ADVANCES IN DIVERSE
INDUSTRIAL APPLICATIONS
OF NANOCOMPOSITES

Edited by Boreddy S. R. Reddy

INTECHWEB.ORG



Advances in Diverse Industrial Applications of Nanocomposites
Edited by Boreddy S. R. Reddy

Published by InTech
Janeza Trdine 9, 51000 Rijeka, Croatia

Copyright © 2011 InTech

All chapters are Open Access articles distributed under the Creative Commons
Non Commercial Share Alike Attribution 3.0 license, which permits to copy,
distribute, transmit, and adapt the work in any medium, so long as the original
work is properly cited. After this work has been published by InTech, authors

have the right to republish it, in whole or part, in any publication of which they
are the author, and to make other personal use of the work. Any republication,
referencing or personal use of the work must explicitly identify the original source.

Statements and opinions expressed in the chapters are these of the individual contributors
and not necessarily those of the editors or publisher. No responsibility is accepted

for the accuracy of information contained in the published articles. The publisher
assumes no responsibility for any damage or injury to persons or property arising out

of the use of any materials, instructions, methods or ideas contained in the book.

Publishing Process Manager Iva Lipovic

Technical Editor Teodora Smiljanic

Cover Designer Martina Sirotic

Image Copyright Olegusk, 2010. Used under license from Shutterstock.com

First published March, 2011
Printed in India

A free online edition of this book is available at www.intechopen.com
Additional hard copies can be obtained from orders@intechweb.org

Advances in Diverse Industrial Applications of Nanocomposites,
Edited by Boreddy S. R. Reddy

p. cm.
ISBN 978-953-307-202-9



INTECH ricisier
INTECH open

free online editions of InTech
Books and Journals can be found at
www.intechopen.com






Contents

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

Preface IX

Microstructure, Mechanical Properties

and Corrosion Resistance of Nanocomposite

Coatings Deposited by PVD Technology 1

Krzysztof Lukaszkowicz, Leszek A. Dobrzanski and Jozef Sondor

Cellulose Nano Whiskers
as a Reinforcing Filler in Polyurethanes 17
Yang Li and Arthur J. Ragauskas

Nanocomposite Based on Natural Materials 37
Milorad Davidovic, Marina Kutin, Suzana Linic,

Ubavka Mioc, Zoran Nedic, Svjetlana Sredic,

Aleksandra Nikolic, Dusan Jovanovic, and Polycarpos Pissis

Nanocomposites in Food Packaging — A Review 57
Henriette Monteiro Cordeiro de Azeredo,
Luiz Henrique Capparelli Mattoso and Tara Habig McHugh

Hydrogen Storage Properties of Hydrogenated
Graphite and Lithium Hydride Nanocomposite 79
Takayuki Ichikawa, Hiroki Miyaoka and Yoshitsugu Kojima

Nanocomposite Films Deposition by means
of Various Filtered Vacuum Arc Systems 97
Seunghun Lee, Do-Geun Kim,

Igor Svadkovski and Jong-Kuk Kim

Polymer/Clay Nanocomposites 113
Ali Olad

A Strategy to Decorate the Surface of NPs
and Control their Locations within

Block Copolymer Templates 139

Misang Yoo, Joona Bang,

Kwanyeul Paek and Bumjoon J. Kim



\

Contents

Chapter 9

Chapter 10

Chapter 11

Chapter 12

Chapter 13

Chapter 14

Chapter 15

Chapter 16

Chapter 17

Chapter 18

Multifunctional Nanocomposites Based on Mesoporous
Silica: Potential Applications in Biomedicine 177
Andreza de Sousa, Karynne Cristina de Souza,

Nelcy D. S. Mohallem, Ricardo Geraldo de Sousa

and Edésia Martins Barros de Sousa

Selective Laser Sintered Poly(L-Lactide)/Carbonated
Hydroxyapatite Nanocomposite Scaffolds:

A Bottom-up Approach 203

Wen You Zhou, Min Wang and Wai Lam Cheung

Isothermal and Non-isothermal Crystallization
Kinetics of Poly(L-Lactide)/Carbonated
Hydroxyapatite Nanocomposite Microspheres 231
Wen You Zhou, Bin Duan, Min Wang and Wai Lam Cheung

Threshold Optical Nonlinearity
of Dielectric Nanocomposite 261
Yu. Kulchin, V. Dzyuba and S. Voznesenskiy

Polymeric Nanoclay Composites 289
Hamid Dalir, Rouhollah D. Farahani,
Martin Lévesque and Daniel Therriault

Structural and Electron Transport Properties
of Ultrathin SiO, Films with Embedded

Metal Nanoclusters Grown on Si 317

Andrei Zenkevich, Yuri Lebedinskii, Oleg Gorshkov,
Dmitri Filatov and Dmitri Antonov

From Zeolite to Host-Guest
Nanocomposite Materials 341
Masoud Salavati-Niasari and Fatemeh Mohandes

Morphology Development of Polymer Nanocomposites:
Utilizing Interstratified Clay Minerals

from Natural Systems 381

Kenji Tamura and Hirohisa Yamada

Nanocomposite and Nanostructured Carbon-based

Films as Growth Substrates for Bone Cells 399

Lucie Bacakova, Lubica Grausova, Jiri Vacik, Alexander Kromka,
Hynek Biederman, Andrei Choukourov and Vladimir Stary

Multiscale Manufacturing of Three-Dimensional
Polymer-Based Nanocomposite Structures 437
Louis Laberge Lebel and Daniel Therriault



Chapter 19

Chapter 20

Chapter 21

Chapter 22

Chapter 23

Contents VI

The Role of Elongational Flow in Morphology Modification of
Polyethylene/OMMt Nanocomposite System 457
N. Tz. Dintcheva and F. P. La Mantia

Dental Nanomaterials 469
Seyed Shahabeddin Mirsasaani,
Maedeh Hajipour Manijili and Nafiseh Baheiraei

Influence of Nanocomposite Materials
for Next Generation Nano Lithography 503
Scott Lewis and Lucio Piccirillo

Polymeric Nanocomposite Materials 529
Masoud Salavati-Niasari and Davood Ghanbari

Electronic Functionality of Nanocomposites 549
Pandiyan Murugaraj and David Mainwaring






Preface

The book “Advances in Diverse Industrial Applications of Nanocomposites” was well
thought about knitting several broad disciplines of nanocomposites in mind. A glance
through the pages of science and engineering literature shows that the use of nanocom-
posites for emerging technologies represents one of the most active areas of research
and development throughout the fields of chemistry, physics, life sciences, and related
technologies. In addition to being of technological importance, the subject of nanocom-
posites is a fascinating area of interdisciplinary research and a major source of inspira-
tion and motivation in its own right for exploitation to help humanity. The concept of
this book is based as much on the serendipity of these new ideas as on the need to offer
blueprints for the design of different nanocomposite devices for emerging technologies.

The choice of materials for multi-author complications is always subject to a number
of periodical and judicial limitations. These limitations notwithstanding, I have been
privileged to benefit from the cooperation of many leading experts in nanocomposites,
and also a number of senior researchers of well-known companies at the forefront and
nanocomposites not frequently disclosed elsewhere. I must, in particular, acknowledge
the courtesy of all the contributors in allowing me to organize their contributions in
producing a cohesive and correlated compilation, and to minimize overlaps between
closely related chapters.

Nanocomposites are attractive to researchers both from practical and theoretical point
of view because of combination of special properties. Many efforts have been made in
the last two decades using novel nanotechnology and nanoscience knowledge in order
to get nanomaterials with determined functionality. This book focuses on polymer
nanocomposites and their possible divergent applications. There has been enormous
interest in the commercialization of nanocomposites for a variety of applications, and
a number of these applications can already be found in industry.

This book comprehensively deals with the divergent applications of nanocomposites
comprising of 23 chapters.

I would like to place on record that one of my Senior Research Fellows, Mr. D.
Gnanasekaran, helped me in my editorial work to bring out this book successfully.

BSR Reddy,

Director Grade Scientist ‘G’” and Head,
Industrial Chemistry Laboratory,
Central Leather Research Institute,
Adyar, Chennai-600 020,

India






Microstructure, Mechanical Properties and
Corrosion Resistance of Nanocomposite
Coatings Deposited by PVD Technology
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1. Introduction

The research issues concerning the production of coatings are the most important directions
of surface engineering development, ensuring the obtainment of coatings of high usable
properties in the scope of mechanical characteristics and corrosion resistance (Yu et al., 2009;
Cheng et al,, 2009; Kao, 2009; Mao et al., 2009; Sundararajan et al., 2009). Giving new
operating characteristics to commonly known materials is frequently obtained by laying
simple monolayer, multilayer or gradient coatings using PVD methods (Dobrzanski et
al.,2005; Lukaszkowicz & Dobrzanski, 2008).

While selecting the coating material, we encounter a barrier caused by the fact that
numerous properties expected from an ideal coating are impossible to be obtained
simultaneously. For example, an increase in hardness and strength causes the reduction of
the coating’s ductility and adherence to the substrate. The application of the nanostructure
coatings is seen as the solution of this issue (Voevodin et al.,, 2005; Yang et al., 2007).
According to the Hall-Petch equation, the strength properties of the material rise along with
the reduction of the grain size. In case of the coatings deposited in the PVD processes, the
structures obtained with grain size ~10 nm cause the obtainment of the maximum
mechanical properties. Coatings of such structure present very high hardness >40 GPa,
ductility, stability in high temperatures, etc. (Tjong & Chen, 2004; Zhang et al., 2007; Veprek
et al., 2005).

The known dependency between the hardness and abrasion resistance became the
foundation for the development of harder and harder coating materials. The progress in the
field of producing coatings in the physical vapour deposition process enables the
obtainment of coatings of nanocrystal structure presenting high mechanical and usable
properties. The coatings of such structure are able to maintain a low friction coefficient (self-
lubricating coatings) in numerous working environments, maintaining high hardness and
increased resistance (Donnet & Erdemir, 2004; Voevodin & Zabinski, 2005).

The main concept in the achievement of high hardness of nanostructure coatings and good
mechanical properties and high strength related to it, particularly in case of nanocomposite
coatings (Holubar et al., 2000; Rafaja et al., 2007; Carvalho et al., 2004), is the restriction of
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the rise and the movement of dislocations. High hardness and strength of the
nanocomposite coatings are due to the fact that the movement of dislocations is suppressed
at small grains and in the spaces between them, which causes the appearance of incoherent
deformations. When the grain size is reduced to that of nanometres, the activity of
dislocations as the source of the material ductility is restricted. This type of coatings is also
characterized with a large number of grain boundaries with a crystalline/amorphous
transition across grain-matrix interfaces, restricting the rise and development of cracks.
Such mechanism explains the resistance to fragile cracking of nanocomposite coatings
(Veprek, 1997; Veprek, 1998; Rafaja et al., 2006). Simultaneously, the equiaxial grain shapes,
high angle grain boundaries, low surface energy and the presence of the amorphous
boundary phase facilitating the slide along the grain boundaries cause a high plasticity of
the nanocomposite coatings (Voevodin et al., 2005).

Nanocomposite coatings comprise at least two phases, a nanocrystalline phase and a matrix
phase, where the matrix can be either nanocrystalline or amorphous phase. Various analyses
revealed that the synthesized TiAISiN coatings exhibited nanostructured composite
microstructures consisting of solid-solution (Ti,ALSi)N crystallites and amorphous SizsNy.
The Si addition caused the grain refinement of (Ti,ALSi)N crystallites and its uniform
distribution with percolation phenomenon of amorphous silicon nitride (Zhang & Ali, 2007;
Holubar et al., 2000; Rafaja et al., 2007; Carvalho et al., 2004).

One of the general reasons for depositing by PVD techniques is that protective coatings
deposited by PVD tend to have higher corrosion resistance than the substrate material.
Ceramic hard coatings increase the life of the coated components, not only due to the
protection against aggressive environments, but also during operation involving mechanical
contact with abrasive surfaces. This effect results of high hardness resulting from the smaller
grain size of the coatings’ structure.

2. Experimental procedures

The tests were made on samples of the X40CrMoV5-1 hot work tool steel and the
X6CrNiMoTil7-12-2 austenitic stainless steel, deposited by PVD process with TiAlISiN,
CrAlISiN, AITiCrN hard coatings.

The coating deposition process was made in a device based on the cathodic arc evaporation
method in an Ar and N; atmosphere. Cathodes containing pure metals (Cr, Ti) and the AlSi
(88:12 wt%) alloy were used for deposition of the coatings. The base pressure was 5 x 106
mbar, the deposition temperature was 500 °C. The deposition conditions are summarized in
Table 1.

Coatin Substrate bias voltage | Arc current source Pressure
& [v] [A] [Pa]
. Ti - 80
TiAlISiN -90 AISi - 120 2,0
. Cr-70
CrAlSiN -60 AISi - 120 3,0
. Cr-70
AlITiCrN -60 AITi - 120 2,0

Table 1. Deposition parameters of the coatings.
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Diffraction and thin film structure were tested with the use of the JEOL JEM 3010 UHR
transmission electron microscope, at 300 kV bias voltage.

Observations of surface and structures of the deposited coatings were carried out on cross
sections in the SUPRA 25 scanning electron microscope. Detection of secondary electron was
used for generation of fracture images with 15 kV bias voltage.

Phase identification of the investigated coatings was performed by glancing angle X-ray
diffraction (GAXRD).

The cross-sectional atomic composition of the samples (coating and substrate) was obtained
by using a glow discharge optical spectrometer, GDOS-750 QDP from Leco Instruments.
The following operation conditions of the spectrometer Grimm lamp were fixed during the
tests:

e lamp inner diameter - 4 mm;

e lamp supply voltage - 700 V;

e lamp current - 20 mA;

e  working pressure - 100 Pa.

Tests of the coatings’” adhesion to the substrate material were made using the scratch test on
the CSEM REVETEST device. The tests were made using the following parameters:

e load range 0-100 N,

e load increase rate (dL/dt): 100 N/min,

¢ indenter’s sliding speed (dx/dt): 10 mm/min,

e  acoustic emission detector’s sensitivity AE: 1.

The critical load Lc, causing the loss of the coating adhesion to the material, was determined
on the basis of the values of the acoustic emission, AE, and friction force, Ft and observation
of the damage (Burnett & Rickerby, 1987; Bellido-Gonzalez et al., 1995) developed in the
track using a LEICA MEF4A optical microscope.

The microhardness tests of coatings were made with the SHIMADZU DUH 202 ultra-
microhardness tester. The test conditions were selected in order as to be comparable for all
coatings. Measurements were made with 50 mN load, to eliminate the substrate influence on
the coating hardness.

The thickness of coatings was determined using the “kalotest” method, i.e. measuring the
characteristics of the spherical cap crater developed on the surface of the coated specimen
tested (Holmberg & Matthews, 1994).

The X-ray line broadening technique was used to determine crystallite size of the coatings
using Scherrer formula (Behera et al., 2004) with silicon as internal standard.

Investigation of the electrochemical corrosion behaviour of the samples was done in a PGP
201 Potentiostat/Galvanostat, using a conventional three-electrode cell consisting of a
saturated calomel reference electrode (SCE), a platinum counter electrode and the studied
specimens as the working electrode. To simulate the aggressive media, 1-M HCI solution
was used under aerated conditions and room temperature. The aqueous corrosion
behaviour of the coatings was studied first by measuring the open circuit potential (OCP)
for 1 h. Subsequently, a potentiodynamic polarization curve has been recorded. The curve
started at a potential of ~100 mV below the corrosion potential and ended at +1200 mV or a
threshold intensity level set at 100 mA/cm?2. Once this level was reached, the reverse cycle
was started. The scan rate was 15 mV/min. The corrosion current densities and the
polarization resistance were obtained on the basis of the Tafel analysis after
potentiodynamic polarization measurements.
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3. Results and discussion

The coatings present a compact structure, without any visible delaminations or defects. The
morphology of the fracture of coatings is characterized by a dense structure, in some cases
there is a columnar structure (Figs. 1, 2, 3). The fracture surface of the steel samples was
examined and the deposited coatings show a sharp transition zone between the substrate
and the coating.

WD= 9mm

EHT = 20.00 kv Signal A= InLens

Fig. 2. Fracture of the CrAISiN coating deposited onto the X40CrMoV5-1 steel substrate.
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ZEISS

EHT = 20.00 kV WD= 7mm Signal A= InLens

Fig. 3. Fracture of the AITiCrN coating deposited onto the X40CrMoV5-1 steel substrate.

Transmission electron microscopy (TEM) examination of the coatings showed that they
consisted of fine crystallites (Fig. 4), and there was no suggestion of epitaxial growth. Single
large grains were only observed in case of the TiAlSiN coating (Fig. 5), which may suggest
the occurrence of the epitaxion phenomenon as the consequence of large crystallite
occurrence in the coating.

i 3 “ r % i

Fig. 4. Structure of the thin foil from the CrAISiN coating.
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Based on the glancing angle X-ray diffraction (GAXRD) of the samples examined (Figs. 6,7,
8), the occurrence of fcc phases was only observed in the coatings. The hexagonal AIN of
wurtzite type was not discovered in the coatings examined, which could have been caused
by a low amount of aluminium in the coatings. Based on the results obtained, using Scherer
method, the size of crystallites in the coatings examined was determined. The results were
presented in Table 2.

The hardness of the coatings tested fits within the range from 40 to 42 GPa. The highest
hardness was recorded in the case of the AITiCrN coating (Table 2).

. Thickness | Microhardness Crys.tallite Critical load Critical load
Coating [1m] [GPa] size Lcr [N] L2 [N]
[nm] AS | HWTS | AS | HWTS
AITiCrN 24 42 17 15 24 27 54
CrAISiN 2.9 40 25 8 18 28 49
TiAISIN 21 40 11 9 16 27 46

Table 2. The characteristics of the tested coatings (AS - austenitic steel, HWTS - hot work
tool steel).

30.00 nm

30.00 nm

Fig. 5. Microstructure of the thin foil from the TiAISiN coating, (a) light field, (b) dark field
from the (111) reflex, (c) diffraction pattern from the area as in figure a, (d) solution of the
diffraction pattern.
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Fig. 6. GAXRD spectra of the CrAlISiN coating at glancing incidence angle a=2°.
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Fig. 7. GAXRD spectra of the AITiCrN coating at glancing incidence angle a=2°.
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Fig. 8. GAXRD spectra of the TiAISiN coating at glancing incidence angle a=2°.

The critical load values Lci and Lc, were determined by the scratch test method (Figs. 9, 10,
11). The load at which the first coating defects appear is known in the references (Sergici &
Randall, 2006; He et al., 2006)) as the first critical load Lc;. The first critical load Ly
corresponds to the point at which first damage is observed; the first appearance of
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microcraking, surface flaking outside or inside the track without any exposure of the
substrate material-the first cohesion-related failure event (Figs. 12a, 13a, 14a). L
corresponds to the first small jump on the acoustic emission signal, as well as on the friction
force curve (Figs. 9, 10, 11). The second critical load Lc2 is the point at which complete
delamination of the coatings starts; the first appearance of cracking, chipping, spallation and
delamination outside or inside the track with the exposure of the substrate material —the
first adhesion related failure event (Figs. 12b, 13b, 14b). After this point the acoustic
emission graph and friction forces have a disturbed run (become noisier). The cumulative
specification of the test results are presented in Table 2.

Load force Fn, N
0 10 19 29 38 48 58 67 77 87 96

100 — 100

=
Z 80 180 <
by =
5 60 T J60 2
e Z
£ 40 | +40 E
= 2]
£ 20+ +20 €
2 _‘w =
= 0 e et et st 0o 3
= <

01 2 3 456 7 89
Path X, mm

Fig. 9. Diagram of the dependence of the acoustic emission (AE) and friction force F; on the
load for the X40CrMoV5-1 steel with the AITiCrN coating.

Load force Fn, N
0 10 20 30 40 50 60 70 80 90 100

100 ————— e ————— 100
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R =
=60 | 60 2
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£ 40 + 40 £
= (2]
£ 20+ +20
g

0 ———T7 0
= <
01 2 3 456 7 89
Path X, mm

Fig. 10. Diagram of the dependence of the acoustic emission (AE) and friction force F; on the
load for the X40CrMoV5-1 steel with the CrAlSiN coating.
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Load force Fn, N
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Fig. 11. Diagram of the dependence of the acoustic emission (AE) and friction force F; on the
load for the X40CrMoV5-1 steel with the TiAISiN coating.

Fig. 12. Scratch failure pictures of the AITiCrN coating on X40CrMoV5-1 steel substrate at:
(a) LCl, (b) ch.
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Fig. 13. Scratch failure pictures of the CrAISiN coating on X40CrMoV5-1 steel substrate at:
(@) Lcy, (b) Lea

To establish the nature of damage causing the increase in acoustic emission intensity, the
examinations of the scratches that arose during the test were made with the use of the light
microscope coupled with a measuring device, thus determining the value of the Lc; and Lcz
critical load on the basis of metallographical observations. In case of the coatings examined,
it was found that coating AITiCrN had the highest critical load value Lc; =24 N and Lc, = 54
N deposited on substrate made of the X40CrMoV5-1 steel, whereas CrAlSiN and TiAISiN
coatings deposited on the substrate made of the X6CrNiMoTil7-12-2 steel had the lowest
value. In general, the coatings deposited on the substrate made of the X40CrMoV5-1 hot
work tool steel show better adherence to the substrate than coatings deposited on the
substrate made of the X6CrNiMoTi17-12-2 austenitic steel. This is caused by a significantly
higher hardness of the X40CrMoV5-1 steel.

The first symptoms of damage in most of the coatings examined are in the form of arch
cracks caused by tension or scaling occurring on the bottom of the scratch that appears
during the scratch test (Figs. 12, 13, 14). Occasionally, there are some small chippings on the
scratch edges. Along with the load increase, semicircles are formed caused by conformal
cracking, leading to delaminations and chippings, resulting in a local delamination of the
coating. As a result of the steel fracture test against the coatings deposited, made after prior
cooling in liquid nitrogen, no case delaminations were revealed along the substrate-coating
separation surface, which indicates a good adhesion of coatings to substrate.



Microstructure, Mechanical Properties and Corrosion Resistance of
Nanocomposite Coatings Deposited by PVD Technology 11

Fig. 14. Scratch failure pictures of the TiAISiN coating on X40CrMoV5-1 steel substrate at: (a)
Ly, (b) Lea.

Changes of coating component concentration and substrate material made in GDOS were
presented in Figs. 15, 16, and 17. The tests carried out with the use of GDOS indicate the
occurrence of a transition zone between the substrate material and the coating, which results
in the improved adhesion between the coatings and the substrate. In the transition zone
between the coatings and the substrate, the concentration of the elements of the substrate
increases with simultaneous rapid decrease in concentration of elements contained in the
coatings. The existence of the transition zone should be connected with the increase in
desorption of the substrate surface and the occurrence of defects in the substrate and the
relocation of the elements within the connection zone as a result of a high energy ion
reaction. Such results, however, cannot be interpreted explicitly, due to the non-
homogeneous evaporation of the material from the sample surface.

The corrosion resistance test results of coatings deposited on substrate made of the
X6CrNiMoTil7-12-2 austenitic steel with the method of potentiodynamic polarization
curves in 1-M HCI solution were presented in Fig. 18. It was found out, as a result of the
electrochemical corrosion investigations, that the coatings deposited by PVD process onto
the substrate made of the X6CrNiMoTil7- 12-2 steel may be an effective substrate material
protection against corrosive agents. The potentiodynamic polarization curve analysis (Fig.
18) and that of the corrosion rate confirm the better corrosion resistance of the samples with
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Fig. 15. Changes of constituent concentration of the AITiCrN and the substrate materials.
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Fig. 16. Changes of constituent concentration of the CrAISiN and the substrate materials.
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Fig. 17. Changes of constituent concentration of the TiAISiN and the substrate materials.
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coatings layers than the uncovered sample (Table 3). During the anode scanning, the current
density is always lower for the sample with a coating deposited on its surface in comparison
to the uncovered sample (11.56 pA/cm?), which indicates a good protective effect. The
potentiodynamic polarization curve course is the evidence of the active process of the
uncoated X6CrNiMoTil7-12-2 steel surface. The lowest corrosion current density of the
investigated coatings is obtained (from Tafel plot) for the CrAlSiN coating. This can be
explained by the relatively low porosity of this coating. The current density for the other
coatings is significantly higher than the one obtained for the CrAlSiN coating. The shape of
the curves in the cathode range indicates the strong slowing down of reactions occurring on
the coated samples. The behaviour of the systems tested within the anodic range may
evidence the porosity or defect of the coatings. Some of the coatings tested within the anodic
range were subjected to self-passivation; however, the passive state occurs within a narrow
range of the potentials. The growth of the anodic current related to the transpassivation was
observed within the 0-0.4 mV potential range. The corrosion current density and corrosion
rate were estimated according to the potentiodynamic curve courses (Table 3). The corrosion
potential E., test results confirm the better corrosive resistance of the coatings (Fig. 19) than
the uncoated steel samples. The fact that the corrosive potential of the uncoated substrate
significantly grows after a 60-min experiment is also worth noting.

1,40
1,20 -
1,00 -
0,80
0,60
0,40
0,20
0,00
0,20 -

Potential, V

-0,40 -
-0,60

AITiCrN substrate
T

-10 -8 -6 -4 -2 0

Current density log i

Fig. 18. Potentiodynamic polarization curves of the coatings in 1 M HCl solution.
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0,157 CraisiN

AITiCrN MM(W
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>
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n
I

0 600 1200 1800 2400 3000 3600

Time, s

Fig. 19. Open circuit potential curves of the coatings in 1 M HCl solution.
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Coating type Current density icor, | Corrosion potential Ecor, Corrosion rate,
[WA/cm?] [mV] [mm/year]
AlTiCrN 0,77 -0,26 9,0
CrAlSiN 0,15 -0,22 1,7
TiAISIN 0,48 -0,28 5,6
Substrate 11,65 -0,30 136,2

Table 3. Summary results of the electrochemical corrosion investigation.

Changes of the coating colour and increase in their roughness caused by the intensive
dissolving of their surface were observed during the aggressive agent action. Microscope
observations make it possible to state that the coating damage process due to
electrochemical corrosion proceeds in double way. In the first case, the coating damage
develops in many places, whereas the area of these damages is small. In the second case,
however, the coating damage caused by the aggressive agent action comprises a big area,
leading to changes in its appearance or delamination of the coating parts from the substrate
material. The tests show pitting corrosive attacks.

4. Summary

The compact structure of the coatings without any visible delamination was observed in the
scanning electron microscope. The fracture morphology of the coatings tested is
characterized with a dense structure. Based on the thin film test in the transmission electron
microscope, it was observed that the coatings are built of fine crystallites. Their size is 11-25
nm.

The scratch tests on coating adhesion reveal the cohesive and adhesive properties of the
coatings deposited on the substrate material. In virtue of the tests carried out, it was found
that the critical load Lc, fitted within the range 46-54 N for the coatings deposited on a
substrate made of hot work tool steel X40CrMoV5-1 and 27-28 N for coatings deposited on
the substrate made of the X6CrNiMoTi17-12-2 austenitic steel. The coatings deposited on the
substrate made of the X40CrMoV5-1 steel present a better adhesion than the coatings
deposited on the substrate made of the X6CrNiMoTi17-12-2 steel. This is caused by a better
hardness of the X40CrMoV5-1 steel. The tests made with the use of GDOS indicate the
occurrence of a transition zone between the substrate material and the coating, which affects
the improved adhesion between the coatings and the substrate.

As a result of the potentiodynamic polarization curve analysis, the corrosion current
density-corrosion rate was determined. It confirms the better corrosion resistance of
samples coated with the use of the PVD technique to the uncoated samples made of the
austenitic steel (11.65 pA/cm?2). The corrosion current density for the coatings tested fits
within the range 0.15-0.77 pA/cm?, which proves their good anticorrosion properties.

In order to evaluate with more detail the possibility of applying these surface layers in tools,
further investigations should be concentrated on the determination of the thermal fatigue
resistance of the coatings. The very good mechanical properties of the nanocomposite
coatings make them suitable in industrial applications. The investigation results will
provide useful information to applying the nanocomposite coatings for the improvement of
mechanical properties of the hot work tool steels.
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1. Introduction

Bio-based polymers and biocomposites are a relatively new and growing market in light of
recent societal concerns including dwindling petroluem reserves, environmental and end-
of-live disposal issues (Mohanty et al., 2005; Vijay, 2009). Polymers derived from plants,
especially those from non-food resources, are gaining the attention of governments,
industries and institutes, primarily due to their environmental compatibility, superior
physical properties and low stable market prices which are becoming competitive with
petroleum-derived polymers. The three major chemical components of biomass, cellulose,
hemicellulose and lignin are utilized in diverse fields, such as biofuels, particularly
bioethanol and green diesel, biomaterials, including conventional composites and novel
nanocomposites, and other value-added chemicals. Among them, cellulose is the most
abundant biopolymer in the world with a total annual biomass production of about 1.5 x
102 tons (Klemm et al., 2005). It has led to a large body of research due to its renewable
nature, wide availability, non-food agricultural based economy, low density, high specific
strength and modulus, high aspect ratio and reactive surface (Samir et al., 2005). Cellulose is
a polydispersed linear polymer of B-(1,4)-D-glucose. A cellulose fiber is composed of
bundles of microfibrils where the cellulose chains are stabilized laterally by inter and intra-
molecular hydrogen bonding. Microfibrils are comprised of elementary fibrils where
monocrystalline domains are linked by amorphous domains. Generally, monocrystallite
cellulose has been reported with length ranges from 100 to 300 nm and diameter between 5
and 20 nm. In other words, cellulose monocrystallite has a high aspect ratio of 20-60 (Helbert
et al., 1996; Eichhorn et al., 2001; Mathew & Dufresne, 2002; Morin & Dufresne, 2002; Samir
et al., 2004). Table 1 summarizes the degree of crystallinity and the lateral dimension of
elementary fibrils from several cellulose samples measured by X-ray diffraction (XRD).
Tensile strength and modulus of native cellulose crystallites are approximately 10000 MPa
and 150 MPa, respectively (Kamel, 2007). Under certain process conditions, transverse
cleavage of the cellulose happens primarily in the amorphous zone of the fiber and releases
needle-like monocrystals referred to as cellulose nano whiskers. Whisker dimensions
depend on both the origin of the cellulose and reaction conditions employed. In general,
wood and cotton cellulose nano whiskers have a smaller length and cross section compared
to those derived from tunicate, bacterial and algae (Hanley et al., 1992; Terech et al., 1999;
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Grunert & Winter, 2002; Beck-Candanedo et al., 2005), which is in agreement with the
degree of crystallinity and the lateral dimension of elementary fibrils. Cellulose nano
whiskers exhibit not only a high elastic modulus of 143 GPa (Sturcova et al., 2005), but also
show significant changes in electrical, optical, and magnetic properties in comparison to
native cellulosic fibers (Samir et al., 2005). There has been a growing interest in cellulose
nano whisker reinforced composites in the last decade, and improvements in mechanical
and thermal properties are readily achieved. (Dufresne et al., 1999; Mathew & Dufresne,
2002; Bondeson & Oksman, 2007).

Sample C, % D, nm
Natural softwood/hardwood cellulose 60-62 3-4
Isolated sulfite cellulose 62-63 5-6
Isolated Kraft cellulose 64-65 6-7
Natural cotton cellulose 68-69 5-6
Isolated cotton cellulose 70-72 7-8
Natural flax or ramie cellulose 65-66 4-5
Isolated flax or ramie cellulose 67-68 6-7
Bacterial cellulose 75-80 7-8
Algae cellulose 75-80 10-15

Table 1. Degree of crystallinity (C) and lateral dimension (D) of elementary fibrils from
several cellulose samples (Ioelovich, 1993; Ioelovich & Larina, 1999; Grunert & Winter, 2002;
Ioelovich, 2009; Ioelovich & Leykin, 2009).

Polyurethane (PU) is any polymer consisting of a chain of organic units joined by urethane
linkages (-NHCOO-). It is formed through a step-wise polymerization by reacting a monomer
containing at least two isocyanate groups with another monomer containing at least two
hydroxyl groups in presence of a catalyst (Pascault et al., 2002). PU has rapidly grown to be
one of the most diverse and widely-used materials with a continuously increasing global
market since its first lab synthesis in 1937 by Otto Bayer and co-workers (Vermette et al., 2001).
Compared to conventional materials, e.g., wood and metals, polyurethane has its own unique
merits, such as low density, thermal conductivity and moisture permeability, a high strength
to weight ratio, and dimensional stability (Lim et al., 2008). In addition, the formulation and
reaction conditions can be readily adjusted to synthesize PUs with desired properties for
specific applications. Nowadays, PU is primarily used for construction, packaging, insulation,
bedding, upholstery, footwear, and vehicle parts, in forms of rigid, semi-rigid and flexible
foams with a wide range of densities, as well as elastomers. Despite the significant benefits of
PU, it still exehibits some drawbacks including poor degradability and toxicity due to the use
of isocyanates which have evoked researchers to find more environmental friendly starting
materials. Moreover, the mechanical and thermal properties of PU are not optimial in
comparison to other synthetic polymers like polystyrene. These drawbacks have continued to
spur research into PU composites, especially nanocomposites, considering the superior
properties that can be acquired by the introduction of nano particles into a PU product. In
recent years, cellulose nano whiskers have been used as a reinforcing filler in PU synthesis,
and improvements of both thermal and mechanical properties have been reported (Marcovich
et al., 2006; Cao et al., 2007; Auad et al., 2008; Cao et al., 2009; Auad et al., 2010; Li et al., 2010a;
Wang et al., 2010). Since different types of PU have been investigated through various
preparation methods and characterization techniques, a summary and comparation with
regard to the PU nanocomposite synthesis and a detailed discussion of the properties,
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mechanisms and other associated issues will facilitate future applications of cellulose nano
whiskers in PU and other related polymers.

2. Cellulose nano whisker

2.1 Preparation of cellulose nano whiskers

During the past twenty years, research on cellulose nano whiskers has been extensively
developed. Softwood (SW) kraft pulp (Revol et al., 1994; Araki et al., 1998; Araki et al., 1999;
Pu et al., 2007), SW sulfite pulp (Beck-Candanedo et al., 2005), hardwood (HW) ECF
(elemental chlorine free) pulp (Beck-Candanedo et al., 2005), recycle pulp (Filson et al.,
2009), cotton fiber (Revol et al., 1994; Dong et al., 1996; Dong et al., 1998; Araki et al., 2000;
Hasani et al., 2008; Cao et al., 2009; Pei et al., 2010; Tang & Weder, 2010; Wang et al., 2010),
sisal fiber (de Rodriguez et al., 2006; Tang & Weder, 2010), flax fiber (Cao et al., 2007), ramie
fiber (Habibi et al., 2007; Habibi & Dufresne, 2008; Zoppe et al., 2009), wheat straw (Helbert
et al., 1996), bamboo residue (Liu et al., 2010), bacterial microfibrils (Grunert & Winter,
2002), grass fiber (Pandey et al., 2009), tunicate cellulose (Favier et al., 1995; Angles &
Dufresne, 2000; Sturcova et al., 2005; Ljungberg et al., 2006; Habibi et al., 2007; Siqueira et al.,
2010; Tang & Weder, 2010), microcrystalline cellulose (MCC) (Samir et al., 2004; Samir et al.,
2004; Bondeson et al., 2006; Oksman et al., 2006; Bondeson & Oksman, 2007; Bai et al., 2009;
Auad et al., 2010; Liu et al., 2010) have all been utilized as cellulose sources for whiskers.
The most common preparation method employed is acid hydrolysis, including acid sulfuric
and hydrochloric acid. Other methods, such as enzymatic hydrolysis and mechanical
disintegration have also been used. Cellulose fibers are usually disintegrated by a Wiley mill
to pass through a 20 mesh screen before acid hydrolysis. Sulfuric acid concentrations of 60-
70% (w/w), more often 64%, is preferred (Revol et al., 1994). Acid treatment can range from
10 min at 70 °C to 3 hours at 45 °C at select acid to cellulose ratios, and the reaction is
typically quenched by diluting with a 10 fold addition of deionized (DI) water. The
sediment, cellulose nano whiskers, is then collected and neutralized by repeated
centrifugation and prolonged dialysis against deionized water until the pH of the whiskers
suspension does not change. For specific investigations and/or application purposes, all
ions except H* associated with sulfate groups on the surface of HySO; generated whiskers
need to be removed. This can be achieved by treating the whisker suspension with a mixed-
bed ion exchange resin and filtering through a 0.45 pm membrane (Dong et al., 1996).
Afterward, ultrasonic treatment is necessary to seperate nano whiskers. A plastic reaction
flask is preferred to avoid the release of ions from the glass container and the solution needs
to be chilled to avoid overheating which could cause desulfation (Dong et al., 1998).
Recently, cellulose nano whiskers were also prepared by sulfuric acid hydrolysis of cotton
fiber (Hasani et al., 2008), MCC (Bondeson et al., 2006; Bai et al., 2009), and sisal fiber
(Siqueira et al., 2010) which followed the same general procedure described above. Whiskers
with a narrow size distribution were obtained through differential centrifugation techniques
(Bai et al., 2009). A comprehensive compilation of preparation conditions employing sulfuric
acid and the average dimensions of cellulose nano whiskers derived from different sources
is shown in Table 2.

During sulfuric acid hydrolysis, esterification of cellulose hydroxyl groups to sulfate groups
occurs (Figure 1) which can introduce negative charges to the nano whiskers and this
provides improved suspension stability. The sulfate content of cellulose nano whiskers can
be determined by a conductimetric method described by Araki et al. (1998). A whiskers
suspension (~0.01 g/mL, 45 mL) is mixed with a NaCl solution (0.01 M, 5 mL) before
measurement. For samples with poor or no sulfonation, 3 mL of water is replaced by 0.01
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Cellulose H;SO4conc., Time, T,°C  Acid/cellulose, Dimension,
source % (w/w) min mL/g nm?
SW pulp 64 10 70 8.75 ~200 x5

60 50 <70°C 8.75 ~200 x5

65 10 70 10 185+ 75 x ~ 3.5

65 60 45 8.75 185+75x~35

64 45 45 17.5 100-250 x 5-15
HW pulp 64 25 45 8.75 147 +7 x 3-5

64 25 45 8.75 141+6x5.0+0.3

64 45 45 8.75 120£5%x49+0.3

64 45 45 17.5 105+4 x45+0.3
Cotton 64 120 45 8.75 ~200 x5

64 60 45 8.75 115+10x ~7

64 45 45 17.5 176 £21 x13+3

64 120 60 8.33 70-150 x 10-20

65 60 45 8.75 100-150 % 5-10
Sisal 65 15 60 16.2 ~250 x 4
Flax 64 240 45 8.33 327+108x21+7
Wheat straw 65 60 25 343 150-300 x ~5
MCC 63.5 1303 44 10 200-400 x <10

64 300 45 8.75 41-320 x <100

64 180 45 17.5 60-120 x 8-10

64 - 45 8.75 100-225 x 10-15

Table 2. Dimensions of cellulose nano whsikers prepared under different sulfuric acid
hydrolysis conditions (Revol et al., 1994; Favier et al., 1995; Dong et al., 1996; Helbert et al.,
1996; Araki et al., 1998; Dong et al., 1998; Araki et al., 1999; Beck-Candanedo et al., 2005;
Bondeson et al., 2006; de Rodriguez et al., 2006; Cao et al., 2007; Hasani et al., 2008; Bai et al.,
2009; Cao et al., 2009; Auad et al., 2010; Liu et al., 2010).

M HCl in order to obtain a preferred value (Bondeson et al., 2006). An alkaline solution (0.1
N NaOH) is then added to the suspension at a rate of 0.5 mL per 5 min with continuous
stirring. The change in conductivity is recorded by a electric conductometer. Theoretically,
the two branches of the titration curve should intercept the volume axis at the same value
which is the equivalence-point volume. However, in some cases, the abscissa intercepts due
to the dissociation of cellulosic carboxylic acid groups after the stronger sulfate groups have
been neutralized (Roman & Winter, 2004). The actual equivalence-point volume is then
determined as the average of the two volumes. The degree of sulfonation relies highly on
the acid to cellulose ratio and the reaction time as shown in Table 3.

CH,OH OH CH,0S0O3H OH
(o] HO
1q"no ) o™ ¥n H,S0, —>b1"no Q82 oJ“"\ +nH,0
HO (0] HO o
OH CH,0H OH CH,0H

Fig. 1. Esterification of cellulose hydroxyl groups during sufuric acid hydrolysis.
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Pulp:acid Reaction time, min Sulfur contenta, % DSb
1:4 16 49.540 1.670
17 59.290 2.000
45 56.670 1.910
1:6 15 59.110 1.995
19 59.840 2.020
18 46.260 1.560
1:8 15 62.260 2.102
20 59.440 2.013
45 53.290 1.793
1:10 15 60.700 2.049
23 63.100 2.129
22 61.500 2.076

aSulfur content is the percentage of sulfur groups based on the total number of hydroxyl and sulfur
groups; ® degree of substitution (DS) is calculated as the average number of hydroxyl groups in the
anhydroglucose that are substituted in the particular product.

Table 3. Effect of sulfuric acid (72%, w/w) hydrolysis condition on the degree of sulfonation
of linen pulp (Selim et al., 2004).

The effects of hydrolysis temperature, time, and ultrasonic treatment duration on the
properties of cellulose nano whiskers were investigated (Dong et al., 1998) according to an
experimental setup illustrated in Table 4. It was shown that with 64% (w/w) sulfuric acid and
an acid to cellulose ratio of 8.75 mL/g, 18 hours was required to produce nano whiskers at 26
°C. At 65 °C, hydrolysis could not be controlled easily, a yellow color appeared at the first 10
min, and the sample became black after 1 hour. Side reactions, e.g., dehydration, were
presumed to occur under this condition. A temperature of 45 °C was proposed to be optimal
and could lead to an efficient hydrolysis yielding an ivory-white colored suspension with a
reported yield of 44% after 1 hour. It was also found that the total sulfur content and surface
charge of nano whiskers gradually increased when increasing the hydrolysis reaction time
from 10 to 240 min at 45°C. The whiskers size decreased in the early stage of the hydrolysis
and a relatively stable dimension was achieved after 1 hour as summarized in Table 5. The
appearance of the whiskers suspension could be white with some starting pulp particles (low
yield), ivory white viscous suspension (optimal), yellowish or even black viscous suspension
(over hydrolyzed) (Dong et al., 1998). The particle size decreased within the first 5 min of
ultrasonic treatment but no further change was observed upon extended treatment, while the
surface charge of cellulose nano whiskers remained constant (Dong et al., 1998). The effect of
ultrasonic treatment on whiskers size and surface charge is shown in Table 6. Nevertheless, a
15 min of ultrasonic treatment was reported to produce well separated Korean grass cellulose
nano whiskers of 10 nm thickness and several nano-sized lengths, while 5 min of ultrasonic
treatment time only resulted in nano-sized (40-50 nm thickness) agglomerates (Pandey et al.,
2009). Subsequent studies by Beck-Candanedo et al. (2005) also investigated the effect of
hydrolysis time on the properties and behaviors of cellulose nano whiskers. A black spruce
sulfite pulp and bleached eucalyptus kraft pulp were treated with 64% (w/w) sulfuric acid at
45 °C. It was shown that longer hydrolysis time produced shorter, less polydispersed whiskers
while increased acid to cellulose ratios reduced whiskers dimensions.

To optimize the isolation of cellulose nano whiskers, Bondeson et al. (2006) performed a
series of acid hydrolysis experiments with MCC prepared from Norway spruce sulfite pulp
using a response surface methodology. Factors included hydrolysis time, temperature, acid



22 Advances in Diverse Industrial Applications of Nanocomposites

concentration, acid to cellulose ratio, and ultrasonic treatment duration. The dimension and
yield of whiskers served as the experimental response factors. A summary of this study in
terms of experimental conditions and results is shown in Table 7. It was found that MCC
required a longer time to be hydrolyzed with to nano whiskers. Briefly, the optimal
condition was determined to be sulfuric acid concentration of 63.5% (w/w), acid to cellulose
ratio of 10 mL/g, and 130 min hydrolysis at 44 °C followed by approximately 30 min
ultrasonic treatment, which produced whiskers of 200 to 400 nm in length and less than 10
nm in width and a yield of 30% of the initial weight. In the above mentioned studies,
different ultrasonic treatment times were reported to obtain well separated whiskers. This
was probably due to the non-uniform concentration and volume of whiskers suspension as
well as various ultrasonic equipment and output.

Sample T,°C. Time,h  Appearance of the suspension Yield, % (w/w)
1 25 1 White, with pulp particles 89.8

2 25 18 Ivory white, viscous 34.4

3 45 1 Ivory white, viscous 435

4 65 0.25 Yellow, very viscous 48.1

5 65 1 Black N/A

Table 4. Effect of hydrolysis condition on the appearance of cellulose nano whiskers
suspension (Dong et al., 1998).

Sample Hydrolysis time, min Sulfur content? Whisker length, nm
1 10 0.53 390
2 20 0.50 332
3 30 0.58 276
4 45 0.62 226
5 60 0.69 197
6 120 0.74 179
7 240 0.75 177

2 Sulfur content is the percentage of sulfur groups based on the total number of hydroxyl and sulfur
groups.

Table 5. Effect of sulfuric acid hydrolysis time at 45 °C on the sulfur content and length of
cellulose nano whiskers (Dong et al., 1998).

Treatment time, min Whisker length, nm Sulfur contenta
1 214 0.484
2 205 0.487
5 182 0.482
10 183 0.489
20 176 0.507
40 182 0.503

aSulfur content is the percentage of sulfur groups based on the total number of hydroxyl and sulfur
groups.

