayer space because XRD analysis shows that the value of d001 

decreases. Therefore we suppose that only single CdS molecules are present in the interlayer 

space as a result of a reaction Eq. 21. The structure of CdS nanoparticles growing on 

VMT(100) edges have to contain mainly the CdS molecules from the mouth of interlayer 

space. Deep in the interlayer space of VMT remain H3O
+ cations, unreacted Cd2+ cations and 

also CdS molecules farthest from the mouth.  

This working hypothesis is supported by the results of XRD analysis (see figure 24).  
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Figure 24. 001 reflections of samples Mg-VMT (d001= 1.411Å), Cd-VMT (d001= 1.429Å) and CdS-VMT (d001= 
1.407Å). 
 

Low-angle parts of the XRD patterns show three peaks having 2θ ≈ 6.25 º (i.e. 001 reflections 

[50]). While the peaks of Mg-VMT and Cd-VMT are nearly symmetrical the peak of  

CdS-VMT has asymmetric profile due to the concentration gradient of guests in the interlayer 

space of VMT.  

 

IV.3.2. Building the initial models of CdS/vermiculite nanocomposite 

 

IV.3.2.1. Initial models of vermiculite intercalated by Cd2+ cations and CdS molecules 

 

An initial model of the VMT double layer was built using structural data and unit cell 

parameters published by Shirozu and Bailey [50], space group C2/C, unit cell dimensions: 

a=5.349 Å, b=9.255 Å, c=28.89 Å. This unit cell already contains two VMT layers (see figure 

25). 

 



 65

 
Figure 25. The unit cell containing two VMT layers has been used for the preparation of initial models. 

 

Having the unit cell constructed in this way we assumed a hypothetical double layer 

composition (Mg9.66Fe3+
2Al 0.33) (Si10.5Al 5.33Ti0.16) O40 (OH)8 with a layer charge of -3.06 el. 

This hypothetical compositions allowed us to build the crystal supercell 3a×2b×1c with a 

composition (Mg58Fe3+
12Al 2) (Si63Al 32Ti1) O240 (OH)48 and with a corresponding layer charge 

-18 el. per supercell. In natural VMT from the Letovice area, this layer charge is balanced 

with nine Mg2+ cations. The size of the model and its structural formula are always a 

compromise between reasonable accuracy and the computing time. Taking into account the 

results of XRD analysis, we have built a three series of the initial models. VMT with nine 

Mg2+ cations in the interlayer (Mg-VMT), VMT with nine Cd2+ cations in the interlayer (Cd-

VMT) and VMT with nine CdS molecules and eighteen H3O
+ cations in the interlayer  

(CdS-VMT). These models represent the limit cases which may occur during the CdS/VMT 

nanocomposite preparation. It is at first the complete exchange of Mg2+ interlayer cations by 

Cd2+ cations (Mg-VMT → Cd-VMT) and secondly the reaction of H2S molecules with all 

Cd2+ interlayer cations i.e. the complete reaction according to Eq. 21 in the interlayer space 

(Cd-VMT → CdS-VMT). These models have been minimized with various water content in 

one 3a×2b×1c supercell.  

 

 



 66

IV.3.2.2. Initial models of vermiculite surface modified with CdS nanoparticles 

 

A lot of experimental data (XRF, SEM/EDAX, TGA, AFM) have been used for the 

generating of initial models. These experimental data confirmed the presence of CdS on 

VMT. From XRD analysis we obtained the value of basal spacing d001, which was used for 

building the initial VMT(100) model. XRF analysis gave us informations about VMT 

composition. Amount of water in the interlayer space was taken from TGA.   

Results from HRTEM analysis were used for the verification of model calculations. This will 

be discussed in chapter IV.3.3. CdS/vermiculite nanocomposite - results and discussion. 

An initial models of VMT were built in the MS Crystal builder module using structural data 

and unit cell parameters published by Shirozu and Bailey [50]. The starting model of the 

substrates was created by MS Surface builder module, cleaving the 3D periodic layer 

structure of VMT along the (001) and (100) plane, respectively. Thus we obtained the basis 

for creating the VMT(001) surface and the VMT(100) edge. Using analogical procedure to 

Ag/MMT nanocomposite we have created two sets of initial models, where the CdS 

nanoparticles were anchored on the VMT (001) oxygen faced basal plane and on the 

VMT(100) edge. The size of the VMT(001) plate was 7.6 nm × 6.6 nm, thickness ~ 0.8 nm 

(see figure 26). The size of the VMT(100) plate was 5.0 nm × 5.8 nm, thickness ~1.0 nm (see 

figure 27). 

 

 
 
Figure 26. Optimized model containing four layered CdS(111) nanoparticle with 240 atoms and length of the 
basal diagonal 2.5 nm anchored on the VMT(001) plane. Sulphur atoms in CdS nanoparticle are light blue, 
cadmium atoms are dark blue. The Cd2+ cations (also dark blue) can be seen under the VMT layer. 
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Figure 27. Optimized model containing four layered CdS(111) nanoparticle with 240 atoms and length of the 
basal diagonal 2.5 nm anchored on the VMT(100) plane. Sulphur atoms in CdS nanoparticle are light blue, 
cadmium atoms are dark blue. 
 

Six different crystallographic orientations of CdS [62] have been tested as adjacent to the 

VMT substrate and further three groups of CdS with various sizes were prepared. These six 

crystallographic orientations were: {100}, {110}, {111}, {112}, {210}, {310} and 

nanoparticles were denoted as: CdS(100), CdS(110), CdS(111), CdS(112), CdS(210), 

CdS(310). These nanoparticles had one hundred twenty atoms, two layers (i.e. h ~ 0.6 nm),  

d = 2.5 nm. Further bigger nanoparticles have been prepared. Characteristics of all CdS 

nanoparticles are listed in table 6. 

  

d 
[nm] 

number of 
atomic layers 

h 
[nm] 

n 

2 ~ 0.6 120 
4 ~ 1.3 240 
5 ~ 1.6 360 

 
 

2.5 
5 ~ 1.6 460 
2 ~ 0.6 240 
4 ~ 1.3 360 

 
3.3 

5 ~ 1.6 480 
2 ~ 0.6 360 4.0 
4 ~ 1.3 480 

Table 6. Characteristics of all nanoparticles prepared for the initial CdS/VMT models are summarized in this 
table. 
 

Three nanoparticles from table 6 can be seen on figure 28. First nanoparticle, the smallest, has 

only two atomic layers and d = 2.5 nm. Remaining two nanoparticles have the same  

d = 3.3 nm but different n and thus different h. One can clearly see the various distortions 

depending on the number of atomic layers. The highest nanoparticle with five atomic planes 
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has nearly the same structure before and after the optimization process while the smallest two 

layered nanoparticle is extremely distorted. Also it can be seen that the distortion occurs 

underneath, where the nanoparticle is adjacent to the substrate. This may be ascribed to the 

nanoparticle-substrate interaction. Starting models were built by anchoring of CdS on the 

VMT surfaces. 

 

 
Figure 28 .   The side view on three CdS nanoparticles with various d, h and n. Top three nanoparticles originate 
from the CdS(111)/VMT(001) initial models. The same nanoparticles after geometry optimization can be seen 
below.  
 

IV.3.2.3. Modeling conditions for initial models of vermiculite intercalated by Cd2+ 

cations and CdS molecules 

 

The charges of initial models were calculated using the QEq (charge equilibration) method 

[52]. During the charge calculation procedure, the layer charge of the whole supercell was 

fixed to zero, which corresponds to the natural state. Both, the geometry optimization and the 

energy calculation were carried out in MS Forcite module. Smart algorithm (i.e. the cascade 

of Steepest descent, Conjugate gradient and Quasi-Newton optimization algorithms; see 

chapter III.4.2. Smart algorithm) was used for the geometry optimization with 10 000 

iterations. UFF was used for the energy calculation and the atom based summation method 

was used to calculate the Coulombic and the van der Waals energy. 

The assumption of the rigid VMT layers (according to the experimental observations using 

XRD) requires the fixed cell parameters a, b, γ and variable parameters c, α, β. These 
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constraints applied on supercell lengths a, b and angle γ are providing only free move of VMT 

layers in a parallel way or change of the interlayer distance and are making impossible the 

mutual tilting of VMT layers.   

During the structure optimization of the starting models, positions of all atoms in the VMT 

layers and all the atomic coordinates of cations (Mg2+, Cd2+) and molecules (H2O, CdS) were 

optimized without constraints.  

Large series of initial models have been built with various water content water arrangement. 

Twenty eight initial models with negative non-bond interaction energy have been choosen for 

final optimization: 17 various water contents in case of Mg-VMT model, 5 various water 

contents in case of Cd-VMT model, 6 various water contents in case of CdS-VMT model. 

 

IV.3.2.4. Modeling conditions for vermiculite surface modified with CdS nanoparticles 

 

UFF and Smart algorithm (i.e. the cascade of Steepest descent, Conjugate gradient and  

Quasi-Newton optimization algorithms; see chapter III.4.2. Smart algorithm) was used for the 

geometry optimization with 50 000 iteration cycles. During the structure optimization of the 

starting models, positions of all atoms in the substrate have been fixed with exception of 

hydroxyl groups. All the atomic coordinates of CdS were optimized without constraints.  

Molecular modeling is a (as already mentioned in chapter IV.2.1.1. Montmorillonite and 

kaolinite substrates) continuous skirmish between the demand of the model accuracy and the 

effort for obtaining the computed result in reasonable time. From that reason we fixed the 

VMT layers with exception of hydroxyl groups during energy optimization. 

One hundred eight initial models have been prepared, optimized and examined.  

6 (six crystallographic orientations of CdS nanoparticles: {100}, {110}, {111}, {112}, {210}, 

{310}) × 9 (nine different numbers of atoms for three different d: 120, 240, 360, 460 for  

2.5 nm, 240, 360, 480 for 3.3 nm and 360, 480 for 4.0 nm) × 2 (two different substrates: 

VMT(001), VMT(100)) = 108 models. This number does not include plenty of modifications 

of just mentioned one hundred eight models via shifting and rotations of the CdS along 

substrate in order to obtain better optimization results. 

 

 

 

 

 



 70

IV.3.3. CdS/vermiculite nanocomposite - results and discussion 

 

IV.3.3.1. Vermiculite intercalated by Cd2+ cations and CdS molecules 

 

From the XRD patterns simulated in the MS Reflex module we obtained d001 of the optimized 

models. These results were compared with the values obtained from XRD measurements on 

real samples. The proposed models (see figure 29) illustrate the changes in the interlayer 

space after the intercalation of VMT with Cd2+ cations and the formation of CdS molecules in 

the VMT interlayer. The calculated interlayer spaces for Mg-VMT, Cd-VMT and CdS-VMT 

are in good agreement with those obtained from the XRD (see table 7). CdS in the interlayer 

is not present in the form of nanoparticles, but occurs in molecular form surrounded by water 

molecules.  

 
d001 [nm] Number of molecules  

per supercel 3ax2bx1c 
samples 

real 
samples 

models H2O H3O
+ 

Mg-VMT 1.411 1.412 110 - 
Cd-VMT 1.429 1.427 123 - 
CdS-VMT 1.407 1.400 86 18 

Table 7. Comparison of measured and computed d001 for all three samples and numbers of H2O and H3O
+ 

molecules in the models. 
 