Table 6. Effect of ultrasonic treatment on the length and surface charge of cellulose nano
whiskers (Dong et al, 1998).
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Sample MCC H,S0, Hydrolysis T, Utrasonic Whiskers  Yield,
conc., conc., time, °C teatment length, %
g/100mL % (w/w) min time, min pm

1 5 441 10 40 30 19.34 93

2 5 441 10 80 10 9.12 88

3 5 64.8 10 40 10 38.68 91

4 5 64.8 10 80 30 10.82 47

5 5 441 120 40 10 14.30 94

6 5 441 120 80 30 7.01 92

7 5 64.8 120 40 30 0.11 34

8 5 64.8 120 80 10 - 0

9 15 441 10 40 10 22.36 95

10 15 441 10 80 30 8.53 920

11 15 64.8 10 40 30 14.91 73

12 15 64.8 10 80 10 12.69 23

13 15 441 120 40 30 13.80 95

14 15 441 120 80 10 6.88 86

15 15 64.8 120 40 10 0.18 18

16 15 64.8 120 80 30 - 0

17 10 55.1 65 60 20 7.96 82

18 10 55.1 65 60 20 8.15 78

19 10 55.1 65 60 20 7.84 78

Table 7. Optimization of cellulose nano whiskers isolation

With regards to the hydrochloric acid hydrolysis, cellulose fibers are usually treated with 4
N HCI at 80 °C for approximately 4 hours at an acid to cellulose ratio of 30-35 mL/g.
Centrifugation, dialysis, and ultrasonic treatment are followed afterwards with the same
conditions used for sulfuric acid hydrolysis. The pH value of HCl-whiskers suspension is
~6, while that of H;SO,s-whiskers level off at 2-3 which is attributed to the sulfate groups
(Araki et al., 1998). The overall mass yield of HCl-whiskers (10-20%) is lower than H>SO4-
whiskers (70-75%) (Araki et al., 2000). HCl-whiskers of SW kraft pulp were reported to be
approximately 180 nm in length and 3.5 nm in width, while cotton yielded HCl-whiskers
were around 100 nm in length and 5-10 nm in width (Araki et al., 1998; Araki et al., 1999;
Araki et al., 2000).

Compared to the hydrochloric acid procedure, sulfuric acid hydrolysis needs lower
temperature, acid to cellulose ratio, and less time to produce whiskers of similar dimensions
as illustrated in Table 8. Moreover, it was proposed that the static electronic repulsion
between negatively charged sulfates resulted in a more stable suspension instead of easily
aggregated whiskers and it was the same reason given for the time independence of
suspension viscosity (Kamel, 2007). A HCl-whiskers suspension was found to be thixotropic
at concentrations >0.5% (w/v) and anti-thixotropic <0.3% (w/v) (Araki et al., 1998). In order
to investigate the influence of sulfate groups on viscosity properties of whiskers suspension,
Araki et al. (1999, 2000) introduced sulfate groups to HCl-whiskers by postsulfonation.
Briefly, HCl-whiskers precipitated after centrifugation were mixed with 65% (w/w) sulfuric
acid to yield a final acid concentration of 55% (w/w) and reacted in a waterbath at 40 °C or
60 °C for 2 hours, which was quenched by adding large amounts of cold water. The number
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of sulfate groups was controlled by changing experimental factors, such as time and
temperature. For example, treatment of an HCl-whiskers suspension with equal weight
amount of concentrated sulfuric acid at 60 “C overnight resulted in a sulfate content of 38
mmol/kg, which was much lower than that of HoSO4-whiskers (140 mmol/kg) (Araki et al.,
2000). An increase of sulfate groups was observed when the postsulfonation reaction was
conducted at 40 °C for 2 hours (Araki et al., 1999). It was shown that whiskers with a lower
content of sulfate groups showed a slight viscosity increase with time at high solid contents,
though it was not as significant as HCl-whiskers. However, HCI-whiskers treated at 40 °C
showed nearly the same level of viscosity properties as a HoSO4-whiskers suspension. It was
also found that viscosity was strongly affected within a surface charge content of 50-60
mmol/kg. In summary, although the microscopic size and shape of whiskers could be the
same irrespective of preparation method, the introduction of the surface charge drastically
reduced the viscosity of whiskers suspension and removed its time dependencey.

Acid Acid/cellulose, Time, T, Whiskers dimension,
mL/g min °C nm?

HySO4, 65%(w/w) 8.75 60 45 185+ 75 x ~3.5

HCl, 4N 30 225 80 180+80x35+0.5

Table 8. Comparion between H,SO;4- and HCl-whiskers (Araki et al., 1999).

Tunicate, a sea animal, has a mantle (tunic) composed of well organized and highly crystalline
cellulosic fibrils, and is also widely used to prepared cellulose nano whiskers as an alternative
to wood-based materials. The whiskers preparation procedure is more complicated and is
summarized in Favier et al. study (1995). In brief, small fragments of tunic were first
deproteinized by three succesive bleaching treatments. Each process involved a 1 hour
reaction of 5 g tunic at 70-80 °C with 160 mL of water containing 1.5 g of sodium chlorite and
10 drops of glacial acetic acid as described elsewhere (Wise et al., 1946). The bleached tunicin
was disintegrated in water, first by using a blender at a concentration of 5 wt% and then via 15
passes through a laboratory homogenizer operated at 400 bar at a lower concentration of 1
wt%. The aqueous tunicin suspension was then mixed with sulfuric acid to achieve an acid
concentration of 55% (w/w) which was then vigorously stirred for 20 min at 60 °C. Afterward,
dialysis and ultrasonic treatment were followed as described for the preparation of wood-
based whiskers. Reported tunicin whiskers have a width on the order of 10-20 nm, and a
length ranges from 100 nm to several microns as summarized in Table 9.

Cellulosea, Acida, Time, T, Whiskers dimension

wt% wt% min °

5 55 20 60 100 nm -several um x 10-20 nm
5 55 20 60 500 nm - 1-2 pm % 10 nm

- 60 30 65 500 nm - 1-2 pum X 15 nm

5 55 20 60 1 - several um x 10 -20 nm

- 65 Overnight Room T 1-2 pm % 8-15 nm

a Based on water content.

Table 9. Sulfuric acid hydrolysis conditions and dimensions of tunicate cellulose nano
whiskers (Favier et al., 1995; Angles & Dufresne, 2000; Samir et al., 2004; Ljungberg et al.,
2006; Habibi et al., 2007).
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Enzymatic-mediated production of cellulose nano whiskers was studied by Filson et al.
(2009). The highest yield of whiskers was obtained by treatment with 84 EGU of
endoglucannase per 200 mg recycled pulp at 50 °C for 60 min assisted by microwave or
conventional heating. Microwave treatment was reported to give a higher yield than
conventional heating. Enzymatically hydrolyzed whiskers were found to have a relatively
larger size than acid hydrolyzed whiskers, typically 30 to 80 nm in width and 100 nm to 1.8
pm in length. In addition, a chemical swelling/ultrasonic separation method was also used
to prepare wood-based cellulose nano whiskers (Oksman et al., 2006). MCC (10 wt%)
dissolved in a swelling solution of dimethylacetamide (DMAc) with 0.5 wt% of LiCl was
treated at 70 °C for 12 hours with stirring. The slightly swollen particles were further
separated in an ultrasonic bath for 3 hours over a period of 5 days with long intervals. The
whiskers were estimated to be less than 10 nm in width and 200 to 400 nm in length.

2.2 Characterization and properties of cellulose nano whiskers

Transmission electron microscopy (TEM) is a powerful tool for the size measurement of
cellulose nano whiskers. A sample is usually prepared by drying a drop of dilute whiskers
suspension (~0.1 % w/v) on a carbon coated microscope grid (Dong et al., 1998). The
particle dimension can be determined by manual counting from TEM micrographs at a high
magnification, and the distributions of particle length and diameter are calculated by
counting several individual particles in each sample. On some occasions, the sample can be
stained with a uranyl acetate solution to enhance the resolution (de Rodriguez et al., 2006;
Bai et al., 2009; Siqueira et al., 2010). Atomic force microscope (AFM) is another useful
technique to characterize nano whiskers. In Bech-Candanedo et al.’s study (2005), a cellulose
whiskers suspension was diluted to a concentration between 1 x 103 and 1 x 104 wt% and
filtered through a 0.45 pm membrane. A 20 pL drop of 0.1% w/v poly-L-lysine solution was
placed on a 1 cm? piece of freshly cleaved mica for 3 min, washed off with water and dried.
A 10 puL drop of whiskers was allowed to stand on the mica for 1 min, rinsed off with water
and dried. The mica was then attached to an AFM specimen disk and analyzed. In addition,
particle size distribution, average molecular weight and zeta potential of cellulose nano
whisker can also be determined by dynamic light scattering (Filson et al., 2009). As shown in
the above tables, whiskers generally have a diameter of 3-20 nm and an aspect ratio of 20-60.
Untreated cellulose fibers exhibited many steps of degradation according to the thermal
gravimetric analysis (TGA) results, which included an initial moisture loss at 110 °C, and
intermediate loss at 280 °C and 352 "C, while H,SO4-whiskers showed two well separated
degradation processes, one started from 220 to 280 °C and the other was between 330 to 500
°C, with initial moisture loss at 120 °C (Pandey et al., 2008). It was reported that the increase
of the moisture loss temperature could be attributed to the strong adhesion of water
molecules to the large surface of whiskers. It was also believed that the main degradation
between 220 °C and 280 °C was due to depolymerization, dehydration, and decomposition
of glycosyl units followed by the formation of a char, while the degradation above 325 °C
could be ascribed to the oxidation and breakdown of the char to lower molecular weight
gaseous products (Cao et al., 2009). It was argued that the lower degradation temperature of
whiskers with sulfate groups was due to the increasing numbers of free end chains and
sulfate groups at the surface, which were liable to earlier decomposition (Wang et al., 2007).
A chiral nematic phase is a characteristic of a H>SO4-whiskers suspension (Dong et al., 1998;
Revol et al., 1992), and phase separation is concentration-driven (Revol et al., 1994). The
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critical concentration for anisotropic phase formation can be measured by observing the
amounts of isotropic and anisotropic phases in a series of samples with different
concentrations (Dong et al., 1996; Dong et al., 1998). The anisotropic phase separates at
relatively low concentration, e.g., 4 wt% for a salt-free whiskers suspension. The critical
concentration for anisotropic phase formation was found to be slightly increased and the
biphasic range became narrower, with longer hydrolysis time and/or higher acid to
cellulose ratio which produced shorter, less polydispersed whiskers (Beck-Candanedo et al.,
2005). It is not possible to observe any chiral nematic phase of whiskers hydrolyzed by other
acids. Postsulfonated whiskers suspension showed a birefringent glassy phase different
from the chiral nematic phase (Araki et al., 2000).

3. Cellulose nano whisker/polyurethane nanocomposite

3.1 Starting materials

Starting materials are highly important in view of the desired properties for specific
applications of PUs. In general, at least two polyols and an isocyanate are required for a
proper performance of PU. Difunctional polymers are preferred for a linear or low cross-
linked PU as illustrated in Figure 2. In Marovich et al.’s work (2006), a mixture of di- and
multi-functional polyols and polymeric 4,4’-diphenylmethane diisocyanate (MDI) were
used. In Auad et al’s study (2010), polyether glycol (PEG), MDI and 1,4-butanediol (BD)
were chosen as raw materials. In case of waterborne PU (WPU), a diol such as
polycaprolactone (PCL) and polypropylene glycol (PPG), an isocyanate such as isophorone
diisocyanate (IPDI) and 2,4-toluene diisocyanate (TDI), an organic acid, typically dimethylol
propionic acid (DMPA), and a catalyst like triethylamine (TEA) were used (Cao et al., 2007;
Cao et al., 2009; Wang et al., 2010). In contrast, a highly cross-linked structure exists in rigid
PU foam which calls for multifunctional polyols and isocyanates. Moreover, a foaming
catalyst should be included in addition to the cross-linking catalyst, and a surfactant is often
added to reduce surface tension and obtain a high content of closed cells. For example,
sucrose-based and glycerol-based polyols with functionality of 4.4 and 3.0, respectively,
polymeric MDI with functionality of 2.7, dimethylcyclohexylamine, 1-methyl-4-(2-
dimethylaminoethyl) piperazine, silicone surfactant and pentane were used by Li et al.
(20104a).

0=C=N—R'-N=C=0 + HO—R?—OH + O=C=N—R'-N=C=0 + HO—R?>—OH +
i 7 I ||
— "'—C—l\ll—Rl—T—C—O—RZ—O—C—ITI—R1—I\|J—C—O—R2—O—
H H H H

Fig. 2. Chemical reaction of linear polyurethanes synthesis.

3.2 Preparation methods

Due to strong hydrogen bonding interactions between cellulose hydroxyl groups, it is
difficult to obtain well separated whiskers in organic solvents, especially for non-polar
solvents. Since the dispersion of cellulose nano whiskers in organic solvents is crucial to
surface chemical modification of whiskers and preparation of nanocomposites, several
methods have been used to solve this issue. Dispersion of freeze-dried whiskers in a polar
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organic solvents such as dimethylformamide (DMF) or dimethylsulfoxide (DMSO)
without surfactant or chemical modification of whiskers has been employed (Samir et al.,
2004; Marcovich et al., 2006; Berg et al., 2007). A dilute whiskers suspension was prepared
by vigorous mixing and intensive ultrasonic treatment of dried whiskers in organic
solvents. In fact, microfibrillated cellulose dispersed in polar solvents such as glycerine,
PEG and DMSO after freeze drying were also found to be feasible approaches (Viet et al.,
2007). In addition, stable cellulose microfibrils suspensions in toluene and cyclohexane
were obtained with the assistance of a phosphoric ester surfactant (Heux et al., 2000).
Surface modification, such as partial silylation and grafting of low molecular weight PEG
onto the surface of whiskers, is another way to suspend whiskers in non-polar organic
solvents (Gousse et al., 2002).

In the past five years, cellulose nano whiskers have been widely used as reinforcing fillers in
polyurethanes, including those prepared from MCC (Marcovich et al., 2006; Auad et al.,
2008; Auad et al., 2010), flax fiber (Cao et al., 2007), cotton liner pulp (Cao et al., 2009; Wang
et al., 2010) and bleached SW pulp (Li et al., 2010a) by acid hydrolysis proposed by Dong et
al. (Dong et al., 1996). The dispersion of whiskers in DMF was accomplished either by
ultrasonic treatment or a solvent exchange method (Cao et al., 2009).

To prepare a thermoplastic PU film, a whiskers suspension in DMF was first added to a
polyol or polyols mixture with stirring which was then followed by ultrasonic treatment
and solvent evaporation at 70 °C. Afterward, isocyanate was added to reach a select
isocyanate/hydroxyl ratio and mixed throughly. As isocyanate is a very reactive chemical
and can easily react with a trace of water present in the starting materials and/or react with
it self forming trimers, a molar ratio of isocyanate groups to hydroxyl groups higher than 1.0
is often used (Yao et al., 1995; Xu et al., 2007; Thirumal et al., 2008). The mixture was then
cast into an open mold and cured under varying conditions (Marcovich et al., 2006; Auad et
al., 2008; Auad et al., 2010). Whiskers content up to 5 wt% was examined in Marcovich’s
study and up to 1 wt% in Auad’s work.

A detailed preparation of WPU can be found in Cao et al.’s study (2007 & 2009). PCL and
DMPA were introduced into a reaction flask equipped with a mechanical stirrer and a
dropping funnel and heated to 80-85 ‘C until the PCL melted; IPDI was then added
dropwise under a dry nitrogen atmosphere for several hours until the isocyanate content
reached a desired value. Subsequently, a whiskers suspension in DMF was added, and the
reaction lasted for several hours. Afterward, DMF was removed under reduced pressure at
60 - 80 °C, and acetone was added to reduce the viscosity of the pre-polymer. Carboxylic
groups of DMPA were then neutralized with TEA for 30 min, and the product was
dispersed in DI water with vigorous stirring at room temperature overnight. The solid
content could be further increased to above 25 wt% by rotary vacuum evaporation at 30 °C.
The suspension was finally casted in teflon petri dishes and dried in an oven at 40-50 °C for
10-20 hours depending on water content. In Wang et al.’s study (2000), PPG instead of PCL,
TDI instead of IPD], and a whisker suspension in water instead of in DMF were used.

Rigid PU nanocomposite foam reinforced with cellulose nano whiskers has also been
prepared (Li et al., 2010a). Whiskers in DMF were mixed with polyols under vigrous
stirring followed by removal of DMF under reduced pressure. Catalysts and blowing
agent were added and mixed when the mixture cooled down to room temperature.
Polymeric MDI was then added and vigorously stirred for ~20s until the self-rising
started. Foams were left at room temperature for at least 48 hours before physical testing
(Rivera-Armenta et al., 2004).
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3.3 Characterizations and discussions

The morphology and fracture surface of PU nanocomposites have been examined by
scanning electron microscopy (SEM) (Marcovich et al., 2006; Cao et al., 2007; Auad et al,,
2008; Cao et al., 2009; Auad et al., 2010; Li et al., 2010a) and TEM (Wang et al., 2010). The
underlying chemical structure can be investigated by FT-IR (Cao et al., 2007; Li et al., 2010a),
X-Ray photoelectron spectroscopy (Cao et al., 2009), and wide angle X-ray scattering (Cao et
al.,, 2007; Auad et al., 2008; Cao et al., 2009). Thermomechanical response of specific samples
can be determined by using a rheometer in the temperature scan mode while a deformation
is applied (Auad et al., 2008), or by a dynamic mechanical analyzer (Marcovich et al., 2006;
Cao et al.,, 2007; Auad et al., 2008; Cao et al., 2009; Auad et al., 2010; Li et al., 2010a; Wang et
al., 2010). Differential scanning calorimetry (Marcovich et al., 2006; Cao et al., 2007; Auad et
al., 2008; Cao et al., 2009; Auad et al., 2010) and thermal gravimetric analysis (Cao et al.,
2009) are both useful tools to study the thermal of PUs stability. Tensile testing can be
performed according to ASTM D 1708 (Marcovich et al., 2006; Cao et al., 2007; Auad et al.,
2008; Cao et al., 2009; Auad et al., 2010) for PU films and ASTM D 638-08 for PU foams (Li et
al., 2010a). ASTM C 365M-05 is a compression test standard for PU foams (Li et al., 2010a).
FT-IR spectra and SEM images of PU nanocomposite films indicated a well dispersion of
cellulose nano whiskers in the matrix (Marcovich et al., 2006; Cao et al., 2007; Auad et al.,
2008) and a good adhesion in the interfacial area attributed to strong hydrogen bonding (Cao
et al.,, 2007). With respect to the rigid PU foams, it was shown that the closed cells had a
homogeneous dispersion in the nanocomposites, and the cell sizes were around 350 pm and
decreased slightly with increasing whiskers content (Table 10) (Li et al., 2010b). This was
presumably because whiskers served as nucleation sites to facilitate the bubble nucleation
process, and the increased number of nucleation sites led to a finer cell structure (Alexandre &
Dubois, 2000; Lee et al., 2005). It was found that a higher energy was consumed in the cryo-
fracture of nanocomposite films which could possibly improve the tearing characteristics
(Marcovich et al., 2006). Tensile modulus of PU films was significantly improved at a small
loading of whiskers, i.e., 0.5-5 wt%, and this was more apparent at higher loadings such as 2.5
and 5.0 wt% of whiskers (Table 11) (Marcovich et al., 2006). Contrarily, the creep deformation
decreased with increasing whiskers content. For example, incorporation of 1 wt% of whiskers
resulted in a tensile modulus improvement of ~53% and creep reduction of ~36%(Auad et al.,
2008). The changes are notable considering the relatively small amount of whiskers. With 10
wt% of whiskers, the Young’s modulus and strength were significantly enhanced from 1.7 to
107.4 MPa and 4.4 to 9.7 MPa, respectively (Cao et al., 2009). A further increase of whiskers
content to 30% resulted in an increase of Young’s modulus and tensile strength from 0.5 to 344
MPa and 4.3 to 14.9 MPa, respectively (Cao et al., 2007). This can be ascribed, in part, to the
three-dimension network of whiskers reinforced PU linked by intermolecular hydrogen
bonding interactions. Additionally, cellulose nano whiskers become chemically bonded to the
matrix during curing, through reaction of hydroxyl groups with isocyanate groups which
leads to an increase of the glass transition temperature (Tg) and has a positive effect on tensile
property of PU (Li et al., 2010b). It was also found that a phase separation of soft and hard
domains was favored by whiskers addition which led to an upward shift in melting
temperature (T,;) of crystalline phase, an increase in Young’s modulus, and a decrease in
deformation at break (Auad et al., 2008 & 2010). A remarkable synergistic effect of starch nano
crystals (SN) and cellulose nano whiskers (CW) on reinforcing WPU has been observed. Upon
incorporation of 1 wt% SN and 0.4 wt% CW, tensile strength, Young’s modulus and tensile
energy at break of the nanocomposite were significantly improved by 135%, 252% and 136%,
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respectively, and the elongation at break remained comparable to the pure WPU (Wang et al.,
2010). In Cao et al.’s study (2009), it was demonstrated that WPU chains formed crystalline
domains on the surface of whiskers which expedited the crystallization of PCL in
nanocomposites. This co-crystallization phenomenon is believed to induce the formation of a
co-continuous phase between the filler and matrix which significantly enhanced the interfacial
adhesion and consequently contributed to an improvement in thermal stability and
mechanical strength of the nanocomposites. PU foam reinforced with 0.75 wt% and 1.00 wt%
of cellulose nano whiskers showed improved tensile and compressive properties as well as
enhanced thermal stability indicated by T, and T; (decomposition temperature) (Li et al,,
2010b). A detailed comparison of mechanical and thermal properties between the neat PU and
PU nanocomposites mentioned above is summarized in Table 11.

Whiskers content, wt% | 0 0.25 0.5 0.75 1.00
Cell size, pm 376 £41 358 +25 345+54 339+28 323+23

Table 10. Cell size of rigid PU nanocomposite foams (Li et al., 2010b).

4. Cellulose fiber and microfibril reinforced polyurethane

Mechanical properties of PU elastomers reinforced with bacterial cellulose microfibers of
different aspect ratios were investigated by Bicerano & Brewbaker (1995). It was found that
microfibers with a relatively high aspect ratio nearly doubled the Young’s modulus and
tripled the strength which far surpassed those observed for microfibers of modest aspect
ratios. Although cellulose nano whiskers were not discussed, it proved that a high aspect
ratio, one of the characteristics of whiskers, had a considerable positive effect on the
improvement of mechanical properties. Green algae cellulose fibers of 500 to 600 um in
length and 20 to 200 pm in width were used to prepare a PU composite foam by Johnson &
Shivkumar (2004). It was reported that the peak mechanical of properties the composite
foams were obtained at a dry fiber content of 5-10 wt%, while a maximum of 40 wt%
incorporation, based on the total weight of isocyanate and polyol, were investigated. There
was no data on the mechanical improvements of PU composites compared to the neat foam.
However, the tensile modulus of the dried algae fibers was measured to be on the order 20-
45 MPa, while cellulose nano whiskers have a much higher value of 143 GPa, which makes
whiskers a possible stonger reinforcing filler compared to algae fibers. Vegetal cellulose
fibers were also used in preparation of PU composites (Silva & Silva, 2005). Hydrogen
bonding interactions and covalent linkages between cellulose fibers and polymeric matrix
were found by FT-IR but the mechanical properties of nanocomposites were not discussed.
Later on, Wu et al. (2007) did a comparison study on cellulose fiber versus nanofibril
reinforced high strength elastomeric PU nanocomposites. Cellulose fibers used in the
reported study were 1-2 mm in length, while the nanofibrils, prepared by dissolution of
MCC (50 pm average particle size) in DMF containing trace amount of LiCl (<0.3 wt%), were
20 to 40 nm in diameter and 450-900 nm in length. Date shown in Table 13 indicated that
cellulose nanofibrils had a significant reinforcing effect on the tensile properties of
elastomeric PU, while cellulose fibers gave a mild increase of tensile modulus but a decrease
of tensile strength and the strain-to-failure. It was stated that the size scale of MCC was
typically in the order of tens of microns and above, and it was likely that the less successful
reinforcement effect was due to micro- rather than nanoscale dispersion of the fillers (Wu et
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al, 2007). In Mosievicki et al.’s study (2009), MCC was found to be poorly dispersed into the
PU matrix because of the agglomeration of crystalline particles which resulted in lower
mechanical and dynamic mechanical properties; however, the thermal stability was
enhanced at high temperatures. Generally, the intrinsic high strength, high aspect ratio of
cellulose nano whiskers, as well as the nanoscale effect makes it a superior reinforcing filler
in comparison with cellulose fibers or microfibrils.

Th . Whiskers Whiskers Young’s Tensile Elongation T, T, Tuchange,
ermoplastic di . %
PUs imesion, content, modulus strength atbreak change, change,
nm? wt%  change,% change,% change, % % % S Hd
Polyol 100-225 x 0.5 +55.1 -18.48= -43.6 - - - -
mixture + 10-15 1.0 +50.6 -48.52 -54.5 - - - -
polymeric 2.5 +102.8  -29.0° -50.9 +53.50 - - -
MDI 5.0 +143.6  -37.82 -52.7 - - - -
Commercial Hundreds 0.1 - - - +0.55 - +0.73 +2.27
polyester PU ~ x 10-20 0.5 - - - +137 - +2.93 +4.25
1.0 - - - +219 - +5.12 +2.05
PEG 650 + MDI 2500-5000 0.1 - - - - - - -
(48 wt %) x 50-100 0.5 -2.29 - +11.3 - - - -
1.0 -1.16 - -14.2 - - - -
PEG 2000 + 0.1 - - - - - +18.3 0
MDI (45 wt%) 0.5 -29.4 - -92.1 - - +60.0
1.0 -21.6 - -81.8 - - +35.0
PEG 2000 + 0.1 - - - - - +96 0
MDI (40 wt%) 0.5 +37.9 - -83.3 - +57.7
1.0 +34.0 - -75.9 - - +55.8
PEG 2000 + 0.1 - - - - - +38.2 0
MDI (32 wt%) 0.5 +49.1 - -82.9 - - +70.6
1.0 +53.6 - -89.9 - - +32.4
PEG 2000 + 0.1 - - - - - +73.3 -
MDI (23 wt%) 0.5 +42.5 - -87.9 - - +50.7
1.0 +44.5 - -93.4 - - +56.0
Waterborne PU 70-150 x 2 +218 +43.2 +21.3 +6.65 ~15.8 42.51°C
10-20 4 +1224 +70.5 +29.1 +5.67 41.76 °C
6 +2335 +102 2.1 +7.07 4256 °C
8 +3171 +114 -21.2 +5.63 41.66 °C
10 +6218 +120 -40.3 +9.38 42.63 °C
327+108 x 5 +40.0 +116 -9.19 175 - - -
217 10 +1460 +137 -32.3 292 - - -
15 +940 +181 -43.4 -3.31 - - -
20 +23220 +186 -61.3 -4.67 - - -
25 +47280  +230 -68.6 -447 - - -
30 +66780  +247 -82.9 -5.25 - - -
700-800 x 80-100 0.4 +140 +66.7 -4.11 -7.000  +11.1¢ - -

ayield strength change, %; © based on T, (glass-rubber relaxation temperature); < softsegments; 4
hardsegments; ¢based on 30% weight loss temperature .

Table 11. Improvement of mechanical and thermal properties of PU/ cellulose nano whisker
composite elastomers (Marcovich et al., 2006; Cao et al., 2007; Auad et al., 2008; Cao et al.,
2009; Auad et al., 2010; Wang et al., 2010).
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Whiskers Tensile  Yield Tensile ~ Compressive Compressive Tg Ty
content, modulus strength strength strength modulus change, change,
wt% change,% change,% change,% change,% change, % % %

0.25 -30.4 -34.2 -27.0 +29.0 +66.6 +6.8 -1.2
0.50 -20.6 -228 214 +131.0 +118.5 +13.6 -0.6
0.75 +36.8 +15.2 +13.8 +143.4 +179.9 +102  +0.9
1.00 +227.2 +112.0 +99.2 +269.7 +210.0 +10.2  +3.0

Table 12. Improvement of mechanical and thermal properties of PU/ cellulose nano whisker
composite foams (Li et al., 2010b).

PU reinforced with  Tensile modulus Tensile strength  Strain-to-failuor

filler change, % change, % change, %
Fiber, 5 wt% +28.6 -20.5 -62.7
Nanofibril, 5 wt% +163.3 +110.3 +169.8

Table 13. A comparison between cellulose fibers and nanofibrils reinforced PUs in terms of
tensile properties (Wu et al., 2007).

5. Summary and conclusions

The wide availability, renewable and biodegradable features, simple hydrolysis process, and
high intrinsic strength and modulus, high aspect ratio and reactivity make cellulose nano
whiskers superior to other traditional nano fillers. The reinforcing effect of whiskers in PU is
accomplished through both chemical and hydrogen bonding between whiskers and/or the
and matrix. Improvements of thermal and mechanical properties of cellulose nano whiskers
reinforced nanocomposites are remarkable compared to some other inorganic fillers as well
as cellulose fibers and microfibrils. The dispersion difficulty due to hydrophilicity of
whiskers has been overcome by either physical or chemical methods. Techniques to produce
low polydispersity cellulose nano whiskers are being developed, and it will facilitate
improved property control and broaden the applications of cellulose nano whiskers in the
future. Incorporation of cellulose nano whiskers in polyurethane and many other polymers
has shown huge potential in industrial and consumer uses. Tremendous ongoing work
makes it a promising next generation of nano fillers.
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1. Introduction

Nanotechnology today, is one of the most important ways of industrial manufacture of
materials. A great variety of »nanomaterials« with controlled size and composition are
developed with the aim of improving optical, mechanical, magnetic, electrical and other
properties. With nanocomposite in principal, we will be able to develop structures not
previously observed in nature. Also, in this way we expect to produce nanocomposite with
better properties using natural raw materials as starting compound.

The most abundant natural materials at the surface of the earth are clay minerals. Clay is
material less than 2 um with specific properties (plasticity, shapeability, rheology, slip
formation, ion-exchangeable etc.) related to the fact that natural clay is nanosized layer. The
clay minerals are hydrous aluminum silicates and are classified as phyllosilicates, or layer
silicates. Bentonite clay contains a high percentage of montmorillonite.

Montmorillonite clays are known as inorganic ion exchange materials which are composed
of alluminosilicate layers stacked one above the other, so called 2:1 layer type silicates.

The layered structure, shown in Fig.1., presents two silica tetrahedral (corner shared) sheets
fused to one (edge shared) octahedral sheet of alumina (alluminosilicate) or magnesia
(magnesium silicate)( Manocha, 2006; Wang,1998)

Each layer has a small net negative charge due to an isomorphous substitution of ions in the
framework, shown in Fig. 2. This charge is compensated by interlayer hydrated cations,
known as exchangeable cations. It is well known that montmorillonite can accommodate
various types of compounds in its interlayer spaces to give an intercalation type of inclusion
compounds (Moore, 1989; Colomban, 2003; Slade, 1987).

Modification of chemical and structural properties of raw bentonite clay makes possible new
nanostructured materials preparation suitable for different applications.



38 Advances in Diverse Industrial Applications of Nanocomposites

Al, Fe, Mg, Li
OH
o)

o

L4 Tetrahedral
[ ]

@® Li,Na,Rb,Cs

Octahedral

}% Tetrahedral
>,
@

ML)
o ©%x%e% g
@ Exchangeable cations @

Fig. 1. Structure of montmorillonite clay

tetrahedral layer

octahedral layer <>

A, _ tetrahedral layer -— >
interlayer space ® ) Cations + H20 ~300nm
Q0 A0 o ..

lamella

lamella

Fig. 2. The structure of montmorillonite, detailed particle view after Karnland (Kréhn, 2003).

With the aim to obtain stable new microporous material based on natural bentonite, we
applied pillaring process. This is a multi-step process which involves replacement of the
exchangeable interlayer cations by large inorganic polynuclear cations and calcination. Due
to the calcination process, intercalated polycations transform into metal oxide clusters
(named pillars) linking permanently silicate layers. New material is suitable for different
applications (catalyst, catalyst support, etc.) due to their high specific area, chemical and
thermal resistivity and micro- and mesoporosity (Ruiz-Hitzky, 1996).

Properties of pillared clays such as surface area, pore size distribution, acidity, depend on
the synthesis treatment as well as nature minerals.

To obtain montmorillonite with increased catalytic properties and proton conductivity we
have applied treatment which consisted of pillaring procedure and incorporation of
different materials (polyoxomethalates -- 12-tungstphosphoric acid and ammonium
decavanadate and transition metals Co and Ni) after that. The physicochemical
characteristics (porosity, specific surface area, chemical composition, conductivity and
catalytic properties) of obtained composite materials have been studded by porosimetry
methods, atomic force microscopy, thermal analysis, X-ray diffraction (XRPD), and
conductivity measurements. Several experimental techniques were employed to investigate
the structure, textural and dynamic, as well as the conductivity properties of the composites.
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2. Material preparation - Modification of the raw material

In our investigations we used natural bentonite clay “Sipovo” (Bosnia and Herzegovina) as
starting material. The main component part of bentonite is the mineral montmorillonite
(75%). Modification of the raw material consists of several steps (Sredi¢, 2004):

Step 1.
Step 2.

Step 3.

Raw material is purified by sieving and sedimentation

Ion-exchange step

Aqueous dispersion of purified clay is used and for Na+ exchange, a triple washing
with NaCl solution followed by repeated washing until complete elimination of
chloride ions is achieved. We expect largely hominid cations exchanged clays.
Pillaring

Exchangeable cations can be substituted by large polynuclear cations which after
the thermal treatment form nanoparticle oxides linking permanently the silicate
layers. We used polyhydroxy cation of aluminium as pillaring agent to become
thermally stable microporous solids. Al-pillaring reagent was prepared by slowly
mixing 0.4 M solutions of AI(NO;); and NaOH until OHAI ratio was fixed at 2.4-2.5.
Clay’s dispersion was treated with pillaring reagent under continuous magnetic
stirring at 80°C over 3 hours and than allowed to cool to room temperature.
Resulting sample was washed several times until complete elimination of nitrate
ions, air-dried at 60°C and calcinated at 400°C. So we obtained pillared clays
(PILCs). Heating causes dehydroxylation of the Al-polyhydroxy cations with
formation of alumina clusters, water and protons. It has been proposed that protons
generated during these processes migrate to the octahedral layer to charge
compensate for the presence of divalent ions in octahedral sites. The exact nature of
the alumina clasters that form pillar are not known. Some authors (Ocelli at al.)
belive that AIOOH units connect to form the Al-pillar. Informations about dynamic
of proton species can provide new knowledges about structure of pillars. There are
two different stages of pillars: after drying in air at 100 0C and after calcination at
400°C with different concentracion of hydrogen.

Chemical composition after three steps of material preparation is given in Table 1.

Samples
ChChemic.al. Starting.raw Purified Na-exchanged Al-pillared
aracteristics material I ste Clay (IT step) clay
(Bentonite Sipovo) (I step) Y p (I1I step)

5102 content (%) 53,50 50,96 49,10 46,32
Al203 content (%) 24,39 24,12 25,21 30,09
Na20 content (%) 0,09 0,09 4,37 0,20
K20 content (%) 0,41 0,44 0,24 0,27
CaO content (%) 2,86 2,62 0,60 0,45
MgO content (%) 1,03 1,62 1,62 0,68
Fe203 content (%) 4,82 4,69 3,88 3,89
TiO2 content (%) 0,41 0,39 0,67 0,68

Table 1. Chemical composition of the raw material

Experimentally obtained results on Sorptomat (Table 2) show that the chemical changing of
the raw montmorillonite (ionic exchange and pillaring) indicate transparent texture changes
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manifesting as increase in total pore volume (16.3%), total microspore volume (64.0%) and
increasing in the specific surface area by 46.8%. At the same by increasing in micro pore
volume, total volume of the mezo pore is decreasing by 23.2%, which is consistent with the
increase of specific surface area of the modified material. Chemical modification of the raw
montmorillonite gave the slight increase in pore width from 3.740 to 3.947nm while the
concentration of pores size from 3 to 6nm increases for 27.9% in ratio to started raw material.

MM (raw) | Ion Exchange MM Exiifrfgg dI (1)\;11M
Pore volume (cm3/g) 0.098 0.092 0.107
Micro pore volume (cm3/ g) 0.0364 0.0386 0.0597
Specific surface area (m2/g) 79.9 85.2 117.3
Maximum pore width (nm) 3.740 3.791 3.947
Pore (3-6 nm) concentration (%) 73.5 784 94.0

Table 2. Textural characteristic of the samples after first, second and third treatment

The textural change evident from experimentally obtained results on Sorptomat (Table 2) is
also visible on the AFM measurements, Fig. 3.

1.0 prnfdiv

Fig. 3. AFM image of the surface area Al-pillared sample

Step 4. Composite preparation

e A new WPA-PILC material has been prepared by the sol-gel method. The
heteropoly acid used in this work was 12-tungstophosphoric acid hydrate
H3PW1204 nH,O  (WPA-n). The WPA-PILC composite materials were
prepared by using water solutions of WPA-6 and pillared clay. We prepared
samples with different WPA contents (16, 67 mass %, 28, 57 mass % and 37.50
mass %). The solutions were stirred at room temperature (25°C) for 2 hours,
and kept at this temperature for 24 hours to transfer to a gelatine. The gelatine
was dried at the temperature of 70°C (Cajkovski, 2005).

e  Preparation of new ADV-PILC MM materials by the sol-gel method. The ADV-
PILC MM composite materials were prepared by using aqueous ADV
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(ammonium decavanadate, solution and MM pillared clay suspension. The
ADV content was 2 and 5 mass %. The solutions were stirred at room
temperature for 24 hours, and then dried at a temperature of 60 °C (Sredic,
2008).
Textural characteristics of samples after the first, second and third treatment and of the
composite sample with incorporated WPA and ADV are given in Table 3.

. Pillared Ion Pillared Ion
Pillared Ion
Exchaneed Exchanged Exchanged
r MM+ WPA MM+ADV
(28,57 mass% ) (5mass% )
Pore volume (cm3/g) 0.107 0.038 0.114
Microspore volume (cm?3/g) 0.0597 0.0291 0.0474
Specific surface area (m2/g) 117.3 53.46 102.0
Maximum pore width (nm) 3.947 3.857 3.701
Pore (3-6 nm) concentration (%) 94.0 81.6 59.9

Table 3. Textural characteristics of samples after the first, second and third treatment and of
the composite sample with incorporated WPA and ADV

3. Dielectric measurements

Polyoxometalates are widely used as industrial catalysts and there is a possibility of using
them as materials of specific electric properties. New composite materials have better
properties in comparison to starting material.

This resulted especially in a substantial increase of the electrical conductivity.

Investigation of dielectrical and conductivity properties of pillared montmorillonite with
incorporated 12-tungstophosphoric acid (PILC-WPA) and ammonium-decavanadate (PILC-
ADV) has shown that the new materials exhibits improved electrical conductivity which is
higher than the conductivity of both starting compounds.

3.1 PILC-WPA

Using broad band dielectric relaxation spectroscopy (DRS), electrical properties of the
obtained material were investigated. Thermally stimulated depolarization current technique
was also used due to its high sensitivity and high resolving power. It has been established
that pillared montmorillonite doped with WPA-6 (HsPW120406H20) shows conductivity
better than that of the pure components, as shown in Fig. 4.

TSDC plots for PILC montmorillonite are shown in Fig. 5.

The high values of ¢ indicate that these relaxations are caused not only by water molecules
but we think also by ion movements affected by the presence of water molecules (Fig. 6.)

In Fig. 7., a comparison of TSDC plots for MM+28.57 mass % of WPA and WPA is shown.
We again observe that the conductivity of the MM+28.57 mass % of WPA sample is higher
than that of WPA. In the inset of the figure a peak is seen probably indicating phase
transition. This phenomenon is observed only for MM+28.57 mass % of WPA, but not for
WPA, probably due to its higher conductivity.
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Fig. 4. Conductivity versus frequency for the investigated materials.
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Fig. 7. Comparison of TSDC plots of WPA and MM + 28.57 mass% of WPA.

3.2 PILC-ADV

Comparative TSDC and DRS measurements of all samples were carried out in ambient
relative humidity conditions. At this stage, no efforts were made to measure and control the
water content in the samples.

Fig. 8. presents the results of TSDC measurements. The polarization temperature was 80 0C.
In all samples, the depolarization current increases with rising temperature over several
orders of magnitude, indicating increasing dielectric activity. Relatively high values of
depolarization current, in particular at higher temperatures, suggest that the main
contribution to the dielectric response arises from conductivity rather than dipolar effects
(Cajkovski, 2005; Sredi¢, 2008). Above 30°C depolarization current is higher for ADV-Al-
PILC than for the pure ADV and in all investigated temperature region doped samples
show significantly higher responses than pure MM This finding could be explained by
greater contribution of ionic conductivity to total one. In addition to the overall increase of
dielectric response with increasing temperature, the TSDC thermo grams in Fig.8. have the
feature reflecting the presence of relaxations. The high depolarization current values suggest
that these relaxations arise from the motion of charge carriers. In the case of doped MM
samples three relaxations are evident, located at about -125, -95 and -55°C.

For pure MM i.e. pure ADV and the sample doped with 2 mass % ADV the frequency
dependence of ac conductivity, 0., at 300C, calculated from the €”(f) plots of
Fig. 9. by means of equation (1)

Oac (f) =2mf go &" (f) 1)

where g is the permittivity of free space.
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Fig. 9. Shows ac conductivity o.c versus frequency for the samples indicated on the plot at

300C and ambient relative humidity

The relaxation processes observed as shoulders in Fig. 9., mask the typical behaviour of an
ionic conductor, i.e. the change from a frequency independent value at low frequencies (04c,
dc conductivity plateau) to a steady increase of o, with increasing frequency at higher
frequencies (Mio¢, 2010). The results allow, however, direct reading of the values of o4. at
the temperature and experimental conditions of the measurements. So, we get the values of
about 2x10% S/cm in pure MM, 1x10¢ S/cm in pure ADV and 2x107 S/cm in the doped
sample. It is interesting to note that that o4. increases by one order of magnitude after
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doping of MM with only 2 mass % of ADV. This result is interesting also with respect to
possible applications. Please note that the absolute values of dc conductivity refer to
samples equilibrated in air (ambient relative humidity conditions).

4. Catalytic properties

4.1 Heteropoly compounds supported on montmorillonite as catalysts for wet
peroxide oxidation of toluene

Acid and redox properties of heteropoly acids (HPAs) and their salts render them suitable
catalysts. One of the disadvantages of HPA catalysts, their low surface area and high
solubility can be overcome by impregnation of porous supports by HPAs or by
neutralization of the HPA with different cations. In present study catalytic activity of
montmorillonite based catalysts with different heteropoly compounds was further
investigated.

Catalytic wet peroxide oxidation (CWPO) of toluene by Al-pillared montmorillonite (PILM)
doped with 12-tungstophosphoric acid, H3zPW1,040-nHO (WPA), before and after
calcination and by neutral and acidic Cs salts of WPA was investigated and compared to
catalytic activity of Al-Cu pillared bentonite clay (PILM-Cu) as the reference sample.

Raw material obtained from “Sipovo” bentonite deposits, Republic of Srpska, was modified
and doped with WPA according to the procedure described elsewere. Cs salts were
synthesized by drop wise addition of solution of Cs,CO; (0.1mol/L) to solution of WPA
(0.08mol/L). The precipitates were separated and dried at 40°C overnight. The calcination
was performed at 300°C for three hours. The amount of WPA incorporated into PILM was
determined from ICP spectrometric measurements and was 25,3%.

The characterization of catalysts was performed previously by IR spectrophotometry, DTA
and TGA, while BET surface areas and pore size distributions were calculated from nitrogen
adsorption isotherms at 77 K. Samples were outgassed at 353 K.

Oxidation of toluene

The obtained solids were tested as catalysts in wet oxidation of toluene by HO, at 40°C.
Filtrates were taken during the reaction and analyzed for the toluene content by gas
chromatography. It is shown that after one hour about 80% of toluene was oxidised to CO,.

4.2 Modification of pillared clays with cobalt functionality

The supported samples were prepared by impregnation of the pillared solids using
Co(NO3)2x 6HoO solutions as a impregnation agenses.

The amount of the metal salts was equivalent to a content of 1,5,10 and 20 mass.% Co in the
final samples. After the impregnation, the samples were dried (24 h, room temperature, 18h,
600C) and calcinated (4h, 295°C).

4.3 XRD characterization

All the samples showed a type IV isotherm with a hysteresis loop, which is usually observed
for mesoporous materials. The dimensions of pores in PILM samples are large enough for
incorporation of Keggin ion (r~1.2 nm).

Adsorption-desorption isotherms for Cs2.5 H0.5 WPA are shown in Fig. 10.

Reaction kinetics of wet toluene oxidation over various montmorillonite based catalysts is
shown in Fig. 11.
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Statistical parameters of various models are compared in Table 4.
Table 5 presents rate constants for model with parallel first and second order reactions.

. . Tol —*— P1
Sample Tol ——P1 | Tol+Tol —2—P2 .
Tol+Tol —— P2
PILM-Cu 2.7320 9.7614 4.9724
PILM + WPA 7.3759 3.3605 0.9151
PILM + WPA 3000C 4.9623 3.4395 2.3565
PILM + Cs2.5H0.5WPA 7.8425 2.2392 1.1575
PILM + Cs3WPA 8.2171 2.9924 1.7793

Table 4. Standard error of the fit with tested reaction models, for different samples. The first
and second order reactions are tested.

PILM+WPA  PILM+C2.5H0.5
Sample| PILM-Cu PILM+WPA (300) WPA PILM+C3WPA
k1 5.6375E-02 9.5279E-02 4.4655E-02 2.3820E-02 5.4794E-02
k2 5.1602E+00 4.6719E+01 2.8530E+01 6.7017E+01 2.9349E+01

Table 5. Rate constants for toluene wet peroxide oxidation over various catalyst samples.
Best fitting model with parallel first and second order reactions is used.

According to the results given in Table 1, sample of reference PILM-Cu shows kinetics of the
first order reaction, contrary to the Al-pillared montmorillonite doped with WPA and its Cs
salts, which can be described by the mixed first and second order reaction kinetics. The
highest value of second order rate constant (Table 2) is obtained for Al-pillared
montmorillonite doped with acidic Cs salt of WPA (C2.5 HO.5WPA).

The structure properties of the new-doped material have been studied using X-ray powder
Diffraction (XRPD) method, presented in Fig. 12. The analyses were performed on Siemens
D500 diffractometer.

Data were processed using Siemens Diffrac Plus software and JCP database. Data were
collected in the 20 range from 2 to 80 ° having a continuous scan with the step of 0.02 °26
and the time of 1 s per step.

Reflections of the Co0.03; samples of the pillared clays impregnated with Co are
distinguished from individual phase of Co,Os; but some numbers of these oxides can be
incorporated in montmorillonite. In the sample of Co where the reflex ions in samples of
Co020; are weaker in the case of samples with 20% Co, and reflexion of (100) in case of
montmorillonite is widen in direction of d values.

The results of kinetic tests during cyclohexane oxidation are presented in Figure 13.

The oxygen uptake is given in Figure 14.

The increase of cyclohexanone and cyclohexanol is liner after short induction period and
both products have similar yield. The further oxidation leads to unwanted byproducts.

All samples gain activity comparable with previously tested catalysts. Unexpectedly, the
samples with lower Co content were more active. This observation is another evidence of
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the inhibition effects in the cyclohexane oxidation system, and implies the need for the
optimization of the catalysts.
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Fig. 12. The structure properties of the new-doped material have been studied using X-ray
powder Diffraction (XRPD) method
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Fig. 13. The yield of useful products of the cyclohexane oxidation (cyclohexanone,
cyclohexanol and cyclohexylhydroperoxide), at montmorilonite supported Co catalysts with
indicated Co content.
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Fig. 14. The oxygen concentration in gas phase during the cyclohexane oxidation, at
montmorilonite supported Co catalysts with indicated Co content.

5. Applications

The field of polyoxometalates (POMs), although a mature field, continues to attract
significant attention (Katsoulis, 1998).

Montmorillonite structure differs from the others kind of natural minerals by having an
interlayer space that gives it a swelling behaviour and restricts the water movement. The
other clays are non-swelling.

Nanostructured materials have received much attention due to their potential to achieve
properties superior to conventional engineering materials. Nanoscale reinforcements such as
nanoclays can be used for fabrication of polymer-clay nanocomposites or polymer matrix
composite with nanotubes. Although resulting in enhanced yield stress, tensile strength and
Young’s modulus in the former case, while in latter case electrical conductivity can be
incorporated in the polymer in addition to increase in tensile strength. Thus, incorporation
of nanoparticles, nanoclays and nanotubes in polymer matrix or ceramic matrix leads to the
formation of composites with better properties for applications.

In recent years significant progress has been achieved in the synthesis of various types of
polymer-nanocomposites and in the understanding of the basic principles, that further
defines their optical, electronic and magnetic properties. Nanocomposite-based devices,
such as light emitting diodes, photodiodes, photovoltaic solar cells and gas sensors, have
been developed, often using chemically oriented synthetic methods such as soft lithography,
lamination, spin-coating or solution casting. The key moment of an application
development, of nanocomposite-based devices, is discovery of the possibility of filling
conductive polymer matrices of types: polyaniline, substituted poly (paraphenylenevinylenes)
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or poly (thiophenes), with semiconducting nanoparticles. The possibility to fill the polymer
matrix, both n- and p- conductivity types with nanoparticles, thus providing access to
peculiar morphologies, like interpenetrating grid, p-n semiconductors or fractal p-n
interfaces, not achievable by traditional microelectronics technology.

The peculiarities in the conduction mechanism through a grid of semiconductor
nanoparticle chains provide the basis for the manufacture of highly sensitive gas sensors.
These sensors combine the properties of the polymer matrix with those of the nanoparticles.
It allows the fabrication of sensor devices selective to some definite components in mixtures
of gases.

The other clays are non-swelling. The basic properties and functions of material structures
and systems can be changed as a function of the organization of matter via molecular
interactions (such as hydrogen bonds, electrostatic dipole, van der Waals forces, various
surface forces, electro-fluidic forces, etc.)

Tables 6 and 7 present potential applications of ceramic-, metal- and polymer-based
nanocomposites, respectively. Metal and ceramic nanocomposites are expected to generate a
great impact over a wide variety of industries. These tables summarize the possible
developments associated with these materials in catalysts, sensors, structural materials,
electronic, optical, magnetic, mechanical and energy conversion devices suggested by
researchers in the field.

Nanocomposites Applications

Si02/Fe High performance catalysis, data storage
technologies

Metal oxides/Metal Catalysis, sensors, optoelectronic devices

Si02/Ni Chemical sensors

Table 6. Potential application of ceramic Nanocomposite systems

Nanocomposite Application
Fe/MgO Catalysis, magnetic devices
Fe/TiN Catalysis

Table 7. Potential application of metal Nanocomposites systems

Materials with defined pore-size in the nanometer range are of special interest for a wide
range of industrial applications because of their outstanding properties with regard to
thermal insulations, controllable material separation and release and their applicability as
templates or fillers for chemistry and catalysis. One example of nanoporous material is
aerogel, which is produced by sol-gel chemistry. A wide range of potential applications of
these materials include catalysis, thermal insulation, electrode materials, environmental
filters and membranes as well as controlled release drug carriers.

The applications of POMs are based on combinations of so-called “value-adding properties”
which are summarized in Table 1. such as:

1. metal oxide like

2. stable (H20/air, T): processing advantage

3. large size (diameter, 6-25 A)
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4. discrete size/discrete structure (confined geometric factors)

5. anions (charge from -3 to -14)

6. high ionic weight (103 - 104)

7.  fully oxidized compounds/reducible

8. variable oxidation numbers for the addenda atoms (E1/2) 0.5 to -1.0 V vs SCE)

9. colour of oxidized forms different from colour of reduced forms

10. photoreducible

11. arhenius acids (pKa < 0)

12. incorporate over 70 elements and form large number of structures: processing
advantage

13. acid forms very soluble in H20 & other oxygen carrying solvents (ethers, alcohols,
ketones)

14. also soluble or transferable into nonpolar solvents: processing advantage

15. hydrolysable to form deficient structures: processing advantage

From the above listed properties, the applications of POMs are centred primarily on their

redox properties, photochemical response, ionic charge, conductivity, and ionic weights.

Primarily H3PMo1204, H3sPW1,04, HiSiM0120s, and HySiW1,0O4 are used as the main

examples for many applications for different purposes: coatings, analytical chemistry,

processing radioactive waste, membranes, sensors, dyes/pigments, electrooptics,

electrochemistry/ electrodes, capacitors, dopants in sol-gel matrixes, flammability control, etc.

The majority of the applications of POMs are found in the area of catalysis.

Coatings

A nanocoating can produce high quality with super properties in the coating layers.
Sustainable products can be produced with super ability to resist the stress and loads for
different applications.

Of the most widely used methods to combat corrosion of metal surfaces is the utilization of
corrosion inhibitors such as chromates, phosphates, or silicates. The main concern with the
use of chromate inhibitors is their toxic nature.

Polyoxometalates have relatively low toxicity as compared to chromates; they accept
electrons without major changes of their structures and form insoluble salts with large
cations. These properties make them attractive as oxidizing and film-forming corrosion
inhibitors (Katsoulis, 1998).

Analytical chemistry

The recent explosive growth of sol-gel science and technology offers several examples of
utilization of POMs as additives in inorganic or organic matrixes. The number of examples
is not as large as one might have anticipated based on the advantages that POMs offer in the
ease of incorporation into sol-gel matrixes and on their rich combinations of properties
analytical chemistry such as ion conductivity, photochromicity, and electrochromicity. This
trend is changing, and more material scientists are investigating the interactions of POMs
with organic and inorganic matrixes.

The high solubility of heteropolyacids in water is a drawback since it renders them unstable
under humid conditions, and thus various hydrophobic hosts are required to preserve their
value-adding properties. As one might expect the primary application of these composite
systems is in coatings where attributes such as optical properties, adhesion, hardness and
abrasion resistance are desirable.
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Substances of high electrical conductivity have the potential to function as effective
antistatic agents. POM acid (Keggin type) are among the many compounds that have been
claimed to function as such. Their function is based on the synergy between their
hygroscopic and ionic character.

Processing radioactive waste

The ideal nanocomposite would not only resist radiation damage. It would also not itself
become radioactive by absorbing neutrons.

A good number of applied analytical publications deal with the usage of POMs as process
aids for the processing of radioactive nuclei. (Katsoulis, 1998) 394-403

Their presence renders the processing and solidification (vitrification) of these wastes more
difficult because they evaporate to a noticeable degree and leach out of the vitrified
products that are intended for permanent storage such as glass blocks, cement blocks, and
bitumen blocks.

Limitation of these approaches is the fact that Hs3PMo12040 is also soluble in the aqueous
phase and causes interference with the subsequent process of MAW such as vitrification.

It could still take years before such materials are approved for use, but the modelling
methods will greatly speed up the process.

Membranes and Sensors

Composite membrane has good permeability and selectivity for gases, which depends upon
the operating conditions. The solubility and diffusivity of the penetrants in the polymer
matrix control the transport through non-porous dense membrane (Vijay, 2006).

A large number of application patents and publications deal with the building of
membrane-based devices and sensors that exploit the high ionic conductivity of POMs, their
capability to form a plethora of salts with virtually any cation, and their ability to undergo
redox processes under many mild conditions. The most common uses of these membranes
are in selective electrodes, in gas detection apparatuses, in solid-state electrochromic
devices, and in liquid and solid electrolytic cells.

Many of the selective electrodes described in the literature were constructed for use in
clinical chemistry.

Campiglio described an ion selective electrode for the potentiometric microtitration of
vitamin B1. 153

The sensor biosensor for the determination of the neurotransmitter acetylcholine, based on a
two-layer selective poly(vinyl chloride)-poly(vinyl acetate) membrane consisting of a
choline phosphotungstate as the electroactive compound (Katsoulis, 1998) 156

The membranes were used in gas sensors for the detection of hydrogen and gaseous
compounds capable of dissociating into or combining with hydrogen ions.

The gas sensors are prepared by organic-inorganic polymer membranes made of water
soluble organic polymers (i.e. poly(vinyl alcohol), poly(ethylene oxide), poly(ethylene
glycol), cellulose acetate, etc.) and heteropolyacids or their salts.

Improvements of the functional life of such sensors have been achieved with the use of
various porous solid-state encapsulants that encapsulate at least one component of the
chemical sensor (Katsoulis, 1998).16s-170

Dopants in sol-gel matrixes

The high solubility of heteropolyacids in water is a drawback since it renders them unstable
under humid conditions, and thus various hydrophobic hosts are required to preserve their
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value-adding properties. As one might expect the primary application of these composite
systems is in coatings where attributes such as optical properties, adhesion, hardness and
abrasion resistance are desirable. Common inorganic matrixes are usually derivatives of Al,
Si, Ge, Ti, or Zr alkoxides and to a lesser degree derivatives of Sn, Pb, or Nb alkoxides. We
and others have used the acid catalysis properties of POMs in conjunction with their
photochromic, electrochromic, and ion conductive properties to produce composite siloxane
materials through the sol-gel approach. (Katsoulis, 1998; Katsoulis, 1995; Tasumisago, 1993)
Substances of high electrical conductivity have the potential to function as effective
antistatic agents. POMs are among the many compounds that have been claimed to function
as such. Their function is based on the synergy between their hygroscopic and

The electrodes had excellent optical uniformity due to properties of HaSiW12040 compacted
to a disk in a form of electrochromic display (Katsoulis, 1998)

Dyes/pigments

The ability of POMs to form stable precipitates with cationic dyes has resulted in
considerable patent activity from industries related to pigments, dyes, and inks.s3-95 There
continues to be a need for better control of particle size, particle size distribution, surface
activity, surface area, porosity, and color quality.

Silicomolybdic acid was the most preferred complex heteropolyacid for preparing pigments
for printing inks, particularly for quick set offset printing.

The compounds had excellent utility as pigments, primarily in textiles (i.e. denims) and inks
(replacement for indigo dyes) (Katsoulis, 1998)

Electrochemistry and electrodes

The storage of energy today is a great technology challenge and ongoing activity, especially
the process of charging and recharging of light weight batteries and/or capacitors in
compact forms.

For modification and improvement of activating electrodes and their storage charge
capacity, the polyoxometalates are used. Subsequently, the polyoxometalates are applied for
fabrication of electric double-layer capacitors with optimized energy storage properties.

Due to their capability, reversible redox reactions provide a secondary charge storage
mechanism without decreasing the charge storage ability of the activated electrode’s materials.
During the past few years, significant developments on electrode modification by POMs
have taken place aiming to improve the reaction rates of fuel cells and produce economically
sufficient currents for practical uses (Katsoulis, 1998; Ndzebet, 1995; Savadogo, 1990)

Capacitors

Heteropolyacids and their salts have been claimed as electrolytes for capacitors (solids and
solutions) (Katsoulis, 1998).

The capacitors also maintained good reliability at high temperature operation up to 150 °C.
Aging studies at 125 °C for 310 h showed constant resistivity (Katsoulis, 1998).

Fuel cell

Fuel cell applications include nanocomposite in the proton exchange membrane, binder for
the electrodes and matrix for bipolar plates.

Improvement of the mechanical properties for proton exchange membrane and enhanced
proton conductivity of it yield the nanoparticles to be incorporated into proton exchange
membrane structure.
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When the direct methanol fuel cells are considered, nanoparticles are applied for reduction
of methanol crossover (Paul, 2008; DeLuca, 2006)

Heteropolyacids like H3PW12040 are applied to proton exchange membranes to yield
improved proton conductivity at higher temperatures while retaining good mechanical
properties (Paul, 2008; Kim, 2003; Wang, 2006)

6. Brief conclusion

In the first line of interest, natural nanostructures have potential to overtake the primate of
conventional engineering materials by means of properties and application. Nanomaterials
as nanoclays can be modified to polymer-clay nanocomposites or matrix composites and for
result they form the pre-products with improved characteristics.

In accordance with the properties of natural nanocomposite materials and their possibilities
for application, the need of interdisciplinary science approach is arising, involving
encompassing physics, chemistry, biology, materials science and engineering. Synergy of
knowledge will result in new science discipline and very new technologies and therefore
especially materials. Furthermore, development and implementation of nanocomposites will
impact the society in various areas: electronic, chemical, transportation, medicine and health
care, energy and environmental protection. It is expected that natural nanocomposites will
make significant positive influence on life quality in future (Camargo, 2009).
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1. Introduction

A nanocomposite is a multiphase material derived from the combination of two or more
components, including a matrix (continuous phase) and a discontinuous nano-dimensional
phase with at least one nano-sized dimension (i. e., with less than 100 nm). The nano-
dimensional phase can be divided into three categories according to the number of nano-
sized dimensions. Nanospheres or nanoparticles have the three dimensions in the nanoscale.
Both nanowhiskers (nanorods) and nanotubes have two nanometric dimensions, with the
difference that nanotubes are hollow, while nanowhiskers are solid. Finally, nanosheets or
nanoplatelets have only one nano-sized dimension (Alexandre & Dubois, 2000).

Most nano-sized phases have a structural role, acting as reinforcements to improve
mechanical properties of the matrix (usually a polymer), since the matrix transfers the
tension to the nanoreinforcement through the interface. Nanoreinforcements are especially
useful for biopolymers, because of their usually poor performance when compared to
conventional petroleum-based polymers. The incorporation of nano-sized reinforcements to
biopolymers may open new possibilities for improving not only their properties but also
their cost-price-efficiency (Sorrentino et al., 2007).

Besides nanoreinforcements, whose main role is to improve mechanical and barrier
properties of polymers, there are nanostructures responsible for other applications related to
food packaging. For instance, when incorporated to polymer matrices, they may interact
with the food and/or its surrounding environment, thus providing active or “smart”
properties to packaging systems. Such properties, when present in food packaging systems,
are usually related either to improvements in food safety/stability or information about the
safety/stability status of a product.

The main types of nanostructures will be presented according to their primary
functions/applications in food packaging systems. Some structures can have multiple
applications, and sometimes applications can overlap, such as some immobilized enzymes
which can act as antimicrobial components, oxygen scavengers and/or nanosensors.
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2. Nanoreinforcements in food packaging materials

Polymer nanocomposites usually have much better polymer/filler interactions than
conventional composites (Luduefia et al., 2007). A uniform dispersion of nanofillers into a
polymer matrix results in a very large matrix/filler interfacial area, which restricts the
mechanical mobility of the matrix, and improves its mechanical, thermal (especially glass
transition temperature - Tg), and barrier properties.

The ratio of the largest to the smallest dimension of a filler is an important property known
as aspect ratio. Fillers with higher aspect ratios have higher specific surface area, providing
better reinforcing effects (Azizi Samir et al, 2005; Dalmas et al, 2007). In addition to the
effects of the nanoreinforcements themselves, an interphase region of decreased mobility
surrounding each nanofiller results in a percolating interphase network in the composite
which plays an important role in improving the nanocomposite properties (Qiao & Brinson,
2009). For a constant filler content, a reduction in particle size increases the number of filler
particles, bringing them closer to one another; thus, the interface layers from adjacent
particles overlap, altering the bulk properties more significantly (Jordan et al., 2005).

2.1 Nanoclays (layered silicates)

Nanoclays have been the most studied nanofillers, due to their high availability, low cost,
good performance and good processability. The first publications about applications of
polymer-nanoclays composites to food packaging date from the 1990's (Ray et al., 2006). The
clays for nanocomposites usually are bidimensional platelets with very tiny thicknesses
(frequently around 1 nm) and several micrometers in length.

In contrast with the typical tactoid structure of microcomposites (conventional composites),
in which the polymer and the clay tactoids remain immiscible (Luduefia et al., 2007;
Alexandre et al., 2009), the interaction between layered silicates and polymers may produce
two types of nanoscale composites (Figure 1), namely: intercalated nanocomposites, which
result from penetration of polymer chains into the interlayer region of the clay, producing
an ordered multilayer structure with alternating polymer/inorganic layers (Weiss et al.,
2006), and exfoliated nanocomposites, which involve extensive polymer penetration, with
the clay layers delaminated and randomly dispersed in the polymer matrix (Luduefa et al.,
2007). Exfoliated nanocomposites have been reported to exhibit the best properties due to
the optimal clay-polymer interactions (Adame & Beall, 2009; Alexandre et al., 2009).

The most studied clay is montmorillonite (MMT), whose chemical general formula is
My (AlsMg,) SigO20(OH)s. MMT is a representative of 2:1 layered phyllosilicates, whose
platelets have two layers of tetrahedral silica sheets filled with a central octahedral alumina
sheet (Weiss et al., 2006). This kind of clay has a moderate negative surface charge that is
important to define the interlayer spacing (Alexandre & Dubois, 2000). The imbalance of the
surface negative charges is compensated by exchangeable cations (typically Na* and Ca2*).
The parallel layers are linked together by weak electrostatic forces (Tan et al., 2008). MMT is
an excellent reinforcing filler, thanks to its high surface area and large aspect ratio, which
ranges from 50 to 1000 (Uyama et al., 2003).

The hydrophilicity of the surface of most clays make their dispersion in organic matrices
difficult (Kim et al.,, 2003). Organoclays, produced by interactions of clays and organic
compounds, have found an important application in polymer nanocomposites. An adequate
organophilization is essencial for successful exfoliation of clays in most polymeric matrices,
since organophilization reduces the energy of clays and improves their compatibility with
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Fig. 1. Types of composites from polymer-clay interactions (Alexandre & Dubois, 2000).

organic polymers (Paiva et al., 2008). Organomontmorillonite (6(MMT) have been produced,
for example, by exchanging inorganic cations of MMT with organic ammonium ions,
improving compatibility of MMT with organic polymers (Osman et al., 2003; Paul et al.,
2003), leading to a more regular organization of the layers, and decreasing the water uptake
by the resulting nanocomposite (Picard et al., 2007).

The improved barrier properties of polymer-clay nanocomposites seem to be due to a
increased tortuosity of the diffusive path for permeants (Figure 2), forcing them to travel a
longer path to diffuse through the film. This theory was developed by Nielsen (1967) and
was further corroborated by other authors (Mirzadeh & Kokabi, 2007; Adame & Beall, 2009).
The increase in path length is a function of the aspect ratio of the clay and the volume
fraction of the filler in the composite. Nielsen's model has been used effectively to predict
permeability of systems at clay loadings of less than 1%, but some experimental data have
reported much lower permeabilities than predicted at higher loadings (Adame & Beall,
2009). Beall (2000) proposed a new model to predict permeability of nanocomposites
focused on the polymer-clay interface as an additional governing factor to the tortuous path,
thus providing a correction factor to Nielsen’s model.

Clays have been also reported to improve the mechanical strength of biopolymers (Chen &
Evans, 2005; Russo et al., 2007; Cyras et al., 2008), although they may decrease polymer
elongation (Petersson & Oksman, 2006).

2.2 Cellulose nanoreinforcements

Cellulose nanoreinforcements (CNRs) are interesting materials for the preoparation of low
cost, lightweight, and high-strength nanocomposites (Helbert et al., 1996; Podsiadlo et al.,
2005).
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4

Clay

I Permeant

Fig. 2. Tortuous path for a permeant through a polymer-clay nanocomposite, according to
Nielsen's model. (Adapted from Adame & Beall, 2009).

Cellulose chains are synthesized in living organisms (mainly plants) as microfibrils (or
nanofibers), which are bundles of elongated molecules (with 2-20 nm in diameter and
micrometric in length) stabilized by hydrogen bonds (Azizi Samir et al., 2005; Oksman et al.,
2006; Mattoso et al., 2009). Each microfibril, formed by elementary fibrils, have crystalline
and amorphous regions. The crystalline parts, which may be isolated by procedures such as
acid hydrolysis, are the nanocrystals or nanowhiskers (Dujardin et al., 2003; Azizi Samir et
al., 2004), whose aspect ratios are related to the origin of the cellulose and processing
conditions (Azizi Samir et al., 2005). Thus, a microfibril can be considered as a string of
whiskers linked by amorphous domains, which are taken as structural defects.

Our group has studied the influence of cellulose nanofibers on the physical properties of
mango puree edible films (Azeredo et al., 2009) and chitosan films (Azeredo et al., 2010).

In our first study (Azeredo et al., 2009), different concentrations of cellulose nanofibers
(Novacel® PH-101, provided by FMC BioPolymer, Philadelphia, PA, USA) were added to
mango puree edible films. The nanofiller was homogenized with the mango puree at 6500
rpm for 30 minutes, by using a Polytron PT 3000 (Brinkmann, Westbury, NY, USA). A
control film was prepared with non-reinforced mango puree. The film-forming dispersions
were vacuum degassed, and films were cast on leveled glass plates and allowed to dry for
16 h at 22°C and 42% RH. Samples of the dried films were cut and peeled from the casting
surface for analyses. Tensile properties were measured according to standard method D882-
97 (ASTM, 1997), by using an Instron Model 55R4502 (Instron, Canton, MA) with a 100 N
load cell. The gravimetric Modified Cup Method (McHugh et al., 1993) based on standard
method E96-80 (ASTM, 1989) was used to determine water vapor permeability (WVP).

Table 1 presents physical properties of mango puree films containing different CNR
concentrations. The addition of at least 10% CNRs was effective to decrease water vapor
permeability (WVP) of the films (Table 1), similarly to results reported by Paralikar et al.
(2008) and Sanchez-Garcia et al. (2008). The interactions of CNRs with mango
polysaccharides may have favored water vapor barrier. The nanofillers were also effective to
increase tensile strength and (especially) Young’s modulus. The elongation was slightly
impaired, but only at nanofiller concentrations above 10%. Several other studies have
reported positive effects of CNRs on tensile properties - especially on modulus - of
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polymers (Helbert et al., 1996; Bhatnagar & Sain, 2005; Wu et al., 2007), although they tend
to decrease elongation (Freire et al., 2008; Tang & Liu, 2008; Kim et al., 2009). According to
Helbert et al. (1996), the great effect of CNRs on modulus is ascribed not only to the
geometry and stiffness of the fillers, but also to the formation of a fibrillar network within
the polymer matrix, the CNRs being probably linked through hydrogen bonds.

((f,f)lf TS (MPa) EB (%) YM (MPa)  WVP (gmny kPahm?)
0 @092012)8 (44070987  (19.85%051) (2.66 + 0.06)"
5 @458+021)  (4179+04d)p  (30.93+1.27)d (2.16 + 0.05)°
10 @91+013)c  (4319+1.73)%  (40.88+141)c (2.03+0.11)b
18 (554+007)°  (39.8+053)  (78.82+5.00) (1.90 + 0.06)be
36 (876011  (3154+229¢  (322.05+19.43) (167 +0.11)c

*On a dry basis. TS: tensile strength (MPa); EB: elongation at break (%); YM: Young's Modulus (MPa);
WYVP: water vapor permeability (g.mm/kPa.h.m?). Means in same column with different letters are
significantly different at p<0.05.

Table 1. Physical properties of mango puree films with different concentrations of CNRs.

In our second study (Azeredo et al., 2010), nanocomposite films were also obtained from a
chitosan matrix with CNRs (Avicel® PH, also provided by FMC BioPolymer). The
experiment was conducted according to a central composite design, with two variables:
concentrations (on a dry basis) of CNRs (0-20%) and glycerol (0-30%). A dilute chitosan
solution was made by preparing a 3% chitosan (71.3 kDa, 94% deacetylation, from Polymar
Ciéncia e Nutrigdo S/A, Fortaleza, Brazil) in 1.5% acetic acid solution. CNRs and glycerol were
added to the chitosan solution, and the dispersions were homogenized at 4500 rpm for 30
minutes, with a Polytron PT 3000. The procedure for degassing, casting, drying and analyses
were the same as for the mango puree films. The glass transition temperatures (Tg) of the
films were measured by differential scanning calorimetry (DSC) with an mDSC 2910 (TA
Instruments, New Castle, DE), from 30°C to 200°C, at a heating rate of 10cC/min.

Figure 3 presents the contour plots for the physical properties of the nanocomposite
chitosan films as functions of the CNR and glycerol concentrations. The nanofillers
increased the overall tensile properties of the films, but decreased their elongation. The
water vapor barrier was improved, as indicated by the decreased water vapor permeability
(WVP) with increasing CNR concentrations. Moreover, T of the films was increased by
CNRs. Thus, most responses (except by elongation) were favored by high CNR
concentrations and low glycerol contents.

Several studies have been focused on CNR effects on starch systems, indicating that CNRs
reduce the water sensitivity of starch (Dufresne & Vignon, 1998; Dufresne et al., 2000; Lima
& Borsali, 2004; Lu et al., 2005), and reduce starch brittleness (Dufresne & Vignon, 1998). The
effect of CNRs on starch brittleness is consistent with the transcrystallization phenomenon,
i.e, orientation of crystals of a semicrystalline matrix perpendicularly to the cellulose
microfibrils, as described by Helbert & Chanzy (1994) and Hulleman et al. (1996). Moreover,
some studies have reported that the incorporation of CNRs increases T, of starch (Angles &
Dufresne, 2000; Alemdar & Sain, 2008). However, Mathew & Dufresne (2002) found
inconsistent effects of cellulose whiskers on T, of a starch matrix. They observed that the T
of the nanocomposite first increased up to a whisker content of around 10-15 wt % and then
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Fig. 3. Physical properties of chitosan films added with cellulose nanofibers and glycerol. TS:
tensile strength (MPa); Eb: elongation at break (%); YM: Young’s Modulus (MPa); WVP:
water vapor permeability (g.mm/kPa.h.m?2); Ty: glass transition temperature (°C).

decreased. The increase of Tg up to 15 wt % of whiskers was ascribed to the increase in the
crystallinity of the matrix, the restricted mobility of amorphous amylopectin chains
resulting from the physical cross-links induced by the crystallization. For the decrease of Ty
above 15 wt % whiskers, a possible explanation is that sorbitol may have been partially
ejected from the crystalline domains of the matrix during crystallization, its concentration
increasing in the amorphous domains. This phenomenon should compete with the T
increasing effect of the whiskers themselves, being probably predominant at high loading
level inducing a decrease of T,

Similarly to nanoclays, the presence of cellulose nanoreinforcements is believed to increase
the tortuosity of the diffusivity path for the permeants, lowering the polymer permeability
(Sanchez-Garcia et al., 2008). In fact, several studies have reported improvements in barrier
properties of polymers by addition of cellulose nanoreinforcements (Paralikar et al., 2008;
Sanchez-Garcia et al., 2008; Svagan et al., 2009). The barrier properties are further enhanced
if the filler is less permeable, well dispersed in the matrix, and with a high aspect ratio
(Lagaron et al., 2004).

The resulting overall properties of polymer composites with cellulose nanoreinforcements
have been reported to be strongly related to the dimensions and consequent aspect ratio of
the fillers (Chen et al., 2009) as well as to orientation of the nanostructures (Kvien &
Oksman, 2007).

Because of the hydrophilic cellulose surface, interactions between CNRs and hydrophilic
matrices are usually satisfactory (Bondeson & Oksman, 2007). On the other hand,
incorporation of cellulose nanoreinforcements to hydrophobic matrices results frequently in
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weak filler-matrix interactions (Hubbe et al., 2008) and filler aggregation by hydrogen
bonding (Freire et al., 2008). Another limitation to the hydrophilic character of cellulose
nanoreinforcements is the high water absorption capacity, which is undesirable in many
potential applications (Hubbe et al., 2008). Such problems can be reduced by a variety of
modifications (hydrophobization) on cellulose surfaces by several reactions involving
hydroxyl groups, such as esterifications (Mohanty et al., 2001) and acylation with fatty acids
(Freire et al., 2008).

2.3 Other nanoreinforcements

Carbon nanotubes may consist of a one-atom thick single-wall nanotube, or a number of
concentric tubes called multiwalled nanotubes, having extraordinarily high aspect ratios
and elastic modulus (Zhou et al., 2004). Several polymers have been found to have their
tensile strength/ modulus improved by addition of carbon nanotubes, such as polyethylene
naphtalate (Kim et al., 2008), polyvinyl alcohol (Chen et al., 2005), polypropylene (Lépez
Manchado et al., 2005; Prashantha et al, 2009), and a polyamide (Zeng et al., 2006).
According to Brody (2006), researches from Natick indicated that polylactic acid not only
had its tensile properties improved by carbon nanotubes, but also had its water vapor
transmission rate decreased in 200%.

Silica nanoparticles (nSiO;) have been reported to improve tensile properties of
polypropylene (Wu et al, 2002; Vladimiriov et al., 2006), starch (Xiong et al., 2008),
starch/polyvinyl alcohol (Tang et al., 2008), besides decreasing water absorption by starch
(Tang et al., 2008; Xiong et al., 2008) and improving oxygen barrier of polypropylene
(Valdimiriov et al., 2006). Jia et al. (2007) prepared nanocomposites of polyvinyl alcohol with
nSiO, by radical copolymerization of vinyl silica nanoparticles and vinyl acetate. The
nanocomposites had improved thermal and mechanical properties when compared to the
pure polyvinyl alcohol, due to strong interactions between nSiO, and the polymer matrix
via covalent bonding.

Some studies have been conducted on effects of chitin or chitosan nanostructures on
polymer properties. Incorporation of chitin whiskers have greatly improved the tensile
properties as well as the water resistance of soy protein isolate thermoplastics (Lu et al.,
2004). De Moura et al. (2009) incorporated chitosan-tripolyphosphate nanoparticles into
hydroxypropyl methylcellulose films, and observed that they significantly improved tensile
and barrier properties of the films.

Other nanostructures have also been reported as good reinforcing agents, such as starch
nanocrystals (SNCs), which have increased tensile strength, modulus, and T, of pullulan
films, but decreased their elongation (Kristo & Biliaderis, 2007).

3. Nanocomposite active food packaging

Conventional food packaging systems are supposed to passively protect the food, that is to
say, to act as a barrier between the food and the surrounding environment. On the other
hand, an active food packaging may be defined as a system that not only acts as a passive
barrier but also interacts with the food in some desirable way, e. g. by releasing desirable
compounds (antimicrobial or antioxidant agents, for instance), or by removing some
detrimental factor (such as oxygen or water vapor). The consequences of such interactions
are usually related to improvements in food stability. Some examples of nanocomposite
active food packaging systems are presented in this section.
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3.1 Antimicrobial systems

Antimicrobial food packaging systems have received considerable attention since they help
control the growth of pathogenic and spoilage microorganisms on food surfaces, where
microbial growth predominates. Antimicrobial nanocomposite systems are particularly
interesting, since materials in the nanoscale range have a higher surface-to-volume ratio
when compared with their microscale counterparts. Nanomaterials are thus more efficient,
since they are able to attach more copies of microbial molecules and cells (Luo &
Stutzenberger, 2008). Nanoscale materials have been investigated for antimicrobial activity
as growth inhibitors (Cioffi et al., 2005), killing agents (Stoimenov et al., 2002; Qi et al., 2004;
Huang et al., 2005; Kumar & Miinstedt, 2005; Lin et al., 2005), or antibiotic carriers (Gu et al.,
2003).

Silver is well known for its strong toxicity to a wide range of microorganisms (Liau et al.,
1997), besides some processing advantages such as high temperature stability and low
volatility (Kumar & Miinstedt, 2005). Silver nanoparticles have been shown to be effective
antimicrobials (Aymonier et al., 2002; Sondi & Salopek-Sondi, 2004; Son et al., 2006; Yu et al.,
2007; Tankhiwale & Bajpai, 2009), even more effective than larger silver particles, thanks to
their larger surface area available for interaction with microbial cells (An et al., 2008; Kvitek
et al., 2008). In fact, the most common nanocomposites used as antimicrobial films for food
packaging are based on silver nanoparticles, whose antimicrobial activity has been ascribed
to different mechanisms, namely: (a) adhesion to the cell surface, degradation of
lipopolysaccharides and formation of “pits” in the membranes, largely increasing
permeability (Sondi & Salopek-Sondi, 2004); (b) penetration inside bacterial cell, damaging
DNA (Li et al., 2008); and (c) releasing antimicrobial Ag* ions by dissolution of silver
nanoparticles (Morones et al., 2005). The latter mechanism is consistent with findings by
Kumar & Miinstedt (2005), who have concluded that the antimicrobial activity of silver-
based systems depends on releasing of Ag*, which binds to electron donor groups in
biological molecules containing sulphur, oxygen or nitrogen. Besides the antimicrobial
activity, silver nanoparticles have been reported to absorb and decompose ethylene, which
may contribute to their effects on extending shelf life of fruits and vegetables (Li et al., 2009).
Nanostructured calcium silicate (NCS) was used by Johnston et al. (2008) to adsorb Ag* ions
from a solution. The resulting NCS-Ag complex exhibited effective antimicrobial activity at
desirably low levels of silver down to 10 mg.kg?, and could be incorporated into food
packaging as an antimicrobial agent.

Titanium dioxide (TiO,) is widely used as a photocatalytic disinfecting material for surface
coatings (Fujishima et al., 2000). TiO» photocatalysis, which promotes peroxidation of the
phospholipids present in microbial cell membranes (Maness et al., 1999), has been used to
inactivate food-related pathogenic bacteria (Kim et al., 2005, Robertson et al, 2005).
Chawengkijwanich & Hayata (2008) developed a TiO, powder-coated packaging film able to
reduce E. coli contamination on food surfaces. Gelover et al. (2006) demonstrated the efficacy
of TiO,-coated films exposed to sunlight to inactivate fecal coliforms in water. Metal doping
improves visible light absorbance of TiO, (Anpo et al., 2001), and increases its photocatalytic
activity under UV irradiation (Choi et al., 1994). It has been demonstrated that doping TiO:
with silver greatly improved photocatalytic bacterial inactivation (Page et al., 2007; Reddy et
al., 2007). This combination was explored by Cheng et al. (2006), who have obtained effective
antibacterial activity from a polyvinyl chloride nanocomposite with TiO./ Ag* nanoparticles.
Qi et al. (2004) have reported antibacterial activity from chitosan nanoparticles, which may
be attributed to interactions between the positively charged chitosan and the negatively
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charged cell membranes, increasing membrane permeability and eventually causing rupture
and leakage of the intracellular material. This is consistent with the observation by the same
authors (Qi et al., 2004) that both chitosan and its engineered nanoparticles are ineffective at
pH lower than 6, which is probably due to the absence of protonated amino groups.
Another two antimicrobial mechanisms were proposed by Rabea et al. (2003), namely:
chelation of trace metals by chitosan, inhibiting microbial enzyme activities; and (in fungal
cells) penetration through the cell wall and membranes to bind DNA and inhibit RNA
synthesis.

Carbon nanotubes have also been reported to have antibacterial properties. Direct contact
with aggregates of carbon nanotubes have been demonstrated to kill E. coli, possibly because
the long and thin nanotubes puncture microbial cells, causing irreversible damages and
leakage of intracellular material (Kang et al., 2007). On the other hand, there are studies
suggesting that carbon nanotubes may also be cytotoxic to human cells, at least when in
contact to skin (Shvedova et al., 2003; Monteiro-Riviere et al., 2005) or lungs (Warheit et al.,
2004), which would affect people manipulating the nanotubes in processing stages rather
than consumers. Anyway, once present in the food packaging material, the nanotubes might
eventually migrate into food. Then, it is mandatory to know any eventual health effects of
ingested carbon nanotubes.

3.2 Oxygen scavengers

Oxygen (O2) participates in several forms of food deterioration. Direct oxidation reactions
result in browning reactions and rancid flavors, to name only a few examples. Food
deterioration by indirect action of O, includes food spoilage by aerobic microorganisms. The
incorporation of O scavengers into food packaging systems can maintain very low O»
levels, which is useful for several applications.

Oxygen scavenger films were successfully developed by Xiao-e et al. (2004) by adding TiO»
nanoparticles to different polymers. The nanocomposite materials could be used as
packaging films for a variety of oxygen-sensitive food products. Since TiO, acts by a
photocatalytic mechanism, its major drawback would be the requirement of UVA light
(Mills et al., 2006).

3.3 Enzyme immobilization systems

Enzymes have a variety of applications in food industry. However, their sensitivity to
processing conditions and/or to enzyme inhibitors can sometimes restrict the applicability
of the direct enzyme addition to foods. Immobilization is usually an effective way to
improve enzyme stability to pH and temperature, resistance to proteases and other
denaturing compounds, as well as to provide an adequate environment for their repeated
use or controlled release (Kandimalla et al., 2006; Lopez-Rubio et al., 2006).

Enzyme immobilization has been considered for packaging applications (Appendini &
Hotchkiss, 1997; Soares & Hotchkiss, 1998). The incorporation of enzymes like lactase or
cholesterol reductase to packaging materials could increase the value of food products and
answer the needs of consumers with enzyme deficiencies (Fernandez et al., 2008). Nanoscale
enzyme immobilization systems would have enhanced performance when compared to
conventional ones, because of their much higher surface contact area and mass transfer rate,
which are probably the most important factors affecting the effectiveness of such systems
(Fernandez et al., 2008). Approaches might be expected dealing with enzyme adsorption
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into nanoclays incorporated to polymers (Rhim & Ng, 2007), since nanoclays have a high
affinity for protein adsorption, and have been reported to be efficient enzyme carriers
(Sinegani et al., 2005; Gopinath & Sugunan, 2007). Conductive polymers may also be used as
immobilizing matrices for biomolecules (Ahuja et al., 2007), as reported by Sharma et al.
(2004), who immobilized glucose oxidase onto films of poly(aniline-co-fluoroaniline). SiO,
nanoparticles have been modified to immobilize glutamate dehydrogenase and lactate
dehydrogenase (Qhobosheane et al., 2001), which have shown excellent enzyme activity
upon immobilized.

4. Nanocomposite smart food packaging

A smart food packaging system may be defined as a system that “perceives” some property
of the packaged food and uses some mechanism to register and transmit information about
the current quality or safety status of the food. In this context, nanostructures can be applied
as reactive particles in packaging materials. The so-called nanosensors may be able to
respond to environmental changes during storage (e.g., temperature, relative humidity,
oxygen exposure), degradation products or microbial contamination (Bouwmeester et al.,
2009).

Food expiration dates are estimated by considering distribution and storage conditions
which the food product is supposed to be exposed to. However, such conditions are
frequently not the real ones. For instance, foods which require a cold chain are often
exposed to temperature abuse; micropores or sealing defects in packaging systems can lead
food products to an unexpectedly high exposure to oxygen. Nanosensors integrated into
food packaging systems may detect spoilage-related changes, pathogens and chemical
contaminants, being then useful to eliminate the need for inaccurate expiration dates,
providing real-time status of food freshness (Liao et al., 2005). Below are some examples of
applications of nanocomposites as smart packaging systems.

4.1 Time-temperature integrators

Time- temperature indicators or integrators (TTIs) are designed to monitor, record and
translate whether a certain food product is safe to be consumed, in terms of its temperature
history. This is particularly important when food is stored in conditions other than the
optimal ones. For instance, if a product is supposed to be frozen, a TTI can indicate whether
it had been inadequately exposed to higher temperatures and the time of exposure.

The TTIs are categorized into three basic types, namely, abuse indicators, partial temperature
history indicators, and full temperature history indicators. Abuse indicators, or critical
temperature indicators, merely indicate whether a reference temperature has been achieved.
Partial temperature history indicators integrate the time-temperature history only when the
temperature exceeds a critical predetermined value. Finally, full temperature history indicators
provide a continuous register of temperature changes with time (Shing, 2000).

The communication is usually manifested by a color development (related to a temperature
dependent migration of a dye through a porous material) or a color change (using a
temperature dependent chemical reaction or physical change). Timestrip® has developed a
system (iStrip) for chilled foods, based on gold nanoparticles, which is red at temperatures
above freezing. Accidental freezing leads to irreversible agglomeration of the gold
nanoparticles resulting in loss of the red color (Robinson & Morrison, 2010).
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4.2 Detection of gases produced by food spoilage

Food spoilage is caused by microorganisms whose metabolism produces gases which may
be detected by several types of gas sensors which have been developed to translate chemical
interactions between particles on a surface into response signals.

Nanosensors to detect gases are usually based on metal oxides or, more recently, conducting
polymer nanocomposites, which are able to quantify and/or identify microorganisms based
on their gas emissions.

Sensors based on conducting polymers (or electro active conjugated polymers) consist on
conducting particles embedded into an insulating polymer matrix. The resistance changes of
the sensors produce a pattern corresponding to the gas under investigation (Arshak et al.,
2007). Conducting polymers are very important because of their electrical, electronic,
magnetic and optical properties, which are related to their conjugated = electron backbones
(Retama, 2005; Ahuja et al., 2007; Wiziack et al., 2007). Polyene and polyaromatic conducting
polymers such as polyaniline, polyacetylene, and polypyrrole have been widely studied
(Ahuja et al., 2007). Electrochemically polymerized conducting polymers have a remarkable
ability to switch between conducting oxidized (doped) and insulating reduced (undoped)
states, which is the basis for several applications (Rajesh et al., 2004).

Nanosensors containing carbon black and polyaniline developed by Arshak et al. (2007)
have been demonstrated to be able to detect and identify three foodborne pathogens by
producing a specific response pattern for each microorganism.

4.3 Oz sensors

There has been an increasing interest to develop non-toxic and irreversible O, sensors to
assure O absence in oxygen-free food packaging systems, such as packaging under vacuum
or nitrogen.

Lee et al. (2005) developed an UV-activated colorimetric O, indicator which uses TiO»
nanoparticles to photosensitize the reduction of methylene blue (MB) by triethanolamine in
a polymer encapsulation medium using UVA light. Upon UV irradiation, the sensor
bleaches and remains colorless until it is exposed to oxygen, when its original blue color is
restored. The rate of color recovery is proportional to the level of oxygen exposure.
Gutiérrez-Tauste et al. (2007) deposited MB/TiO, nanocomposite thin films on glass by
liquid phase deposition (LPD), a soft chemical technique which has been applied to
deposition of oxides to several substrates. This technique could be used to develop an O>
indicator packaging system for a variety of oxygen-sensitive foods.

Mills & Hazafy (2009) used nanocrystalline SnO, as a photosensitizer in a colorimetric O,
indicator comprising a sacrificial electron donor (glycerol), a redox dye (MB), and an
encapsulating polymer (hydroxyethyl cellulose). Exposure to UVB light led to activation
(photobleaching) of the indicator and photoreduction of MB by the SnO, nanoparticles. The
color of the films varied according to O2 exposure - bleached when not exposed, and blue
upon exposed.

5. Final considerations

Nanotechnology has demonstrated a great potential to provide important changes in the
food packaging sector. Nanocomposites are promising to expand the use of biodegradable
polymers, since the addition of nanoreinforcements has been related to improvements in
overall performance of biopolymers, making them more competitive in a market dominated
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by nonbiodegradable materials. Moreover, several nanostructures can be useful to provide
active and/or “smart” properties to food packaging systems, as exemplified by
antimicrobial properties, oxygen scavenging ability, enzyme immobilization, or indication
of the degree of exposure to some detrimental factor such as inadequate temperatures or
oxygen levels. So, nanocomposites may not only be used to passively protect foods against
environmental factors, but also to incorporate desirable properties to the packaging system
so it may actually enhance stability of foods, or at least to indicate their eventual
inadequation to be consumed.

However, there are important safety concerns about nanotechnology applications to food
contact materials. On the one hand, the properties and safety of most starting materials in
their bulk form are usually well known. Nano-sized counterparts frequently exhibit
different properties from those found at the macro-scale, because the very small sizes of the
former, in principle, would allow them to move through the body more freely than larger
particles, while their high surface area increases their reactivity, although they form large
aggregates in most conditions. There is limited scientific data about migration of
nanostructures from packaging materials into food, but because of their tiny dimensions it is
reasonable to assume that migration may occur. Few studies have been conducted to assess
the risks associated to the presence of such extremely small particles, some of them
biologically active, in the human body or dispersed in the environment. Hence, significant
research is still required to evaluate the potential toxicity of nanotechnology products, as
well as the environmental safety of their use.
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1. Introduction

Recently, hydrogen storage and transportation are being studied all over the world as the
key technology to establish clean and renewable energy systems for a sustainable society. In
the case of an on—board application for a vehicle, hydrogen should be stored in a compact,
light, safe, and reasonable vessel. Hydrogen storage materials can safely store higher density
of hydrogen compared to the gaseous and liquid hydrogen storage systems. Therefore, the
systems using hydrogen storage materials are considered as the most suitable technique
(Akiba, 1999, Grochala & Edwards, 2004, Sandrock, 1999, Schlapbach & Ziittel, 2001, Ziittel,
2007). Particularly, much attention has been paid to materials based on the light elements
because these materials are expected to realize high gravimetric and volumetric densities of
hydrogen (Orimo & Nakamori et al., 2007, Schiith & Bogdanovi¢ et al., 2004, Ziittel, 2004).