The results of molecular modeling give us the possibility to estimate the amount of interlayer 

water by modeling. According to modeling results, the amount of water in the Mg-VMT 

interlayer is 17.0 wt.%. The lower water content was computed for the CdS-VMT (15 wt.%) 

in comparison with Cd-VMT model (17.5 wt.%). 
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Figure 29. Models of the Mg-VMT, Cd-VMT and CdS-VMT structures. 

 

Results from SEM and AFM visual methods (see figures 30 and 31) confirmed our hypothesis 

about the growth of CdS on VMT(100) edge. As one can see the SEM image (see figure 30) 

shows the CdS on VMT(100) edge as we predicted. EDAX analysis confirmed that light lines 

are CdS. Also image from AFM (see figure 31) shows the detailed view on the CdS grown on 

the VMT(100) edge. The cracks visible on figure 31 were probably caused by CdS located in 

the mouth of interlayer space and growing out on edges of the VMT layers. 
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Figure 30 . SEM image of CdS/VMT nanocomposite shows the CdS (light lines) on the VMT particle edge.                                        
 

 
Figure 31. The AFM image of CdS/VMT nanocomposite surface. CdS growing out from the VMT structure can 
be clearly seen. 
 

IV.3.3.2. Vermiculite surface modified with CdS nanoparticles  

 

Modeling showed the best stability (i.e. lowest total potential energy) for (111) plane of CdS 

adjacent to both VMT(001) and VMT(100), respectively. Thus further only the models 

containing CdS(111) stuck on the VMT(001) surface and VMT(100) edge have been studied 

and others were omitted. Adhesion energy values for CdS(111)/VMT(001) and 

CdS(111)/VMT(100) in dependence of CdS size are listed in table 8.  
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CdS(111) CdS(111)/VMT(001) CdS(111)/VMT(100) 
 
d 

[nm] 

 
n 

Adhesion energy / n  
[kcal] 

Adhesion energy / n 
[kcal] 

120 1.41 13.16 
240 0.84 13.13 
360 0.69 13.45 

 
 

2.5 
460 0.70 13.56 
240 1.44 13.25 
360 0.93 13.58 

 
3.3 

480 0.80 13.66 
360 1.46 13.37 4.0 
480 1,14 13.55 

Table 8.  Numbers of atoms in CdS nanoparticle and adhesion energies of CdS/VMT models. 

 

The adhesion energies (computed using Eq. 18) per one atom displayed for 

CdS(111)/VMT(001) and CdS(111)/VMT(100) in the table 8 lead to the conclusion that CdS 

prefers the VMT(100) surface because the adhesion energy is much higher for 

CdS(111)/VMT(100) than for CdS(111)/VMT(001). This result is in good agreement with 

SEM and AFM observations (see figures 30 and 31).  

Comparing adhesion energies for CdS with the same d (i.e. the same size of basal diagonal), 

one can see that in case of VMT(001) surface the adhesion energy decreases with increasing 

particle thickness while in case of VMT(100) surface the adhesion energy is increasing with 

increasing particle thickness. Taking into account only CdS with the same n (i.e. the same 

number of atoms) we can state that the situation is opposite. In case of VMT(001) surface the 

adhesion energy increases and in case of VMT(100) edge the adhesion energy decreases. This 

observation leads to the conclusion that CdS on VMT(001) surface prefers to grow abroad, 

extending the base, while CdS on VMT(100) edge tends to grow higher.  

Figure 32 shows the TEM image of CdS growing on VMT(100) edge. As one can in the left 

top corner of the image the CdS on the VMT(100) edge is nearly as high as broad. Although 

this CdS is not single crystalline the presented image illustrates well our conclusion.    
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Figure 32. TEM image of CdS growing on edge of VMT. 
 

 

IV.3.3.3. CdS/vermiculite nanocomposite - summary of results 

 

Present results of modeling (including results from VMT interlayer models) led to 

conclusions allowing deeper understanding of structure, mechanism of formation and 

properties of CdS/VMT nanocomposite. Confrontation of present results of modeling with the 

experiment (XRD, TGA, SEM, HRTEM and AFM) supports results of computations, which 

can be briefly summarized in following notes:  

• CdS anchored on the VMT substrate exhibit deformation of structure and bonding 

geometry, dependent on its thickness. 

• CdS prefers anchoring via (111) crystallographic plane adjacent to both VMT(001) 

surface and VMT(100) edge. 

• CdS is preferentially anchored on (100) surface of VMT structure (VMT edges). Basal 

surface i.e. oxygen faced (001) surface of VMT exhibits bad adhesion.   

• Growth of CdS differs on VMT(001) and VMT(100). In case of VMT(100) surface CdS 

tends to grow higher instead of extending the base as in case of VMT(001) edge. 

• Calculations led to the conclusion, that CdS on VMT(100) can grow larger than ~ 4.0 nm. 

• The most probable process of rise of CdS in the VMT interlayer space has been described. 

 

Present results of modeling are in agreement with the available experimental data that include 

XRF, XRD, TGA and the direct visualization of nanocomposite using SEM, HRTEM and 
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AFM. Molecular modeling explained the presence of CdS on VMT(100) surface. Using 

results of modeling we can explain the structure of CdS/VMT nanocomposite observed in 

SEM, AFM and HRTEM images.  