Carbon is one of the attractive light elements because of abundant resource and low cost.
Therefore, a lot of carbon based materials have been investigated as a hydrogen storage
material since Dillon et al. reported on single-walled carbon nano—tubes in 1997 (Dillon &
Jones et al., 1997). Among the carbon based materials, the hydrogenated nano—structural
graphite (CrancH,) can stably store large amount of hydrogen. The hydrogen ab/desorption
properties of CranoH, have been investigated so far (Chen et al., 2003, Ichikawa et al., 2004,
Majer et al., 2003, Miyaoka et al., 2010, Orimo et al., 1999, Orimo et al., 2001, Stanik et al.,
2005). CranoH, is synthesized from graphite by ball-milling method under hydrogen
atmosphere. With respect to the hydrogen absorption site in this product, the hydrogen atoms
are chemisorbed as the stable C-H bonds at the graphene edges and defects induced by
ball-milling (Fukunaga & Itoh et al., 2004, Itoh & Miyahara et al., 2003, Ogita & Yamamoto et
al., 2004, Smith & Miyaoka et al., 2009). On the other hand, this product needs a high
temperature of more than 700 °C to release the hydrogen, and desorbs a considerable amount
of hydrocarbons, such as methane (CHj) and ethane (C;Hs), together with hydrogen.
Furthermore, it is quite difficult to recharge this product with hydrogen under moderate
conditions of pressure and temperature for the on—board application. In order to improve the
hydrogen absorption and desorption properties of CranoH,, Ichikawa et al. have paid attention
to the chemical reaction between NHs and LiH, which is one of the elementary reactions in the
Li-N-H system (Ichikawa & Hanada et al., 2004). This reaction proceeds even at room
temperature and the hydrogen is released, indicating that the stable ionic crystal of LiH is
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destabilized by reacting with polar molecule ammonia (NH3) to form lithium amide (LiNH>).
On the analogy of this reaction, a hydrogen storage system using a reaction between CnanoH,
and LiH has been designed, where the C—H groups in CrancH,, are polarized (similar to NHz)
as is clear from the existence of the IR active modes corresponding to the C—H bonding (Ogita
et al, 2004). In fact, it was demonstrated that the hydrogen absorption and desorption
properties of CrancH, is improved by synthesizing the nano-composites with LiH (Ichikawa &
Fujii et al., 2005, Ichikawa & Isobe et al., 2005). The Li—C-H system would be categorized as a
new hydrogen storage system because the hydrogen absorption and desorption reactions
would be induced by a characteristic interaction between the polarized C-H groups in
nano-—structural graphite and LiH, which is not reported so far. Therefore, the hydrogen
absorption and desorption reactions are quite different from the conventional hydrogen
storage systems, indicating that an understanding of the hydrogen ab/desorption properties
of the systems could lead to design a new hydrogen storage system with further high
performance.

In this chapter, the details of hydrogen absorption and desorption mechanism on the
CranoH,~LiH composite is discussed on the basis of the experimental results obtained by
various kinds of analyses. In addition, the similar systems composed of CrancH, and other
alkali (—earth) metal hydrides are also introduced.

2. Experimental details

2.1 Sample preparation

The hydrogenated nano—structural graphite (CranoH, or CraneD,) was synthesized from high
purity graphite powder by the vibrating ball-mill apparatuses. Graphite of 300 mg and 20
ZrO; balls with 8 mm in diameter were put into a milling vessel made of Cr steel. Then, the
ball-milling was performed under 1.0 MPa H; or D, pressure at room temperature for 80 h. In
order to synthesize the composites, CrancH,. (or CraneD,) and MH (M=Li, Na, Mg, and Ca) were
mechanically milled for 2 h under a 1.0 MPa H; atmosphere at room temperature by using a
rotating ball-mill apparatus. The molar ratio of CrancH, and LiH was chosen to be 2:1 as a
suitable composition from previous studies (Ichikawa et al., 2005). The dehydrogenating and
rehydrogenating treatments for the composites were performed at 350 °C for 8 h under high
vacuum condition and 3.0 MPa H pressure in a reactor made of steel, respectively. The details
of sample preparation are shown in the previous articles (Ichikawa et al., 2005, Miyaoka et
al.,, 2007, Miyaoka et al., 2009, Miyaoka et al., 2008).

2.2 Experimental techniques

Thermal gas desorption properties of the composites were examined by a thermal
desorption mass spectroscopy (TDMS) connected to thermogravimetry (TG) and differential
scanning calorimetry (DSC). Phase identification for the composites at each stage was
carried out by powder X-ray diffraction (XRD) measurement (CuKa radiation). The neutron
diffraction measurements for the deutrated composites (CraneD,~LiD) were carried out
using high intensity total scattering spectrometer (HIT-II) at the high energy accelerator
research organization (KEK, Tsukuba, Japan). The remaining gases in the reactor used to
rehydrogenate the composites by the heat treatment were identified by gas chromatography
(GQ). The details of above analyses are described in the articles reported before (Fukunaga
et al., 2004, Itoh et al., 2003, Miyaoka et al., 2007, Miyaoka et al., 2009, Miyaoka et al., 2008).
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3. Results and discussion

3.1 Hydrogen absorption and desorption mechanism of the C"*"°H,LiH composite

Fig. 1 shows the TDMS and TG profiles of the composites after synthesizing and after each
cycle of hydrogen absorption/desorption up to 5 times, where mass number 2, 16, and 28
are assigned to Hj, CHy, and CoHg, respectively (Ichikawa et al., 2005, Miyaoka et al., 2009).
In the TDMS profile of the as—synthesized composite shown in Fig. 1, the intensities of CHy
and C;Hp are enlarged to ten times. From the result, it is found that this composite desorbs
the hydrogen around 350°C with small amount of hydrocarbon desorption. The hydrogen
desorption peak temperature is lower than the decomposition temperatures of CnancH, and
LiH themselves. The TG profile of the as—synthesized composite (dash and dot line in Fig. 1)
reveals a weight loss of about 10.0 mass % during heating up to 500°C.

— mass 2 N
- -mass 16 x10
--- mass 28 x10

‘‘‘‘‘

Intensity (arb. units)
o

100 200 300 400 500
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Fig. 1. TDMS and TG profiles (dash and dot line) of the CnanocH,-LiH composites after
synthesizing and rehydrogenation of 5 times.
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This weight loss is mostly due to hydrogen gas, but includes a small amount of hydrocarbon
desorption. After the dehydrogenation and rehydrogenation cycles, the hydrogen
desorption profile of the composites reveal a two—peak structure, where these peaks
correspond to hydrogen desorption are located around 350 and 450°C. These hydrogen
desorption temperatures are still lower than the decomposition temperature of each
component, suggesting that the hydrogen desorption of cycled composites could take place
by the interaction between the polarized C—H groups and LiH. It should be noticed that
only hydrogen is desorbed from the rehydrogenated composites without any hydrocarbons
emission, suggesting that hydrogen absorption state of the hydrogen recharged composite is
slightly different from that of the as—synthesized composite. The hydrogen desorption peak
around 450°C in the TDMS profile may be caused by the slow reaction kinetics because this
peak almost disappeared in the TDMS after the 2nd dehydrogenation at 350°C. The 1st and
2nd rehydrogenated composites can desorb 5.0 mass % of hydrogen as shown in their TG
profiles. However, the hydrogen desorption amount gradually decreases with the hydrogen
ab/desorption cycles after the 3rd rehydrogenation although the shape of the hydrogen
desorption profiles are almost unchanged.

The structural change with the hydrogenation and dehydrogenation cycles was examined
by XRD measurements. The XRD profiles of the composite after synthesis and after each
dehydrogenation and rehydrogenation treatment are shown in Fig. 2 (Miyaoka et al., 2009).
As a reference, the XRD profiles of LiH (PDF #65-2897) and Li,C, (PDF #21-0484) in the
database are shown.
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Fig. 2. XRD patterns of (a) the hydrogenated and (b) the dehydrogenated CnanoH,-LiH
composites at room temperature after each dehydrogenating and rehydrogenating
treatments.
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In the XRD pattern of the as—synthesized composite in Fig. 2 (a), diffraction peaks
corresponding to a LiH phase are observed, and no other peaks related to carbon appear
due to the nano-structural feature. After the 1st dehydrogenation treated at 350°C for 8 h,
LiH phase disappears. On the other hand, new diffraction peaks assigned to Li»C appear as
shown in Fig. 2 (b) although the peaks are quite small. By the 1st rehydrogenation at 350°C
for 8 h under H; pressure of 3 MPa, the Li,C; phase disappears, and then, the LiH phase is
recovered as shown in Fig. 2 (a). With the re/dehydrogenation treatments after the 3td cycle,
it is clearly found that the peaks assigned to LiH remain in the dehydrogenating sample.
The diffraction peaks corresponding to LixC, are grown by the 2nd dehydrogenation
treatment, however they gradually decrease from the 3rd cycle. These results indicate that
the formation of Li>C, due to the interaction between the polarized C-H groups in CnanoH,
and LiH decreases from the 3td cycle. The phenomenon is quite consistent with the decrease
in the hydrogen desorption amount after the 3rd cycle obtained by TG.

The local chemical bonding states of the as-synthesized, 1st dehydrogenated, and 1st
rehydrogenated composites were investigated by the neutron diffraction to understand the
variation of the nano-structural graphite. The structure factors (S(Q)) of the CranoD,~LiD
composite at each state are shown in Fig. 3, where the S(Q) of host graphite and LiD
measured as reference are also included in the figure (Miyaoka et al., 2008).
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Fig. 3. Structure factors (S(Q)) of (a) the as-synthesized, (b) the 1st dehydrogenated, (c) the 1st

rehydrogenated CnaneD,-LiD composite. The lower spectra are S(Q) of host graphite, LiD
and main peaks of Li»C; calculated form database (PDF #21-0484) as reference.

As shown in Fig. 3 (a), no peaks corresponding to graphite are observed in the spectrum of
the as—synthesized composite although some observed peaks are assigned to LiD by
comparing with the reference. Additionally, a large scattering intensity is observed in the
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small angle scattering region below 5.0 nm= in S(Q). This result indicates that the graphite
in the composite possesses the disordered states such as nano—structure or amorphous
structure. Fig. 3 (b) shows S(Q) of the dehydrogenated composite. Moreover, main peaks of
Li»C5 calculated from powder X-ray diffraction file of LoC, (PDF #21-0484) in database are
also shown in Fig. 3, where intensity of each peak is assumed to be unity. The peaks
corresponding to LiD completely disappear after the dehydrogenation. On the other hand,
new peaks are observed, in which these are not consistent with the peaks corresponding to
graphite shown as a reference. Among them, main peaks observed in S(Q) are consistent
with the peaks calculated from database of Li>C,. Therefore, it is considered that the peaks
observed after the dehydrogenation would be assigned to Li>C,. As shown in Fig. 3 (c), it is
observed that the peaks corresponding to LiD are recovered after rehydrogenation.
Moreover, broad peak appears around 1.6 nm-! in S(Q), which would be assigned to the
graphite (002), where it is noticed that the position of this peak is slightly shifted to lower Q
compared with that of graphite shown as a reference. It is expected that this peak shift is
induced by expansion of the graphite layers due to grain size of nano—meter order. In
addition to this result, the intensity in the small angle scattering region decreases compared
with those of the as—synthesized and dehydrogenated composite. From these results, it is
suggested that a small part of nano-structural graphite would be ordered by
rehydrogenating treatment.

The Radial distribution function RDF(r) obtained from S(Q) of the composites at each stage
are shown in Fig. 4 (Miyaoka et al., 2008).
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Fig. 4. Radial distribution function RDF(r) of the as-synthesized, dehydrogenated, and
rehydrogenated CnaneD,-LiD composites. Dashed lines represent the fits using Gaussian
distribution functions.
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For the peaks observed within 0.25 nm, the correlations between atoms are estimated by
fitting used Gaussian distribution functions. Furthermore, some C-H groups, which are
—CH, —CH; and —CHs, are shown as models of hydrogen chemisorbed states in Fig. 5, where
these models are built by geometric expectations and the previous studies (Miyaoka et al.,
2008). In this RDF(r) of the as-milled composite, two kinds of peaks related to C-C
correlation are observed at about 0.14 and 0.15 nm. The peak around 0.14 nm would
originate in the bonding of sp2-hybridized carbon atoms (C=C) in hexatomic ring of
graphite structure. With respect to another peak corresponding to the C—C correlation, the
bond length of 0.15 nm is close to that of sp3—~hybridized carbon atoms (C—C) in crystalline
diamond. Thus, it is expected that the 4—fold bonding is generated due to the destruction of
graphite structure by using ball-milling as shown in Fig. 5 (d) and (e). It is also possible that
some kinds of chained C-H groups with the C—C sp3-bonding may exist at the edges in the
nano-structural graphite. Furthermore, the peaks corresponding to two kinds of the C-D
correlations are observed at about 0.11 and 0.18 nm, respectively. The C-D correlation
observed around 0.11 nm is ascribed to the covalent bonds, (Fukunaga et al., 2004)
suggesting that hydrogen atoms are chemisorbed at dangling bonds such as the edges or as
the defects in graphene sheets produced by ball-milling as models shown in Fig. 5. It is
considered that the C-D peak around 0.18 nm is assigned to the correlation between
hydrogen atoms of the C-D groups at the graphene edges and second neighbor carbon
atoms (C2nd-D). For these models of the C—H group, the C2nd—H bond length is estimated by
a geometrical calculation as follows. The C2d—H bond length in case of the covalent bond at
zigzag edges in ab—plane as model (a) is estimated to be about 0.22 nm, which is longer than
0.18 nm. On the other hand, it is possible that the C2d—H bond length of other models is
estimated to be around 0.18 nm if the atoms form a suitable C—-C—H bond angle. The bond
length of 0.18 nm might be realized in a situation when the hydrogen atom in the model (a),
(b), and (c) exists at out of ab—plane, where the C-C-H bond angle should be around 91 °.
In addition to above C-C and C-D correlations, it is noticed that the negative correlation is
revealed at about 0.19 nm. In fact, this peak is not clear because the negative peak overlaps
with the positive correlation around 0.18 nm, so that it is quite difficult to perform the fitting
by Gaussian distribution functions for both peaks. Here, it is clarified from RDF(r) obtained
by neutron diffraction for LiD itself that the Li—D correlation is revealed as negative peak
because a coherent scattering length of Li atom is only negative value among those of the
atoms included in this composite. Furthermore, the result of the XRD measurements and
S(Q) of the CranoD,-LiD composites demonstrated the existence of LiD. From these
experimental facts, the negative correlation is assigned to the Li-D bond.

[-CH group] [-CH, group] [-CHj; group]

Fig. 5. Models of hydrogen chemisorbed state as -CH, -CH, and -CH3 groups in the CnanoH,-
LiH composite; (a) -CH group at zigzag edges and (b) arm-chair edges, (c) -CH> group with
sp2-hybridyzed carbon (C=C) and (d) sp*-hybridyzed carbon (C-C), (e) -CH3 group, where
shown unit of length is nm.
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In the RDEF(r) of the dehydrogenated CraneD,~LiD composite, three kinds of characteristic
peaks are revealed at about 0.12, 0.14 and 0.22 nm. The peak around 0.14 nm is assigned
to the C=C correlation of sp2-bonding in nano—structural graphite, which is sharper than
that of as—synthesized composite. The positive peak around 0.12 nm and the negative
peak around 0.22 nm are ascribed to the C—C and C-Li correlation in Li,C», respectively.
The crystal structure of Li>C, have been investigated and reported before. (Juza et al.,
1967, Ruschewitz & Pottgen, 1999) Among those studies, Ruschewitz et al. reported on the
crystal structure Li,C, obtained by X-ray diffraction measurements. (Ruschewitz &
Pottgen, 1999) In that paper, it is determined that the bond length of the C—C correlation
in Li,C; is about 0.123 nm. This C—C bond would be the typical C-C triple bond (C=C) of
sp—hybridization, where this bond length is close to that of 0.120 nm in acetylene. Thus,
the C-C correlation around 0.12 nm is assigned to the C—C triple bond in Li;C,. The
obvious negative peak around 0.22 nm should be ascribed in a correlation related to Li
atom. By comparing with the RDF(r) of the as—synthesized composite, this bond length is
longer than that of 0.19 nm in case of the Li-D correlation. It is confirmed from XRD
pattern and S(Q) that the LiD phase disappeared after dehydrogenation. From these
experimental facts, it can be explained that the origin of the peak around 0.22 nm is
caused by the C-Li correlation in Li>C. In the case of the rehydrogenated composite, the
peaks assigned to Li>xC, disappear and the Li—-D correlation assigned to LiD phase is
recovered at about 0.19 nm, where this phenomenon has been clarified by the XRD
measurement already. The peak ascribed to the C=C sp2-bonding is also observed around
0.14 nm. On the other hand, the peak at 0.15 nm of as—synthesized composite is not
revealed in the RDF(r) profile of the rehydrogenated composite. Considering these result,
it is expected that the amount of sp3-hybridyzed carbon atoms decrease due to the
structural order by the hydrogen desorption and absorption treatments, where this result
is consistent with the behavior in the small angle scattering region in S(Q). It is noticed
that the peaks corresponding to the C—D correlation are obviously recovered around 0.11
and 0.18 nm. Therefore, it is considered that the only hydrogen desorption from the
rehydrogenated composite is realized by the interaction between the polarized C-H
bonding at the dangling bonds of nano-structural graphite and LiH. The intensity of the
peak around 0.11 nm is slightly weak, in comparison to that of the as—synthesized
composite, indicating that the amount of chemisorbed hydrogen at the dangling bonds is
smaller than that in the as—synthesized composite. In addition, new peak is observed at
about 0.16 nm, which is longer than that of the C—C bonds of ~0.15 nm or shorter than
that of C2nd—H bond of ~0.18 nm. Thus, it seems likely that the origin of this peak might
be a new C-D correlation, which is different from the C2nd—D correlation revealed around
0.18 nm, as a one of the possibilities. From the above results of the neutron diffraction
measurements, it is clarified that not only Li but also nano-structural carbon (Cnanc) in
this composite can be recharged with hydrogen by the rehydrogenating treatment at 350
°C under 3 MPa of hydrogen pressure.

In order to understand the hydrogen absorption process in further detail, the gases remaining
in the reactor, are examined by GC after each rehydrogenation. The gas chromatograms for the
composites are shown in Fig. 6 (a), and the results of GC for H, and CHj gases are appended in
Fig. 6 (b) as references (Miyaoka et al., 2009). All the chromatograms of the composites show
two peaks at different retention times. The respective peaks are assigned to H» and CH,
because the positions of peaks are quite consistent with those of the reference. The results
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Fig. 6. (a) The chromatograms of the gases remaining in the reactor after each
rehydrogenation of the CrancH,-LiH composite by heat treatment at 350°C for 8 h under 3
MPa of hydrogen, and the second peaks observed after each rehydrogenation are shown in
inset, in which the peak intensity is normalized by the intensity of first peak. (b) The
chromatogram of H; and CHy itself as reference.

indicate that the hydrocarbons, mainly CHy, are desorbed with decomposition of Li,C, by
recharging the composite with the hydrogen, where a quite small amount of ethane CyHs is
also observed in the GC. As shown in the inset of Fig. 6 (a), the normalized intensity of the
peak ascribed to CH4 is gradually weakened by the 3rd rehydrogenation, in which the
normalization of the peaks is carried out by using the intensity of H».

Fig. 7 shows the amount of carbon lost as hydrocarbon during each rehydrogenating
treatment as a function of the number of hydrogen ab/desorption cycles, assuming that the
desorbed gas is only CH, (Miyaoka et al., 2009).
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Fig. 7. Amounts of the carbon lost during each rehydrogenation of the CnancH,-LiH
composite and the hydrogen desorbed from the each rehydrogenated composite as a
function of the hydrogen ab/desorption cycle, which are estimated by the results from GC
and TG, respectively.
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The amount of carbon in CHy and H; are estimated respectively by the GC and TG. At the 1st

cycle, about 29.0 mass % of the carbon atoms is desorbed as CHy and 5.0 mass % of Hy is

desorbed from the composite. The amount of lost carbon is reached up to 45.4 mass % at the
2nd hydrogen recharge, and gradually decreases with the hydrogenating treatment from the
3rd cycle. The decrease in the hydrogen desorption amount is also started from the 3rd cycle.

The variation of the amount of lost carbon and desorbed hydrogen by the hydrogenation

and dehydrogenation cycles is quite consistent with each other. Therefore, the results of GC

indicate that the hydrogen absorption and desorption properties of the composite are
strongly related to the hydrocarbon desorption during the hydrogen recharging process.

From the above experimental facts and the following four assumptions,

1. the quite small amount of hydrocarbons desorption from the as—synthesized composite
can be ignored (Fig. 1),

2. the hydrogenated state of the ball-milled graphite in the composite after
rehydrogenation is defined as the CnanoH, because the rehydrogenated state of the
composite is different from that of CrancH, in the as—synthesized composite , and the
H/C =y is not changed with the cycled treatments,

3. the half of the carbons in the Li,C; is desorbed as CHj gas with recharging hydrogen,
and

4. H;or CHy desorbed by each treatment is removed from the system,

it is expected that the hydrogen absorption and desorption reaction in the Li~C—H system

with the cycles of hydrogenation and dehydrogenation treatments is expressed as follows

(Miyaoka et al., 2009):

Initial desorption: 2C"™"H, +LiH — Cm‘m4—1Li2C2 (43{ i 2JH2 ) 1)
2 4
1., 3y+6 3 1 .
Isteyele: (abs)  C™" 4 LiC, + ( Y sz S C°H, +- CH, T4 LiH 2)
(des) %CWHy +LiH - %cmm + %LiZCZ (3y4+ Zsz 1 ®)
2nd cycle: (abs.) %cm’ +%Li2C2 +[2y7j6jH2 > COH, +%CH4 T {LiH @)
(des.) C™"°H,, + LiH - %LizCz [2y4+ 2)1{2 0 ®)
1 : y +6 1 nano T .
3rd cycle: (abs)  LirCy+ H, > (c H, +CH, 1)+ LiH 6)
(des.) %CmmHy +LiH - %Lizc2 [y Z 1)1{2 0 +%LiH @)
4th cycle: (abs.) %LizCz + %LiH 4 (y +6 jHQ N %(Cm‘“"Hy +CH, 1)+ LiH ®)
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1 nan N +1 3.

(des.) JCWH, + LiH > £ LiyC, +(y . jHZ T4 LiH )
1.. 3. +6 1/ nan .

5th cycle: (abs.) §L12C2+ZL1H+[]/16 jHZ —>§(c "H, + CH, 1)+ LiH (10)
1 . 1. y+1

des. —CMH, +LiH - —Li,C, + H T+ LiH 11

(des.) S y 16 2 (16j 2 (11)

In this reaction model, the non-reacted LiH remains from the 3rd cycle. The hydrogen
ab/desorption reactions of the Li-C—H system from the 3rd cycles can be described as
following equations (n =1, 2, 3...),

2n+1

n-1
i cycles (abs) - LinC, + [22le H+[y +6jH2—>217(C“a“°Hy+CH4 M)+ Ll (12)

n f—
(des.) ! - CMMH +LiH - Li,c,+ (y +1JH2 T (2 1]LiH (13)
X 2 2 2" :

Therefore, it is considered that the model of hydrogen absorption/desorption reactions of
the Li—-C-H system expressed by the above equations would describe the experimental
results obtained in this work.

3.2 Hydrogen desorption properties of the C""°H,MH(M=Na, Mg, and Ca) composite

Fig. 8 shows the results obtained by (a) TDMS, (b) TG-DSC, and (c) XRD measurements of
the CranoH,—NaH composite, where the intensity of hydrocarbons is enlarged ten times
(Miyaoka et al., 2007). As shown in inset, the TDMS profile indicates that the milled NaH
needs 320 °C to release hydrogen gas. On the other hand, the composite exhibits a broad
sub—peak at slightly lower temperature than the temperature corresponding to a main peak
for hydrogen desorption, where these peaks are located around 260 and 300 °C, respectively.
It should be noted that their hydrogen desorption temperatures are lower than those of
constituent components. Accompanied by the lower hydrogen desorption corresponding to
260 °C, it is noticed that quite small amount of hydrocarbons are desorbed from the
composite as well. However, the hydrocarbons desorption is immediately suppressed with
further increasing temperature after showing a broad peak around 260 °C. Fig. 8 (b) shows
the TG and DSC profiles for the CnanoH,—~NaH composite. The DSC spectrum indicates that
both the reactions at the sub and the main peaks in the TDMS spectrum at 260 and 300 °C
are endothermic, suggesting that the reactions are rechargeable. Additionally, the weight
loss of the composite was estimated to be ~5 mass% as shown in the TG profile, though the
weight loss due to the decomposition of lone NaH in the composite is theoretically
estimated to ~2 mass%. This suggests that hydrogen in CrarcH, is also synchronously
desorbed at the same temperatures as the hydrogen desorption. Fig. 8 (c) shows the XRD
pattern for the CrancH, and NaH composite before and after the thermal gas—desorption
examination. Mainly, the peaks corresponding to the NaH phase are observed because the
CranoH, phase itself does not show any diffraction peaks (Isobe et al., 2004). The XRD pattern
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of the composite after increasing temperature up to 350 °C indicates only the appearance of
metallic Na phase. This fact shows that the hydrogen desorption is at least caused by the
decomposition of NaH. Moreover, since hydrogen in the CrancH, phase is also destabilized
by making composite with NaH, a composite of Na and Crane js supposed to be formed by
dehydrogenation. However, the metallic Na phase is clearly observed, indicating that not
only the nano—composite phase between Na and Crare but also the disproportionating
phases are formed after dehydrogenation. This behavior seems to be originated in a quite
low melting point of Na (below 100 °C).
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Fig. 8. (a) TDMS profiles of hydrogen and hydrocarbons from the CnancH,—NaH composite,
and the inset shows TDMS profile of the milled NaH. (b) TG (dashed line) and DSC (solid

line) spectra of the composite. (c) The XRD patterns after milling and after heating up to 350
°C of the composite.



Hydrogen Storage Properties of the Hydrogenated Graphite and Lithium Hydride Nanocomposite 91

MgH2+Cnanon (a)
2
=
=y
2
&
=
S 2 -
~ =
2 4 =
= =
= -6 gz
= 8
= -84 ~10 mass% N =
\
-104 N
100 200 300 400 500
Temperature (°C)
©) o after millimg
) O O0:MgH
. M | Mgh,
:_; o Mo
4 ]
= 350 °C
z [ | Mg
z B = mogn
8 n
= 500 °C
W
20 40 60 80

26 (deg.)

Fig. 9. (a) TDMS profiles of hydrogen and hydrocarbons from the CrancH,~MgH> composite,
where the intensity of hydrocarbons are enlarged ten times. (b) TG (dashed line) and DSC
(solid line) spectra of the composite. (c) The XRD patterns after milling, after heating up to
350 °C and 500 °C of the composite.

The results of thermal and structural analyses for the CranoH,~MgH, composite are shown
Fig. 9 (Miyaoka et al., 2007). This composite desorbs hydrogen with two peaks. The first and
second hydrogen desorption peaks were located around 300 and 450 °C, respectively. The
first hydrogen desorption temperature was lower than ~350 °C, which seems to correspond
to the typical decomposition temperature of pure MgH, milled for 2 h (Hanada et al., 2005,
Hanada et al.,, 2005). Actually, the metallic Mg phase appears in the XRD pattern after
desorbing hydrogen at 350 °C as shown in Fig. 9 (c). Moreover, the TG profile of the
composite as shown in Fig. 9 (b) reveals ~3 mass% weight loss until 350°C, where the weight
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loss is consistent with the calculated value of hydrogen desorption due to decomposition of
pure MgHo> in the composite, indicating that only the decomposition of MgH, occurs until
350 °C. Therefore, the above results suggest that the MgH, solid phase does not such
strongly interact with the CnanoH, product. On the other hand, when the temperature was
increased up to 500 °C corresponding to a higher temperature than a second hydrogen
desorption peak one, no evident peak appears in the XRD pattern, indicating that a
nano-structural cluster composed of a metallic Mg and nano—structural carbon is generated
at 500 °C after desorbing hydrogen by an interaction between Mg and CrancH,. Actually, the
amount of the corresponding hydrocarbons is quite small compared with that from CnanoH,
itself. This result indicates that hydrogen is desorbed instead of hydrocarbon due to
destabilization of hydrocarbons group in the CnancH, product by an interaction with the Mg
solid phase. The total amounts of weight loss reach up to ~10 mass% with increasing
temperature up to 500 °C in the TG profile. The composite is also expected to be
rehydrogenated because two endothermic peaks clearly appear at 300 and 450 °C in the DSC
spectrum, respectively.

Fig. 10 shows (a) TDMS, (b) TG-DSC, and (c) XRD results of the CnancH,—CaH, composite,
where the intensity of hydrocarbons are enlarged ten times (Miyaoka et al., 2007). As is
shown in Fig. 10 (a), the hydrogen desorption spectrum for the CnarcH, and CaH,
composite shows a two—peak structure in the temperature range from 300 to 500 °C,
where the CaH» hydride itself could not be decomposed by heating up to 500 °C.
Furthermore, the suppression of hydrocarbons is found in the TDMS profile by making
composite of CrarcH, with CaH,, indicating that the C-H bonding in the hydrocarbon
groups in the CnancH, product is weakened by an interaction between CaH, and CnancH,.
Then, the composite exhibits a weight loss of ~8 mass% in the TG profile by heating up to
500 °C as shown in Fig. 10 (b), where the weight loss caused by decomposition of lone
CaH; is theoretically estimated to ~2 mass% in the composite. This suggests that
hydrogen in the CnanoH, product is synchronously desorbed at the same temperature as
CaH; desorbs hydrogen as well. Thermal analysis due to the DSC measurement indicates
that the hydrogen desorption reaction of the composite is weakly endothermic as shown
in Fig. 10 (b). This result suggests that the rehydrogenation reaction is expected to occur in
the CranocH, and CaH; composite similar to the other metal-C—H materials. Fig. 10 (c)
shows the XRD patterns on the composite. After increasing temperature up to 500 °C, the
intensity corresponding to CaH; in the XRD pattern is significantly suppressed compared
with that before dehydrogenation. Furthermore, the XRD profile of the composite exhibits
no existence of Ca or CaC; after dehydrogenation at 500 °C. Therefore, it is suggested that
a nano-structural cluster composed of Crane and Ca is formed in the composite after the
dehydrogenation.

4. Conclusion

The hydrogen desorption of CrancH, is lowed to 350 °C by synthesizing the composite with
LiH, indicating that the C-H bonds in CrancH, is destabilized by the interaction with LiH.
Such destabilization of the C-H bonds is also clarified in the case of the composite of CnanoH,
and other alkali(-earth) metal hydride. The CrancH,~LiH composite rechargeably store 5.0
mass % of hydrogen until the 2nd cycle. The hydrogenated state of this composite is the C-H
bonds at the graphene edges and defects in the nano-structural graphite and LiH, and its
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Fig. 10. (a) TDMS profiles of hydrogen and hydrocarbons from the CrancH,~CaH, composite.

(b) TG (dashed line) and DSC (solid line) spectra of the composite. (c) The XRD patterns

after milling, after heating up to 500 °C of the composite.

dehydrogenated state is Li>Co and nano-structural graphite without the C-H bonds. The
hydrogen desorption amount gradually decreases from the 3rd cycle. In the hydrogen
absorption process, considerable amount of hydrocarbon was generated, indicating that the
carbon atoms in the composite are lost with each hydrogen recharging process. Therefore, it
is considered that the decrease in the rechargeable hydrogen amount is caused by desorbing
hydrocarbons with the decomposition of Li»C> under rehydrogenation process, in other
words, the amount of the hydrogen desorption reaction between the polarized groups
composed of the C-H bonds and LiH are gradually reduced due to decrease in the C-H
groups by the loss of the carbon atoms with the rehydrogenation.
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The Li—C-H system would be recognized as one of attractive systems for hydrogen storage.
However, the hydrocarbon desorption during hydrogen recharging process is essentially a
problem on this system, because it reduces the hydrogen absorption amount. For practical
use as hydrogen storage system, an improvement, e.g. usage of a catalyst or scaffold, is
needed to prevent the hydrocarbon desorption during the hydrogenation.
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1. Introduction

A hard coating is of considerable significance in industrial applications such as high speed
cutting tools. The hard coating technologies have been investigated to improve a life time as
well as performance of the tools. Up to now, TiN coatings were widely used. However, the
substitution of TiN has been required because of its low oxidation temperature of 500 °C. From
1970s, it was revealed that nanocomposite films have their infinite probability enough to
replace the previous materials such as TiN. Nanocomposite materials such as nanocrystalline
TiN/SisNy, TiN/TiC/SisN, and TiN/AIN/SisN, exhibited superior oxidation temperature
(~1000 °C) as well as ultra hardness (45-55 GPa) [1-6].

Many deposition tools like a magnetron sputtering, plasma enhanced chemical vapor
deposition (PECVD), arc ion plating (AIP), and filtered vacuum arc (FVA) were introduced for
synthesizing nanocomposite films. Table 1 summarized previous works of nanocomposite
coatings.

Nanocomposite films based on TiN were dominantly investigated with the incorporation of
silicon or carbon. The incorporation methods such as an alloy arc cathode, addition of
reactive gas, and additional magnetron sputtering were used to deposit ternary or
quaternary composed nanocomposite films. The magnetron sputtering and PECVD have
been firstly used to the growth of nanocomposite films due to the simplicity of controlling a
composition ratio. Precise composition control of additional components is important. For
example, Ti-Si-N nanocomposite films represent the maximum hardness at Si content of 9+1
at.%. After that, a vacuum arc discharge has been applied to the nanocomposite coatings
because it can generate dense plasma with energetic ions near a cathode spot (<60 eV),
which help a delicate crystallization and rapid growth. Nevertheless, the vacuum arc
method cannot avoid the problem of macro particles emitted at an arc spot. The macro
particles make some defects in the coatings and result in drastically decreasing corrosion
resistance when the coatings are exposed in the corrosive environment. Therefore magnetic
filters have been introduced to transport plasma except the macro particles. The filters only
transport charged particles using electromagnetic fields and the neutral macro particles
collide with a filter wall by an inertia drift. As a result, various FVA methods have been
widely applied to the nanocomposite deposition.
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Method Material Hardness Ref.
Arc Ti-Si-N 45 GPa [71[9]
Arc Ti-Al-N/Cr-N 37 GPa [8]
Arc Ti-Al-Si-N 34 GPa, 42.4 GPa [10][11]
Arc Ti-Al-N 35.5 GPa [2]
TiN-Cu, CrN-Cu,
Arc, magnetron sputter MoN-Ca 27-42 GPa [12]
Arc, magnetron sputter  Ti-Si-N 45-55 GPa [13][15]
FVA, magnetron sputter  Ti-Si-N 45 GPa [1]
FVA, magnetron
sputter, E-beam Ti-Cr-N,Ti-B-C 43.2 GPa [14][17]
evaporation
FVA Ti-Si-N 40.1 GPa, [16]
. o 3500 HK (kg/ mm?2),
PECVD Ti-Si-N 40 GPa [18][19]
PECVD Ti-Si-C-N 48 GPa [4]
PECVD Ti-Si-C-N 52 GPa [20]
Magnetron sputter Ti-Si-N 38GPa, 45 GPa [21]]22]

*Arc=Cathodic arc evaporation, Arc ion plating
**FVA=Filtered vacuum arc

Table 1. Nanocomposite coatings by mean of various methods

2. Various FVA applications for nanocomposite coatings

2.1 Theory of FVA

Main issues of FVA are the efficient removal of the macro particles from plasma, and the
minimum loss of ions through a filter wall. The effective approach to reduce the macro
particles is based on the spatial separation of the trajectories of macro particles and ions [23].
If the magnetic field is curved such as the field inside a curved solenoid, electrons follow the
curvature. Such electrons are said to be magnetized. In contrast, ions are usually not
magnetized because the gyration radius of ion is much larger than that of electron and the
characteristic radius of the filter. Nevertheless, ions are forced to follow the magnetic field
lines due to the electric fields between electrons and ions. Therefore, plasma containing ions
and electrons is transported along magnetic field lines [24].

It was shown that the plasma transport efficiency is limited by drifts caused by the
centrifugal force and by the electric field in plasma [25]. Several studies have been
conducted to determine the maximum efficiency and optimum condition for curved
magnetic filters. An analysis of plasma motion along the toroidal magnetic field shows that
plasma transported by the magnetic field in the plasma guiding duct should satisfy the
following relation [26],

B>M,V, / Zea 1)

where M,; is the ion mass, V, is the translational velocity, Z is the charge multiplicity of the
ion, e is the electron charge, and a is the minor radius of the plasma guide. Transport of
heavy metal ions having energy of even a few tens of electronvolts requires magnetic fields
of above 1 Tesla to fulfill the inequality in Eq. (1). At these magnetic fields, however, it is
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practically impossible to provide a stable burning of the direct current arc discharge. Besides
the plasma injection into this field would also present certain difficulties. Therefore, it is
reasonable to investigate heavy-element plasma flow transport in a curvilinear system with
crossed electric and magnetic fields using the principles of plasma optics as a guide [27,28].
In this case, the required magnetic field is determined by the following condition, p. <a < g,
where p, and p; are the electron and ion Larmor radius, respectively. The required field is
significantly lower than the fields defined by the expression in Eq. (1). Electron Larmor
radius is

p.=(mKT,)"* / eB @

where 11, is the electron mass, k is Boltzmann constant, and T, is the electron temperature.
Note that electrons are only magnetized, while the ions are not. The electrons move along
the magnetic field lines. In view of the high longitudinal conductivity of plasma, the
magnetic field lines are equi-potentials. Considering a plasma diffusion in vacuum,
electrons have higher mobility than ions due to their smaller mass except for a sheath
boundary. However, electrons expand with the same velocity as ions because electrostatic
forces keep the electrons and ions together. And a cross field diffusion is given by the Bohm
formula, Dp = kT,/16B, though the cross field diffusion coefficient, D, is proportional to B2 in
the classical theory [33]

Anders mentioned about the criterion of system efficient, K;, which is generally considered
as the ratio of the total ion flow at the exit of the system, I;, to the arc discharge current, I,, as
follows,

Ks:Ii/Iﬂ . (3)

The system coefficient is typically 1% [24]. There is general agreement that the transport
efficiency is maximized by focusing the plasma into the duct and biasing the duct to a
potential of 20 V. Predictions of the available maximum transmission vary between 11 and
25% depending on the ion energy [29]. In practice, the transport of plasma produced by
pulsed high current arcs (HCA) was showed that the system coefficient was 7% [24]. For
linear FVA [30], the maximum value of the system efficiency reached 8% when arc current I,
was adjusted in the range of 100-110 A and the magnetic filter field was ~ 20 mT.

To supplement the accuracy of system coefficient, a particle system coefficient, K, is
proposed to eliminate the influence of the various ion charge states by considering the mean
ion charge state, Z, of the used metal.

K,=1;/ Zl, 4)

Because the average ion charge state is taken into account, the particle system coefficient is
more closely related to the deposition rate [31]. However this can be particularly insufficient
for filter optimization when the system used a graphite cathode that generates solid
rebounding macro particles.

The problem was solved by computing the particles trajectories using a two-dimensional
approximation [32]. It was assumed that the macro particles were solid and spheres, the
inner surfaces of the plasma guide and the intercepting fins were smooth, the repulsion of
particles from the walls was partially elastic, the particles were emitted by the cathode spot
with equiprobability in any direction, i.e. of angular macro particle flow density distribution
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has the form N(a)=const, where a is the angle between the normal to the cathode active
surface and the direction of macro particle emission. The computation results make it
possible to estimate the ratio of the exit macro particle flow N, to the flow Nen generated by
the cathode spot. The ratio Ney/Nent characterizes the likelihood of an macro particle passing
through the system. The results of simulations indicate that the absence of a direct line-of-
sight between the cathode and the substrate is not always sufficient to provide the required
degree of macro particle removal from the plasma. The results of computations performed
for various magnetic filters are presented in Table 2 [33].

Filter type I(ir;')e T(Z;tl)s Rectang. Dome T(g(r]tl)s Retil.  Radial :\;ﬁi
N, ex/l\, ent

[%] 1.7 25.0 17.0 1.7 0 44 0 0
(predicted)

Transport

[%] 3.0 2.5 2.5 25 1.5 1.8 8.4 ~6.0
(measured)

Table 2. Fitlering (Ney/Nent) and transporting properties of magnetic plasma filters [33]

2.2 Various types of FVA systems [34]

There are various types of filters as shown in Fig. 1. Most types are used magnetic fields to
transport plasma without macro particles. Several types are only used the collisional
reduction of macro particles. In most cases, the plasma is transported from the cathode to
the substrate, and the droplets are eliminated by the plasma transportation wall. Many
review papers of the filtered arc system and technology have been reported [35]-[42]. A
typical filtered arc system with its different electromagnetic plasma transportation duct or
droplet filter configurations is shown in Fig. 1(a)-(h). Electromagnetic coils transporting
plasma in the out of line of sight direction can be positioned in the chamber, instead of
placing them outside of the filter duct. The off-plane double bend filter [43], [44] is
nicknamed FCVA and is now commercially available. Most FAD units have electromagnetic
coils outside of the plasma duct and have baffles inside the duct wall. However, some types
have freestanding coils inside the plasma duct or the chamber. Other interesting filters have
been developed. Examples are shown in Fig. 1(i)-(l). In the Venetian-blind filter, the plasma
passes between the vane lamellae, and the droplets are caught or reflected by the lamellae
[45], [46]. A coaxial filter is operated with a large current pulse, and the plasma is driven by
a self magnetic field [47]. An electrostatic filter can be used with a pulsed arc having a laser
trigger [48]. However, recently only the laser triggered arc is used without the electrostatic
filter. Mechanical filters can be used in a pulse arc [49], which may also be used in pulsed
laser deposition [50].

2.3 FVA systems for nanocomposite films deposition

Various FVA methods were introduced to deposit ternary or quaternary composed
nanocomposite films. A hybrid system consisting of FVA and magnetron sputter was
widely used. In the hybrid system, FVA evaporates materials to be required a large amount
such as Ti and the incorporated material like Si was used to the magnetron sputtering
cathode. By controlling the power of magnetron sputter, the additional content of Si can be
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Fig. 1. Various types of filter systems [34]. (a) Rectilinear. (b) Bent. (c) Rectangular. (d) Knee.
(e) Torus. (f) S-shape. (g) Off-plane double bend. (h) Dome. (i) Venetian blind. (j) Co-axial
(pulse). (k) Electrostatic filter with laser trigger (pulse). (I) Mechanical pulse.

modulated. For example, Fig. 2 shows the schematic of hybrid system for nanocomposite
coatings. The magnetron sputtering cathode is placed near the outlet of filter vacuum arc
source. The use of two separated targets allowed an independent regulation and enabled the
adjustment of Ti/Si ratio by varying the current of magnetron. However, the interference of
magnetic field between FVA and magnetron sputter should be considered to obtain
sufficient deposition rate. The closed geometry of magnetic field between the two sources
will cause the loss of ions and the decrease on deposition rate.

Sintering or alloy arc cathode methods are useful way to deposit nanocomposite films if one
knows the optimum composition of additional components and the optimized composition
is in the available range for cathode sintering. For instance, Ti-Si sintering cathode can be
used for nanocomposite TiN/a-SizNy coatings because the optimum content of Si for high
hardness is in the possible range (~10%) for Ti-Si sintering. And Ti-Al (5:5) alloy cathode,
which manufacturing is simple, can be used to nc-TiN/AIN/a-Si3sNy coatings since the
composition of alloy target is good for realization of superior properties.

Additionally, the injection of additive gas is also another way to deposit nanocomposite
films. Especially, metal-organic source such as hexamethyldisiloxane (HMDSO),
hexamethyldisilazane (HMDS), and tetramethylsilane (TMS) could be used to Si source. The
plasma density and ion energy are enough to dissociate metal-organic materials and
continuously supply deposition precursors.
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Fig. 2. A schematic of hybrid system.

Fig. 3. S-shape filtered vacuum arc system.

3. Ti-Si-N/Ti-Al-Si-N nanocomposite film prepared by a FVA and unbalanced
magnetron sputtering technique

3.1 Ti-Si-N/Ti-Si-Al-N nanocomposite films

Many investigations were carried out Ti-Si-N and Ti-Al-Si-N coatings due to its attractive
physical and chemical properties, such as high hardness and good oxidation resistance. The
coating layers with Si content of approximately 10 at.% shows very high hardness (more
than 40 GPa) and those microstructures were characterized by nanocomposite consisting of
nano-sized TiN or AIN crystallites embedded in amorphous silicon nitride matrix [15,51,52].
The nanocomposite coating layer also exhibited significantly improved oxidation resistance
compared to that of TiN [53,54]. It was reported that the amorphous SiO, oxidized from
SisNy played a major role as the oxidation barrier [55]. And the microstructure characterized
by solid-solution of Al into TiN improved oxidation property [56,57]. With a decrease in
grain size, the multiplication and mobility of the dislocations are hindered, and the hardness
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of materials increases. Veprek [58] imbedded 4-11 nm TiN crystals in amorphous SizNy
matrix and obtained a coating hardness of 50-70 GPa. Combination of two phases provides
complex boundaries to accommodate coherent strain, which result in the increase of coating
hardness [59].

3.2 System configuration for nanocomposite films deposition

Nanocomposite coatings were carried out by a filtered vacuum arc and an unbalanced
magnetron (UBM) sputtering technique as shown in Fig.2. The filtered vacuum arc used the
S-shape magnetic filter consisting of 5 magnetic coils to eliminate macro particles. The
magnetic field inside the plasma duct was optimized using a numerical simulation to
prevent the striking of the plasma stream onto the plasma duct. The average strength of the
magnetic field was 15 mT and the diameter of the plasma duct was 15 cm. A Ti (99.8%) arc
cathode (diameter: 8 cm) was used in Ti-Si-N coatings. A TisAlsy (99.8%) alloy cathode
(diameter: 8 cm) was used in Ti-Al-Si-N coatings. The area of the Si UBM source was 400
cm? and placed next to the outlet of the plasma duct. The UBM power was released as a 20
kHz asymmetric pulse. The substrates were high speed steel. The substrate was heated by
plasma and the substrate temperature was maintained ~ 200°C for a deposition.

The coating process consisted of 3 steps, an ion bombardment cleaning, an interlayer
deposition, and nanocomposite coating. In the ion bombardment cleaning, Ar ions were
impinging into the substrate with the substrate bias of -600 V. Ar gas was introduced into
the arc cathode while maintaining a pressure of 1 mTorr. In the interlayer deposition, the
pressure decreases to 0.3 mTorr to enhance the ion transport into the substrate. After that,
multi-components nanocomposite films were coated using a gas mixture of Ar (5 sccm) and
N2 (15 scem). The dissipated powers of arc and magnetron sputter were 1.8 kW and 0-0.5
kW, respectively. Typical deposition conditions are shown in Table 3.

Base pressure 1.0x10- Torr Arc current 60 A
Working pressure 6.0x10-4 Torr Sputter current 0-1.5A
Gas ratio N2:Ar=3:1 Substrate voltage 20V
Arc target Ti orTiseAlso Rotational speed 25 RPM
Sputter target Si (99.99%) Working temperature < 200 °C

Table 3. Typical deposition conditions for Ti-S5i-N nanocomposite coatings

3.3 Characteristics of Ti-Si-N nanocomposite films

_> wio filter

Fig. 4. Image of coated sample by scanning electron microscope without macro particles
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Figure 4 shows the surface morphology of the sample prepared using the S-shape magnetic
filter which removes macro particles during the deposition and the insert image indicates the
surface morphology of the sample deposited by arc ion plating without the magnetic filter.
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Fig. 5. Si contents as a variation of Si sputtering current and emission intensity of Si neutral
(594.85 nm)

Figure 5 represents that Si content of the Ti-Si-N films as a function of magnetron
sputtering system current. The composition data have been obtained by electron probe
microanalysis. As magnetron sputter current increases from 0 to 1 A, Si contents increase up
to level of 9.5%. This represents that Si contents can be easily controlled by the UBM power.
Optical emission spectra of the Si neutrals (wavelength: 594.85 nm, energy: 7.17 eV->5.08
eV) from discharge also are proportional to the sputter current.
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Fig. 6. X-ray diffraction patterns as a function of Si contents

Figure 6 shows the XRD patterns of Ti-Si-N coatings with different Si contents. The XRD
patterns of Ti-Si-N coatings showed orientations of (111), (200), and (220) of TiN. These
multiple orientations were in agreement with other Ti-Si-N coating layers [13,14]. However,
any peaks corresponded to crystalline SisNy4 or titanium silicide phase were not observed. It



Nanocomposite Films Deposition by means of Various Filtered Vacuum Arc Systems 105

was estimated that Si was present in an amorphous phase of silicon or silicon nitride. The TiN
peak intensity gradually reduced and a broadening phenomenon of peaks was observed with
increasing Si content in Ti-Si-N films. XRD analysis represents that crystalline TiN (111), (220)
is changed to crystalline (200) as Si content increases. Such XRD peaks behavior was believed
due to generally decreasing of TiN grain size with increase of Si content. The result indicates
that Ti-Si-N coatings have been characterized as nanocomposites, consists of TiN crystallites
and amorphous SisNs. If Si contents increases further, crystalline TiN becomes weaker and Si
rich amorphous structure becomes dominant structure.
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Fig. 7. X-ray photoelectron spectroscopy of Ti-Si-N coatings (1) Si 2p (2) N 1s

Figure 7 shows high-resolution XPS spectra of Si 2p (a) and N 1s (b) for Ti-Si-N coatings
with different sputter currents. The binding energy of Si 2p at 101.8 eV corresponded of the
data for stoichiometric SisNy [60, 61]. It should be note that, in spite of peak of 101.8 eV
increased with increasing Si content in Ti-Si-N coating, there is not another peak
corresponding to free Si at the binding energy of 99.3 eV. XPS analysis also shows that
increase of Si content causes the weaker crystalline TiN bond status. This result is similar to
XRD peak variation due to Si content variation. Precision control and determination of grain
size is very important for nanocomposite coating.
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Fig. 8. (a) Micro hardness and modulus (substrate temperature: 200 °C, bias voltage: -75 V)
[1] (b) internal stress (substrate temperature: 350 °C, bias voltage: -40 V) [62] as a function of
the Si content in the coatings

Figure 8 shows micro hardness and modulus of Ti-Si-N coatings from Ref. [1] and internal
stress from Ref [62] as a function of the Si contents. The increase in the Si content in the Ti-
Si-N coatings from 0 at% to 4.3 at% results in a drastic increase in the micro hardness from
25 to 38 GPa. Then the micro hardness decreases to 23 GPa with a further increase in the Si
content to 9.3 at%. The internal stress also has the maximum value of 4 GPa at Si content of
~ 5 at%. The Si incorporation causes the embedded amorphous SisN; phase surrounding
nano-crystalline TiN phase. This induces the increase in micro hardness as well as the
internal stress by the nanocomposite structure. Further Si addition, however, causes the
decreases in the hardness. It has been proposed that the internal stress in the coating is
strongly correlated with the defects, which cause the deformation and distortion of the
lattice [63]
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Fig. 9. Friction coefficient of Ti-Si-N films with various Si contents

In Fig. 9, the friction coefficient of Ti-Si-N films has lower value when Si incorporation is
increased. The friction coefficient was decreased by the self-lubricating layer effect induced
by SiO; or Si(OH).. Note that the self-lubricating effect is dominantly affected by ambient
humidity the addition of Si into the coatings led to a continuous decrease in the grain size,
which increased the defect density in the coatings.
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Fig. 10. Polarization voltage (Corrosion resistance) of Ti-Si-N films with various Si contens

Figure 10 shows the corrosion behavior of Ti-Si-N nanocomposite films. The coating
samples of vacuum arc shows the worst polarization voltage because macro particles exist
on the surface. The crack between the particle and the coating induces worse corrosion
resistance. In case of FVA, the polarization voltage is increased due to the lack of macro
particles. As Si incorporation was increased, the decreased grain size hinders the corrosion
progress and the polarization voltage was increased.



108 Advances in Diverse Industrial Applications of Nanocomposites

3.4 Characteristics of Ti-Al-Si-N nanocomposite films
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Fig. 11. Si contents as a function of Si UBM current.

Figure 11 shows the EPMA results when the Si contents were 0.04 at%, 1.22 at%, and 4.69
at% as the Si sputtering currents were 0 A, 0.4 A, and 0.6 A, respectively. The compositional
analysis of the coating is carried out from electron probe microanalysis (EPMA, EPMA1600,
Shimadzu). This means that the controlling of the Si content is available by the modulation
of the Si sputter current. In the hybrid coating system consisting of the vacuum arc and the
magnetron sputter, the ease of controlling the Si content in the multi components coating
has been previously reported in other papers [1,64]. The non-linear increase on the Si
contents could be induced by the discharge enhancement near the substrate due to the UBM
discharge.
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Fig. 12. X-ray diffraction patterns of Ti-Al-Si-N films

Figure 12 represents XRD patterns with various atomic percentages of Si. X-ray diffraction
(XRD) with CuK, radiation (X'Pert PRO macro particleD, Philips) was used to confirm the
crystal phase. A crystal phase corresponding to a cubic TiN with a NaCl-type B1 structure was
observed. There were no signals from silicon nitride or titanium silicide. The crystal plane of
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(200) was observed continuously and the peak of the (200) plane becomes broader and smaller
as the Si contents were increased from 0.04 to 4.69 at %. The broadening of the diffraction
patterns implies the decrease of the grain size. The grain size evaluated by Scherrer’s equation
decreased from 9 nm to 7.5 nm as the Si content increased. The reduced grain size means the
formation of amorphous SizN4 between the crystalline TiAIN structures and this phenomenon
is similar to the effect of the Si incorporation on the Ti-Si-N film [1]. In comparison with the Ti-
Al-Si-N films prepared by a normal vacuum arc system with a heated substrate, there are no
diffraction patterns of (111), (220), (311) and (222) planes in our results [65]. The low energy of
incident ions and radicals by the self-bias and non-heated substrate induced the low mobility
of the precursors and prevented the crystallization of TiN.
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Fig. 13. Hardness and Young’s modulus of Ti-Al-Si-N films

The micro hardness and Young’s modulus of Ti-Al-Si-N coatings are shown in Fig. 13. A
nanoindentation tester (MTS, Nanoindentation XP) equipped with a Berkovich diamond
indentor was used to measure the micro hardness, averaged from 25 points. The
displacement rate of the indentor was 0.2 nm/s until a depth of 100 nm was reached. As the
Si contents increased until 4.69 at.%, the micro hardness and Young’s modulus increased
from 35 GPa and 270 GPa to 37 GPa and 300 GPa, respectively. However they became
lowered to 22 GPa and 220 GPa, respectively, when the Si contents increased to 4.69 at.%. In
comparison with the micro hardness of Ti-Al-N films, at ~30 GPa, the hardness of the films
enhanced slightly with the incorporation of Si [66]. The nanocomposite structure consisting
of the inter phase boundary between the crystalline Ti-Al-N and the amorphous Si3Ny
phases should help account for the enhancement of hardness. The micro hardness of Ti-Al-
Si-N [65] deposited by the normal vacuum arc system is higher than that of Ti-Al-Si-N
prepared by our system. As mentioned previously when discussing the XRD patterns, the
low mobility at the surface due to the low temperature of the substrate could not be effective
to synthesize the crystallized nc-TiAIN.

Figurel4 shows the H3/E? values of Ti-Al-Si-N films as a function of the Si contents. The
effective Young's modulus, E'=E/(1-12), and H3/E*2 value were calculated from the results of
Fig.13 with the assumption of Poisson ratio, v=0.25. The H3/E*2 value is known to be
proportional to the resistance to plastic deformation of hard materials [67]. The highest
H3/E™2 value was obtained at the Si content of 4 at.%. The highest resistance to plastic
deformation of that film could be related to preventing dislocation formation or movement
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Fig. 14. H3/E2 ratios of Ti-Al-Si-N films

due to the nano-sized (Ti,ALSi)N crystallites and the strong inhibition of crack propagation
in amorphous SizN; under a high applied load [65,68].

4. Concluding remark

Nanocomposite materials could be synthesized using filtered vacuum arc applications. TiN
based nanocomposite films were actively investigated until now and will be studied further.
Another MeN/metal nanocomposite films such as ZrN-Cu were also reported that it has
superior hardness and thermal stability [69]. FVA can be used to the other nanocomposite
films and has promising probability as a deposition tool.

To use the FVA for industrial applications, a uniform coating technology is required to
fulfill the standard of productivity. Methods of sweeping magnetic field and multi FVA
systems have been investigated for uniform coatings in large area and more investigations
are required continuously.
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1. Introduction

A composite is any material made of more than one component. Composite materials are
solid multiphase materials formed through the combination of materials with different
structural, physical and chemical properties. This makes composites different from the other
multi component systems such as blends and alloys. Composites are widely used in such
diverse as transportation, construction and consumer products (Giannelis, 1996).
Composites offer unusual combinations of component materials properties such as weight,
strength, stiffness, permeability, electrical, biodegradability and optical properties that is
difficult to attain separately by individual components. A composite material can be custom
tailored to have specific properties that will meet special requirements. The optimum design
of composite component materials and manufacturing process to meet the target properties
for specific engineering application is very important.

In a composite, one phase is continues and is called matrix, while the other is filler material
which make the dispread phase. Composite materials based on the nature of matrix phase
can be divided into polymeric, ceramic and metallic composites. Usually the filler phase is
embedded to the host matrix phase to make a composite which has properties far from
either phase alone. Polymers often have advantages over other materials such as metals and
ceramics. They are widely used in various technical applications because of their unique
advantages such as ease of production, light weight and ductility. However they have lower
mechanical, modulus and strength properties compared to that of metals and ceramics. The
commercial importance of polymers and their increasing use, results to the continuous
demand for improvement in their properties to meet the necessary conditions. By the
composite technology, polymer properties are improved while maintaining their light
weight and ductile nature (Jordan et al., 2005).

2. Polymer composites

A polymer composite is made by the combination of a polymer and synthetic or natural
inorganic filler. Fillers are employed to improve the desired properties of the polymer or
simply reduce the cost. Nowadays, the application of polymer composites as engineering
materials has become state of the art. Polymer composites with improved mechanical,
thermal, barrier and fire retardancy properties are widely used in very large quantities in
variety of applications. However by the application of conventional fillers such as talc,
calcium carbonate, fibers, etc, it often requires to use a large amount of filler in the polymer
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matrix to have significant improvements in the composite properties which may result to
some other undesired properties such as brittleness or loss of opacity (Zhang & Fridrich,
2003).

The final properties of reinforced polymers (composites) are influenced by the nature,
properties and content of components, dimensions of components and micro structure of
composite and interfacial interactions between matrix and dispersed phase. The efficiency of
properties improvements depends strongly on the properties (mechanical) of the filler, the
adhesion between matrix and filler and especially on the aspect ratio of the filler. The aspect
ratio of the filler is very important and crucial for many properties in composite such as
electrical (Al-Saleh & Sundararaj, 2010; Grossiord et al., 2008), mechanical (Zhang et al.,
2007) and thermal (Meneghetti & Qutubuddin, 2006) properties. Polymer composites with
the high aspect ratio of nano-fillers such as platelet clays, carbon nanotubes and nanofibers
are receiving considerable attention due to their unique multifunctional and highly
enhanced properties. Combination of filler nanoscale dimension and high aspect ratio with
its nanoscale dispersion within polymer matrix leads to the significant improvements in the
polymer properties at very low filler volume fractions. As a result of lower filler using, the
macroscopic homogeneity and low density of primary polymer retains as well as it’s opacity
in the final nanocomposite system. Polymer nanocomposites are the new class of hybrid
materials in this category (Mittal, 2009).

3. Polymer nanocomposites

A nanocomposite is defined as a composite material in which at least one dimensions of at
least one component is in the nanometer size scale (< 100 nm). Although the term
nanocomposite represent a new and exciting field in material science and technology, the
nanocomposites have actually been used for centuries by the nature. Using natural materials
and polymers such as carbohydrates, lipids and proteins, nature makes strong
nanocomposites such as bones, shells and wood (Hussain et al., 2006). However in recent
years the characterization and control of structures at the nanoscale have been studied,
investigated and exploited by the learning from the natural surroundings. Consequently the
nanocomposite technology has emerged as an efficient and powerful strategy to upgrade
the structural and functional properties of synthetic polymers. This is the new
nanocomposite science, so referred recently in nanotechnology, and was started by the
Toyota report (Usuki et al., 1993) on the superior improvement in the properties of nylon-6
by the preparation of exfoliated nylon-6/clay nanocomposites and has been continued by
more recent studies with carbon nanotubes, carbon nanofillers, exfoliated graphite,
nanocrystaline metals and fibers modified with inorganic fillers used in polymeric
composites (Paul & Robeson, 2008).

Polymer nanocomposites have attracted great attention world wide academically and
industrially due to the exhibition of superior properties such as modulus, strength,
toughness and barrier far from those of conventional micro composites and comparable
with those of metals. However polymer nanocomposites have added advantage of lower
density and ease of processability. In polymer nanocomposites, the filler has at least one
dimension in the nanometer scale and its nanoscale dispersion within the polymer matrix
leads to the tremendous interfacial contacts between the polymer and inorganic filler which
causes to the superior properties than those of bulk polymer phase. When the dimensions of
filler particles are decreased to the nanoscale, their properties change also significantly
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(Kumar et al., 2009). This is well-known as nano-effect. In the other word the effect of
nanofillers on the polymer properties is different from that of predicted by using the
thermodynamical studies for the reduced particle size fillers (Gacitua et al., 2005). Studies
and modelings using continuum mechanics reveal that the enhanced properties of
nanocomposites are strongly dependent on the particular features of nanofiller system, in
particular, its content, aspect ratio and the ratio of filler mechanical properties to those of the
matrix (Sheng et al., 2004). The nanoscale is considered where the dimensions of filler
particles (diameter), platelets (thickness) or fibers (diameter) are in the size range of 1-100
nm (figure 1).

d
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- T
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1<d <100 nm 1<d <100 nm 1<t <100 nm

Fig. 1. Scheme of various types of nanofillers or fillers with nanoscale dimensions.

A broad spectrum of polymer properties can be improved by nanocomposite technology
such as mechanical, thermal, barrier, durability, chemical stability, flame retardancy,
scratch/wear resistance, biodegradability as well as optical, magnetic and electrical
properties (Armentano et al., 2010; Cosoli et al., 2008; Ma et al., 2006; Pandey et al., 2005).
The final properties of nanocomposites are determined by the component properties,
composition, micro-structure and interfacial interactions. However it has been established
that the properties of nanocomposites are strongly influenced by the dimensions and micro
structure of filler phase (Sheng et al., 2004). In other word the filler nature has a main effect
on the final morphology and properties of the polymer nanocomposite. Clays are one group
of nano-fillers which have been widly used for the preparation of polymer nanocomposites.
Recently there has been a growing interest for the development of polymer/clay
nanocomposites due to their dramatic improved properties compared to the conventional
filled polymers in a very low fraction of filler addition (LeBaron et al., 1999; Thostenson et
al., 2005). Polymer/clay nanocomposites have received intense attention and research
interest driven by the unique properties which can never be obtained by micro size fillers or
especially by other nanofillers. The value added properties enhanced without the sacrificing
of pure polymer processability, mechanical properties and light weight, make the clays
more and more important in modern polymer industry. Clay minerals are belonging to a
main group of silicates with layered structure known as layered silicates.
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4. Layered silicates

The layered silicates are natural or synthetic minerals consisted of the regular stacks of
aluminosilicate layers with a high aspect ratio and high surface area. Layered silicates are
easily available and have low cost. The current most popular layered silicates used in
polymer nanocomposites preparation are clays.

Clay is referred to a part of soil fraction with the particle size of less than 2 ym. The clay
layers have a thickness of about 1 nm which is in the nanoscale. There are many members of
clays with some difference in their formula, structure and properties including swelling and
exfoliation. Those members who are able to be exfoliated by polymer chains or monomers
and distributed as individual clay layers within polymer matrix are suitable for the
preparation of polymer nanocomposites. The individual clay layers can cause to the
dramatic improvements in polymer properties due to their high aspect ratio and high
interfacial interactions with polymer matrix.

4.1 Structure of clays

Clays have layered structure. The layers are built from tetrahedral sheets in which a silicon
atom is surrounded by four oxygen atoms and octahedral sheets in which a metal like
aluminium or magnesium is surrounded by eight oxygen atoms. The tetrahedral (T) and
octahedral (O) sheets are fused together by sharing the oxygen atoms. Unshared oxygen
atoms are present in hydroxyl form. Two main arrangements of tetrahedral and octahedral
sheets fused together make the one layer structure of clay. One tetrahedral fused to one
octahedral (1:1) is known as kaolin group with the general composition of AlSi>Os(OH)s
and the layer thickness of ~ 0.7 nm. The crystal lattice consisted of one octahedral sheet
sandwiched between two tetrahedral sheets (2:1) with the total thickness of 0.94 nm is well
known as phyllosilicates. The 2:1 phyllosilicate layers can be electrostatically neutral with no
inter layer ion present known as pyrophyllite. Due to not presence of inter layer ions, the
layers do not expand in water. When silicon in tetrahedral sheets is substituted by
aluminium, the 2:1 structure is called mica. The negative charge induced by this substitution
is balanced by the insertion of potassium cations between layers. Due to the equal size of
potassium cation and the hole created by Si/ Al tetrahedral sheets, the presence of potassium
cation makes no inter layer spacing. Consequently the 2:1 layers are held together strongly
and the swelling or exfoliation of layers is not possible. When in neutral pyrophyllite, the
aluminum cations in the octahedral layers are partially substituted by divalent magnesium
or iron cations the smectite clay group is formed. The negative charge created by this
substation is balanced by inter layer counter sodium or calcium ions. The charge created on
the layers is not locally constant and varies from layer to layer. An average charge value is
considered for the layers which can be determined by cation exchange capacity (CEC)
measurement. Due to the unequal size of inter layer cations with the holes of tetrahedral
sheets, the presence of inter layer cations causes to an inter layer spacing. The layers stay
near together with a regular gap between them. The gap is called as inter layer or gallery.
The thickness of the repeated units in a regular multilayer structure contained of one layer
and one inter layer space is called d-spacing (doo1) or basal spacing (figure 2). The basal
spacing of clays can be measured or calculated from their X-ray diffraction patterns. The
inter layer dimension is also dependent to the clay nature and swelling or hydration degree
of inter layer cations. The inter layer distance is about 1 nm for montmorillonite.
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The electrostatic and van der waals forces holding the layers together are relatively weak
and inter layer distance varies depending on the charge density on the layers, inter layer
cation radius and its degree of hydration. Because of the inter layer spacing and weak inter
layer forces, the cations present between the layer can be hydrated in aqueous solutions well
known as clay swelling. The swelling causes to the more increasing of inter layer space. The
charge density on the clay layers is different in various clay groups with different clay
structures (Mittal, 2009). Due to the inter layer spacing and weak forces between layers,
especially in the hydrated form, other molecules also can be intercalate between layers,
leads to the expanding of layered lattice and finally may be caused to the separation of
individual layers. The unique intercalation/exfoliation behavior of smectite clay minerals
which is responsible to the high aspect ratio of this clay type makes them very important
and powerful as reinforcing filler for polymers.
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Fig. 2. Scheme of the 2 : 1 smectite clay structure.

The dimension of 2:1 layer structures are about 1 nm in thickness and 30 nm to several
microns in lateral depending on the source and preparation method of clay. The clay lateral
dimensions and its ability to disperse into separated layers determine the aspect ratio of clay
which is strongly important in polymer/clay interfacial interactions. Separation of
individual clay layers having about 1 nm thickness display a perfect structure which
strongly affects on the improvement of polymer properties. However due to the higher
internal surface in high degrees of dispersed structures, the internal forces for
agglomeration of individual layers is also increases. Therefore the layers have tendency to
hold together or aggregate. Several layers organized parallel together with the total
thickness of about 10 nm make “primary clay particles”. Primary particles are laterally
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joined together and make “micro aggregates”. “Aggregates” are formed by randomly
joining of micro aggregates and primary particles, and finally the staying of aggregates near
together makes “association” in the smectite structures.

Clay minerals are belonging to the nanoplatelet structured filler particles in polymer
composite technology. Montmorillonite, hectorite and saponite are the well known smectites
which are most commonly used in the preparation of polymer nanocomposites (table 1)
(Pavlidou & Papaspyrides, 2008). Montmorillonite (MMT) has the widest acceptability for
use in polymer nanocomposites because of its ease availability, well known
intercalation/exfoliation chemistry, high surface area and high surface reactivity. The MMT
layer aspect ratio can be in the range 1000 in well dispersed state without breaking of layers
and surface area of about 750 m2/g. Usually because of the breaking of clay layers in to
small plates during preparation process of nanocomposite, the aspect ratio of MMT layers
decreases to about 300-500.

Smectites Chemical formula

Montmorillonite My (AlsMg,)SisO20(OH)4
Hectorite My (Mgg.xLix)SisO20(OH)4
Saponite M, Mg (Sis.xAl)O2(OH)4

Table 1. Chemical structure of commonly used smectite type clays, M: monovalent cation, x:
degree of cations isomorphous substitution in octahedral sheets, (Pavlidou & Papaspyrides,
2008).

Other clay materials such as 1:1 structures, 2:1 pyrophillits and mica are not commonly used
in polymer nanocomposites because they have not useful intercalation/exfoliation
characteristics or they are not easily separated into layers. Due to the higher charge density
on the layers they are strongly stacked together and the hydration of inter layer cations or
intercalation of polymer chains between layers are difficult or not possible.

4.2 Modification of clay layers

The preparation of polymer/clay nanocomposites with good dispersion of clay layers
within the polymer matrix is not possible by physical mixing of polymer and clay particles.
It is not easy to disperse nanolayers in most polymers due to the high face to face stacking of
layers in agglomerated tactoids and their intrinsic hydrophilisity which make them
incompatible with hydrophobic polymers. Only a few hydrophilic polymers such as poly
(ethylene oxide) and poly (vinyl alcohol) can be miscible with clay nanolayers (Pavildou &
Papaspyrides, 2008).

The intrinsic incompatibility of hydrophilic clay layers with hydrophobic polymer chains
prevents the dispersion of clay nanolayers within polymer matrix and causes to the weak
interfacial interactions. Incompatibility and weak interfacial interactions hinders the
exfoliation and preparation of dispersed stable nanocomposite with improved properties.
Modification of clay layers with hydrophobic agents is necessary in order to render the clay
layers more compatible with polymer chains. This is a surface modification which causes to
the reduction of surface energy of clay layers and match their surface polarity with polymer
polarity. The organoclays with lowered surface energy are more compatible with polymers
and polymer molecules are able to intercalate within their interlayer space or galleries under
well defined experimental conditions.
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The surface modification of clay layers can be achieved through a cation exchange process
by the replacement of sodium and calcium cations present in the inter layer space or clay
galleries by alkylammonium or alkylphosphonium (onium) cations (Ahmad et al., 2009). In
addition to the surface modification and increasing the hydrophobisity of clay layers, the
insertion of alkylammonium or alkylphosphonium cations into the galleries causes to some
degree of increasing in the inter layer spacing which promotes the following intercalation of
polymer chains into the galleries during nanocomposite preparation (Chigwada et al., 2006).
Also the alkylammonium or alkylphosphonium cations can provide functional groups
which interact with polymer chains or initiate the polymerization and therefore increase the
interfacial interactions. Figure 3 schematically shows the organically modification of clay
layers using alkylammonium cations via the ion exchange process.
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Fig. 3. Scheme of the modification of clay layers by organic onium cations.

The ion exchange process is carried out in aqueous solution with the hydrated inter layer
cations. The affinity of monovalent sodium cations to hydration promotes the ion exchange
process and increases the efficiency of organic modification of clay layers. Clays containing
divalent counter cations such as calcium can not be easily hydrated and therefore their
replacement by ion exchange process is not efficient. Therefore, in these clays, the divalent
cations should be ion exchanged with easily exchangeable sodium cations prior to
modification by onium cations (Ray & Okamoto, 2003). The efficiency of organic
modification by ion exchange process in the increasing of basal spacing and consequently
the exfoliation of clay and formation of stable nanocomposite systems depends also on the
surface charge of clay layers. The surface charge density of clay layers depends on the clay
nature and its preparation (growth) conditions. When the charge density of clay layer is
high such as about 1 equiv/mol for mica, the electrostatic forces between layers is also high.
Therefore the inter layer cations can not to hydrate or swollen and consequently the ion
exchange process can not be carried out. The medium charge densities (0.5-0.8 equiv/mol)
such as in vermiculite, can make a high potential for partial swelling and hydration of
cations. However the divalent cations exist in the inter layer spacing of clays such as
vermiculite make the swelling process difficult due to the lower affinity of divalent cations
for hydration. The lower charge densities (0.25-0.5 equiv/mol) such as formed in
montmorillonite causes to the weak electrostatic forces between layers. Also the presence of
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sodium cations, with high affinity for hydration and exchanging, between the MMT layers
make this kind of clays more suitable for swelling, organic modification and exfoliation. The
structure of the organoclays and their basal spacing also depends on the molecular size of
organic onium and its configuration in the inter layer spacing after modification. Figure 4
schematically shows the various configurations of the organic modifiers inserted within the
clay layers by ion exchange with sodium cations. It is clear that the charge density of clay
layers, the efficiency of ion exchange process and the spatial characteristics of onium cation
are effective on the configuration of onium cations in the modified clays.
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Fig. 4. Various configurations of organic oniums into the clay galleries.

The organic tail of onium laid up parallel to the clay layer can be obtained with lower charge
densities. By increasing the charge density of clay layers, bilayer or trilayer structures with
more increasing of inter layer spacing can be formed. Finally with the higher charge
densities more inter layer spacing is obtained by the formation of paraffin structure. Also
increasing of temperature can lead to the structures with more basal spacing by increasing
the mobility of onium molecules into the galleries. However in a given temperature two
parameters determine the equilibrium layer spacing, the charge density of layers, driving
the packing and number of onium chains into the interlayer space, and the size or chain
length of organic tail in onium compound.

5. Nanocomposite structure

In general, the structures of polymer/clay nanocomposites are classified according to the
level of intercalation and exfoliation of polymer chains into the clay galleries. Various
parameters including clay nature, organic modifier, polymer matrix and preparation
method are affective on the intercalation and exfoliation level. Therefore depending on the
nature and properties of clay and polymer as well as preparation methodology of
nanocomposite, different composite micro-structures can be obtained.
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5.1 Phase separated structure

When the organic polymer is interacted with inorganic clay (unmodified clay), the polymer
is unable to intercalate within the clay layers and the clay is dispersed as aggregates or
particles with layers stacked together within the polymer matrix. The obtained composite
structure is considered as “phase separated”. The properties of phase separated
polymer/clay composites are in the range of traditional micro composites.

5.2 Intercalated structure

When one or more polymer chains are inserted into the inter layer space and cause to the
increasing of the inter layer spacing, but the periodic array of the clay layer is still exist, the
intercalated nanocomposite is formed. The presence of polymer chains in the galleries
causes to the decreasing of electrostatic forces between the layers but it is not totally
dissolved. A well-ordered multilayer hybrid morphology with a high interference
interactions consisted of polymer chains and clay layer is obtained in this configuration.

5.3 Exfoliated structure

Exfoliated or delaminated structure is obtained when the insertion of polymer chains into
the clay galleries causes to the separation of the layers one another and individual layers are
dispersed within the polymer matrix. At all, when the polymer chains cause to the
increasing of interlayer spacing more than 80-100 A, the exfoliated structure is obtained. Due
to the well dispersion of individual clay layers, high aspect ratio is obtained and lower clay
content is needed for exfoliated nanocomposites. Also most significant improvement in
polymer properties is obtained due to the large surface interactions between polymer and
clay. Various polymer/clay structural configurations have been shown in figure 5.

6. Preparation of polymer/clay nanocomposites

Many efforts have been made for the preparation of intercalated and exfoliated
polymer/clay nanocomposites with improved properties. A variety of polymer
characteristics including polarity, molecular weight, hydrophobicity, reactive groups as well
as clay characteristics such as charge density and its modified structure and polarity are
affective on the intercalation of polymer chains within the clay galleries. Therefore different
synthetic approaches have been used for the preparation of polymer/clay nanocomposites.
In general there are four preparation methods including insitu template synthesis, solution
intercalation, insitu intercalative polymerization and melt intercalation.

6.1 Insitu template synthesis

In this method the clay layers are synthesized insitu in the presence of polymer chains. The
polymer and clay primary materials are dissolved in an aqueous solution. Typically
magnesium hydroxide, silica and lithium fluoride as clay building blocks are mixed with
polymer in a solvent. The gel or slurry is refluxed usually at high temperatures followed by
washing and drying. The nucleation and growth of clay layers are take place on the polymer
chains and the polymer chains are trapped in the clay inter layers. Although the clay layers
may be well dispersed within the polymer matrix without the modification of clay by onium
cations, however this method has serious disadvantages. The high temperature applied for
the synthesis of clay layers causes to the decomposition of polymers. Only hectorite clay is
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Fig. 5. Various micro-structures of polymer/clay composites.

synthesized at the lower temperatures. Also the synthesized clay crystals, generated by the
self-assembly process, have tendency to aggregate. Therefore this method is not widely used
and only a few nanocomposites using hectorite clay and poly (vinyl alcohol), polyaniline
and polyacrylonitrile have been synthesized by this method (Alexandre & Dubois, 2000;
Lagaly, 1999; Zanetti et al., 2000).

6.2 Solution intercalation

In this method the polymer or prepolymer is dissolved in a solvent and the clay is dispersed
in the same solution. The clay is swollen in the solvent and the polymer chains intercalate
between the layers. The intercalated nanocomposite is obtained by solvent removal through
vaporization or precipitation. Clays can be swollen easily in solvents such as water, acetone,
chloroform and toluene. The polymer chains are absorbed onto the delaminated sheets.
During the solvent evaporation the entropy gained by the exit of solvent molecules from the
interlayer spacing, allows the polymer chains to diffuse between the layers and
sandwiching. We have used the solution intercalation method for the preparation of epoxy
/clay nanocomposites. Diglycidyl ether bisphenol A (DGEBA), (196-208 epoxy equivalent
weight, Epiran-05, Khouzestan Petrochemical Company, Iran), was used as the polymer
matrix. EPIKURE curing agent 3200, Aminoethylpiperazine (AEP) from Hexion Specialty
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Chemicals Inc., was used both as curing agent of epoxy resin and also as intercalating agent
for montmorillonite (MMT). The inorganic clay used in this study was K-10 grade MMT
obtained from Sigma-Aldrich Co (USA) with a surface area of 130 m?/g. Organically
modified clays, Cloisite 30B (d-spacing = 18.5 A) and Cloisite 15A (d- spacing = 29.88 A)
were provided by the Southern Clay Products. Tetraethylammonium chloride (TEA) salt
was also used as intercalating agent of MMT. Acetone was used as solvent.

Depending on the interactions between polymer and clay sheets, intercalated or exfoliated
structures may be obtained in this method. This technique is used for the preparation of
epoxy/clay nanocomposites. However due to the need for use solvent, this technique can
not be applied in industry. The nanocomposite preparation by emulsion polymerization,
with the clays dispersed in the aqueous solution, is also categorized as solvent intercalation
method (Rehab & Salahuddin, 2005). Toyota group has been used this technique to produce
polyimide/clay nanocomposites (Yano et al.,, 1993). In our group the emulsion and bulk
polymerization methods have been used for the preparation of polystyrene/clay
nanocomposites using the Na-MMT, cloisite 30B and cloisite 15A clay materials. The effect
of clay swelling method and sonication on the inter layer spacing and intercalation have
been investigated. Good dispersion of Na-MMT in the polystyrene (PS) matrix was observed
when an emulsion polymerization was employed and good dispersion of cloisite 30B in the
PS was observed during bulk polymerization. Cloisite 30B showed better dispersion when
this clay was swollen with the monomer during emulsion polymerization. Sonication had
good effect on dispersion of the clays in the PS matrix. PS/Cloisite 15A nanocomposites
showed minor increase in d-spacing compared to the pure cloisite 15A. TGA analysis
showed that the thermal stability of the nanocomposites has been improved compared to
the pure polystyrene (table 2).

6.3 Insitu intercalative polymerization

This technique was the first method used for the preparation of polymer/clay
nanocomposite by Toyota research group in the preparation of Nylon-6 nanocomposite
from caprolactam monomer (Usuki et al., 1993). In this method the organoclay is swollen in
monomer liquid or monomer solution. The monomers diffused into the inter layer spacing
are polymerized by the heat or radiation, by the diffusion of an initiator or by the organic
initiator present on the organic modifier of clay (Hussain et al., 2006). The polymerization is
carried out within the clay galleries as well as extra galleries. The growth of polymer chains
results to the exfoliation and formation of disordered structure.

This method is suitable for the preparation of thermoset/clay nanocomposites and has been
widely used for the epoxies and styrenic polymer nanocomposites (Lan et al., 1995). The
polarity of monomer and clay layers determines the diffusion rate and equilibrium
concentration of monomer within the clay galleries. Consequently the exfoliation and
dispersion of clay layers can be tailored by the clay and monomer chemistry (Pavlidou &
Papaspyrides, 2008). Polyaniline/ MMT nanocomposites have been prepared by the insitu
polymerization of aniline in the presence of MMT (Olad & Rashidzadeh, 2008). Both
unmodified and organomodified MMT were used in the preparation of nanocomposites.
Due to the using of acidic aqueous solutions for the polymerization of aniline, the polar
organic anilinium cations can be interact with both unmodified and modified clays.

6.4 Melt intercalation
Clay is mixed within the polymer matrix in molten temperature. The conventional methods
such as extrusion and injection molding are used for dispersion of clay layers within the
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polymer matrix. This method is effective technique for the preparation of thermoplastic
nanocomposites (Kornmann et al., 2001). The polymer chains are intercalated or exfoliated
into the galleries. Clays are organically modified and polymer chains are surface modified
with more polar functional groups to enhance their compatibility and therefore promote the
exfoliation. In melt intercalation method no solvent is required and it has many advantages
for the preparation of nanocomposites and is a popular method for industry (Ray et al.,
2003).

7. Structural characterization of polymer/clay nanocomposites

In the preparation of a polymer/clay nanocomposite it is important to know the degree of
intercalation/exfoliation and its effect on the nanocomposite moderate properties. In other
word there is need to analyze the micro structure of the prepared nanocomposite. Two
common techniques including X-ray diffraction (XRD) analysis and transmission electron
microscopy (TEM) are widely used to characterize the micro structure of nanocomposite as
well as pure clay or pure organoclay. Clays and organoclays show a characteristic peak in
XRD analysis due to their regular layered structures. The peak is indicative of the platelet
separation or d-spacing in clay structure. Using the peak width at half maximum height and
peak position (20) in the XRD spectra the inter layer space can be calculated utilizing Bragg’s
law (eq. 1).

Sin® =ni / 2d 1)

Where A is wave length of X-ray radiation used in the diffraction experiments, d is the space
between layers in the clay lattice and 0 is measured diffraction angle. Any change in the
inter layer or d-spacing of a clay lattice by organic modification or polymer intercalation
causes to the change in the position, broadness and intensity of the characteristic peak in
XRD spectra. According to the Bragg law, increasing of d-spacing results to the broadening
and shifting of related XRD peak toward lower diffraction angles (20). By monitoring the
position (20), shape and intensity of the characteristic peak for organoclay in nanocomposite
structure it is possible to determine the degree of intercalation/exfoliation. For example
figure 6 shows the XRD patterns of pristine Na-MMT as well as polystyrene (PS)/Na-MMT
nanocomposites prepared by emulsion polymerization method. The characteristic peak of
MMT has been appeared at 26 = 7.13° corresponding to the inter layer space of 1.24 nm. The
XRD patterns of polystyrene/Na-MMT nanocomposites containing different clay percents
(2-6 wt %) show diffraction peaks all shifted to lower 20 degrees against the peak of pure
Na-MMT, which indicates the increasing of layers spacing due to the intercalation or
exfoliation. The experimental conditions, peak position (20) and related calculated clay layer
spacing obtained from XRD spectra of pure clays and polystyrene/clay nanocomposites
have been shown in table 2.

The results indicate that the Na-MMT was efficiently dispersed in the polystyrene matrix
during the emulsion polymerization due to the hydrophilicity of pure montmorillonite. Also
the effect of sonication on the dispersion of Na-MMT layers in the polymer matrix was
investigated. The results showed that the polystyrene/Na-MMT nanocomposite prepared
by the application of sonication has no noticeable diffraction peak in the XRD spectrum at 20
values of 2° to 10° (figure 6e). This indicates that the clay plates have been dispersed
effectively and may be the exfoliated structure has been obtained.
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Experimental
Sample polymerization 260 (°) d(A)
conditions
pure Na-MMT - 713 12.38
PS/Na-MMT (2wt%) Emulsion 2.58 34.16
PS/Na-MMT (4wt%) Emulsion 272 32.46
PS/Na-MMT (6wt%) Emulsion 2.58 34.16
PS/Na-MMT (2wt%) Bulk 6.00 14.72
Pure clay 30B - 4.68 18.86
PS/ clay 30B (2wt%) | Eroulsion swellingwith |5 501 5y g3
water
PS/ clay 308 @wt%) | roulsion swellingwith |5 ) 15 57
water+ sonication
PS/ clay 30B (2wt%) Emuls“r’;lé;‘:s;ng with | 579 | 3167
o Emulsion, swelling with

PS/ clay 30B (4wt%) menomer 2.99 29.51
PS/ clay 30B (6wt%) Emuls“r’::('):)vﬂl‘rng with 1303 | 2910
PS/ clay 30B (2wt%) Bulk 2.71 32.55
pure clay 15A - 2.95 29.88
PS/ clay 15A (2wt%) Emuls“r’:;gs;“g with |75 | 3216
PS/ clay 15A (2wt%) Bulk 2.69 32.76

Table 2. XRD data and inter layer space for MMT and PS/MMT nanocomposites.

It may be need to use wide-angle X-ray diffraction (WAXD) patterns in the range 1° < 20 <
10° to identify the fully exfoliated structures which is correspond to the d-spacing of at least
6 nm. The XRD technique offers a conventional method to determine the d-spacing in the
pure clay as well as in nanocomposite structure, within 1-4 nm, using the position,
broadness and intensity of characteristic peak in WAXD diffractogram. However the
disappearance of such a peak is not a conclusive evidence for a highly exfoliated structure in
nanocomposite (Hedayati & Arefazar, 2009).

A direct way to visually observe the nanostructure of nanocomposites and clay d-spacing is
to the use of transmission electron microscopy (TEM) technique. TEM micrographs allow a
qualitative understanding of the internal structure, exfoliation or spatial distribution of
layers within the polymer matrix and their structural defects. In the TEM micrographs, the
darker lines in the brighter matrix shows the clay layers because of the presence of heavier
elements including Al, Si and O in the composition of clay sheets or layers compared the
lighter atoms such as C, H, N and Na present in the polymer matrix or inter layer spacing of
clay sheets. Therefore the distance between darker liner sections presented in the TEM
micrographs can qualitatively show the d-spacing and dispersion status. Therefore the
overall structure of the nanocomposite including intercalation, exfoliation, dispersion and
defects of clay layer can be conclusively obtained using TEM technique.
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Fig. 6. XRD patterns of pure Na-MMT (a) and PS/Na-MMT nanocomposites prepared by
emulsion polymerization method with clay content of 2 wt % (b), 4 wt % (c) and 6 wt % (d)
and PS/Na-MMT (2 wt %) with sonication (e).

However both XRD and TEM techniques are essential tools for evaluation of the
nanocomposite structure and complementary show the structural features of polymer/clay
nanocomposite microstructure. XRD provides almost quantitative and TEM provides
qualitative informations about the exfoliation and d-spacing of clay layers in the polymer
matrix compared to that of in pure clay material. Also other techniques such as those based
on thermal analysis, can be used to evaluate the interfacial interactions between clay layers
and polymer chains.

8. Properties of polymer/clay nanocomposites

The aim for the addition of clay minerals to the polymers is to improve the polymer
properties and to produce the polymer/clay nanocomposites with demand characteristics
for desired applications. Almost it is wanted to obtain a nanocomposite with demand
properties and characters or overcome the drawbacks of polymers while remaining the
intrinsic advantages of primary polymer matrix.

Because of the low price, availability, high aspect ratio as well as desirable nanostructure
and interfacial interactions, clays can provide dramatic and adjustable improved properties
at very lower loadings which help to the more remaining of polymer original useful
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properties. The nature and properties of components as well as preparation methodology
and conditions affects on the final properties of polymer/clay nanocomposite (Ray, 2010). In
this section the various improved properties of polymer/clay nanocomposites as well as the
mechanism and effective parameters are discussed.

8.1 Mechanical properties

The first and important goal in the application of fillers to the polymer is improvement in
the mechanical properties and therefore fillers are commonly called as reinforcement agents
(Jiang et al., 2005). The mechanism of the reinforcement is based on the higher resistance of
rigid filler materials against straining due to their higher module. When a rigid filler is
added to the soft polymer matrix, it will carry the major portion of applied load to the
polymer matrix under stress conditions, if the interfacial interactions between filler and
matrix is adequate (Tortora et al., 2002; Gorrasi et al., 2003).

Therefore the larger the interface between filler and matrix, and also more strong interfacial
interactions, the great the reinforcement effect will be. Also the modulus increases by
increasing the filler ratio in the composite or nanocomposite composition. Because of the
rigid structure of clay layers and their high aspect ratio, they have proven to be very
effective in the increasing of modulus and stiffness of the polymer matrix in well dispersed
condition. In fact due to the very higher aspect ratio of nano-clay fillers compared to that of
regular fillers such as glass fibers, dramatic improvements in the mechanical properties of
nanocomposites are achieved even at very lower nanoclay additions (LeBaron et al., 1999).
In another approach, polymer chains, adhesived by strong physisorption forces onto the
rigid clay mono layers, become equally a portion of rigid material and dramatically exhibit
high modulus. Considering the very large interfacial area in well dispersed nanocomposite
structures, significant improvement in the modulus can be expected. However any
enhancement in the polymer-clay interfacial contact leads to the better stress transfer in the
nanocomposite. It has been well demonstrated that the enhancement in the interfacial
adhesion properties between clay and polymer by surface modification of polymer chains
using a suitable polar compatibilizer causes to the increasing in the mechanical properties of
nanocomposite (Osman et al., 2005; Mittal, 2008). It should be noticed that in higher loadings
of compatibilzers, they may cause to the some degree of plasticization due to their lower
molecular weight, which negatively affect on the modulus of nanocomposite (Mittal, 2008).
Also the using of organically modified clay filler increases both the modulus and stiffness of
nanocomposite because of the more intercalation/exfoliation achieved. At all, any
parameter which helps to the intercalation of polymer molecules within the clay galleries
and consequently causes to the more exfoliation and interfacial interactions, results to the
greater improvement in the modulus. However it is difficult to achieve the complete
exfoliation of clay layers and there are variety of platelet structures with different
thicknesses (depending on the number of layers stacked together) in polymer matrix. Fornes
and Paul (2003) have analytically formulated the effect of incomplete exfoliation on the
nanocomposite properties.

Also it has been reported that the tensile modulus increases by increasing the filler volume
fraction in nanocomposite (Mittal, 2007). However clay loading more than threshold limit
value, causes to leveling-off in the increasing period of Young’s modulus, which is due to
the formation of partially exfoliated/intercalated structure after that fully exfoliated
structure formation (Ray & Okamoto, 2003; Alexandre & Dubois, 2000).
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Also the incorporation of clay minerals usually improves the tensile strength of polymers
(Fornes et al., 2001; Shelley et al., 2002; Kojima et al., 1993). However the tensile strength is
influenced by the final morphology of nanocomposite. There are a number of reports on the
reduction of tensile strength by the addition of clay minerals (Alexandre & Dubois, 2000;
Finnigan et al., 2004). Similar to modulus, any factor affecting on the degree of
intercalation/exfoliation has an impact on the tensile strength of nanocomposite.

The effect of clay fillers on the stress at break values for polymer nanocomposites depends
on the interfacial interactions between polymer and clay layers. The stronger interfacial
interaction causes to the increasing of stress at break and the weak interfacial forces may
lead to some decreasing of stress at break for nanocomposite. The polymers with more
polarity such as nylon and rubber based polymers have more strong interfacial interactions
with polar clay layers and their nanocomposites represent improved stress at break values
compared to that of pure polymer (Wang et al., 1998). Polyamide/clay nanocomposites have
shown highly improved stress at break values, because of their higher degree of exfoliated
structures based on the presence of strong ionic bonds between polymer chains and clay
layers (Alexandre & Dubois, 2000). The nanocomposites of non-polar polymers such as
polyolefines with clays exhibit weak interfacial interactions and low degree of exfoliation
and consequently show decreased or slightly improved stress at break values. However the
modification of polymer chains or clay layers may be causes to improved stress at break
characteristics for non-polar polymers.