 

IV.4. TiO 2/kaolinite nanocomposite  

 

IV.4.1. Building the initial models of TiO2/kaolinite nanocomposite 

 

IV.4.1.1. Kaolinite substrate 

 

To obtain the model of reasonable size, the structure of “real“ KLT (Al7.8Fe3+
0.16K0.04) (Si8) 

O20 (OH)16 was approximated by (Al8) (Si8) O20 (OH)16. The KLT substrate was built as a 

non-periodic superstructure containing six layers with a total formula of  

(Al 1254) (Si1296) O3156 (OH)2640. This idealized model without tetrahedral and octahedral 

cationic substitutions has a total layer charge of -6 el. coming fully from the non-

stoichiometry on the KLT edges. The layer charge was compensated by the anchored TiO2 

nanoparticle. The size of the KLT substrate was 5.1 nm × 4.4 nm; thickness ~ 4.2 nm (six 

layers). Interlayer distance (basal spacing) corresponding to real structure 0.74 nm [63] has 

been used in this model.  

 

IV.4.1.2. TiO2 nanoparticles for kaolinite substrate 

 

Five TiO2 nanoparticles (anatase structure) with crystallographic orientations {001}, {100}, 

{103}, {110} and {112} with the charge +6 el. have been prepared. The formula of each 

nanoparticle was Ti39O75. Surface of each TiO2 nanoparticle adjacent to the KLT substrate 

contained 12 titanium atoms. For more details about prepared TiO2 nanoparticles see table 9. 

 

nanoparticles n d [nm] h [nm] 
TiO2(001) 1.48 ~ 1.0 
TiO2(100) 1.52 ~ 0.7 
TiO2(103) 1.44 ~ 0.7 
TiO2(110) 1.95 ~ 0.5 
TiO2(112) 

 
 

114 

1.45 ~ 0.6 
 
Table 9. Characteristics of all TiO2 nanoparticles prepared for the initial TiO2/KLT 2 models are summarized in 
this table. 
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Initial models have been prepared by anchoring each TiO2 nanoparticle to one of the three 

possible sites on KLT substrate – tetrahedral surface (basal SiO surface, denoted as 

KLT(001)Si; see structure a in figure 33), edge (denoted as KLT(100); see structure b in 

figure 33) and octahedral surface (basal OH surface, denoted as KLT(001)OH; see structure c 

in figure 33).  

 

 

 

Figure 33. Optimized models of TiO2(001) nanoparticle (Ti78O153) anchored on (a) tetrahedral surface,  
(b) edge, (c) octahedral surface of the kaolinite substrate. 

 

IV.4.1.3. Modeling conditions for TiO2/kaolinite nanocomposite 

 

Molecular modeling with the UFF [31] as implemented in MS has been used to study the 

adhesion forces between TiO2 nanoparticles and KLT substrate.  Atomic charges have been 

calculated by the QEq (charge equilibration) method [52]. Smart algorithm was used with  

50 000 iteration steps.  

Fifteen initial models have been prepared, optimized and examined.  

5 (five crystallographic orientations of TiO2 nanoparticles: (001), (100), (103), (110) and 

(112)) × 3 (three different substrates: KLT(001)Si, KLT(001)OH and KLT(100)) = 15 

models. This number does not include modifications via shifting and rotations of the TiO2 

nanoparticles along substrate in order to obtain better optimization results.  
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IV.4.2. TiO2/kaolinite nanocomposite - results and discussion 

 

Results of the modeling are listed in table 10. Adhesion energies were computed using Eq. 18 

(see chapter IV.1.3. Computation of  adhesion energy and stability of the nanocomposites). It 

is evident that models containing the TiO2 nanoparticle anchored on the KLT(100) surface 

exhibit the best (i.e. the highest) adhesion energies. 

Table 10 also shows the higher “unwillingness” of TiO2 nanoparticles to grow on the 

tetrahedral and octahedral surface. This result is in good agreement with the observations 

from the SEM analysis of the KLT/TiO2 nanocomposite (see figure 34), where one can see 

TiO2 nanoparticles growing on the KLT(100) surface. 

 

Adhesion energy / n [kcal] TiO2 
nanoparticle 

on KLT 

 
n KLT(001) 

Si 
KLT(100) 

 
KLT(001) 

OH 
TiO2(001) 18,29 39,30 23,62 
TiO2(100) 19,67 36,23 37,60 
TiO2(103) 23,21 40,78 22,00 
TiO2(110) 11,12 36,68 29,50 
TiO2(112) 

 
 

114 

33,88 42,20 37,99 
Table 10.  Adhesion energies per one atom of TiO2 nanoparticle calculated for nanoparticles anchored on 
various faces of KLT substrate.  

 

 

Figure 34. SEM image of TiO2 nanoparticles (dark clusters) growing on edges of the kaolinite particle. 
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IV.5. TiO 2/SiO2 nanocomposite 

 

IV.5.1. Building the initial models of TiO2/SiO2 nanocomposite 

 

IV.5.1.1. SiO2 substrates 

 

Five SiO2 (alpha quartz [51]) substrates with various surfaces {100}, {001}, {110}, {011} 

and {111} were prepared. Each substrate has been built as a non periodic superstructure 

containing 10330 atoms (Si3442O6888) with total charge -8 el. This charge comes from the 

lacking atoms (four silicium atoms and four oxygen atoms). These eight atoms were removed 

from the surface, where by doing so originate the site with defect crystal structure (see figure 

35). Such site with lacking atoms may originate on silicate substrate as a consequence of 

attacking the surface structure by SO4
2- anions during the preparation of nanocomposite from 

TiOSO4 precursor [64]. 