Elongation at break for polymer/clay nanocomposites is similarly dependent to the
interfacial interactions of polymer/clay system. There are both increasing and decreasing
reports of elongation at break for polymer/clay nanocomposites in literature (Finnigan et
al., 2004; Yao et al., 2002). The impact strength of polymer/clay nanocomposites was also
studied and compared with that of pure polymer systems. The reports are usually emphasis
on the increasing of impact strength by the addition of very low fraction of clay loadings
such as 0.1 wt% (Zhang et al., 2000; Oya et al., 2000). In these studies organic modified clay
fillers were added to the compatibilized polyolefines. There are also reports on the
decreasing of impact resistance by the addition of clay materials (Phang et al., 2005).
Dynamic mechanical analysis studies on polymer/clay nanocomposites have shown that
usually storage modulus and glass transition temperature (T,) are improved by the addition
of clay nanofillers (Nam et al., 2001; Laus et al., 1997; Krikorian & Pochan, 2003; Ray et al.,
2002).

8.2 Thermal properties

Thermal stability of polymer/clay nanocomposites have been analyzed and compared with
that of pure polymer under various oxidative (air) or non-oxidative (inert gases) conditions.
Thermogravimetric analysis (TGA) has been usually used to evaluate the thermal stability of
polymer and their nanocomposites. In this technique, the weight loss of the material due to
the formation of volatile compounds under degradation because of the heating and
temperature rising is monitored.

In general, it has been reported that the polymer/clay nanocomposites are thermally more
stable than pure polymers (Ray & Bousima, 2005; Becker et al., 2004; Zanetti et al., 2004;
Wang et al., 2002). That is the incorporation of clay fillers into the polymer matrices results
to the improvement of their thermal stability. The effect of clay layers has been more
explained as superior insulation and mass transport barrier against the volatile compounds
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generated during the decomposition of polymer under thermal conditions (Zhu et al., 2001).
Also it has been reported that clays assist in the formation of layered carbonaceous char
during degradation of polymer/clay nanocomposite (Ray et al., 2003). Clay minerals are
inorganic materials and are almost stable in the temperature ranges that organic polymers
are degraded in to volatile compounds. Therefore in TGA experiments the clay content of
nanocomposites is remain as residue after heating program (Gilman, 1999).

Blumstein (1965) first reported the improved thermal stability of PMMA/MMT
nanocomposite. TGA showed that PMMA intercalated into the Na-MMT has 40-50 °C
higher decomposition temperature. Vyazovkin et al. (2004) reported the thermal stability of
polystyrene/clay nano-composite compared to pure PS. They have showed that PS/clay
nanocomposites have 30-40 °C higher degradation temperature compared to pure PS under
nitrogen and air heating degradation conditions. Other studies have been showed that the
nature of the clay modifier can affect on the thermal stability of modified clay and related
nanocomposites (Mittal, 2007).

In some other studies the thermal decomposition behavior of nanocomposites and pure
polymers under air (oxidative decomposition) and inert gas (non-oxidative decomposition)
have been compared (Berta et al., 2006; Zhao et al., 2005; Beyer et al., 2002). Results showed
that the formation of insulator layered char in oxidative degradation is achieved better than
non-oxidative degradation heating program using some inert gases such as helium (Zhao et
al., 2005; Beyer et al., 2002). Therefore under inert gas thermogravimetric experiments the
nanocomposites may have the same degradation temperature as pure polymer.

We have analyzed the thermal degradation behavior of PS/MMT nanocomposites as well as
pure PS. According to the results, thermal stability of nanocomposite has been improved
compared to the pure polystyrene. Thermogravimetric analysis (TGA) of neat PS and
PS/clay nanocomposites was obtained by heating program of 10 °C /min. Figure 7 shows
the TGA curves for PS and PS/MMT nanocomposites. According to the results, the
degradation temperature of the PS in nanocomposites has been shifted to higher
temperatures compared to neat PS. The temperature of the 50% degradation of PS/clay
nanocomposites has been increased compared to the pure PS. The 50% degradation
temperature of pure PS was 411 °C, but that of the PS/Na-MMT nanocomposite was 422 °C
and for PS/Cloisite 30B was 416 °C which is indicating respectively 11 °C and 5 °C
improvement with 4 wt% of the clay loadings. For PS/Cloisite 30B nanocomposite two
stages of weight loss under heating program took place. The first stage of weight loss at
temperatures of about 220-312 °C represents the decomposition of modifying agent of
Cloisite 30B. The second stage of weight loss at temperatures of about 312-450 °C is related
to the decomposition of PS. The TGA data are summarized in table 3.

The effect of polymer compatibilizer on the thermal degradation behavior of compatiblized
polymer/clay nanocomposites has also been investigated. Results showed that the
incorporation of compatibilizers even with low molecular weight has not a significant
unwanted effect on the thermal degradation of nanocomposites (Mittal, 2008).

8.3 Flame retardancy

Because of the large use of polymers especially in domestic applications, there is need to
reduce their potential for ignition or burn in order to make them more safer in applications.
Conventionally chemical additives as flame retardants are used to retardant the ignition and
control burn.
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Fig. 7. TGA curves for PS (a), PS/Na-MMT (b) and PS/Cloisite 30B (c).

Traditionally a number of halogen-based as well as phosphorous and some other
compounds have the flame retardancy effect in polymers without the reducing of their other
properties and quality. However the halogenated compounds suffer from environmental
contamination characteristics and have pushed the market trends to halogen-free flame
retardants (Kiliaris & Papaspyrides, 2010; Levchik, 2007). Some of inorganic candidates
require high level of loading which cause to un-wanted effects on the costs, process ability
and quality of the product (Zhao et al., 2005; Laoutid et al., 2009).

sample | T | ey | End D
Pure PS 392°C 411°C 447°C
PS/Na-MMT (4 wt %) 404°C 422°C 455°C
PS/Cloisite 30B (4 wt %) 380°C 416°C 450°C

Table 3. Thermal degradation data of the PS and PS/clay nanocomposites, based on the
TGA results. 2 : 15% Degradation temperature (To.15) and b : 50% Degradation temperature
(Tos).

Also in other work the thermal properties of epoxy and epoxy/clay nanocomposites were
investigated. Figure 8 shows the TGA thermograms of the neat epoxy and epoxy/cloisite
30B nanocomposite with 3% and 5% wt of cloisite 30B. In general, major weight losses are
observed in the range of ~300-400 °C for epoxy and nanocomposites, which may be
corresponding to the structural decomposition of the polymers. It can be seen in figure 8
that the Td (the temperature of degradation at which weight loss is 20 wt %) for
epoxy/cloisite 30B (3 wt %) nanocomposite has shifted toward the higher temperature range
against to the pure epoxy in a way that, the Td of the nanocomposite is 319 °C, which is
superior to that of the pure epoxy (Td =313 °C). However the Td of epoxy/cloisite 30B (5 wt
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%) nanocomposite is lower than that of neat epoxy due to the catalytic effect of nanoclay on
the cross-linking reaction of the epoxy resin with curing agent. After ~500 °C, all of the
curves became flat and mainly the inorganic residue remains. The char yields of the
nanocomposites are higher than that of the neat epoxy.

Investigations on the polymer/clay nanocomposites have been demonstrated that clay
minerals represent some degree of flame retardancy along with the improvement in the
physical and mechanical properties for polymers (Kiliaris & Papaspyrides, 2010; Giannelis,
1998). However detailed explanations implies that clay materials are beneficial for retarding
the flame spread in developing fires and they not improve the ignition retardancy or control
the fully developed fires (Livchik & Weil, 2000; Zanetti et al., 2002; Zanetti, 2006). Therefore
the clay minerals are used together with a low fraction of conventional flame retardants
(Wang et al., 2004). However the clay minerals and traditional flame retardants have
considerable synergistic effect in the reduction of ignitability of polymers and various
reports of organically modified clay nanocomposites combined with halogenated flame
retardants (Weil et al., 1992; Wang et al., 2005) and phosphorous flame retardants (Zhang &
Horrocks, 2003; Hao et al., 2006) were presented in literature. The synergic effect of clays on
the flame retardancy of halogenated and phosphorous compounds causes to the reduction
of their volume fraction needed in the polymer/clay nanocomposite systems.

In a series of other works attempts have been made to intercalate the various phosphorous
flame retardants into the clay galleries. The clays modified with such phosphorous
compounds have been used in the preparation of nanocomposites with various polymers. In
this approach the phosphorous flame retardants are shielded by the clay sheets which
prevent their evaporation during preparation of nanocomposite especially by the melt
compounding method and it's remaining for more efficient flame retardancy in the final
product (Chigwada & Wilkie, 2003).

Schartel et al. (2006) have used tetra-phenyl phosphonium modified clay for the preparation
of nanocomposites based on DGEBA resin. Toldy et al. (2006) have also used phosphorous
compounds both as curing agent and flame retardant in the preparation of epoxy/clay
nanocomposites.

8.4 Barrier properties

One of the most considerable effects of clays in the polymer matrix properties is the
dramatic improvement of barrier properties of polymers. Clay sheets are naturally
impermeable. Clays increase the barriers properties of polymers by creating a maze or
tortuous path that retards the diffusion of gas molecules through the polymer matrix (figure
9) (Pavlidou & Papaspyrides, 2008; Yano et al., 1993).

The degree of enhancement in the barrier properties depends on the degree of tortuousity
created by clay layers in the diffusion way of molecules trough the polymer film. The
tortuous factor is determined by the ratio of actual distance which diffusive molecule is
walked to the shortest distance to diffuse (polymer film thickness). This factor is affected by
the aspect ratio of clay dispersed in the matrix. Increasing the lateral length of clay sheet as
well as increasing of exfoliation or dispersion degree cause to the more barrier enhancement
in the polymer matrix. Many studies have reported the barrier properties of polymer/clay
nanocomposites against the diffusion of gases and vapors (Tortora et al., 2002; Ray et al.,
2003; Lange & Wyser, 2003; Giannelis, 1996; Koh et al., 2008).



132 Advances in Diverse Industrial Applications of Nanocomposites

100

80 |

60

40 1

Weight (%)

20 4 a

0 T T T T |
0 100 200 300 400 500
Temprature (°C)

Fig. 8. TGA thermograms of neat epoxy (a) and epoxy/ cloisite 30B nanocomposites with 3
wt % (b) and 5 wt % (c) cloisite 30B contents.
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Fig. 9. Scheme of the mechanism of barrier improvement by the addition of clay platelets.

8.5 Anticorrosive properties

Polymers are widely used as anticorrosive coatings on metals to prevent the corrosion.
Primarily polymeric coatings act as physical barrier against the diffusion of aggressive
species to the metal surface. However most polymer coatings show some degree of
permeations especially in long time period of contact with aggressive species. Various
techniques have been applied to improve the barrier effect of polymeric coatings. One of the
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effective methods is based on the preparation of polymer based composite or
nanocomposite coatings by the addition of proper fillers to the polymer coating matrix. It
has been shown that the addition of platelet fillers like as layered silicates, effectively
improves the anticorrosive barrier effect of polymer coatings by increasing the length of the
diffusion pathways for aggressive species. Clay materials due to their platelet structure and
high aspect ratio, in well dispersed state, decrease the permeability of polymer coating films
by increasing the diffusion pathways such as shown in figure 9.

The nanocomposite of various polymeric materials such as polystyrene, poly (styrene-co-
acrylonitrile), polyaniline, polypyrrole, polysulfone, polyacryltes, polyimide and epoxy with
unmodified and organically modified clays have been investigated as anticorrosive coatings
on metals (Yeh et al., 2008; Olad & Rashidzadeh, 2008). According to our results obtained by
electrochemical tafel slope analysis, the corrosion current of iron samples coated by the 100
um thickness of polyaniline/MMT coating is more lower than that of samples coated by
pure polyaniline coating with the same thickness in various corrosive environments (Olad &
Rashidzadeh, 2008).
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1. Introduction

Polymer nanocomposites consisting of polymers and inorganic nanoparticles (NPs) have
attracted many attentions due to their promising potentialsof diverse applications such as
solar cell, sensors, catalysts, ferroelectric devices, etc. To impart sufficient stability of NPs
and integrate NPs into polymer matrix, it is a prerequisite that the surface of the NPs is
properly treated with various ligands having desired properties. Up to date, a number of
strategies to synthesize the appropriate gold nanoparticles (Au NPs) have been reported.
The most popular method that has been for a long time to prepare Au NPsis to use citrate
reduction of HAuCl, in water, which was introduced by Turkevitch (Turkevich et al., 1951).
And this method was developed by Frens to obtain controlled size of Au NPs from 10 to 100
nm, via varying the concentration ratio between HAuCly and sodium citrate (Frens, 1973). In
organic solvent, the so called “two-phase method” developed by Brust et al. has a
considerable impact in this field until today due to the facile synthesis of stable Au NPsthat
are protected by alkanethiols with controlled size and monodispersity (Brust et al., 1994).
Later, they also introduced the “one-phase method” in methanol (Brust et al., 1995) and Yee
et al. have expanded this method to various metal NPs such as gold, palladium and iridium
in tetrahydrofuran (Yee et al., 1999). Furthermore, Hostetler et al. demonstrated that the
functionality of monolayer protected NPs can be further enhanced via ligand exchange
method (Hostetler et al., 1999).

Recently, the inorganic NPs which is surface modified with polymeric ligands instead of the
small surfactant molecules, such as alkanethiols or citrate, have attracted great interest as
they can provide not only the improved stability but also various functionalities, unique
structure and characteristics, and compatibility with other matrices. As a versatile approach
for the surface modification of NPs, it has been shown that various polymers can be grafted
onto the NP surface via “grafting-from”, “grafting-to”, “ligand exchange” or “templating”
methods. In the “grafting-from” method, polymers are usually grown from the NP
surfacesvia living-free radical polymerization, which are modified with the initiators. In
contrast, when the end-functionalized polymers are synthesized, such as thiol-terminated
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polymers, they can be directly grafted onto the NP surface. In both methods, it has been
demonstrated that the surface of various NPs can be successfully modified with desired
polymeric ligands to fabricate the well-defined nanocomposites. For example, the location of
the NPs within block copolymers can be precisely controlled. When the NP surface is
modified with one block, it was shown that the resulting NPs are located at the
corresponding domain. The more interesting issue is to control the location of NPs at the
interface of AB block copolymers. In this case, it was shown that the decoration of the NP
surface with a mixture of A/B homopolymers can result in the “Janus” type amphiphilic
NPs and hence they are located at the interface of AB block copolymers. This “Janus” type
NPs provide a practical method for producing nanostructures that are amenable to
technological applications. For examples, they can be used as templates to transfer the
copolymer structure into the substrate, i.e., nanoreactors where catalysts can be anchored to
the base of the pores, and photoelectrochemical applications. In this chapter, we will cover
aforementioned issues, NP surface modification, the control of NPs within the block
copolymers and their applications.
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2. Decoration of nanoparticle surface

2.1 Grafting from approach

In “grafting from”method, the surface initiated NPs are preformed and polymers are grown
directly from the surface of the NPs.To synthesize the polymers, various polymerization
techniques were reported. The most prevalent technique is the living radical
polymerizations,such as atom transfer radical polymerization (ATRP), reversible addition-
fragmentation chain transfer (RAFT), due to its simplicity and versatility. Especially, the
main advantage of combining the “grafting from” method with the living radical
polymerization is not only the control of molecular weight of polymer but also the
possibility to achieve higher surface grafting density of polymer brush. In “grafting to”
method, it is difficult to obtain high grafting density because of the steric hindrance of
polymer ligands. But in case of “grafting from” method, the polymer brushes grow from the
initiators on the surface of NPs, and hence the high grafting density of polymer brush can be
obtained. The initiator is usually anchored on the surface of NPsusing disulfide initiator or
by reacting with active group such as hydroxyl, carboxylic acid, amine, etc. As an example,
Raula and coworkerssynthesized Au NPs coated with 11-mercapto-1-undecanol and
subsequently modified the Au NPs into RAFT agent which has carboxylic acid at the end
(Raula et al., 2003). Then poly(N-isopropylacrylamide) (pNIPAM) has been polymerized
using RAFT polymerization. They investigated the changes in the surface plasmon of Au NP
in different media, and effects of particle concentration, temperature in aqueous solutions.
In this case, it was found that the solubility of these Au NPs in water was low due to the low
grafting degree of pNIPAM ligands. Kim et al. synthesized the pNIPAM coated Au NPs in
aqueous media (Kim et al., 2005). The polymerization initiator, [BrC(CH3),COO(CH)11S]2,
was immobilized to the surface of citrate coated Au NPs by ligand exchange method. The
cross-linked pNIPAM ligands were synthesized by ATRP as well as brush type pNIPAM
with or without ethylene diacylate as a cross-linker. They compared the thermo-
responsiveness of the Au NP/pNIPAM hybrid as function of degree of cross-linking. A
similar approach was reported using a different cross-linker (Li et al., 2007). The preformed
Au NPs were modified by disulfide initiator and the pNIPAM chains were grown in the
presence of N,N-methylenebisacrylamide (MBAA) as cross-linker via ATRP. As a result, the
slightly cross-linked Au NPs can be used to trap and encapsulate other NPs, biomolecules,
dyes, or drugs by a temperature-introduced “breathing” process. Later, they also fabricated
pH responsive Au NPs which were modified with poly(4-vinylpyridine) (P4VP) using the
similar approach(Li et al., 2007). At low pH, the polymer layer of Au NPs is loosely swollen
because of the pyridyl groups, which are facially protonated and positively charged. At high
pH, the Au NPs were aggregated due to the collapse of polymer layers. Such Au-P4VP
nanocomposites as a smart supporter can entrap transition metal ions by their efficient
coordinating segments, and the metal ions can be reduced in situ to construct the novel pH-
stimuli bimetallic catalysts.

Recently, the Au NPs which are conjugated with biomolecules like DNA and protein have
attracted great interest due to the potential use of the programmability for diverse
application from biosensing, biodiagnostics to nanoelectronics. Especially, DNA was chosen
as a polymeric material in many researches due to the specificity of DNA base-pairing, the
predictability of inter- or intramolecular interactions, its physicochemical stability, and
mechanical rigidity. Zhao et al. polymerized long single-stranded DNA on Au NPs via
rolling circle amplification (RCA) reaction catalyzed by a special DNA polymerase known
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as ®29 DNA polymerase (Zhao et al, 2006).Thiol-modified DNA primers were
functionalized onto the 15 nm diameter Au NPs prepared by the classical citrate reduction.
A 63-nucleotide-long circular DNA template was annealed with the Au NPsand then RCA
was carried out for long single-stranded DNA polymerization. The resulting DNA-Au NP
conjugates were used as 3D scaffolds for further nano-assemblies by incubating long DNA-
Au NP with 5 nm Au NPs that were modified with a 25-nt antisense oligonucleotide. Also,
Au NPs having peptide chains on the surfaces have been prepared by Higuchi et al. via
ring-opening polymerization of y-methyl L-glutamate N-carboxyanhydride with fixed
amino groups on the NP surface as an initiator (Higuchi et al., 2007). The peptide-Au NPs,
whose peptide chains havea-helical conformation, formed a fibril assembly owing to the
dipole-dipole interaction between the peptide chains on the distinct NPs. On the other hand,
when the peptide chains on the surface adopt a random coil conformation, individual
peptide-Au NPs existed in dispersed form.
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Fig. 2. Schematic illustration of (a) rolling circle amplification (RCA) reaction on AuNPs. (b)
DNA-Au NP conjugates produced by RCA as a scaffold forthe formation of 3D
nanostructures. (c) TEM images of nano-assembled superstructures prepared from 5nm Au
NPs modified with antisense DNA and long DNA-Au scaffolds. Scale bar: 100 nm (Zhao et
al.,, Angew. Chem. Int. Edit., 2006, 45, 2409. Copyright Wiley-VCH Verlag GmbH & Co.
KGaA. Reproduced with permission.)

Until now, the special affinity between thiol (-SH) and gold is mainly used to attach
polymers to the Au NPs surface. However the reversible nature of the Au-thiol bond, which
allows ligand escape above 60 °C, significantly hampers the stability of the Au NPs. Many
groups tried to enhance the thermal stability of Au NPs through the introduction of cross-
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linking of polymeric shell or protective inorganic shell. Kotal et al. synthesized Au-PMMA
NPs by ATRP at the elevated temperature (Kotal et al., 2005). The cross-linked siloxane
primer layer on the Au NP surface, resulting from the hydrolysis of trimethoxysilane tail
group of 3-mercaptopropyltrimethoxysilane, was used to attach the initiators and stabilized
the initiator-containing surface to high temperature ATRP. Matyjaszewski group recently
demonstrated the one pot synthesis of stable Au NPs protected with a cross-linked shell and
linear tethered polymer brushes by “graftingfrom” approach (Dong et al., 2008).The
synthesis of cross-linked polymeric shell is accomplished by adding n-butyl acrylate
monomer and the dimethacrylate as cross-linker at the beginning of ATRP. The reactivity of
the monomer is much lower than that of the cross-linker, therefore, the cross-linker was
consumed faster than the monomer and was preferentially incorporated into the cross-
linked shell. The subsequent polymerization of the remaining monomer formed the linear
brush layer. The resulting Au NPs solution was heated up to 110 °C to test the thermal
stability and exhibit almost same plasmon band in UV-vis spectra before and after heating.

2.2 Grafting to approach

In “grafting to” method, polymers end-capped with thiol groups or containing disulfide
units have been used to directly attach polymer ligands on Au NPs via the two-phase
method (Brust method) or one-phase method. Since the polymer ligandsusually prepared
via living/controlled polymerization prior to being employed to synthesis of Au NPs, the
desirable properties of polymer such as chain length, architecture, composition and
functionality can be precisely designed. Recently, the RAFT polymerization has been more
widely used than other techniques, such as NMP and ATRP, as it has a wide choice of
monomer to polymerize and doesn’t require a special metal catalyst. Especially, the main
advantage of RAFT polymerization is that the dithioester group existed at the end of
polymer can be readily converted to the thiol group by reduction reaction with base.
Therefore,the resulting polymers can be used for the surface modification of various metal
NPs such as CdSe, Pt and Au. In this case, both the two-phase and one-phase methods were
modified by introducing polymer ligands instead of dodecanethiol or octadecanethiol in the
original procedure.Corbierre et al. synthesized Au NPs modified with tetradecanethiol (Cis-
SH) or thiolated polymers (PS-SH and PEO-SH) by one-phase method in THF (Corbierre et
al., 2004). They compared the grafting densities of polymers on Au NPs and either on flat
gold surface. In this case, increasing the chain length leads to an increase in the steric
hindrance of ligands, resulting in decreasing the corresponding surface density both on Au
NPs and on flat Au surfaces. Overall, it was found that the grafting density on the curved
NPswas higher than that on the flat surface, and, this effect is larger in polymer ligands than
small ligands.This is because the presence of the voids at the facet edges results in extra
volume for grafting the polymeric ligand and the percentage of void volume is higher for
long polymeric ligand than small ligand. Lowe et al. also demonstrated a route for
preparing of water soluble Au NPs coated with four different polymers (Lowe et al., 2002).
Four (co)polymers have been synthesized by RAFT polymerization in aqueous media:
poly(sodium 2-acrylamido-2-methyl propane sulfonate) (PAMPS), poly((ar-vinylbenzyl)-
trimethylammonium chloride) (PVBTAC), poly(N,N-dimethylacrylamide) (PDMA), and
poly(3-[2-N-methylacrylamido)-ethyldimethyl =~ ammonio  propane  sulfonate-b-N,N-
dimethylacrylamide) (PMAEDAPS-b-PDMA). These (co)polymers are composed of an
anionic, cationic, neutral, and zwitterionic (betaine) species. The dithioester group at the end
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of polymers was reduced to thiols in aqueous media in the presence of a suitable transition
metal complex or metal sol and stabilized the Au NPs. When the reduction takes place in the
presence of the PVBTAC (anionic polymer), PDMA and PMAEDAPS-b-PDMA, stable
colloids are formed. But In case of PAMPS, the Au NPs are not as stable as the others and
flocculate readily within 48 h. It was also noted that the NPs coated by PMAEDAPS-b-
PDMA are only stable in the presence of salt (NaBr in this case) due to the betaine nature.
The dithioester end-capped polymer was also used to prepare the Au NPs by Shan et al
(Shan et al., 2003). They synthesized the Au NPs coated by three types of pNIPAMIligands
having different end groups or using different synthesis method. The first type was
comprised of pNIPAM with narrow molar mass distributions, synthesized by RAFT
polymerization and thus bearing a dithioester at the chain end. These polymers were used
directly to passivate the Au NPs upon the one-phase method. The second type of ligand was
derived from the first one through hydrazinolysis, and they therefore contained a thiol end
group. The third type of ligand was pNIPAMs obtained through conventional radical
polymerization, postmodified to contain thiol end groups. But the modification efficiency
was not high and the resulting Au NPsprotected with this type of pNIPAM tended to cross-
link into a network. On the other hand, either by directly using pNIPAM containing
dithioester at chain end or by using thiolated pNIPAM obtained via hydrolysis of the first
type, the Au NPs were successfully prepared. They also investigated thermal properties of
pNIPAM coated Au NPs in water (Shan et al., 2004). They observed the two separate phase
transitions of the pNIPAM chains on Au NPs, different from that of the corresponding free
PNIPAM dissolved in water. The first transition with a sharp and narrow endothermic peak
occurs at lower temperature, while the second one with a broader peak occurs at higher
temperature. The observations are tentatively rationalized by assuming that the pNIPAM
brush can be subdivided into two zones, the inner shell and the outer shell. In the inner
shell, the pNIPAM segments are close to the gold surface, densely packed, less hydrated,
and undergo the first transition. In the outer shell, the pNIPAM segments are looser and
more hydrated, adopt a restricted random coil conformation, and show a phase transition,
which is dependent on both concentration of Au NPs and the chemical nature of the end
groups of the pNIPAM chains.

Recently, several groups have demonstrated the preparation of the amphiphilic Au NPs
coated by two different polymeric ligands. Shan et al. prepared the amphiphilic Au NPs
grafted with a mixture of pNIPAM and polystyrene (PS) by one-phase method in a
homogenous THF phase (Shan et al., 2005). The pNIPAM and PS chains have dithioester
group because they were synthesized by RAFT polymerization and directly used to
passivate the Au NPs without further modification as their previous work. Monolayer of the
amphiphilic Au NPs at the air/water interface was built up by employing a Langmuir
trough. During the compression of the monolayer, they observed several characteristic
regions that can be ascribed to the pNIPAM conformational transition affecting the optical
properties. They concluded that the chemically different pNIPAM and PS chains grafted on
the gold core tend to be phase separated through the contact angle measurements on the
upper and lower surfaces of the Au NPs monolayer. They also investigated the surface
plasmon resonance and the thermal responsiveness of the amphiphilic Au NPs monolayer
(Shan et al., 2006). The surface plasmon resonance band of the monolayer undergoes a blue-
shift as the surface pressure increases which is closely related to the conformational change
of pNIPAM chains. In contrast, the UV-vis absorption spectra of the Au NPs multilayers
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transferred at different temperatures onto slides have been measured and showed a red-
shift in the surface plasmon resonance peak with increasing of the deposition cycle due to
the presence of a weak interparticle coupling in the multilayers. However, during the
synthesis of the amphiphilic Au NPs, the distribution and exact ratio of polymers attached
to the surface of Au NPs may be difficult to control by using two separated polymers as the
aforementioned method. Zubarev et al. and Genson et al. prepared the Au NPs which were
functionalized with amphiphilic polybutadienen-poly(ethylene glycol) (PB-PEG) V-shaped
arms (Zubarev et al.,, 2006; Genson et al., 2006). First, they prepared a V-shaped PB-PEG
amphiphile containing a carboxyl group at its junction point and then the diblock
copolymers were attached to the hydroxyl-terminated 2 nm Au NPs by the esterification.
Consequently, 65 V-shaped PB-PEG arms were grafted on a given Au NP, resulting in a
high grafting density of 2.94 chains/nm2 The amphiphilic nature of the Au NPs is
expressed in their unique ability to dissolve in any conventional solvent from hexane,
benzene, dichloromethane, THF, methanol to water. And these Au NPs formed stable
Langmuir monolayers at the air-water and the air-solid interfaces. At these interfaces, the
binary arms vertically segregated into a dense polymer corona, which is surrounded the Au
NPs, preventing their large-scale agglomeration and keeping individual NPs well-separated
from each other and forming flattened, pancake nanostructures. Wan et al. synthesized the
Au NPs using a hyperbranched polyglycerol that hasa hydrophilic moiety as well as a
hydrophobic moiety in one polymer(Wan et al., 2006). The amphiphilic polymer was
composed of hydrophobic thioether containing shell and hydrophilic polyglycerol core and
used to synthesize the Au NP by two-phase method.
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Fig. 3. (a) Synthesis of amphiphilic Au(PB-PEG)n NPs. (b) solutions of amphiphilic Au(PB-
PEG)n NPs in various solvents (Adapted in part with permission from J. Am. Chem. Soc.,
2006, 128, 4958; Langmuir, 2006, 22, 7011. Copyright 2006 American Chemical Society.)

One of most great challenges in the nanotechnology is to synthesize of highly monodisperse
Au NPs as well as control the size of NPs. Digestive ripening, heating a colloidal suspension
at or near the solvent boiling point in the presence of a surface-active ligand, was applied to
polydisperse colloidal gold in toluene using a series of alkylthiols, viz., octyl-, decyl-,
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dodecyl-, and hexadecylthiols (Prasad et al., 2002). For all cases, the digestive ripening
reduced the average particle size and polydispersity significantly. Adjusting the
interparticle separation of the Au NPs by the alkyl chain length controls their solubility
behavior, leading to the formation of exclusive 2D or 3D superlattices. In case of the Au NPs
coated with octanethiol and decanethiol, the stronger and larger 3D superlattices were
observed and also lead to large shift in the optical spectra into the near-infrared region.
Hussain et al. have demonstrated the size-controlled synthesis of near-monodisperse Au
NPs in the 1-4 nm range (Hussain et al., 2005). The particle size was controlled by the ratio
of gold to capping ligand, a water soluble alkyl thioether end-functionalized
poly(methacrylic acid) (PMAA). The Au NPs are readily obtainable in both aqueous
solution and nonaqueous solutions. Even though they couldn’t give a precise rationalization
for their new approach, this simple protocol for the gram scale preparation of monodisperse
Au NPs below 5 nm has a practical value in various fields where the precise size control and
the monodispersity are required.

Recently, the Au NPs conjugated with biomaterials led to new and great development with
infinite potential in biotechnology and nanotechnology. Combining the inorganic Au NPs
and organic biomaterials brings the synergistic effects that incorporate the highly selective
catalytic and recognition properties of biomaterials, such as proteins/enzymes and DNA,
with the unique electronic, photonic, and catalytic features of NPs. The excellent
biocompatibility and biodegradability of poly(e-Caprolactone) (PCL) make them well suited
for drug and gene delivery and tissue engineering. But their fate in vivo cannot be directly
observed by TEM in histological section. Therefore the labeling of PCL biocarrier is desirable
by a contrasting agent such as Au NPs which have high electron density. Aryal et al.
fabricated the Au NPs grafted with the thiolated PCL by two-phase method as well as
ligand exchange (Aryal et al., 2006). The thiolated PCL (PCL-SH) was synthesized through
the ring opening bulk polymerization of e-Caprolactone and removal of protecting group
under slightly basic condition subsequently.PCL was also employed forming diblock
copolymer to stabilize the Au NPs (Azzam & Eisenberg, 2007). Poly(ethylene oxide)-b-
poly(e-caprolactone) (PEO-b-PCL) copolymer was synthesized by ring opening
polymerization, and the hydroxyl end group of the PCL block was modified with thioctic
acid using dicyclohexyl carbodiimide as the coupling reagent. The resulting PEO-b-PCL-
thioctate ester (TE) was used to passivate the Au NPs by one-phase method in THF. Then
micelles in water were prepared by the slow addition of the dilute Au NP solution in DMF
into a large excess of water. Under these conditions, the PCL block forms the shell
surrounding the gold core, while the PEO block forms the corona. They observed the only
micelles with a single gold core per micelle based on the TEM.

On the other hand, DNA or polypeptide grafted Au NPs were investigated by “grafting to”
method but there are only a few examples because the Au NPs are usually synthesized
through the “ligand exchange” in water for the biocompatibility. Higashi et al. described the
preparation of disulfide terminated polypeptide (poly(y-benzyl-L-glutamate)) (PBLG)
monolayercovered Au NPs via two-phase method(Higashi et al., 2005). The PBLG segments
attached on Au NPadopt a-helix conformation with nearly 100% content which is much
higher value compare to the free PBLG chains in chloroform. They explained that the
observed helix enhancement is probably due to PBLG side chain interactions such as -1
stacking of benzyl groups, resulting from characteristic alignment of PBLG segments on Au
NPs, at which they are forced to assemble densely.Recently, Cheng et al. applied the DNA
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coated Au NPs to fabricate the free-standing Au NP superlattice sheets (Cheng et al., 2009).
First, they prepared monodisperse 13 nm diameter Au NP capped with 5-thiolated single-
stranded DNA (ssDNA) through the two-phase method. They used the DNA as a dry
ligand, similar to alkyl molecular ligands, without the requirement of base-pairing. For
further application of superlattices in free-standing electronics, the rigorous control over
their internal structures and the overall shapes of discrete features are required. However, in
alkyl based fabrication of superlattices, the interparticle spacing is constrained to a small
range (~1.2 - ~2.3 nm) owing to synthetic limitations on maximum molecular ligand length.
Using the ssDNA as a dry ligand is one of methods that can circumvent the above
limitations, by combining a microhole-confined, drying-mediated self-assembly process.
They obtained discrete, freestanding superlattice sheets in which both structure
(interparticle spacings) and functional properties (plasmonic and mechanical) can be
rationally controlled by adjusting DNA length. In particular, the edge-to-edge interparticle
spacing for monolayered superlattice sheets can be tuned up to 20 nm, which is a much
wider range than has been achieved with alkyl molecular ligands.

In common with the grafting from method, many efforts have been devoted to increase the
thermal stability of Au NPs through grafting to method.The instability is resulted from the
dissociation of polymeric ligand from the surface of Au NPs under high temperature. The
stability of Au NPs could be improved through the introduction of multiple thiol-anchoring
groups at the polymer chain ends or shell cross-linking of polymeric ligands encapsulating
the Au NPs. Huang et al. prepared the Au NPs coated with poly(p-methylstyrene)
containing multiple thioether groups on the chain side (Huang et al., 2005). The synthesis of
poly(p-methylstyrene) (PMS) was accomplished via anionic polymerization. The resulting
polymer was chlorinated with sodium hypochloriteand the extent of chlorination was
determined as 30% from the 'H NMR.Since a PMS molecule (with a molecular weight of
15,000) comprised 127 repeating p-methylstyrene units, the 30% chlorination amounted to 38
chloromethyl groups on each polymer molecule. The chlorinated poly(p-methylstyrene) was
then reacted with methylthiomethyllithium, which had been prepared via a metalation
reaction of dimethyl sulfide with n-butyllithium, to form a styrenic polymer containing
thioether groups on the sides of the molecule, PMS-(CH>SCH3)n. Au NPs were synthesized
in situ in the presence of PMS-(CH;SCH3), by borohydride reduction of gold precursor in
chloroform phase. Although the PMS-(CH>SCH3), coated Au NPs were relatively stable
below the Ty of PMS (~102 °C), the particles were free to move and start clustering at
temperatures above the Ty In TEM micrograph of PMS-(CH>SCHs), coated Au NPs after
being heated at 150 °Cfor 24 h, the clustering of particles was significant. These methods still
suffer from a lack of thermal stability and require multistep synthetic approaches.Very
recently, Yoo and coworkers reported a simple, yet powerful strategy for preparing
thermally stable Au NPs by introducing photo-cross-linkable azide groups (-N3) into the
polymeric ligands attached to the gold core (Yoo et al, 2010). Thiol-terminated block
copolymers composed of polystyrene and azido-polystyrene, P(S-b-5-N3)-SH, were prepared
via RAFT polymerization. They designed the ligands in whichthe short PS-Nj block is
placed adjacent to the thiol group.Consequently, the gold core can be protected by cross-
linked shells after in situ photo-cross-linking to give core-shell nanostructures with well-
defined linear polymer chains surrounding a cross-linked polymer shell. The P(S-b-S-N3)-SH
coated Au NPs were synthesized by the two-phase method, and the resulting Au NPs were
efficiently cross-linked by exposure to UV light subsequently. The cross-linked Au
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NPsexhibit excellent thermal stability and no aggregation was observed on heating to 200 °C
for extended periods of time in both solutions and nanocomposite films. Furthermore, it was
demonstrated that these Au NPscan serve as compatibilizers for thermally annealed
PS/PMMA blends. The cross-linked Au NPs were located at the PS/PMMA interface
resulting in the reduction in the phase separated droplet size of PS or PMMA. Since the
design of the photo-cross-linkable polymeric ligands is modular, the surface property of the
Au NPs can be readily tuned and applied to other functional metal NPs. This facile synthetic
method can provide a versatile route to the fabrication of a variety of nanocomposite
systems.
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Fig. 4. Schematic illustration for the design of shell-protected Au NPs via UV cross-linking
reaction of azido (-N3) group. TEM images and the size distribution of (b) PS-Au NPs and (c)
cross-linked P(S-b-5-N3)-Au NPsbefore heating. (d) Photograph image of PS-Au NPs in DBP
solution after heating (e) TEM images and the size distribution of cross-linked P(S-b-5-N3)-
Au NPs after heating (Adapted in part with permission from Macromolecules, 2010, 43,
3570. Copyright 2010 American Chemical Society.)

2.3 Ligand exchange approach
In order to improve the stability of given NPs, the ligands on the surface can be exchanged
by others containing new properties or functionalities. In most cases, the incoming ligands
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should bind more strongly to the inorganic NP surface. Au NPs are usually preformed via
citrate reduction which is one of the oldest ways to synthesize the Au NPs (Turkevich et al.,
1951), prior to the ligand exchange. And the resulting citrate coated Au NPs have high
degree of monodispersity with size ranging from 5 to 250 nm. Thus, Au NPs by this method
are widely used in not only the areas that require the monodisperse NPs such as
electrochemical quantized capacitance charging and single-electron transistor assembly but
also in the biotechnology that requires the biocompatibility rather than the two- or one-
phase method performed in organic media. Mirkin and coworkers have pioneered the DNA
linked Au NPs using ligand exchange(Mirkin et al., 1996). The 13 nm Au NPs were prepared
via citrate reduction and they were readily modified with two kinds of thiol-terminated
DNA oligonucleotides containing 8-base pair sticky ends which are complementary each
other. After an addition of the DNA grafted Au NP aqueous solution to another DNA
grafted Au NP solution, an immediate color change is observed from red to purple and a
precipitation of the Au NPs ensues resulting from the linking of complementary oligomers
anchored on the Au NPs surface. This process can be reversed by thermal denaturation
generating the unlinked Au NPs which are soluble in the aqueous solution.

Poly(ethylene glycol) (PEG) is well soluble in a number of organic polar and nonpolar
solvents, as well as in water where it is heavily hydrated, forming random coils. Its simple
structure and chemical stability make them inert and biocompatible. The inertness and non-
toxic properties of PEG combined with NPs give rise to a number of applications in
medicine, chemistry, or biotechnology. PEG modified NPs are less toxic as well as more
stable at high salt concentrations and in biological environments. Niidome et al. developed a
technique to modify the gold nanorods with PEG for medical applications (Niidome et al.,
2006). Since gold nanorods stabilized with hexadecyltrimethylammonium bromide (CTAB)
show strong cytotoxicity, it is not suitable for biological applications. They achieved the PEG
modification by adding thiolated PEG in the CTAB coated gold nanorod solution through
the ligand exchange, then, excess CTAB was removed by dialysis. PEG-modified gold
nanorods showed a nearly neutral surface and had little cytotoxicity in vitro. Liu et al.
reported the assembly of PEG and mixed peptide/PEG monolayers on Au NP surfaces(Liu
et al., 2007). The PEG coated or mixed peptide/PEG coated Au NPs were prepared through
incubation of citrate coated Au NPs with thiolated PEG and cysteine-terminated peptide.
The stability of the resulting bioconjugates in high ionic strength media was characterized as
function of NP size, PEG length, and monolayer composition. They found that the Au NP
stability increases with increasing PEG length, decreasing particle size and increasing PEG
mole fraction. Also, mixed monolayers prepared via the sequential addition of PEG
followed by peptide were more stable than particles prepared via simultaneous co-
adsorption, because the highly cationic, lysine-rich peptide may associate with the anionic
Au NPs more rapidly than the thiolated PEG. As a consequence, the charge on the NPs
would be neutralized prior to the formation of a PEG steric barrier.

The modification of other molecules with PEG is often referred to as ‘PEGylation’.
PEGylation can provide water solubility to hydrophobic materials and PEGylated ligands
can be introduced by ligand exchange to Au NPs. Becker et al. demonstrated an efficient
way to prepare protein-functionalized Au NPs through theN-terminal modification of the
small protein, GTPase Rab6A, with a thiolated PEG linker by native chemical
ligation(Becker et al., 2007). The PEGylated proteins were used for immobilization on DNA-
functionalized Au NPs. A ligand exchange reaction with the modified proteins was used to



150 Advances in Diverse Industrial Applications of Nanocomposites

displace thiolated oligonucleotides from Au NPs in order to efficiently immobilize protein
on the Au NPs. The protein-functionalized Au NPs have potentials for applications as
probes in bioanalytical assays and as building blocks for the bottom-up assembly of
functional hybrid nanoarchitectures. Bergen et al. presented a model system based on Au
NPs grafting with thiolated PEG and thiolated PEG-galactose for determining optimal
physicochemical characteristics for cell-specific delivery in vivo(Bergen et al.,, 2006).
Negatively-charged Au NPs by capping with citrates and positively-charged Au NPs by
capping with aminoethanethiol were prepared first, and thenNPs surface was modified by
reaction with either PEG-thiol or galactose-PEG-thiol. Modification of the NPs did not
significantly affect particle size based on the measurement of dynamic light scattering. The
Au NPs were then exposed tosalt solutions to observe the salt stability. In the presence of
salt, it was found that unmodified NPswere aggregated,while PEG modified NPs does not
show the aggregation due to the steric stabilization. This platform was applied to screen for
NP formulations that demonstrate hepatocyte targeted delivery in vivo. They found that the
NP size and the presence of galactose ligands significantly impact the targeting efficiency.
Conjugation of Au NPs with smart polymers such as pPNIPAM makes it possible to tailor the
electronic and optical properties of hybrid system in response of temperature. Seker et al.
have demonstrated a method for fabrication of nanostructured composites featuring
simultaneous switching of several optical properties such as color, transparency and
metallic luster through remote control of classical coupling in dense pNIPAM coated AuNP
arrays (Seker et al., 2005). The pNIPAMs were prepared by RAFT polymerization and
subsequently modified chain end group to thiol or disulfide. Au NPs were prepared by the
citrate reduction in water then pNIPAM was modified by exchange reaction with weakly
bound surface citrate ions. The thin films of pNIPAM/Au NPs can be prepared by simple
solution-casting methods. Based on UV-vis spectra of the thin films, they observed that the
change in interparticle separation occurs throughout the film. Unaggregated core/shell
particles with stimulus-responsive pNIPAM shells of controlled thickness and architecture
could generate controlled interparticle separations that govern the optical properties of
composite materials. Singh and Lyon demonstrated a synthetic route toward the hollow
pNIPAM nanogel via a “seed and feed” method combined with the sacrificial metal NP
templating method (Singh & Lyon, 2007). They prepared citrate capped Au NPs as seeds for
polymerization of pNIPAM. Seeds compatible with the precipitation polymerization of
NIPAM were formed by the adsorption of a layer of amino-terminated pNIPAM onto the
Au NPs by ligand exchange. Onto these pNIPAM stabilized Au NPs, further pNIPAM shells
were synthesized by free-radical polymerization with an addition of acrylic acid as a
comonomer to form pH-responsive nanogel particles. To obtain hollow nanogels from the
gold core nanogels, the gold core was dissolved by the KCN solution. The resulting sub-50
nm hollow pNIPAM nanogels are ideal for the drug and gene delivery, cellular imaging and
nanoreactors.

Block copolymers also have been used to stabilize a variety of NP materials by forming
steric or ionic barriers around the particles. Kang and Tatonprepared Au NPs surrounded
with shell of amphiphilic poly(styrene-b-acrylic acid) (PS-b-PAA) in water and permanently
fixed them by cross-linking the outer PAA block(Kang & Taton, 2005). In almost of previous
works, the specific chemical interaction of the particle surface and the surface-bound
polymer should be explicitly tailored in order to form the shell. But in this case, they used
the block copolymer to form shell around the gold core without chemical anchoring. The PS-



A Strategy to Decorate the Surface of NPs and Control
their Locations within Block Copolymer Templates 151

b-PAA copolymers were synthesized by ATRP and dissolved in DMF, which is a good
solvent for both hydrophobic (PS) and the hydrophilic (PAA) blocks. Citrate-capped Au
NPs were redispersed in DMF. The samples of polymer and NPs in DMF were combined in
the presence of 1-dodecanethiol, which hydrophobically functionalizes the surfaces of theAu
NPs. Then, water was gradually added to the mixture tosimultaneously desolvate both the
particles and the hydrophobicpolymer block from solution and induce the formation of
micelles around the NPs. In the absence ofPS-b-PAA, the dodecanethiol-modified
NPsprecipitated quickly from DMF as water was added. Inthe absence of dodecanethiol, the
NPs remainedoutside the assembled block copolymer micelles. Finally the assembled
copolymer micelles containing Au NPs were permanently fixed by cross-linking the PAA
block with addition of cross-linkers in water.They also demonstrated the influence on the
shell thickness of block copolymer respect to the size of gold core, concentration and
composition of block copolymer in this system (Kang & Taton, 2005). When the feed ratio of
block copolymer to the total surface area of gold core is fixed, two different results were
observed. For same or lager size of Au NPs than the block copolymer radius of gyration,
each core-shell structure consisted of exactly one NP surrounded by a shell of fairly
consistent thickness. However, for smaller Au NPs, some structures contained multiple Au
NPs that act as solutes and dissolved within the micelle core. When the size of Au NPs is
fixed, the shell thickness of block copolymer gradually increases with increasing content of
the block copolymer and chain length of block copolymer, as expected. Another type of
block copolymer encapsulated Au NP was also reported (Luo et al., 2005). Luo et al.
fabricated core/shell Au NPs stabilized with a monolayer of double hydrophilic block
copolymer, poly(2-(dimethylamino)ethyl methacrylate)-b-poly(ethylene oxide) (PDMA-b-
PEO), and demonstrated their stimuli responsiveness before and after shell cross-linking.
The PDMA-b-PEO diblock copolymer was prepared via RAFT polymerization and the
dithioester group was reduced to a thiol group at the chain end. The thiolated PDMA-b-PEO
was exchanged with citrate grafted onto the preformed Au NPs and 1,2-bis(2-
iodoethoxy)ethane (BIEE) was utilized to selectively cross-link the PDMA residues in the
inner shell. While both cross-linked and uncross-linked Au NPsexhibited the reversible pH
responsiveness, the shell cross-linked Au NPsexhibited a robust core-shell nanostructure
with high colloidal stability.
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Fig. 5. Preparation of core/shell Au NPs using PS-b-PAA (Kang & Taton, Angew. Chem. Int.
Edit., 2005, 44, 409. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission.)