 

 

 

Figure 35. SiO2(101) substrate. Broken crystal structure can be seen in the middle. Fixed atoms are displayed in 
a balls-and-stick mode. Unfixed atoms are displayed in a van der Waals diameter mode.  
  

Thickness of each SiO2 substrate was 2 nm. In each SiO2 substrate the bottom atomic layers 

(7737 atoms) representing bulk material were fixed. Thicknesses of non-fixed top atomic 

layers were 0.5 nm (2593 atoms) for each SiO2 substrate. Total charge was compensated by 

anchored TiO2 nanoparticle.  

 

IV.5.1.2. TiO2 nanoparticles for SiO2 substrate 

 

Five TiO2 nanoparticles have been prepared with various crystallographical orientations 

against the SiO2 substrates. These orientations were {001}, {103}, {100}, {110} and {112}. 
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Each TiO2 nanoparticle has 113 atoms (Ti39O74) and total charge +8 el. Surface of each TiO2 

nanoparticle adjacent to the SiO2 substrate contain 12 titanium atoms. For more details about 

prepared TiO2 nanoparticles see table 11. 

 

nanoparticles n d [nm] h [nm] 
TiO2(001) 1.7 1.1 
TiO2(103) 1.5 0.9 
TiO2(100) 1.7 1.0 
TiO2(110) 2.0 0.6 
TiO2(112) 

 
 

133 

1.7 0.8 
Table 11. Characteristics of all nanoparticles prepared for the initial TiO2/SiO2 models are summarized in this 
table. 
 

Each nanoparticle was anchored on two sites of the surface - either site with defect crystal 

structure or site with perfect crystal structure. The surfaces were large enough to keep the 

nanoparticle anchored on site with unbroken structure unaffected by the site with defect 

crystal structure and by the substrate margin (see figure 35 for an example). 

Thus it was able to compare the adhesion forces between TiO2 nanoparticles anchored on two 

sites of SiO2 surface - either imperfect site with surface defect or site with perfect crystal 

structure. 

 

IV.5.1.3. Modeling conditions for TiO2/SiO2 nanocomposite 

 

QEq (charge equilibration) method was used for charges calculation [52]. Models have been 

optimized using UFF [31] in the MS Forcite module. Smart algorithm (i.e. the cascade of 

Steepest descent, Conjugate gradient and Quasi-Newton optimization algorithms; see chapter 

III.4.2. Smart algorithm) was used for the geometry optimization with 50 000 iteration cycles. 

Fifty initial models have been prepared, optimized and examined.  

5 (five crystallographic orientations of TiO2 nanoparticles: {001}, {103}, {100}, {110}, 

{112}) × 5 (five different substrates: SiO2(100), SiO2(001), SiO2(110), SiO2(011), SiO2(111)) 

× 2 (perfect or imperfect site on SiO2 substrate) = 50 models. This number does not include 

modifications via shifting and rotations of the TiO2 nanoparticles along substrate in order to 

obtain better optimization results.  
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IV.5.2. TiO2/SiO2 nanocomposite – results and discussion 

 

Fifty initial models were prepared. Each of five various TiO2 nanoparticles has been placed on 

either site with surface defect (imperfect site) or site with no surface defect (perfect site) of 

five various SiO2 substrates. This number does not include further modifications via shifting 

and rotations of the nanoparticles along SiO2 surface as mentioned before. In fact more than 

two hundred models have been optimized. 

Optimized models revealed that in both cases (i.e. TiO2 nanoparticles anchored on perfect or 

imperfect SiO2 sites) TiO2(001) and TiO2(100) nanoparticles generally exhibit the strongest 

adhesion while TiO2(112) nanoparticle exhibit weak adhesion. Best and worst models with 

highest and lowest adhesion energies computed using Eq. 18 (see chapter IV.1.3. Computation 

of adhesion energy and stability of the nanocomposites) are listed in table 12. One can see 

stronger adhesion forces between TiO2 nanoparticles and SiO2 imperfect sites (see table 12) 

with one exception - TiO2(001)/SiO2(001) model - in the first row where the adhesion 

energies are nearly the same in both cases of perfect and imperfect sites of SiO2(001) 

substrate. Generally it can be said that the charge variation on these imperfect sites certainly 

plays an important role.  

 
Adhesion energy / n [kcal] 

Models 
Perfect site  Imperfect site  

TiO2(001) / SiO2(001) 76.81 76.58 
TiO2(100) / SiO2(001) 73.80 75.49 
TiO2(001) / SiO2(011) 65.41 69.73 
TiO2(112) / SiO2(011) 43.85 48.93 
TiO2(112) / SiO2(111) 43.66 47.99 

 
Table 12.  Adhesion energies computed from models containing TiO2 nanoparticles anchored on either perfect 
site of SiO2 substrate without surface defect or imperfect site of SiO2 substrate without surface defect. TiO2 
nanoparticles on SiO2 imperfect sites generally exhibit better adhesion. 
 

In spite of the fact that charge arising from the SiO2 imperfect site with surface defect causes 

generally stronger adhesion of TiO2 nanoparticles there must be also another reason why 

some TiO2 nanoparticles exhibit strong adhesion while some not: the mutual structure 

compatibility.   

Comparing the results for TiO2/KLT and TiO2/SiO2 we have found that the adhesion energy is 

much higher for TiO2/SiO2 nanocomposite. Preliminary leaching tests also showed the higher 

stability of TiO2/clay than for Ag/clay nanocomposites. Consequently we started to 

investigate the mutual structure compatibility between TiO2 nanoparticle structure and SiO2 
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substrate structure in order to search for the possible number of covalent bonds between 

titanium atoms from the nanoparticle and oxygen atoms from the substrate. Preliminary 

quantum chemical calculations supported our hypothesis about creation of Ti-O covalent 

bonds.   

The problem of mutual structure compatibility is discussed in detail in chapter IV.6. Structure 

compatibility of TiO2/SiO2.  

 

IV.6. Structure compatibility of  TiO2/SiO2  

 

The computer molecular modeling using empirical force field requires, as one of the first 

steps of modeling process, searching for the most suitable crystallographical orientations of 

both structures (i.e. nanoparticle and substrate). Finding of these orientations enables further 

simulations in which the various sizes and shapes of nanoparticles can be tested.  

Searching for these suitable orientations used to be lengthy because quite often there are 

plenty of hkl planes of both structures and the molecular modeling thus, becomes very time 

consuming. Moreover a lot of initial models with nanoparticles in various positions on the 

substrate must be prepared in order to find a minimal energy of modeled structure. Since the 

searching for suitable adjacent hkl planes is becoming the most time consuming step of the 

modeling process, an alternative method completing the energetic calculations in this step of 

molecular modeling process would be very helpful.  

In this work we made an attempt to solve this problem via analysis of structural compatibility  

of given hkl planes. More accurately written we were looking for atomic pairs (first atom 

from given hkl plane of substrate structure, second atom from given hkl plane of nanoparticle  

structure) able to create covalent bond. These pairs were denoted as relevant atomic pairs. We 

present here a simple method how to analyse the structure compatibility of TiO2 and SiO2 

crystal structures. Many studies of structural compatibility of proteins and other large organic 

structures belonging to the field of biochemistry can be found but to our knowledge, no work 

dealing with the problem of structural compatibility of two anorganic crystal structures using 

molecular modeling with the empirical force field has been published. Closest to our problem 

is the work of Dr. B.R. Pradip [38,65,66] focused on the organic molecules - anorganic 

substrates compatibility.      
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IV.6.1. Building the structures for TiO2/SiO2 structure compatibility study 

 

Our idea arises from the presumption that the bond between oxygen atom in SiO2 surface and 

titanium atom in adjacent TiO2 surface can appear only if these atoms are close enough. So if 

there is stationary distance between TiO2 surface and SiO2 surface, then the major criterion 

for bond creating is the size of overlap of both atoms (as it seems looking from the top). 

Figure 36 shows the line of oxygen atoms (red) belonging to SiO2(001) surface overlapped by 

the line of titanium atoms (grey) belonging to TiO2(001) surface. It is evident that the first and 

fifth titanium atom (counted from left to right) can create bond with first and fourth oxygen 

atom without change of the TiO2 a SiO2 structure. On the other hand none of the three middle 

titanium atoms can create bond with two middle oxygen atoms because it will cause strong 

deformation of both SiO2 and TiO2 structures which is energetically inconvenient.   

 

 
   
Figure 36. Overlap of atoms from TiO2(001) structure and SiO2(001) structure. Titanium atoms are grey, oxygen 
atoms are red. Only one row of atoms for each structure is displayed.  
 
It can be assumed that the adhesion forces between SiO2 surface and TiO2 surface are 

influenced by the number of titanium/oxygen (Ti/O) atomic pairs which are able to create 

bond under the conditions mentioned before. The more Ti/O atomic pairs per unit area, the 

better compatibility of these two structures and consequently the better adhesion energy can 

be  expected. 

It is very difficult to study the structure compatibility between the TiO2 nanoparticle adjacent 

surface and SiO2 surface with imperfect structure because the periodic arrangement of atoms 

is very important for presented method and the lack of atoms disturbs it. Therefore for our 

study we used only the models containing TiO2 nanoparticles anchored on the SiO2 substrate 

site with perfect crystal structure were used.  

Here we provide an example how the amount of relevant Ti/O atomic pairs (able to create 

bond) can be found directly from the overlapping atomic planes.  

Titanium plane of TiO2 and oxygen plane of SiO2 overlapping in projection into xy plane 

were inspected as to the commensurability of atomic distribution in both planes. That means 

the number of overlapping atoms in both planes in xy projection has been taken as a 
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parameter characterizing compatibility of both structures. For that purpose we have to define 

the stacking of both adjacent planes: titanium plane of TiO2 and oxygen plane of SiO2. We 

have to estimate the crystallographic directions and atomic rows in both planes, which will be 

codirectional. The chosen hkl planes, directions in these planes and interatomic distances in 

these directions are listed in table 13. The pictures of these hkl planes with blue marked atoms 

belonging to the given direction can be seen in figures 37–46. 

 
Structures hkl 

plane 
Direction Interatomic 

distance [Ǻ] 
(001) [010] 4.913 
(011) [1-10] 4.913 
(011) [11-1] 7.304 
(111) [10-1] 7.304 

 
SiO2 

(oxygen 
atoms) 

(111) [1-10] 8.510 
(001) [100] 3.776 
(001) [110] 5.340 
(100) [010] 3.776 
(112) [1-10] 5.340 

 
TiO2 

(titanium 
atoms) 

(112) [111] 5.443 
Table 13.  Distances between the neighbouring atoms lying in the given direction in chosen hkl planes of SiO2 
and TiO2 structures.  
 

 
Figure 37. SiO2(001) crystallographic plane. Oxygen atoms marked blue lies in the [010] direction and their 
interatomic distance d[O-O] = 4.913 Ǻ. 
 