As an another example of the ligand exchange,the NPs in the original phase can be
transferred to the second phase, e.g., by exchanging hydrophilicinto hydrophobic ligands.
Commonly used ligand molecules include thiol groups that bind strongly to inorganic
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surfaces of NPs such asAu, Ag and CdSe, replacing the weaker bound ligands that the
NPsusually have from synthesis.Underwood and Mulvaney have reported the phase
transferred Au NPsfrom aqueous solution to organic solutionssuch as butyl acetate, carbon
disulfide using a copolymer consisting of a backbone of methyl methacrylate and glycidyl
methacrylate with pendant side chains of poly(12-hydroxystearic acid) (Underwood &
Mulvaney, 1994). Kumar et al. demonstrated the phase transfer of various NPs, e.g. CdS into
petroleum ether using octadecanethiol (Kumar et al, 2000), Ag into hexane using
octadecaneamine (Kumar et al., 2003) and Pt into hexane using octadecaneamine (Kumar et
al., 2004) from aqueous solution. In some applications that require the compatibility with
biological systems, it is desirable that NPs synthesized in organic solvents are transferred to
aqueous solutions. Kanaras et al. have transferred theAu NPs from toluene to aqueous
phase using monohydroxy (1-mercaptoundec-11-yl) tetraethylene glycol (Kanaras et al.,
2002) and Algar and Krull succeed in transferring the CdSe/ZnS quantum dots from toluene
to aqueous solution with mercaptoacetic acid (MAA), mercaptosuccinic acid (MSA), and
dihydrolipoic acid (DHLA) (Algar & Krull, 2006).

2.4 Templating approach

In “templating” method, polymers such as di- or triblock copolymer micelles, star polymers
and dendrimers are used as the templates during the synthesis of Au NPs. These polymers
are also referred to as “nanoreactor”, since this approach uses the affinity between specific
part of polymer and the gold precursor, HAuCly or KAuCly, and thus reduced Au NPs are
fixed within the nano-templates. This approach can provide controlled sizes, a narrow size
distribution and long term stability of Au NPs as well as fabrication of single or multi gold
core/ polymer hybrid.

Poly(styrene)-b-poly(vinylpyridine) (PS-b-PVP) diblock copolymer micellesare one of the
most well-known templates for NPs synthesis. Mossmer et al. fabricated the Au NPs using
PS-b-P2VP as template (Mossmer et al., 2000). Inverse mecelles are formed from PS-b-P2VP
diblock copolymer with a shell of PS and core of P2VP chains in toluene which is good
solvent to PS and poor solvent to P2VP. By adding tetrachloroauric acid to the micelle
solution, the complexation of P2VP block and AuCly could be induced and reduced theAu
NP at the core of micelle formed with subsequent addition of anhydrous hydrazine.
However, without an addition of HCl to neutralize the excess hydrazine, Au NPs are
coagulated to groups of two to four particles which can be attributed to the coagulation of
micelles from the swelling of core volume owing to the excess hydrazine. Lu and Yi also
prepared the Au NPs using PS-b-P2VP as template (Lu & Yi, 2006). They prepared HAuCly
loaded PS-b-P2VP solution in similar way and monolayer of the micelles was produced by
spin-casting onto a silicon substrate. In contrast to previous examples, the reducing step has
not been used during the process to generate Au NPs in thezero-valent state. Without any
post or prior reduction treatments, the Au NPsare formed after treatment with oxygen
plasmathat alsoremove the block copolymer templates. These Au NPs have been
demonstrated as catalyst system for growing small-diameter silicon nanowires. PS-b-P4VP
micelles are also used as template to prepare Au NPs in similar approach with PS-b-P2VP
(Hou et al., 2007). The micellization of (PS-b-P4VP) in chloroform can be induced by the
interaction between P4VP blocks and HAuCly, forming micelles with PS as the shell and the
P4VP/HAuCls complex as the core. Subsequent reduction of HAuCly by hydrazine hydrate
leads to hybrid polymeric micelles containing Au NPs in the core. The resultant hybrid
polymeric micelles are quite stable in chloroform when the P4VP chains are fully protonated
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Fig. 6. Schematic description of the preparation of Au NPs in PS-b-P2VP micelles, vesicle-
like reverse hybrid polymeric micelles, and subsequent release of Au NPs from the vesicle-
like reverse hybrid polymeric micelles after deprotonation (Adapted in part with permission
from Macromolecules, 2007, 40, 2134. Copyright 2007 American Chemical Society.)

by addition of hydrochloric acid. Continuous addition of methanol, where P4VP is soluble
while PS is insoluble, to the solution of the hybrid micelle until the volume ratio of methanol
to chloroform being 9/1 leads to a core-shell reversion of micelles, forming vesicle-like
aggregates with PS as the wall and P4VP/Au NPs as the shell. Further protonation of P4VP
block can induce the release of the Au NPs from the shell.

Various type of poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) (PEO-
b-PPO-b-PEO) amphiphilic triblock copolymer micelles have been examined in water to
prepare Au NPs. Sakai and Alexandridis demonstrated a sing-step synthesis of Au NPsin
aqueous PEO-b-PPO-b-PEO solution (Sakai & Alexandridis, 2004). The PEO-b-PPO-b-PEO
block copolymers act as both reductants and stabilizers and they could obtain the stable Au
NPs without any other reducing agent after 2 hours later at ambient temperature. They also
investigated the effect of the overall molecular weight and the PEO and PPO block length on
the reaction activity of Au NPs formation. The reaction activity increases with increasing
overall molecular weight and concentration of the block copolymer, PEO block length and
PPO block length. They suggested that the AuClyions bound to PEO blocks are reduced via
the oxidation of PEO by the metal center and PPO blocks cannot directly contribute to the
reduction of metal ions but can help enhance the reactivity of the PEO blocks with metal
ions, which is consistent with their observation. Regarding the effect of PEO-b-PPO-b-PEO
block copolymer on the synthesis of Au NPs, they proposed that while both PEO and PPO
blocks contribute to the AuCly reduction, the PEO contribution appears to be dominant
(Sakai & Alexandridis, 2005).Chen et al. presented the effect of PEO-b-PPO-b-PEO block
copolymer micelles and their hydrophobicity on the stabilization of Au NPs (Chen et al.,
2006). The stabilization capacities of the micelles were modulated by tuning the block
copolymer concentration and composition and an amount of salts added. As the block
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Fig. 7. Schematic representation for the preparation of reversed micelles of (PS-b-
P4VP)sfour-arm star block copolymer and Au NPs (Reprinted from Polymer, 2006, 47, 8480
with permission from Elsevier.)

copolymer concentration and/or molecular weight increase, the micelles became more
efficient in stabilizing Au NPs. When the stabilization was optimized, Au NPs were
spherical and uniform in size (5-10 nm in diameter). Otherwise, Au NPs were aggregated
and irregular in shape such as triangular, hexagonal, and rod-like. They also found that the
presence of a small amount of NaF significantly increases the stabilization capacity of the
micelles and consequently modified the quality of the Au NPs.

Star block copolymers resembled diblock copolymer micelles physically but the core
segments that are covalently bound can be used in the synthesis of Au NPs to overcome the
drawbacks of micelle instability which can be affected by concentration, temperature,
solvent and pressure as stated above. Youk et al. synthesized the PS-b-P2VP star-block
copolymer by living anionic polymerization and coupling with ethylene glycol
dimethacrylate, forming P2VP block as core and PS block as shell (Youk et al., 2002). The
HAuCl, loaded within the P2VP core segments was reduced to single Au NPs by anhydrous
hydrazine. Differing from the synthesis of Au NPs using micelles, this approach does
notrequire an extra step for long-term stability such as removal of excess hydrazine and
cross-linking. Fustin et al. also prepared the Au NPsin the core of poly(ethylene glycol)-b-
poly(e-caprolactone) (PEG-b-PCL) five-arm starblock copolymer in DMF (Fustin et al., 2006).
The PEG core was swollen with KAuCly in DMF and Au NPs were subsequently obtained
by reduction with NaBHj. The size distribution and long-term stability of resulting Au NPs
were dependent on the PCL block length. However, these Au NPs could not be dispersed in
water due to the hydrophobic PCL shell. To circumvent this problem, they grafted the
hydrophilic PAA containing a trithiocarbonate moiety as another corona grafted onto the
NPsand this leads to the phase transfer of the Au NPs from DMF to water.Li et al. have
demonstrated the star block copolymer as nanoreactors for the preparation of Au NPs in
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different way (Li et al., 2006). They prepared the multi Au NPs in a reverse micelle of star
polymers, instead of single star polymer as template for single Au NP. The (PS-b-
P4VP)sfour-arm starblock copolymer was synthesized by ATRP ina form of four PS chain at
the ends. The reverse micelles were produced by adding toluene into the dichloromethane
solution of (PS-b-P4VP)y and the structure of the micelle is kinetically frozen as
dichloromethane is removed from the solution with P4VP chains (external block) as the core
and PS chains (inner block) as the petal-like shell. Compared with the brush-like shell of the
micelle formed by diblock copolymer, this shell has a restricted and closed structure because
the chains of the same copolymer spread from the core and join at a single point. HAuCly
was incorporated into the micelle core by forming complex with the P4VP block and
reduced with anhydrous hydrazine. They observed the hybrid micelle containing dozens of
small Au NPs in the core by TEM. On the contrary, Au NPs decorated in brush layer were
prepared by Zhang et al. (Zhang et al., 2007). They synthesized poly(2-(dimethylamino)
ethyl methacrylate) (PDMAEMA) brushes with high density on the surface of polystyrene
latex by ATRP. The PDMAEMA domains were used as the nanoreactors to generate Au NPs
on the surface of colloid PS particles. As indicated in aforementioned examples of
“templating” method, the location and morphology of Au NPs in the templating polymer
can be controlled preciously by adjusting the type, chain length, structure of polymer and
the environments during the synthesis. Zheng et al. have demonstrated the template
synthesis of various morphological Au NPs using a thermoresponsive and pH responsive
coordination triblock copolymer of PEG-b-P4VP-b-PNIPAM (Zheng et al., 2006). They
synthesized the PEG-b-P4VP-b-PNIPAM triblock copolymer which exists as three
morphologies at different pH values and temperatures by ATRP. At pH 2.0 and at 25
°C,below the lower critical solution temperature (LCST) of the PNIPAM block, all three
blocks are hydrophilic, and the triblock copolymer exists as unimers in aqueous solution. At
pH 6.5 and at 25 °C, the pH-responsive P4VP block is insoluble, and the triblock copolymer
self-assembles into core-shell micelles with the hydrophobic P4VP block as the core and the
hydrophilic PNIPAM and PEG blocks as the shell. At pH 2.0 and at 50 °C, above the LCST of
thePNIPAMblock, the triblock copolymer self-assembles into micellar clusters. The
HAuClymade the complex with the P4VP block of the triblock copolymer, which exhibits
unimer, core-shell micelles or micellar cluster at given pH and temperature and then
reduced by NaBHj to form discrete Au NPs, Au NPs in the core of core-shell micelle and Au
NPs in single micellar cluster respectively.

A dendrimer was also employed to preparing the small sized Au NPs having narrow size
distribution (Kim et al., 2004).They used the forth- and sixth-generation poly(aminoamine)
(PAMAM) dendrimers, having about 50% of their peripheral amine groups modified with
ammonium chloride, as template to prepare the Au NPs. Since they are quaternized, the
dendrimers have permanent positive charges at their periphery for the extraction of aqueous
AuCly into the dendrimer interior. By following reduction with NaBH,, monodisperse 1-2
nm diameter Au NPs were formed.

3. Controlling the nanoparticle location within block copolymer matrix

3.1 Interactions between nanoparticle and block copolymer matrix

Block copolymer can be promising candidates for templates asthis material provides
supramolecular control over the size, particle density, and spatial location of inorganic NPs,
which possesses interesting photonic, magnetic, electrical, and catalytic properties.
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Therefore, hybrid materials of inorganic NPs and block copolymers have been explored as
an efficient route for the fabrication of novel functional materials such as nanostructured
solar cells, photonic band gap materials, highly efficient catalysts, and high density
magnetic storage media. Since most applications of polymer nanocomposites described
above ultimately require the integration of nanoscale components into micro- and
macroscopic objects, the precise control of the spatial arrangement of inorganic NPs into two
or three dimensions within polymer matrices is very crucial. The particle location within
polymer matrices is determined by the interaction between the particles and the block
copolymer domains, which can be divided into two different interactions of entropic and
enthalpic contributions.

Balazs group is among the pioneer groups to show the importance of entropic interaction
for the control of particle assembly (Thompson et al., 2001). They demonstrated thatthe
control in enthalpic interaction between mesophase-forming of inorganic-organic hybrid
materials can lead to well-aligned nanostructures. Thesimulation results utilizeda self-
consistent field theory (SCFT) for polymers and a density functional theory (DFT) for NPs to
investigate the effect of NP size on the NP location within a block copolymer template. They
claimed that conformational entropic penalty of polymer chain stretching and the
translational entropy of NPs played a major role in the placementof particles within block
copolymer matrix by particle size. For larger particles, they are localizedat the chain ends in
the center of domain to minimize the loss of conformational entropy. In contrast, for small
particles, translational entropy dominates. Therefore, they are dispersed in the preferred
domain.It is shown in a 2D system representing a mixture of NPs within a lamellar block
copolymer that the location of particles at the interface is expected to occur for particle size
of d/L < 0.2, whereas location of the particles at the center of the domain is expected ofd/L >
0.3, where d is the diameter of particle, and L is the respective domain dimension.
Bockstaller et al.demonstrated hierarchical pattern formation using block copolymers and
binary mixtures of different size of hydrophobic NPs (Bockstaller et al., 2003). The system
consisted of a symmetric poly(styrene-b-ethylene propylene) (PS-PEP) copolymer with the
molecular weight of the respective blocks of 4 x 105 g/mol as well as aliphatic coated Au
(deore = 3.5 £ 1 nm) and silica (dcore = 21.5 £ 2.5 nm) NPs. The localization of AuNPs was
along the interface between the PS and PEP domains, whereas larger silica NPs are mostly
located at the center of the PEP domains. Another work by Spontak group supports the
entropic effect on controlling the NP location in the system of different sized polystyrene
coated AuNPs within microphase-ordered PS-PEP-PS triblock copolymers (Spontak et al.,
2006). Larger AuNPs (d > 5 nm) are localized in the center of the PS domains, whereas
smaller particles (d < 3 nm) distributed throughout the PS domains. The results are correctly
predicted by the SCFT model assuming weak block selectivity of the particles. They
predicted that small particles within the PS domains tend to being segregated along the
interfaces, whilst larger particles are preferentially localized to the center of the PS domains.
Both theory and experiment explained the control of particle location based on the
competition of two different entropies, the entropy loss from the chain stretching penalty
and the translational entropy of particles in polymer domains.

A much more straightforward and practical way to control the particle location is to tune the
enthalpic interactions between the block copolymer and the functionalized NP surface. The
most important factor lies in the compatibility of the NPs with the block copolymers, which
is dominated by the enthalpic interaction between the NP surface and the block copolymer
domain.
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Fig. 8. Schematic representation of the entropy theory, TEM images of (a)Au and silica NPs
within PS-b-PEP templates (Adapted in part with permission from J. Am. Chem. Soc., 2003,
125, 5276. Copyright 2003 American Chemical Society.),(b) PS coated AuNPs within PS-b-
PEP-b-PS templates (Adapted in part with permission from Nano Lett., 2006, 6, 2115.
Copyright 2006 American Chemical Society.).

The enthalpy interaction can be represented by Flory-Huggins interaction parameter (x).For
the system of NPs and A-b-B diblock copolymers, there will be two additional interaction
parameters, xapand xsp, which represent chemical compatibility between A block and NPs
and then between B block and NPs, respectively. If the NP surface is coated with A polymer
and this particle is compatible with A block of the block copolymers, xap will be zero
whereas ygp> 0.Therefore, the NPs are segregated in A domains. On the other hand, once
particles are “neutral” and the interfacial tension between two different domains of diblock
copolymers is sufficiently large, particles will segregate to the interface between two phases.
Since the NPs are generally coated by surfactant to shield the particles from agglomeration,
the interfacial properties between the NPs and the block copolymer domains can be easily
tailored by using various surfactants that provide compatibility between the NPs and
polymers. As exemplified by the recent work by Kim and Kramer, a recent strategy for
controlling the location of NPs in a block copolymer or polymer blend involves tuning the
surface properties of NPs by end-attaching ligands such as organic small molecules,
homopolymers, a mixture of homopolymers, random copolymers, and diblock copolymers
to the NP surface. Kramer group showed that 100 % polystyrene (M, ~ 1300 g/mol) coated
AuNPs in poly(styrene-b-2 vinyl pyridine) (PS-b-P2VP) segregated to the center of the PS
domain(Chiu et al., 2005). Particles coated with a given short homopolymer lower their
enthalpy by segregating into the corresponding domain of the block copolymer.
Furthermore, by concentrating particles near the center of the compatible domain where the
polymer ends are located, the chains can accommodate particles by moving apart rather
than by stretching. Localizing particles near the center of the compatible domain thus
sacrifices translational entropy of the particles but avoids an even larger chain stretching
penalty incurred by distributing particles throughout the domain. In contrast, NPs that are
coated with a mixture of PS and P2VP (1:1) are localized at the interfaces between the PS-b-
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P2VP domains. This result can be explained by interfacial tension between PS-b-P2VP, Au-
PS and Au-P2VP (Xps.p2ve, XAu-Ps, Xau-P2vp). The adsorption energy of AuNPs to the interface
between PS and P2VP blocks (E.) can be expressed as the following equation.

2
E, =Ry pg_pyyp (1-1 cosdl) 1)

whereR is a radius of NP, and cos 0 is the ratio of the interfacial tension between NPs and
polymer matrix to that between PS and P2VP. Because | cos 0 | <<1 and Ea ~ nR2yPS-P2VP.
The Ea of 4 nm radius NPs with yPS-P2VP = 2.8 mN m-1 is 10 kBT. Therefore, PS and P2VP
coated AuNPs are unlikely to be segregated along the interface.

Kim et al. also demonstrated a simple procedure to control the location of PS coated AuNPs
within PS-b-P2VP block copolymer domains simply by changing the areal chain density (Kim
et al., 2006). The areal chain density of Au particles is varied by changing the mole ratio of PS
chains to Au atoms. The NPs completely shielded by PS chainswith high areal chain
densityare segregated toward the center of the PS domain. In contrast, NPs partially shielded
by PS chains withlow areal chain density are adsorbed at the interfaces between the PS and
P2VP blocks. Interestingly, the particle location is sharply changed as the areal chain density is
from 1.6 to 1.2 chains/nm?.This is due to the preferential interaction between the P2VP block
and the imperfectly shielded Au surface that is responsible for the segregation of AuNPs
imperfectly shielded by PS chains to the PS and P2VP interface.

a I

number of particles

Fig. 9. (a), (b) PS or PS and P2VP mixed AuNPs within PS-b-P2VP (Adapted in part with
permission from J. Am. Chem. Soc., 2005, 127, 5036. Copyright 2005 American Chemical
Society.), Effects of areal chain densities on their position within PS-b-P2VP (c) 1.64, (d) 1.22

chains/nm? (Adapted in part with permission from Macromolecules, 2006, 39, 4108.
Copyright 2006 American Chemical Society.).
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3.2 Approaches for controllingthe nanoparticle distribution within block copolymer
matrix

Over the years, two approaches have been developed for incorporating inorganic NPs into
polymeric nanostructures. The in-situapproach is that NPs are directly synthesized within a
block copolymer domain from metal precursors. In that case, a specific and strong
interaction between the precursors and the block copolymers is required to guarantee the
incorporation of metal precursors into the domain. The other approach is ex-situ method
where pre-synthesized and tailored NPs are incorporated into a preferred domain. In that
case, tailoring materials on the surface of NPs play a critical role in particle location.

In the in-situ approach, preformed micelles of block copolymers containing metal precursors
are used as nanoreactors to synthesize NPs selectively in block copolymers. Due to its
chemical affinity, the salt selectively infiltrates the hydrophilic copolymer domain. The NPs
then form selectively, upon reduction within the precursor-loaded domains.Schrock et al.
first demonstrated the fabrication a bulk film consisting of block copolymers and inorganic
NPs (Chan et al., 1992). First, the NPs are selectively incorporated in various morphologies
of microdomains by ring-opening metathesis polymerization of organometallic complexes
composed of norbornene and n3-1-phenyallyl. Thenthe complex is annealed to form specific
morphology.Finally, after reduction, NPis formed within block copolymer.They prepared Pt
and Pd NPs in block copolymer micelles by reducing the metal salts with hydrogen while
Pb salts incorporated in block copolymer micelles could be converted into PbS quantum
dots through the reaction with HjS.Saito et al. showed the synthesis of silver NPs in the
lamellar and spherical domains of PS-b-P2VP block copolymer using iodine as reducing
agent by ion exchange in P2VP domains (Saito et al., 1992). They found that iodine ion did
not exist in the PS phase but in the crosslinked P2VP phase of the crosslinked PS-b-P2VP
film swollen in water. Then the silver NPs reduced from Agl by photo and chemical
treatments arelocalized in the P2VP domains in the microphase separated PS-b-P2VP films.
They also controlled the amount of silver NPs into the P2VP domains of PS-b-P2VP block
copolymers by changing the amount of silver nitrate in the feed (Saito & Ishizu, 1995).
Following this approach, Cohen et al., have developed twodimensional hexagonal patterns
of metal NPs in PS-b-poly(acrylic acid) (PS-b-PAA) matrix (Boontongkong & Cohen, 2002).
The carboxyl-functionalized cores in the PAA micelle could serve as the nanoreactors for
synthesis of metal NPs such as Pd, Cu, Au and Ag, and semiconductor NPs such as PbS.
And Stadler et al. demonstrated the interaction between metal salts with poly(2-
vinylpyridine)-b-poly(ethylene oxide) (P2VP-b-PEO) where the size and morphology of the
NPs can be controlled by pH change (Bronstein et al., 1997). Only a small part of the vinyl
double bonds on P2VP domain has been complexed with Pd, while most of the double
bonds are reacted with the Fe complex. Using same in-situ method, Sohn et al. fabricated a
multilayered nanostructure of alternating pure polymeric lamellae and AuNP-containing
lamellae by utilization of thin films of symmetric polystyrene-b-poly(4-vinyl pyridine) (PS-b-
P4VP) (Sohn & Seo, 2001). Strong interaction between the P4VP block and the silicon wafer
substrates and lower surface energy of the PS block produced multilayers of lamellae
parallel to the substrate. After annealing, AuNPs are synthesized selectively in the parallel
lamellae of the P4VP block using NaBH4 as reducing agents. Recently, Fahmi et al.
developed a strategy to generate AuNPs within the P4VP domains of a PS-b-P4VP block
copolymer in solid state (Mendozaet al., 2009). The Au precursor (HAuCly) is coordinated in
solution to the pyridine groups by hydrogen bonding, which induced its selective location
within the P4VP block. Then, thermal reduction process generates metallic AuNPs, where
the P4VP domain acts as a nanoreactor.
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Fig. 10. (a) Synthesis of silver NPs in PS-b-PAA micelle (Adapted in part with permission
from Macromolecules, 2002, 35, 3647. Copyright 2002 American Chemical Society.), (b)
Process of incorporating AuNPs and its subsequent macroscopic alignment (Adapted in part
with permission from Macromolecules, 2009, 42, 1203. Copyright 2009 American Chemical
Society.).

P

The in-situ approach is simple and versatile, which produces high density NP assembly
within one of the block copolymer domains. However, the approach suffers from several
limitations. First, controlling the arrangement of the NPs within the periodic structure of the
block copolymer is difficult. Second the approach usually requiresstrong and specific
interaction to bind metal precursors into one block of the block copolymer chains, which
requires limited number of combinations of polymer and metal precursors or NPs. Third,the
control of particle size and its uniformity could not be achieved. This aspect is critical in the
sense that many applications require inorganic and/or metallic NP with well controlled size
and uniformity. For example, in the case of semiconductor NPs such as quantum dot, since
the photoluminescence (band gap) of a quantum dot is strongly dependent on the particles
size, the particle size itself is a critical factor to determine their optical property. Therefore, it
is difficult to obtain the application with desired optical propertiesby the in-situmethod.
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The ex-situ method of controlling the structural characteristics of the sequestered component
uses cooperative self-organization of premade NPs and block copolymers. Through this
method, NPs with desired size and shape coated with oligomers or polymers can be
incorporated in the block copolymer matrix.Once phase separation of the copolymer has
occurred, the NPs can be confined in one of the segregated domains. Clinard et al. pioneered
the field of the ex-situ approach for precise placement of NPs within the block copolymer
templates (Hamdoun et al., 1996). They synthesized3.5 nm diameter iron oxide NPs grafted
with PS chains, which aresubsequently solubilized in the PS domain of a lamellar
poly(styrene-b-butylmethacrylate) (PS-b-PBMA). However, the periodicity of the
copolymer’s lamellar microstructure was too small to clearly resolve the metal particles
within domains. Lauter-Pasyuk introduced the small-angle neutron scattering technique to
resolve the y-Fe;O3NP location within the PS-b-PBMA matrix (Lauter-Pasyuk et al., 1997).
They found that smaller particle sizes (d = 4 nm) tend to localize close to the interface,
whereas larger particles (d = 6 nm) tend to locate at the center of the block copolymer
domains.Recently, Russell groupshowed the control of block copolymer orientation in thin
film by adding the surface active cadmium selenide (CdSe) NPs. Surface modified CdSe NPs
with tri-n-octylphosphine oxide (TOPO) aremixed withPS-b-P2VP copolymer in toluene
solution (Lin et al., 2005). After being casted to produce the thin films, these NPs are
selectively segregated into the P2VP domain. TheCdSe NPs located at the surface of the thin
films compensate the difference of surface energies between PS and P2VP domains, which
resulted in the perpendicular orientation of PS-b-P2VP block copolymers in thin films.

Fig. 11. PS-b-P2VP films with or without CdSe NP after annealing (Reprinted by permission
from Macmillan Publishers Ltd: Nature, 2005, 434, 55, copyright (2005).).
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Since the ex-situ approach utilizes pre-made NPs that have desired size and shape, and
uniformity, thisapproach is suitable for many applications that require inorganic and/or
metallic NP with well controlled size and uniformity. Furthermore, the location of NPs
within block copolymer matrix can be easily and precisely controlled by tailoring the surface
properties of the NPs. However, due to the steric hindrance between the core-shell type NPs
and block copolymer chains, the density of NPs within the templates is expected to be much
lower compared to that by the in-situ approach.In addition, if the surface modification of
NPs is necessary for such precise control, the intrinsic properties of NP can be deteriorated
by increase in defect sites on the surface of NPs.
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Fig. 12. (a) Schematic representation of the morphological transformation in PS-b-P4VP
block copolymer with various ratios of CdS NPs (Adapted in part with permission from
Macromolecules, 2005, 38, 6559. Copyright 2005 American Chemical Society.), (b) Phase
transition in PS-b-P2VP with various concentrations of AuNPs (Kim et al., Adv. Mater., 2005,
17, 2618. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)
TEM images and schematic representation of the PS-b-P4VP/CdSe NPs annealed at (c) 50
°C, (d) 110 °C, and (e) 150 °C (Reprinted by permission from Macmillan Publishers Ltd: Nat.
Mater., 2009, 8, 979, copyright (2009).).
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The NPs with precisely controlled location can influence on the morphology of block
copolymers. For example, the NPs selectively localized in one specific domain of the block
copolymer templates can behave as homopolymer additives, thus causing the transition of
the phase morphology of block copolymers. For example, Yeh et al. have reported
morphology transformation from cylinders to spheres in the case of PS-b-PEO thin films by
added cadmium sulfide (CdS) NPs localized in PEO domain (Yeh et al., 2004). Here, the
selective placement of the CdS particles is achieved by strong interaction of thehydrogen
bonding between the surface hydroxylated cadmium sulfide (CdS) NPs and the PEO phase.
They also reported a morphology change from cylinder to lamellae when more CdS NPs
areadded to PS-b-P4VP block copolymer film, in which there exists the strong hydrogen
bond formation between CdS and the minor block copolymer phase (P4VP) (Yeh et al.,
2005). In other work, hexagonal morphology is changed to spherical morphology by adding
Cyo fullerenes to PS-b-P4VP block copolymer system. In this case, the morphology change is
attributed to Cep forming charge-transfer complexes with multiple pyridine groups from
different PAVP chains (Laiho et al., 2006). Similarlythe morphology of PS-b-P4VP with PS
coated AuNPs depends on the particle concentration and composition of block copolymers
is reported by Lo et al. (Lo et al., 2007). The PS domains are filled with NPs, while at the
same time,the addition of NPsexpand PS domain and change the interfacial curvature
between PS and P4VP, which induced order-order transitions. However, at higher
concentration, the excess particles form macrophase separation, which leads to a disordered
phase.Interestingly, Kim et al. showeda phase transition of PS-b-P2VP block copolymers as a
function offilm depthin single 100 pm thick film (Kim et al., 2005). Here, the NPs are coated
with PS homopolymers and therefore are selectively localized within PS domain. As the
depth increases, the concentration of PS NPs within the block copolymer domains increases.
Therefore, at low concentrations near the film surface, the block copolymer morphology is
lamellar, just as it was in the absence of NPs. In contrast, hexagonal or spherical micellar
structures with higher particle concentration are observed near the substrate layers.

In addition to the Flory-Huggins type enthalpic interaction, strong interaction such as
hydrogen bonding can be applied to strengthen the interaction between NPsurface and
block copolymer matrix, which resulted in better control of the NP assembly. One good
example has been recently shown by Zhao et al. (Zhao et al., 2009). They utilized the strong
hydrogen bonding interaction to fabricate hierarchical self-assembly of CdSe NPs within PS-
b-P4VP block copolymer. They usedtwo different molecules, 3-n-pentadecylphenol (PDP)
and 4-(4-octylphenyl)azophenol (OPAP), for coating theNP surface, wherethe NPs
hydrogen bond to pyridine rings of P4VP domains. Therefore, without any further chemical
modification, the CdSe NPs can be selectively sequesterated into the P4VP domain. And,
interestingly, the strength of hydrogen bonding is affected by the temperature.The particle
array can be tuned upon the change of the temperature, which makes the nanocomposite
thermo responsive materials.

3.3 Applications in technology

Self-assembly of NPs into well-ordered block copolymer structures provides many
interesting properties, which are different from either individual NP or polymer.
Thesehybrid nanocomposites promise to be candidates for next-generation materials and
provide wide applications on nanocomposite-based devices.

Since NPs such as Au, Ag have different colors with varied sizes, polymer-inorganic NPs
can produce certain colors.The simulation results by Balazs group showed that the polymer-
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particle interactions affected the spatial distribution within the polyme matrix and their
optical properties changed according to the particle distribution (Buxton et al., 2003). When
the particles are added, band gaps are more defined with 100 % reflectance with wider
frequency gap. Refractive index is also crucial factor for optical application of hybrid
nanocomposites. Common organic polymers have the value of 1.3~1.7, but it can be
extended further if inorganic NPs are combined. For example, lead sulfide (PbS)-gelatin
nanocomposites tend to increase their refractive index with increasing PbS, and the highest
values areobtained between 82-86 % in 2.4-2.5 for PbS fractions, whereas native gelatin has a
refractive index of 1.54 (Caseri, 2000). And, Bockstaller et al. prepared metallodielectric
nanocomposite materials using oligo(styrene) coated AuNP and poly(styrene-b-
ethylene/propylene) (PS-b-PEP) (Bockstaller et al.,, 2003). The photonic properties of
mesoscopically ordered nanocomposites are changed with various Au filling fractions. With
increasing Au filling fraction, the wavelength of maximum reflectivity is red-shift. Kang et
al. also showed a facile way of fabricating organic/inorganic hybrid 1D photonic crystal that
utilized self-assembled PS-b-P2VP as photonic gels which takes advantage of a swelling and
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Fig. 13. (a) Schematic representation of the fabrication of photonic gels, (b) Transmittance
spectra with various aging time and SEM images of photonic gels at (c) 15 min, (d) 45 min
(Adapted in part with permission from J. Am. Chem. Soc., 2009, 131, 7538. Copyright 2009
American Chemical Society.).
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freezing process ofsilica NPs within P2VP domains(Kang et al., 2009). These nanocomposites
cancontrol the position of stop bands in transmittance spectra with increasing aging time. At
longer aging time, the amount of silica NP within the P2VP domains gradually increased, and
accordingly the domain size and the overall periodicity also increased.

Some polymers can change their morphology or chain length in different environment such
as pH or temperature, which makes them suitable for bio-applications. Especially, NPs
within polymeric micelles formed from amphiphilic block copolymers in water are regarded
as vehicle systems for drug delivery because the micellar core segregated from the aqueous
phase can serve as a reservoir of hydrophobic drugs. Kakizawa et al. showed the first
example of the organic-inorganic hybrid NPs intended to be utilized as synthetic DNA
carriers using calcium phosphate crystals (CaP) and poly(ethylene glycol)-b-poly(aspartic
acid) (PEG-b-PAA) (Kakizawa & Kataoka, 2002). In this study, CaP surrounded by
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Fig. 14. (a) Schematic representation of the formation of PEG-PAA /CaP-DNA particles
(Adapted in part with permission from Langmuir, 2002, 18, 4539. Copyright 2002 American
Chemical Society.), (b) Schematic representation of the formation of CPMV-b-P4VP and (c)-
(f) their TEM images (Li et al., Small, 2008, 4, 1624. Copyright Wiley-VCH Verlag GmbH &
Co. KGaA. Reproduced with permission.).
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hydrophilic polymer palisades with block copolymers has the ability to incorporate DNA in
the core. Li et al. demonstated the raspberry-like assemblies of virus-polymer
nanocomposites based on noncovalent interactions between NPs and polymers (Li et al.,
2008). They used cowpea mosaic virus (CPMC) with 29 nm in diameter as NP, and P4VP as
polymer. This core/shell type biocomposites can be applied in drug delivery by controlling
pH-sensitive P4AVP polymer resulting in release of drugs from the core.Willner et al.showed
for the first time that the semiconductor NPs and enzyme complex can be applied as
biosensor. (Pardo-Yissar et al., 2003). He worked on enzyme restrainer using acetylcholine
esterase (AChE) / CdS complex, where the AChE/CdS complex determinedthe quantity of
photocurrent according to concentration of acetylthio-choline. Since the enzyme restrainer
can reduce the photocurrent, AChE/NP is possible for biosensor application.
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Fig. 15. PS-b-P2VP block copolymer with PS coated AuNPs at various volume fractions (a)
0.20, (b) 0.14 Kim (Adapted in part with permission from Langmuir, 2007, 23, 7804.
Copyright 2007 American Chemical Society.), TEM images of PS/PMMA blends (c) without
or (d) with thermally stable AuNPs (Adapted in part with permission from Macromolecules,
2010, 43, 3570. Copyright 2010 American Chemical Society.)

Colloidal particles are widely used as surfactant, which blends immiscible liquids such as
water and oil. Such colloidal particles are located at the interface between water and oil to
lower surface energy, restrain collision between droplets composed of water or oil, and
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stabilize the system. By same principle, if NPhaving similar affinity toboth water and oil is
synthesized, it can be located at the interface and used as surfactant. For example, when
nanometer-scale CdSe quantum dot is added to water/toluene blend, it stabilizes the
dropletsby suppressing the coalescence between the droplets and lowering the interfacial
tension between the two phases (Lin et al.,, 2003).Park et al. showedthe controlled
orientation of PS-b-PMMA polymers depending on the amount of PEO-coated Au NP in PS-
b-PMMA polymers (Park et al., 2007). In this case, mutual affinity between PEO-Au particle
and PMMA is selective, and thus PEO-Au is located within the PMMA domain. Therefore,
PS-b-PMMA /PEO-Au complex has a morphology of vertically well-arranged cylinder when
NPs are added, just like PS-b-PEO in benzene/water solvent annealing. Furthermore, the
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Fig. 16. (a) Schematic representation of the formation of Pd catalyst and its hydrogenation
reaction for catalytic activity (Chem. Commun., 2002, 1076 - Reproduced by permission of
The Royal Society of Chemistry.), (b) Electro-oxidation of carbon monoxide with AuNPs
(Adapted in part with permission from J. Am. Chem. Soc., 2003, 125, 7148. Copyright 2003
American Chemical Society.)
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Fig. 17. Metal nanowire formation on PS-b-PMMAblock copolymer (Reprinted by
permission from Macmillan Publishers Ltd: Nature, 2001, 414, 735, copyright (2001).)

PMMA domain of PS-b-PMMA /PEO-Au complex can be selectively removed to produce
nanoporous template. Kim et al. showedthat the NPs at the interface of two domains of
block-copolymer could be used as nanosurfactants (Kim et al., 2007). The surfactant effect is
observed when AuNP is selectively introduced at the interface of lamellae-structured PS-b-
P2VP having various molecular weights. Lamellae of block-copolymer is maintained with
small quantities of NPs, but as the amount of AuNPs acting as the surfactants increases,
immiscible two phases (PS and P2VP) turn into bicontinuous form. Particularly, the domain
spacing of block-copolymer decreases dramatically as the amount of NP located at the
interface increases, which proves that NPs act as surfactant. More recently, Yoo et al.
proposed thermally stable AuNPs by introducing photo-cross-linkable azide groups as the
shell on the NP surface (Yoo et al., 2010). When NPs are added into polymer blends, they are
segragated at the interface between two polymers to reduce the interfacial tension between
two polymer phases. As a result, the size of droplet is 0.92 + 0.33 pm without NP, whereas
0.46 £ 0.14 pym and 0.32 + 0.09 pm for addition of 5.0 and 10.0 wt % of NPs, respectively.
These results suggested that thermally stable AuNPs can act as surfactants for thermally
annealed PS/ PMMA blends.
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The hybrid NP/ block copolymer materials have been shown to produce the nanowire
fabrication if NPs are selectively located in one domain of blockcopolymer. Particularly, if
the conductive NPs are used for the fabrication of nanowire, conductivity can be improved
dramatically. Jaeger et al. located Ag and Au NPs within cylindrical PS-b-PMMA
blockcopolymer parallel to the substrate and achieved the selective arrangement (Lopes et
al., 2001). First, the metal NPsare located randomly on PS-b-PMMA block copolymer and
then placed selectively in PS domainparticle when heat is applied. Further annealing
procedure is applied to the NP/PS-b-PMMA nanocomposites, where Au particles within PS
domain hold together to form nanowire and consequently have high conductivity.

4. Conclusions

In this chapter, we described various approaches to decorate the surface of NPs, including
“grafting from”, “grafting to”, ligand exchange, and templating approaches. Then, as an
application of these NPs in nanocomposites, several efforts to control the location of NPs
within block copolymer templates and their applications in various devices are reviewed. In
“grafting from” approach, the desired polymers are grown from the surfaces of preformed
NPs, while in “grafting from”approach,the end-functional of pre-synthesized polymers are
directly used as ligands to synthesize the NPs. The other choices to modify the NPs surface
can be either ligand exchange or templating methods. In ligand exchange, the requirement is
that the desired ligands should have stronger interaction with NPs than the existing ligands.
This method has been widely used to various NPs, such as Au, Ag, CdSe, especially when
“grafting to” or “grafting from” methods are not feasible. The NPs prepared from
aforementioned methods can have the desired surface properties, size, shape and
uniformity, which determines the enthalpic and entropic interactionbetween the NPs and
block copolymer chains and thus control their assembly within the block copolymer matrix.
In this case, NPs/block copolymer hybrids are prepared via either in-situ or ex-situ methods.
Interestingly, the NPs with precisely controlled location can be used as nanosurfactants
between block copolymers and/or polymer blends, optical and electronic devices, and
biological and catalytic applications. From these advances, it is evident thatstrategies for
well-definedNPs/block copolymer hybrids promise to be candidates for next-generation
materials and provide wide applications on nanocomposite-based devices.
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1. Introduction

In the last decade, significant research efforts were devoted to obtaining materials with well-
defined nanostructures for a wide range of applications (Hamley, 2003; Soler-Illia et al.,
2002; Paul & Sharma, 2006). Mesoporous silica materials like M41S, HMS, SBAn, FSM, and
MSU, among others, are a fairly new type of material that has pores in the mesoscopic range
of 2-50 nm (Wan et al., 2007). The characteristic features of ordered mesoporous materials
are their monodispersed and adjustable pore size in an inert and biocompatible matrix with
an easily modified surface.

Procedures to obtain ordered mesoporous silicates rely on the micelle-forming properties of
a surfactant, whose chemical composition, size, and concentration control the structural
dimensions of the final material (Zhao et al., 1998). In most cases, ionic and neutral
surfactants have been employed as templates to direct mesophase formation based on the
electrostatic and hydrogen-bonding interaction. Polymerization of the inorganic precursor
and further removal of the surfactants result in a rigid silica shell that delimits the structural
shape of the mesopores. In such processing routes, the resultant material presents an
ordered hexagonal arrangement of unidirectional mesoporous channels and a high surface
area, above 800 m2/g, depending on the synthesis conditions. Figure 1 shows the scheme of
structure formation mediated by inorganic mesoporous structure-directing agent.

The intrinsic uniform porous structure of this class of compounds with their large specific
surface area and pore volume, associated with surface silanol groups, give these materials a
significant potential for applications as matrices of many chemical species, such as organic
molecules, metals, and polymeric materials. The combination of different materials to obtain
nanocomposites is of great research interest due to their potential medical applications, such
as tissue engineering, drug delivery devices, and hyperthermia, among others (Vallet-Regi
et al., 2008; Souza et al., 2010).

In this work, the recent developments in nanocomposites based on mesoporous materials
(also referred to as hybrid materials) will be overviewed. Two categories of nanocomposites
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will be described: (1) mesoporous silica with magnetic nanoparticles and (2) mesoporous
silica with polymers included. The recent progress and applications of each one of these
materials in the biomedical field will be reported.
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Fig. 1. Scheme of structure formation mediated by inorganic mesoporous structure-directing
agent. (A) Formation of liquid crystal from surfactant and (B) self-organizing cooperative
process.

2. General aspects

The performance of these materials in many fields of applications depends directly on the
silica network porosity. Because of their large pores, high hydrothermal stability, and easy
preparation, SBA-15 materials have been considered very promising for hosting and further
delivery under appropriate conditions of a variety of molecules of pharmaceutical interest
(Sousa et al., 2004). The delivery of these molecules was once considered difficult, because of
the difficulty associated with the diffusion of large molecules through the materials of
conventional drug delivery systems (DDS). These organic substances are normally very large
in size and mesoporous silica is a potential candidate to encapsulate such molecules by
utilizing ordered mesopores. Indeed, the properties of the formed solids are extremely
dependent on the synthesis temperature, and the properties of surfactants used as templates in
the synthesis are reflected in several properties of the final solid. In this way, structural
characteristics such as pore size and porosity can be altered by change in some of the synthesis
parameters. Consequently, the release kinetics from the matrix, due to its well-arranged
structure, can be altered by change in the textural characteristics. Nevertheless, there is one
major problem for the mesoporous systems as far as drug release is concerned, and that is the
limited control of the drug release whose major mechanism is diffusion. The need to create
new materials with optimized, predetermined characteristics has spurred an increasing
interest in hybrid materials, especially in organic and inorganic nanocomposites.

The development of new delivery systems has proven to be of great interest for
pharmaceutical technology. Ceramic materials generally release drugs by the following
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mechanisms: (i) diffusion, (ii) chemical reaction, or (iii) solvent activation. Beyond these,
some systems can by externally activated to release more drugs when necessary, using
external forces such as magnetism or temperature.

In the case of magnetism as an external force, the first type of nanocomposites that will be
presented in this chapter, small magnetic beads are uniformly dispersed within a matrix.
When these nanoparticles are exposed to a biological system, normal diffusion of the drug
occurs due to a concentration gradient. However, upon exposure to an external oscillating
magnetic field, larger quantities of drug can be released quickly. This nanocomposite
combines the special structural characteristics of mesoporous silica matrix with the
advantages of the unique magnetic properties of magnetic nanoparticles, because the
unprotected magnetic nanoparticles can easily form aggregates and react with oxygen
present in the air. Therefore, a suitable coating with mesoporous silica is essential to prevent
such limitation. These materials seem suited for numerous in vivo applications, such as
tumor hyperthermic treatment and magnetic drug targeting (Souza et al., 2009; Souza et al.,
2010). Magnetic drug targeting allows the release of drugs at a defined target site with the
aid of a magnetic field. The concept of hyperthermia is to heat a region of the body affected
by cancer to temperatures between 43 and 45 °C. At these temperatures, the growth of
cancerous cells can be halted.

In the case of temperature as an external force for diffusion, which is the second category
that will be presented in this chapter, the systems are hybrid. Several studies have reported
the encapsulation of polymers into mesoporous silica hosts. Encapsulation of stimuli-
responsive polymers has been of particular interest in the drug delivery area. Among these
stimuli-responsive  polymers, temperature-responsive hydrogels such as poly(N-
isopropylacrylamide) [P(N-iPAAm)] are a well-studied class of drug delivery systems, as
they can respond strongly to temperature changes. In water, P(N-iIPAAm) exhibits a phase
transition at a lower critical solution temperature (LCST) of approximately 33°C (Freitas &
Cussler, 1987). Below the LCST, the hydrogel incorporates water and swells, whereas the
release of water in response to an increase in temperature causes shrinkage. Thus, the
development of hybrid functional nanosystems based on silica-P(N-iPAAm) has drawn
much attention to the control of molecular transport, including drug release, because self-
regulated delivery allows for drug release when it is needed (Sousa et al., 2010).