 
Figure 38. SiO2(011) crystallographic plane. Oxygen atoms marked blue lies in the [1-10] direction and their 
interatomic distance d[O-O] = 4.913 Ǻ. 
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Figure 39. SiO2(011) crystallographic plane. Oxygen atoms marked blue lies in the [11-1] direction and their 
interatomic distance d[O-O] = 7.304 Ǻ. 
 

 
Figure 40. SiO2(111) crystallographic plane. Oxygen atoms marked blue lies in the [1-10] direction and their 
interatomic distance d[O-O] = 8.510 Ǻ. 
 

 
Figure 41. SiO2(111) crystallographic plane. Oxygen atoms marked blue lies in the [10-1] direction and their 
interatomic distance d[O-O] = 7.304 Ǻ. 
 

 
Figure 42. TiO2(001) crystallographic plane. Titanium atoms marked blue lies in the [100] direction and their 
interatomic distance d[Ti-Ti] = 3.776 Ǻ. 
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Figure 43. TiO2(001) crystallographic plane. Titanium atoms marked blue lies in the [110] direction and their 
interatomic distance d[Ti-Ti] = 5.340 Ǻ. 
 

 
Figure 44. TiO2(100) crystallographic plane. Titanium atoms marked blue lies in the [010] direction and their 
interatomic distance d[Ti-Ti] = 3.776 Ǻ. 
 

 
Figure 45. TiO2(112) crystallographic plane. Titanium atoms marked blue lies in the [1-10] direction and their 
interatomic distance d[Ti-Ti] = 5.340 Ǻ. 
 

 
Figure 46. TiO2(112) crystallographic plane. Titanium atoms marked blue lies in the [111] direction and their 
interatomic distance d[Ti-Ti] = 5.443 Ǻ. 
 

First of all, periodically repeating atoms (titanium atoms from given TiO2 hkl plane and 

oxygen atoms from given SiO2 hkl plane) creating atomic rows have been chosen. Between 

these atoms in a given direction was measured the distance. Distances between two oxygen 

atoms and two titanium atoms have been denoted as d[O-O] and d[Ti-Ti], respectively. 
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As figure 47 shows in the SiO2(001) plane there is only one relevant distance d[O-O] =  

4.913 Ǻ (side of the equilateral triangle created by three oxygen atoms, i.e. [010] direction). 

In adjacent TiO2(001) plane there are two distances d[Ti-Ti] = 3.776 Ǻ (side of square created 

by four titanium atoms, i.e. [100] direction) and d[Ti-Ti] = 5.340 Ǻ (diagonal of square 

created by four titanium atoms, i.e. [110] direction). In figure 48 one can see that two relevant 

directions [10-1] (d[O-O] = 7.304 Ǻ) and [1-10] (d[O-O] = 8.510 Ǻ) are in SiO2(111) plane 

and also two relevant directions [1-10] (d[Ti-Ti] = 5.304 Ǻ) and [111] (d[Ti-Ti] = 5.443 Ǻ) 

are in TiO2(112) plane.  

Thus in order to study the structure compatibility of SiO2(001) and TiO2(001) two 

overlapping planes of titanium and oxygen atoms (patterns) are needed while in order to study 

the structure compatibility of SiO2(111) and TiO2(112) four patterns are needed etc.  

Patterns have been created as follows. Both atomic planes (in case of figure 47 the plane of 

oxygen atoms from SiO2(001) surface and plane of titanium atoms from TiO2(001) surface) 

have been oriented so that (looking from the top) rows of atoms with given interatomic 

distances (in case of figure 47 d[O-O] = 4.913 Å and d[Ti-Ti] = 3.776 Å) lied in the same 

direction (we choosed the horizontal direction). Such oriented planes of titanium atoms and 

oxygen atoms were then placed in a parallel way one above other so that the titanium atom in 

left top corner of upper plane totally overlap the oxygen atom in left top corner of lower 

plane.  

In crystal structure the titanium atom with charge +4 el. and coordination number 6 has radius  

equal to 0.745 Ǻ, oxygen atom with charge –2 el. and coordination number 6 has radius equal  

to 1.260 Ǻ [67]. In this research the relevant distance (looking from the top) between oxygen 

and titanium was conditioned to be at least 1 Ǻ and therefore if the difference between the 

positions of near (looking from the top) titanium and oxygen atoms was found less than, or 

equal to, 1 Ǻ, then this pair was marked blue. 
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Figure 47. Two overlapping planes of titanium atoms (grey) from TiO2(001) and oxygen atoms (red) from 
SiO2(001). Interatomic distances in the horizontal direction are d[Ti-Ti] = 3.776 Å  and d[O-O] = 4.913 Å. 
Titanium and oxygen atoms with positions equal to, or closer than, 1 Ǻ are blue. Area size is 100Å × 70 Å. 
 

 
Figure 48. Two overlapping planes of titanium atoms (grey) from TiO2(112) and oxygen atoms (red) from 
SiO2(111). Interatomic distances in the horizontal direction are d[Ti-Ti] = 5.340 Å and d[O-O] = 7.304 Å.  
Titanium and oxygen atoms with positions equal to, or closer than, 1 Ǻ are blue. Area size is 130 Å × 89 Å. 
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IV.6.2. Structure compatibility of TiO 2/SiO2 – results and discussion 

 

This structure compatibility has been studied (i.e. patterns has been prepared) for the TiO2 and 

SiO2 atomic planes listed in table 12 (see chapter IV.5.2. TiO2/SiO2 nanocomposite - results 

and discussion). According to all relevant interatomic distances d[O-O] and d[Ti-Ti] in these 

planes twenty four patterns were prepared. Two of them are shown on figure 47 (highest 

amount of relevant Ti/O atomic pairs) and figure 48 (lowest amount of Ti/O atomic pairs). 

These figures can be seen in chapter IV.6.1. Building the structures for TiO2/SiO2 structure 

compatibility study. 

Numbers of relevant atomic pairs per 1 nm2 are listed in table 14. Interatomic distances d[O-

O] and d[Ti-Ti] in horizontal rows of atoms in patterns can be seen in second and third 

column. Furthermore, adhesion energies computed using Eq. 18 (see chapter IV.1.3. 

Computation of  adhesion energy and stability of the nanocomposites) from the optimized 

models containing TiO2 nanoparticles oriented according to the pattern (denoted as fitting) are 

present. From table 14 it is evident that TiO2 and SiO2 surfaces exhibiting the best adhesion 

energies have more relevant Ti/O atomic pairs than TiO2 and SiO2 surfaces exhibiting bad 

adhesion energies (compare fifth and sixth column). Adhesion energies listed in table 14 

exhibit the same trend as numbers of relevant Ti/O atomic pairs per unit area. 

 

 

Directions in a 
parallel way 

 
Adhesion energy / n [kcal] 

Models 
SiO2 

 
TiO2 

 
Perfect site 
(unfitting)  

Perfect site 
(fitting) 

Relevant Ti/O 
atomic pairs  
per 1 nm2 

TiO2(001) / SiO2(001) [010] [100] 70.02 80.22 1.15 
TiO2(100) / SiO2(001) [010] [010] 69.13 73.80 0.99 
TiO2(001) / SiO2(011) [1-10] [100] 64.22 65.41 0.77 
TiO2(112) / SiO2(011) [1-10] [1-10] 38.12 43.85 0.57 
TiO2(112) / SiO2(111) [10-1] [1-10] 41.60 43.66 0.46 

 
Table 14. Number of relevant Ti/O atomic pairs per 1 nm2 are in good accordance with adhesion energies per 
one atom of TiO2 nanoparticle for models containing TiO2 nanoparticles fittingly oriented on perfect sites of 
SiO2 substrates. Fitting orientation means that rows of Ti atoms (from TiO2 plane) and O atoms (from SiO2 
plane) in a given direction are oriented in a parallel way. Models containing unfittingly oriented TiO2 
nanoparticles exhibit lower adhesion energies. 
 

If the presumption mentioned before is right, then the models containing TiO2 nanoparticles 

oriented on SiO2 substrates in different directions than in prepared patterns must exhibit lower 

adhesion energy. Therefore for each TiO2/SiO2 model one additional model in which the 
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attention has not been paid to the orientation of TiO2 nanoparticle on SiO2 substrate was 

prepared. These models were denoted as unfitting and are listed in table 14 in fourth column.  

As one can see in table 14 the models containing unfittingly oriented TiO2 nanoparticles 

exhibit lower adhesion energy than the same models containing TiO2 nanoparticles oriented 

fittingly (compare fourth and fifth column). Thus it can be demonstrated that the orientation 

of TiO2 nanoparticle on SiO2 substrate plays its role. 

 

IV.7. Summary of results for TiO2/kaolinite and TiO2/SiO2 

nanocomposites 

 

• TiO2 nanoparticles are preferentially oriented with 112 plane on KLT(100) surface and 

with 001 plane on SiO2(001) surface. 

• Adhesion energy of TiO2 nanoparticle – SiO2 substrate has been found much higher 

than for TiO2 nanoparticle – KLT substrate. 

• These results of molecular modeling are in good agreement with available 

experimental data. 

• Crystallographic method for the determination of nanoparticle – substrate structure 

compatibility has been worked out in order to predict adhesion forces.  

• Results of this method are in good agreement with molecular modeling calculations. 

• This method allows us to predict the mutual orientation nanoparticle – substrate.   

• It must be noticed that this method by no means replaces the energetical computations 

at all but may help with the selection of the most promising hkl planes of TiO2 and 

SiO2 adjacent surfaces. Only such selected models will be further used for more 

accurate and more time consuming energetical computations.  
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V. Conclusions   
 

Nanotechnology based on the anchoring of functional nanoparticles on the either crystalline 

or amorphous solid substrate has two important advantages - elimination of environmental 

risk of nanoparticles and easy manipulation of these nanomaterials. Nanoparticles anchored 

on the substrate keep their functionalities and “nano” properties (large surfaces). Layer 

silicates, thanks to their unique physico-chemical properties represent suitable matrix for 

these types of nanocomposites, extending the scale of practical applications. The main 

demand on these nanocomposites in light of environmental safety is the stability that means 

the adhesion of nanoparticles on the substrate. Therefore in present work the main attention 

has been payed to this problem.   

The detailed summary of results for all types of nanocomposites can be found in the end of 

each chapter. General results of present work can be summarized in the following items:  

 

• The general strategy and methodology of structute prediction and analysis has been 

worked out using molecular modeling (force field calculations) supported by 

experiment. As a key experiments for the modeling strategy following we used: x-ray 

powder diffraction,  IR spectroscopy, SEM and HRTEM microscopy. 

•  This strategy enabled us to determine the structure characteristics: mutual orientation 

of nanoparticle and substrate structures, optimum size and shape of nanoparticles and 

degree of their structure deformation.   

• Molecular modeling resulted in calculation of total potential and adhesion energy and 

enabled to characterize the nanocomposites stability. 

  

In conclusion we can declare that all the tasks set in the introductory chapter II. Objectives 

have been accomplished. 
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