3. Magnetic nanocomposites and bioapplications

The nanostructured silica has gained importance for biomedical applications and has been
studied extensively. Silica has well established chemistries that allow surface modification
with various functional groups (e.g., amine, thiol, carboxyl, and methacrylate). These
nanoparticles can be further modified with biomolecules such as enzymes, proteins, DNA
molecules, etc., for biological applications. The surface modification with biomolecules
allows for the specific recognition of immobilized and free species, can provide diagnostic
information, and serve as part of a purification or separation process (Jin et al., 2003).
Another type of material that gained prominence in biological applications is magnetic
nanoparticles. The synthesis of nanostructured magnetic materials has been intensively
pursued because of their broad applications, including in magnetic storage media, catalysis,
ferrofluids, contrast materials for magnetic resonance imaging, magnetic bioseparation, and
magnetic carriers for drug targeting (Pankhurst et al., 2003), among others.
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The application of the different forms of iron oxides for diagnostic procedures has gained
wide acceptance in radiological practice, but therapeutic applications are still under
investigation. Such applications have exploited two major advantages of iron oxides: their
low toxicity to humans and the possibility of controlling their magnetization. For example,
many of the particles used are superparamagnetic that can be easily magnetized with an
external magnetic field, and when the field is removed, they do not exhibit residual
magnetization. If exposed to an alternating magnetic field, the iron oxide particles become
powerful heat sources by transforming the energy from the magnetic field into heat
(Chastellain et al., 2004; Jordan et al., 1997). The most important characteristic of magnetic
nanoparticles for heat generation is particle size (Kalambur et al., 2005). The greatest
difficulty in the synthesis of ultrafine particles is size control on the nanometric scale. Thus,
the research of easy and flexible magnetic synthetic routes to produce nanoparticles with
desired sizes and acceptable size distribution without particle aggregation is of extreme
importance to fulfill the potential of these materials in biomedical applications.

Iron oxide (either Fe3O4 or y-Fe;O3) can be synthesized through the co-precipitation of Fe2*
and Fe3* aqueous salt solutions by addition of a base. The control of size, shape, and
composition of nanoparticles depends on the type of salts used (e. g. chlorides, sulphates,
nitrates, perchlorates, etc.), Fe2* and Fe3* ratio, pH, and ionic strength of the media (Gupta &
Gupta, 2005).

Other methods to prepare magnetite nanoparticles are microemulsion (Liu & Wang, 2004a),
electrochemical synthesis (Franger et al., 2004), pyrolysis (Gun'ko et al., 2001), and
hydrothermal synthesis (Wu et al., 2005). However, most methods present some synthesis
problems, such as difficulties in the prevention of flocculation, the control of Fe2+ and Fe3*
ratio in the co-precipitation process, and the removal of surfactants in the micron-emulsion
process. Recently, an oxidation-precipitation method for the preparation of magnetite
nanoparticles has been used by some researchers (Thapa et al, 2004). The formation of Fe;O4
follows the nucleation-growth mechanism when the Fe(OH),/Fe(OH)s molar ratio is 1:2,
which is the characteristic value of the magnetite structure. However, it does require the
careful adjustment of the solution pH value for particle formation and stabilization, and it is
difficult to control particle size and size distribution.

As discussed, for an efficient performance, the particles must remain non-aggregated, be
stable against oxidation, and display high magnetization during application. Thus,
appropriate nanoparticle coating is essential to overcome this limitation. Silica/iron oxide
nanocomposites are of particularly interest, since the protective layer afforded by silica can
prevent dipolar magnetic attraction between magnetite particles, and consequently produce
quite uniform particle dispersion.

The approaches for the synthesis of SiO»-Fe,O3 nanocomposites are varied (Ma et al., 2006;
Chen et al., 2008). Such nanocomposites are composed of magnetic nanoparticles embedded
or encapsulated in an inorganic oxide matrix. In addition, to coat the surface of magnetic
nanoparticles, silica is obtained by classical sol-gel methods, but in this case, the final
product may present a wide pore size distribution (Singh, 2008). The new class of
nanocomposites, which combine special structural characteristics of mesoporous silica
matrix with the advantages of the unique magnetic properties of iron nanoparticles, seems
suited for numerous in vivo applications, such as tumor hyperthermic treatment and drug
delivery. Most importantly, particle growth can be effectively confined to the channels of
mesoporous silica, limiting particle size to the nanoscale.
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Studies concerning the growth of Fe3O4 and y-Fe>O3 nanoparticles inside mesoporous silica
MCM-41 and MCM-48, using an ionic surfactant as a template, have also been reported
(Kohn et al.,, 2003; Fellenz et al., 2006a). More recently, Fe;O, nanoparticles modified
covalently with triethoxysilane having a quaternarydicetylammonium ion were used as
building blocks and incorporated in the structure (Alvaro et al., 2006). The surface of these
nanoparticles was modified to become compatible with the structure-directing agent
(cetyltrimethylammonium). However, these approaches result in materials presenting two
main limitations: (i) due to the use of ionic surfactants, they present typical wall thicknesses
around 1 nm (Doadrio et al., 2006) and consequently, low stability; (ii) the functionalization
of the mesoporous surface and nanoparticle surface leads to a decrease in the pore size and
surface area (Alvaro et al., 2006), facts that could affect the applicability of such materials in
adsorption systems, like drug delivery systems.

In this context, we reported the synthesis of mesoporous SiO»-coated Fe3O, nanoparticles by
using a neutral surfactant and without the application of any functionalization method
(Souza et al., 2008). To accomplish this, the Fe;O; nanoparticles were synthesized by
oxidation-precipitation and coated with mesoporous silica (SBA-15) by using nonionic block
copolymer surfactants as the structure-directing agent. We observed that the magnetite
nanoparticles were completely and homogeneously coated by well-ordered mesoporous
silica with stable (~8 nm thick) pore walls, Figure 2. The applied synthesis route did not
affect the structural and magnetic properties of the Fe;O, nanoparticles.

In the other report, we presented a wet impregnation method which proved efficient to
obtain well-dispersed Fe;O4 nanoparticles inside the pores of silica (Souza et al. 2010). The
proposed method involved the preparation of an iron oxide precursor in ethanol and its
subsequent transfer to SBA-15 mesoporous hexagonal silica. Iron oxide was formed inside
the porous structure to obtain a magnetic material, Figure 3. The sample was heated to 550
°C for 2 h in air for the formation of iron oxide and then was heated to 550 °C for 8 h in an N»
atmosphere to obtain Fe3Oy.

The main methods of synthesis of composites using magnetic oxides dispersed in silica
matrix and their various applications will be discussed below, having in mind the growing
interest in using these materials in the biological area.

(b)

Fig. 2. Transmission electron micrographs: (a) Low resolution and (b) high resolution images
showing the magnetite nanoparticles (dark region) covered by the mesoporous silica; the
inset in (a) is the quantification of the size distribution of the Fe3O4 particles.



182 Advances in Diverse Industrial Applications of Nanocomposites

Fig. 3. TEM of unidirectional canals of the open mesoporous structure, and image showing
the magnetite nanoparticles (dark region) covered by mesoporous silica.

3.1 Bioseparation

Magnetic separation provides a convenient method for the removal of magnetizable
particles by applying an appropriate magnetic field. In 1973 Robinson et al. used magnetic
separation for the first time in a biotechnology context. In their work, silica-coated magnetic
iron oxide and cellulose-coated magnetic iron oxide were used to immobilize two enzymes,
o-chymotrypsin and B-galactosidase, for applications in bioreactors. Since then, magnetic
separation has become an increasingly popular tool for the separation of biological
molecules and cells (Bruce et al., 2004).

If the magnetic material surface is selective for a specific protein, it will be able to connect to
this surface, and its separation from the biological environment could be done by using a
magnet (Figure 4). Once the surface has been modified, a system comprised of a magnetic
core coated with silica can be used for bioseparation.
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Fig. 4. Scheme illustrating steps involved in the extraction of biomolecules using magnetic
bioseparation agents.



Multifunctional Nanocomposites Based on Mesoporous Silica: Potential Applications in Biomedicine 183

The first bioseparation work onto a functionalized silica support was performed by Zhao
and coworkers in 2003 (Zhao et al., 2003). The authors developed a novel genomagnetic
nanocapturer (GMNC) for the collection, separation, and detection of trace amounts of
DNA/RNA molecules with one single-base difference. The GMNC was constructed by
bioconjugating molecular beacon DNA probes onto magnetic nanoparticle surfaces. The
method showed an excellent ability to differentiate single-base mismatched DNA/mRNA
samples by combining the exceptional specificity of molecular beacons and the separation
power of magnetic nanoparticles.

Later, Liu and coworkers synthesized magnetite (Fe3O4) nanoparticles by the coprecipitation
method and coated their surface with silica, obtaining well dispersed magnetic silica
nanospheres of about 50-80 nm in diameter. The surface of these nanospheres was
functionalized with amino-silane coupling agent, N-(2-aminoethyl)-3-
aminopropyltrimethoxysilane (AEAPS) (Liu et al.,, 2004b). The functionalized silica has
undergone a series of experiments performed to investigate the protein immobilization in a
magnetic matrix. Bovine serum albumin (BSA) was chosen as a model protein and was
covalently immobilized onto the amino-silane modified magnetic silica supports. The result
shows that such amino-silane modified magnetic silica is a well-dispersed and effective
superparamagnetic support for bioseparation with maximum BSA immobilization capacity
(up to 86 mg/g), presenting, thus, potential use as immune-magnetic support for protein
purification.

Sen et al. (2006) reported the template-assisted fabrication of a magnetic mesoporous silica-
magnetite nanocomposite and its potential for application in magnetic bioseparations,
evaluating its ability (i) to bind and elute DNA and (ii) to extract RNA from bacterial cells.
Magnetite nanoparticles previously synthesized were used as a core material for the
fabrication of a mesoporous magnetic nanocomposite. Both core magnetite and silica-
magnetite nanocomposite demonstrated a high capacity for binding the DNA. Nearly 100%
recovery of DNA was obtained from the surface of the nanocomposite, whereas <10% was
recovered from the magnetite core. It was possible to bind and elute approximately the same
quantity of DNA using half the amount of the mesoporous silica-magnetite composite, as
compared to classical amorphous silica-magnetite materials (Bruce et al., 2004).

Specifically in enzyme immobilization, it is known that because of the low enzyme loading
on the conventional magnetic beads, more and more attention was paid to the magnetic
mesoporous support. Magnetite mesoporous silica hybrid support was fabricated by
depositing magnetite and MCM-41 nanoparticles onto polystyrene beads using the layer-by-
layer (LBL) method. The incorporation of magnetite gives an additional magnetic property
to the hollow mesoporous silica shells. This perfect combination of mesoporous material
properties with a magnetic property improves the enzyme immobilization (Xie et al., 2009).
Another field of interest in applications that has gained prominence in the biological area is
the use of these systems in studies of drug delivery.

3.2 Controlled release of drugs

The idea of controlled release of biologically active substances began to be used in the 1950s
with the advent of polymeric materials. The potential advantages of controlled release
systems include: (i) localized release of drugs in a particular compartment of the body,
thereby decreasing the systemic level of the drug, (ii) maintaining constant levels of drug in
the body, resulting in greater efficiency in the use of the agent (i.e., it is necessary to lower
the concentration of the drug to produce the same effect as in conventional systems), (iii)
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preservation of the medicines that are quickly destroyed by the body (this is particularly
important for biologically sensitive molecules such as proteins), (iv) lower frequency of
administration of the active agent, enhancing patient comfort and effectiveness of treatment
(Langer, 1990; Ogawa & Plepis, 2002). Besides the polymeric matrix, other controlled release
systems based on different materials have been intensively studied in recent years, such as
bioceramic and composites. Some examples are antibiotics like gentamicin, released from
the matrix composed of calcium phosphates and poly(DL-lactide) (PLA) (Baro et al., 2002)
and from the composite of hydroxyapatite/collagen (Martins & Goissis, 2000), and anti-
neoplastic agents like cisplatin, released from calcium phosphate (CaP) nanoparticles
(Barroug et al., 2004).

The porosity of conventional matrices is highly heterogeneous due to complex chemical
composition, which presents as a great disadvantage the difficulty of ensuring
homogeneous drug distribution through the matrix, affecting the release rate. Therefore, the
need to address this disadvantage has led to improvements in this field through the use of
ordered mesoporous materials, chemically homogeneous, which have well defined porosity.
In this context, we have reported the influence of magnetic nanoparticles on drug release
kinetics of three model drugs: cisplatin, carboplatin, and atenolol under in vitro. In this work
(Souza et al., 2009), magnetic nanoparticles embedded into mesoporous silica were prepared
in two steps: first, magnetite was synthesized by oxidation-precipitation method, and next,
the magnetic nanoparticles were coated with mesoporous silica by using nonionic block
copolymer surfactants as structure-directing agents. The SEM images of magnetite in Figure
5 show that the material has uniform morphology and particle size distribution. In addition,
some particle clusters may be observed due to the magnetic interaction between the
particles. The regular octahedral morphology indicates that the particles are well
crystallized. Figure 5.b shows the morphology of SBA-15. It consists of vermicular-shaped
particles. In contrast, the nanocomposite presents spherical morphology. This may be
attributed to the presence of the magnetite silica-coated nanoparticles. The average size of
the spherical particles varied from 0.139 to 0.476 um. Particles smaller than the human body
capillary diameter (8 um) are suitable for intravenous drug-delivery injection. The desired
particle size range for a specific application may be selected by nanoparticle centrifugation
at a controlled rate.

Drug release was studied with and without a magnetic field in two experiments: a) with a
constant magnetic field and b) with an alternating magnetic field. To simulate drug release
in the presence of a magnetic field, a NdFeB magnet (0.250 T) was used in the first
experiment, and in the second one, a low-frequency alternating magnetic field was obtained

¥

Fig. 5. SEM of (a) magnetite, (b) pure SBA-15, and
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with a magnetic cavity composed of a Helmholtz coil connected to a direct current source
coupled to a frequency generator and a Hall probe for measuring the magnetic field. The
following frequencies were used: 15, 30, 45, 60, 100, and 300 Hz with a 17 mT magnetic field.
The application of an alternating magnetic field provokes the vibration of the magnetic
particles and the quick release of large quantities of drugs. The measures presented here are
designed to assess the influence of the application of low frequency (<300 Hz) alternating
magnetic fields (170 Oe) on drug release. Figure 6a shows the release profiles of cisplatin
without a magnetic field, with a constant magnetic field, and an alternating magnetic field
up to 300 Hz. Drug release was more effective and faster in the alternating magnetic field,
Figure 6. The alternating magnetic field showed a large influence on the cisplatin release
profile. These results can be explained by the possible interaction of the drugs with the
magnetite nanoparticles, possibly due to the incorporation of cisplatin into the mesopores
and its interaction with the surface of the magnetic nanoparticles.

Another promising application for these materials is in magnetic hyperthermia.

3.3 Magnetic hyperthermia

Hippocrates (460-370 BC) believed that any disease could be cured by heating the patient’s
body (Ito et al.,, 2005). Since 1957, hyperthermia, a modality of cancer treatment with an
elevated temperature between 41 and 45 °C with a treatment time of at least 30 min, has
received considerable attention due to its clinical efficacy, such as minimizing clinical side
effects and the possibility of selectively destroying a localized or a deeply seated malignant
cancer tumor (Bae et al., 2009).

Cancer cells generally perish at around 43 °C because their oxygen supply via the blood
vessels is not sufficient, whereas normal cells are not damaged at even higher temperatures.
In addition, tumors are more easily heated than the surrounding normal tissues, since the
blood vessels and nervous systems are poorly developed in the tumor. Therefore,
hyperthermia is expected to be a very useful cancer treatment with few side effects. Various
techniques for heating the tumors, such as treatments with hot water, infrared rays,
ultrasound, and microwaves have been attempted. However, deep-seated tumors cannot be
heated effectively and locally using these techniques (Kawashita et al., 2005).
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field, and in an alternating field.
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The biggest problem with this treatment is that it is not selective, i.e., when subjected to
hyperthermia for tumor treatment, it also affects normal cells adjacent to the tumor. Thus,
there is a need to develop a tumor-specific hyperthermia for tumor cells.

Some researchers have proposed the concept of “intracellular” hyperthermia and have
developed submicron magnetic particles for inducing hyperthermia. This concept is based
on the principle that under an alternating magnetic field (AMF), a magnetic particle can
generate heat by hysteresis loss (Ito et al., 2005).

There are at least three different mechanisms by which magnetic materials can generate heat
in an alternating field (Kalambur et al.,, 2005): (i) generation of eddy currents in bulk
magnetic materials, (ii) hysteresis losses in bulk and multi-domain magnetic materials, and
(iii) relaxation losses in ‘superparamagnetic’ single-domain magnetic materials. The
mechanisms (i) and (ii) contribute very little to the heating system of particles with a single-
domain. The mechanism that contributes to significant heating of these particles, therefore,
is the relaxation mechanism (iii). Relaxation losses in single-domain magnetic nanoparticles
fall into two modes: rotational (Brownian) mode and Néel mode (Figure 7). In the Néel
mode, the magnetic moment originally locked along the crystal easy axis rotates away from
that axis towards the external field. The Néel mechanism is analogous to the hysteresis loss
in multi-domain magnetic particles, whereby there is an ‘internal friction” due to the
movement of the magnetic moment in an external field that results in heat generation. In the
Brownian mode, the whole particle oscillates towards the field with the moment locked
along the crystal axis under the effect of a thermal force against a viscous drag in a
suspending medium. This mechanism essentially represents the mechanical friction
component in a given suspending medium.

Kawashita and coworkers (Kawashita et al., 2005) studied magnetite microspheres with
capacity heat generation. Two kinds of microspheres were synthesized: (a) magnetite
microspheres formed by melting powders in high-frequency induction thermal plasma, and
(b) silica glass microspheres formed by precipitation from an aqueous solution. In case (a),
the magnetite microsphere diameter was 20 to 30 um, with heat generation capacity of 10
W/g, under 300 Oe and 100 kHz; in case (b), the silica glass microspheres coated with
magnetite presented average size of 25 um, while the average size of magnetite crystallites
deposited on the silica surface was estimated at 50 nm. In the latter case, the heat generation
was estimated to be 41 W/g, under 300 Oe and 100 kHz, showing that the silica/magnetite
microsphere system is a promising one for hyperthermic treatment of cancer.

There is a possibility of a second application for this system. The controlled drug delivery
could be triggered by thermomagnetic action, adjusting the magnetic field and frequency.

; Brownian mode for
Néel mode particles in suspension

@) (b) ©
Fig. 7. (a) Induction Field schema for magnetic material in an AC coil. (b) and (c) Relaxational
losses leading to heating in an alternating field (H): (b) Néel mode; (c)Brownian mode.
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Considering these points, Hu and coworkers studied magnetic-sensitive silica nanospheres
for ibuprofen release by controlled bursting to a therapeutically effective concentration by a
high-frequency magnetic field (HFMF) (Hu et al., 2008). The acceleration of the rotation of
magnetic nanoparticles deposited on the silica matrix generates heat energy; the HFMF
enlarges the nanostructure of the silica matrix, producing porous channels that cause the
drug to be released easily. Thus, nanospheres showed a marked ibuprofen release profile,
with 180-190 min of release, when the system was triggered for 10 min in a high-frequency
magnetic field (HFMF). This profile was compared with a control group of silica
nanospheres without magnetic iron incorporation. The cumulative release of ibuprofen from
silica nanospheres (Si:Fe = 1:1) was measured, both with and without magnetic stimulation
of 50 kHz applied at the four specific times, and showed that after the magnetic stimulation,
a significant increase in the amount of drug released was observed at each time interval.

A small number of studies have been conducted with mesoporous silica/magnetic particles
systems for hyperthermia applications. Recently, we reported the synthesis of
nanocomposite-based SBA-15 and magnetite nanoparticles by the wet impregnation method
of an iron precursor (Fe3(504)3) into a silica framework (Souza et al., 2010). Iron oxide was
formed inside the porous structure, thus producing the magnetic device.

The spontaneous magnetization of the nanocomposite is 10.31 Am?2 kg1, which is lower than
that of magnetite (83.98 £ 2.2 Am?2 kg1), because the nanoscale particles form a single
magnetic domain. The magnetic properties obtained by 5Fe Mossbauer spectroscopy (figure
not given) showed that the nanocrystals present superparamagnetic characteristics.

Tests of magnetic hyperthermia were performed. For this, AC magnetic-field-induced
heating was measured both in the solid material and in an aqueous solution under different
applied magnetic fields: 105 Oe (8.36 kA m1) and 168 Oe (13.37 kA m-1).

Figure 8 shows the time-dependent temperature curves of the dry nanocomposite for 198
kHz and magnetic fields of 105 and 168 Oe AC. When the sample was exposed to an AC
magnetic field for 30 min, its temperature ranged from 23 to 32.87 °C in the 168 Oe AC
magnetic field and from 23 to 25.16 °C in the 105 Oe, showing its dependence on the
magnetic field. This figure shows a relatively sharp increase in temperature in the beginning
of heating. Moreover, a nearly steady state regime is established after 10 min under 168 Oe,
reaching a temperature range of ATmax = 9.87 °C.
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Fig. 8. Time-dependent temperature curves of the nanocomposite under 198 kHz and
magnetic fields of 168 Oe (13.37 kA.m1) and 105 Oe (8.36 kA.m-1).
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When dispersed in water, the difference in the temperature of the nanoparticles between the
starting ambient temperature and after 30 min of exposure to the magnetic field was 21 °C
under 168 Oe and 3 °C under 105 Oe. Considering the results obtained for the dry
nanoparticles and those dispersed in water in the 168 Oe magnetic field, Figures 9a and 9b,
we notice a small increase in temperature for the former, resulting in ATmax = 9.87 °C, and 21
°C for the latter. This behavior can be explained based on the total surface area of the
magnetic nanoparticles and their ability to generate heat. If the magnetic nanoparticles are
well dispersed in water, their specific surface area increases, as does the convective heat
transfer rate to the fluid.

The amount of heat generated by pure water in 168 Oe AC magnetic fields was measured to
investigate more precisely the effect of water on the increase in the temperature of the
dispersed nanoparticles. According to Figure 9b, although pure water contributes to a slight
rise in temperature, from 23 to 29 °C, heat generation is affected by the sample medium. This
property of the nanoparticles dispersed in water was in fact measured after sonicating the
solution for 30 min. The measured temperatures of the nanoparticle suspension after
sonication and under 168 Oe AC magnetic field increased to 47.5 °C after 30 min of assay,
presenting a AT max of 24.5 °C.

The principle of hyperthermia is to heat a body region affected by cancer to temperatures
between 43 and 45 °C. At these temperatures, the growth of cancerous cells can be halted.
Thus, a temperature variation of ATm.x = 9.87 °C would be sufficient, based on a body
temperature of 37 °C. Considering all the measurement conditions used in this work, heat
generation can be controlled in selected magnetic particles by adjusting the magnetic field
and choosing an appropriate medium.
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Fig. 9. (a) time-dependent temperature curves of the nanocomposite under 198 kHz and
magnetic fields of 168 Oe and 105 Oe; (b) heating-induced by magnetic field of
nanocomposite in different situations to 168 Oe compared with pure water, used as a
control.

4. Functional hybrid mesoporous silica/poly(n-isopropylacrilamide) useful for
drug delivery systems

The second category of multifunctional materials deals with organic-inorganic hybrids
systems based on mesoporous materials and stimuli-responsive polymers. Recent studies
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have made fundamental proposals for development of hybrids materials based on polymer
and mesoporous silica. Many different polymers have been encapsulated into the pores
structure of the mesoporous materials, and different procedures were used for
encapsulation. Recently, strategies for development of hybrids based on ordered
mesoporous silica and stimuli-responsive polymers have been reported in the literature
(Tian & Yang, 2009; Fu et al., 2007; Liu et al., 2009; Gao et al., 2009; Sousa et al. 2010).These
stimuli-responsive polymers show abrupt changes in their swelling behavior in response to
small changes in environmental parameters such as temperature, pH, solvent composition,
electric fields, etc. They have received much attention due to their potential applications in
numerous fields. Among these stimuli-responsive polymers, the most important systems
from a biomedical point of view are those sensitive to pH and/or temperature, because
variables such as low pH and elevated temperatures are found in the body (Qui & Park,
2001).

One of the most studied temperature-responsive polymers is poly(N-isopropylacrylamide)
[P(N-iPAAm)], which swells to a large extent in water, at a low temperature, and shrinks as
the temperature is increased, showing a first-order phase transition around 33 °C, behaving
as a polymer solution with a lower critical solution temperature (LCST) (Freitas & Cussler,
1987). Figure 10 shows this phase behavior schematically. This interesting phase behavior of
a dramatic dependence of the swelling volume on temperature and a discontinuous
transition has attracted the interest of many researchers all over the world in past years.
Studies on the thermodynamic behavior of this system (Marchetti et al., 1990; Sousa, 1993;
Sousa, 1995; Nakamoto, et al., 1996), different potential applications (Wu et al., 1996; Jin, et
al., 1995), and permeability to small solutes (Palasis & Gehrke, 1992; Mukae, et al., 1993)
have been reported.

The thermodynamics of polymer gels describes the swelling equilibrium as a result of two
opposite contributions: the change in the free energy of mixing as the gel is in contact with a
solvent and the change in the elastic free energy due to the elongation of the network as the
gel swells, absorbing solvent (Ogata, 1995). The understanding of the gels’ elastic structure
is, therefore, fundamental. This structure is directly related to the crosslinking density and
polymer-polymer interactions.

Fig. 10. Schematic representation of the phase behavior of P(N-iPAAm).

By utilizing this interesting phase behavior, P(N-iIPAAm) can be used in biomedical
applications such as DDS (Hoffman, 1987; Peppas & Langer, 2003). Furthermore, the interest
in the use of P(N-IPAAm) in biomedical applications originates from a number of
advantages that this presents for use as a biomaterial, such as biocompatibility, specific
diffusive properties, elastomeric consistency, and low interfacial tension, among others.

Hybrid functional nanosystems based on silica- P(N-iIPAAm) have attracted much attention
for control of molecular transport, including drug release, because a self-regulated delivery
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allows a drug to be released when it is needed. Thus the encapsulation of P(N-iIPAAm) in
ordered mesoporous silica has been of particular interest in the drug delivery area, since
that combine the advantages of the mesoporous silica (thermal and mechanical stability,
biocompatibility and textural properties) with the P(N-IPAAm) ability to swell or shrink in
temperatures close to physiological temperature. Compared to the sustained-release system,
the thermo-responsive controlled release system can realize a controlled release pattern,
which can improve the therapeutic efficacy. However, studies on ordered mesoporous
silica-thermoresponsive P(N-iPAAm) hybrids for use as DDS are few. To the best of our
knowledge, only a small number of papers concerning a responsive-carrier-system-based
mesoporous silica and P(N-iPAAm) for use in the drug delivery area has been reported up
to the present (Zhou et al. 2007; Yang et al., 2008; You et al., 2008; Liu et al., 2009; Zhu, et al.,
2009; Sousa et al., 2010).

Chang and co-authors (Chang et al., 2004) report the systematic application of the ordered
mesoporous materials to smart controlled drug release using the thermoresponsive P(N-
iPAAm) hybrid mesoporous structures. The P(N-iPAAm) hybridized mesoporous materials
were prepared by the radical-initiated polymerization with N-iIPAAm monomers on
modified mesoporous silica surface with different pore sizes (10, 17, 30 nm). Indomethacin
was used to study the thermosensitive drug release from hybrid. The drug release from
hybrid materials was investigated during stepwise temperature changes between 25 and 40
°C and measurement of the concentration in a UV-Vis spectrophotometer at different time
intervals. The release profile showed a sustained positive thermoresponsive drug release.
When the temperature was increased and maintained at 40 °C, a nearly constant release
pattern was observed and a rapidly decreased release was observed on the temperature
change to 25 °C. According to the nanodiffusion mechanism proposed by the authors at a
low temperature, the drug is trapped in the polymer and in the porous structures, and the
polymers swell to prevent the drug from being significantly released into the media. When
the temperature is increased above the LCST of P(N-iPAAm), the polymers shrink to
squeeze the drug into the porous channels, and open the pore structure. Although a large
amount of drug may be squeezed out of the polymer above the LCST, the amount released
into the media did not show a peak, because diffusion of the drug through the porous
channels is the limiting mechanism to control the drug release, rather than the phase
behavior of the P(N-iPAAm).

In this same sense, Zhou et al. investigated a system based on stimulus-responsive P(N-
iPAAm) inside a mesostructured cellular foam (MCF-PNIPA) as a device for drug delivery
(Zhou et al., 2007). Ibuprofen (IBU) was loaded in MCF-PNIPA samples at 45 °C during 48 h.
Drug release studies were performed by soaking samples in a solution with pH maintained
at 7.4 and stepwise changing the temperature between 10 and 60 °C. The release process was
followed spectroscopically. Loading and release data suggested that the multilayer
polymers inside the pores of the MCF apparently formed an internal cavity for drug
molecules increasing the IBU storage capacity, in addition to responding to changes in
external temperature. A possible mechanism of the drug storage and release profile from the
system was developed by the authors, and according to this mechanism, at a low
temperature, the drugs are confined in the pores owing to expansion of the P(N-iPAAm)
molecular chains and the formation of hydrogen bonding between P(N-iPAAm) and IBU.
With an increasing temperature, the polymer chains are hydrophobic and swell within the
pore network, resulting in the collapse of hydrogen bonds and pushing the drug molecules
from the pores. Figure 11 shows this dependence of IBU amount released on temperature.



Multifunctional Nanocomposites Based on Mesoporous Silica: Potential Applications in Biomedicine 191

100

80 o

=3
=3
1

| |

Drug Release (%)
]
1

204 /

Temperature (°C)

Fig. 11. The dependence of release amounts of IBU on temperature. Data obtained from
(Zhou et al., 2007).

Furthermore, in 2007, a novel synthesis of a multi-functional delivery system based on
ordered mesoporous silica SBA-15 with magnetic particles formed in situ and thermo-
sensitive P(N-IPAAm) - m-SBA-PNIPA was reported. They employed hydrophilic FeCl, as
an additional precursor to fabricate magnetic particles inside SBA-15 via surfactant template
sol-gel process, and the polymerization of N-iIPAAm was implemented inside the pores of
SBA-15 with a magnetic particle system. Ibuprofen also was encapsulated inside the sample
m-SBA-PNIPA and the in vitro delivery assays were performed according to the procedure
previously described by Zhou et al., stepwise changing the temperature between 9 and 45
°C. The system exhibited a pronounced transition at approximately 17 °C, and when the
temperature was between 7 and 11 °C, a drug release of 40.5% from the m-SBA-PNIPA was
observed. As the temperature rose to 17 °C, the polymer shrank, leading to the progressive
increase of the release rate. Similar results were found for the systems previously reported
for Chang and Zhou et al., where a positive thermosensitive release profile was observed.
However, this delivery system did not show characteristic bulk behavior with respect to
their LCST, and as mentioned by the authors, this system is not suitable for in vivo
application but could probably be used in many others fields.

Another kind of magnetic mesoporous silica/P(N-iIPAAm) nanocomposite was also
prepared recently by Liu et al. (Liu et al, 2009), who reported a strategy to prepare
core/shell-structured magnetic mesoporous silica microspheres combining three advantages
into one single entity. This strategy involves a Fe;O, magnetic nanoparticle as the core,
mesoporous silica as a sandwiched layer, and cross-linked thermosensitive poly(N-
isopropylacrylamide/N-hydroxymethyl acrylamide) - P(NIPAM-co-NHMA) copolymer as
an outer shell. Zn(II) phthalocyanine tetrasulfonic acid (ZnPcS4), a photodynamic therapy
(PDT) drug, was used as a model drug to assess the drug loading and controlled release
behavior of the core/shell composite microspheres. Drug release studies were performed by
soaking loaded microsphere hybrids in a solution with pH maintained at 7.4 and measuring
the cumulative release amount of ZnPcS4 after 24 h at different temperatures. These
composite microspheres with different amounts of the hydrophilic co-monomer exhibited a
temperature-dependent drug release behavior (Figure 12) where the cumulative release
amount after 24 h at 39 °C was almost three times higher than that at 37 °C for two samples
prepared with different monomer ratios. According to the authors, the significant difference
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in cumulative release amount at different temperatures indicated a potential application in
the therapy of malignant tumors. For instance, the M-MSN/P(NIPAM-co-NHMA)
composite microspheres with superparamagnetic cores and temperature-sensitive shells
could be guided by an external magnetic field to the target site, undergo a swelling-
shrinking transition, and release the loaded drug rapidly because of the temperature
difference between malignant tumor tissue and normal tissue, or because of the temperature
difference caused by the magnetocaloric effect in the alternating-current magnetic field.
Yang et al. (2008) synthesized a potential material for applications in intercellular imaging,
as biomarkers and biosensors. This material is based on mesoporous silica nanoparticles
(MSNss) coated with poly(N-isopropylacrylamide) - MSN@PNIPAM. The MSN@PNIPAM
was synthesized by atom transfer radical polymerization (ATRP) on the surface of MSN
through the “grafting-from” method. The thermoresponsive properties of the
MSN@PNIPAM were studied by turbidimetry and dynamic light scattering (DLS)
measurements and the measured LCST of MSN@PNIPAM material was about 32°C,
consistent with pure PNIPAM in water. A fluorescent dye (FITC) was used as a model guest
molecule to test the encapsulation and release ability of the MSN@PNIPAM particles. FITC
was entrapped by the stretched polymer chains below LCST, and locked inside the MSNs
above LCST. Additionally, the authors took MCF-7 cells to investigate the behavior of FITC
MSN@PNIPAM in cells. The confocal laser scanning microscopy images showed that some
particles had been internalized into the cells and localized in the cell cytoplasm. FITC was
locked inside the MSN particles during the cell endocytosis process because the cell culture
temperature was higher than LCST. The cytotoxicity of MSN@PNIPAM was also
investigated and the results suggested that MSN@PNIPAM particles had negligible
influence upon the growth of cells showing very low cytotoxicity.
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Fig. 12. Cumulative drug release of drug-loaded systems in PBS solution as a function of
temperature. Data obtained from (Liu et al., 2009).

We recently reported the control of drug release in response to temperature in a system
based on a temperature-responsive hydrogel, poly(N-isopropylacrylamide) [P(N-iPAAm)],
inside a mesoporous silica SBA-15 (Sousa et al., 2010). The incorporation of polymer phase
in the mesoporous silica led to a significant change in the structural properties of this
system. However, the polymerization and pore filling did not destroy the ordered
hexagonal structure of SBA-15, as shown by TEM images (Figure 13), but the surface area,
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pore size, and pore volume of the hybrid decreased due to the introduction of the polymer.
The primary mesopore volume and total pore volume of [SBA-15/P(N-iPAAm)] (0.42 and
0.48 cm? g1) were lower than the SBA-15 values (0.83 and 0.96 cm?3 g-1), respectively. The
pore diameter decreased from 5.70 to 3.76 nm (~34%).

@) (b)

Fig. 13. TEM images of [SBA-15/P(N-iPAAm)] (a) viewed along the pore axis and (b)
viewed perpendicular to the pore axis.

Figure 14 shows the nitrogen adsorption isotherms and the pore size distribution for pure
SBA-15 and for the [SBA-15/P(N-iPAAm)] hybrid. The analysis of the isotherms and the
respective adsorption and desorption-derived curves reveal a reduction in symmetry and
the occurrence of a stepwise desorption phenomenon in the hybrid sample, suggesting
bimodal porosity. This behavior is often referred to as a pore blocking phenomenon and is
attributed to the formation of porous plugs in the ordered channels of SBA-15. After
polymerization, the shape of the hysteresis loop in the Nx-sorption isotherm displays a
broadening suggestive of a reduction in pore size uniformity. Indeed, the desorption branch
shifted towards lower relative pressure P/Py with a concurrent decrease in the pore
diameters. Such a decrease can be verified by analyzing the inflection points of the
desorption isotherms and the pore size distribution graphs. The desorption isotherm of
mesoporous silica presented an inflection point of 0.64 at P/pyo. On the other hand, the
hybrid sample presented two inflection points of 0.60 and 0.47 around P/Py; this means that
the presence of an organic phase in the silica matrix provoked a shift to a smaller relative
pressure related to a decrease in pore size.

Atenolol was used to study thermosensitive drug release by hybrid sample. A continued
flow was employed to assay the atenolol release profile of this system. Release studies were
conducted at four different temperatures: 10, 25, 30, 35, and 40 °C in a simulating body fluid
(SBF). A control experiment was conducted in a similar manner for SBA-15. Drug loading
was determined through UV-Vis analysis in SBF solution by measuring the absorbance of
atenolol at 274 nm. The cumulative drug release profiles (Figure 15) showed clear
differences between the studied materials as a function of the temperature. In this figure, the
discontinuity in the release profile of the hybrid system as a function of temperature is
clearly observed (indicated by arrows above the respective curves). This response in the
hybrid system is strongly indicative of the polymer phase behavior. A quasilinear behavior
in the release profile of SBA-15 as a function of temperature is also displayed in Fig. 15b. As
expected, the release of atenolol from pure SBA-15 is temperature dependent (Fig. 15a). This
behavior can be explained considering that the overall drug delivery into the medium is
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controlled by diffusion through the porous channels. However, as shown by the release
profile, delivery seems to be less effective at temperatures as low as 10 °C, since this system
presents a comparatively lower delivery rate at this temperature. In this case, the drug was
trapped in the porous structures of the silica network. This may be explained by two
simultaneous behaviors: the diffusion rate in the mesoporous material, which is severely
affected at this temperature, and the drug interaction with the mesoporous silica through
hydrogen bonds due to the affinity of the functional groups amine, amide, and hydroxyl of
the atenolol molecules and the silanol groups present in the mesoporous silica, which is
ascribed to the relatively polar hydrophilic character of the drug. At this temperature (10
°C), the thermodynamic conditions are not enough to destabilize the hydrogen interactions
between the hydrophilic groups of the drug and the silanol groups of silica. The atenolol,
then, has a tendency to remain in the silica nanostructure. When the temperature was raised
to 25 °C, the interactions between the drug molecules and the silica surface were affected,
causing its rupture and a major release of atenolol into the medium. At 40 °C, this
phenomenon persists and is more evident, as demonstrated by the release profile in Fig. 15a.
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Fig. 14. (a) N2 adsorption-desorption isotherms and (b) Pore size distribution of SBA-15 and
[SBA-15/P(N-iPAAm)].

The analysis of the performance of the hybrid system as a drug delivery device (Fig. 15b)
shows that the release profiles of [SBA-15/P(N-iPAAm)]vary with temperature, as
compared to that of pure SBA-15. At 25 °C, the release rate was high, followed by a
sustained release rate; a similar behavior was observed at 10 °C. However, when the
temperature was increased to and maintained at 40 °C, a slower and sustained release rate
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was observed. Nevertheless, it rapidly decreased when the temperature was reduced to 35
°C. This behavior suggests that factors other than temperature affect drug release. These
observations lead us to suggest that the drug release response of hybrid systems depends on
temperature and the polymer phase behavior. The LCST of P(N-iIPAAm) is around 35 °C;
when the temperature was lower than the LCST, the polymer swelled and drug release was
faster. When the temperature was above the LCST, the polymer collapsed, acting as a
diffusion barrier, and the drug release from the pores was significantly blocked. With the
increase in temperature, an increase in drug diffusion would be expected; however, the
increase in temperature provokes a contraction of the polymer network in the hybrid
nanostructure. This contraction creates a physical barrier to the drug diffusion, thus
decreasing its release to the medium. This temperature-dependent behavior becomes critical

upon the complete collapse of the polymer chains at around 35 °C, when the structure
barrier to diffusion is the largest. This fact explains the great reduction in the release rate of
atenolol from the hybrid system from 25 and 30 to 35 °C. Above the LCST, the polymer does
not present phase change anymore, remaining contracted without structural variation. The
effect of temperature is illustrated in Fig. 15b, when it varies from 35 to 40 °C, presenting a
larger release of atenolol. Even though the release rate is high at this temperature, it is lower
than at 25 and 30 °C, as the polymer expanded and consequently presented a lesser barrier
to the diffusion of atenolol. Therefore, below the LCST, the contraction phenomenon of the
polymeric framework in the silica exerts a more significant influence than the temperature
on the release of atenolol to the medium. Above the LCST, the conformational aspect of the

polymer does not affect the process and the temperature becomes the dominant variable in
the release process.
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Fig. 15. Cumulative release profile of atenolol plotted against time and temperature for (a)
SBA-15 and (b) [(SBA-15)/P(N-iPAAm)].
A mechanism to explain the thermosensitive release profile was developed by the authors
(Figure 16). Below the LCST, the polymer swelled and drug release was faster (situations a
and b). With the increase in temperature, a decrease in release was observed. It was
speculated that the suppression of the release is a result of the contraction of the hydrogel

network with heating, which creates a physical barrier to the drug diffusion. This
temperature-dependent behavior becomes critical upon the complete collapse of the

polymer chains at around 33 °C, when the structure barrier to diffusion is the largest
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(situation c). Above the LCST (situation d), the polymer does not present phase change
anymore, remaining contracted without structural variation, and the temperature becomes
the dominant variable in the release process, increasing the release of atenolol.

35°C 40°C

(a and b)

Fig. 16. Schematic representation of the proposed mechanism to explain the thermosensitive
release profile.

It is important to note that this release mechanism is clearly different from those previously
reported (Zhou et al., 2007; Zhu et al., 2007), since the major release rate was observed below
the LCST, rather than above it (a negative thermosensitive release profile was observed).
However, similar results were presented by You et al. (You et al., 2008), who studied the
release of fluorescein as a function of the temperature from micro to mesoporous silica
nanoparticle (MSN)/P(N-iPAAm) composites and obtained a greater release rate at 25 °C,
below LCST (Figure 17).
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Fig. 17. Release studies conducted at 20 and 38 °C in PBS. Data obtained from (You et al.,
2008).

5. Conclusion

This review summarized the recent developments in the methods to synthesize
polymer/mesoporous silica and iron nanoparticle/mesoporous silica nanocomposites. We
developed an easy and direct synthesis route to obtain nanocomposites and hybrid
functional nanosystems based on mesoporous silica. The applicability of this system as a
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matrix for controlled drug delivery and also in magnetic hyperthermia was studied. The
results indicate that different combinations of the ordered mesoporous silica have a
potential to encapsulate bioactive molecules to use in biomedicine. The above results show
that the composition and morphology of carrier materials and the external agents are
important factors in influencing the drug delivery performance. However, a direct
comparison of these results with those described by other research groups cannot be
performed, since the systems were prepared from mesoporous matrices and by different
procedures, including hybrid systems and with magnetic particles. Furthermore, the release
assays were conducted differently, using drugs with distinct properties.

In spite of this, we have shown that mesoporous silica-coated magnetite nanoparticles with
these structural and magnetic characteristics, unobstructed pores and easy functionalization
of the silica surface, seem to be promising material for hosting and further delivery, under
appropriate conditions, of a variety of molecules of pharmaceutical interest. Hyperthermia
tests indicated that the nanocomposite can be used as a matrix for localized hyperthermia
treatment of cancers. Heat generation depended on the intensity of the AC magnetic field
and the nanoparticle medium.

On the other hand, even though there have been significant advances, studies involving the
potential use of responsive hybrids in the area of controlled release of drugs are still
incipient, and many properties of these materials are in the process of analysis, and
synthesis procedures are being modified in order to gain greater control over these
morphological and structural materials. Even though the pure mesoporous materials are
potentially suitable for biomedical applications because they are biocompatible and resistant
to biodegradation in cell media, the study of the biological response of responsive hybrids
based on mesoporous materials is incipient, as in vivo assays depend heavily on parameters
which are not well established, such as structural and morphological properties and their
dosage forms.

A substantial effort has been made recently to develop hybrids based on mesoporous silica
nanospheres combined with iron nanoparticles as well responsive polymers that can be
directly targeted at the cells, releasing a given active principle in response to variations in
some external stimulus. A more in depth study considering our systems with regard to
morphological parameters and biological behavior is planned in the future.
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1. Introduction

The main objective of this research is to study the feasibility of using the selective laser
sintering (SLS) technology to fabricate 3D porous scaffolds from poly(L-lactide) (PLLA) and
poly(L-lactide)/carbonated hydroxyapatite (PLLA/CHAp) nanocomposite for bone tissue
engineering applications. There are great demands for tissue engineering (TE) and ideal
tissue engineering scaffolds should possess physical, mechanical, chemical and biological
properties to fulfill the requirements for tissue regeneration. These properties basically
depend on two key factors; namely, material composition and scaffold architecture. To
address the first issue, biocomposites seem to be a better choice than single matrix. In this
study, a biocomposite, which consists of PLLA microspheres filled with CHAp
nanoparticles, is developed. PLLA is chosen because it is an FDA-approved, biocompatible
and biodegradable polymer which has been widely used in many biomedical applications.
Meanwhile carbonated hydroxyapatite is a promising material for bone substitution as it is
bioresorbable and also more bioactive in vivo than stoichiometric hydroxyapatite. In terms of
scaffold architecture, modern rapid prototyping (RP) technologies such as stereolithography
apparatus (SLA), fused deposition modeling (FDM), 3D printing and SLS offer excellent
flexibility. However, materials used for SLA are typically acrylics and epoxies, which are
non-biodegradable. At present, only very limited choices of materials are available for FDM
because the materials have to be in the form of filament. 3D printing is also limited by the
availability of suitable binders to meet the biological and strength requirements of tissue
engineering scaffolds. In contrast, SLS has already been used to produce porous poly(e-
caprolactone) (PCL) bone tissue engineering scaffolds based on actual model of minipig and
human condyle (Partee, Hollister et al. 2006), therefore it has a great potential for tissue
engineering scaffold fabrication and has been chosen for this project. However, SLS has been
developed primarily for industrial applications. At present, it is not financially viable to
process most biopolymers or their composites in commercial SLS machines because the
amount of material required is quite substantial and the costs of biopolymers are very high.
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Furthermore, most available biopolymers are not in the appropriate powder form for the
SLS process. In order to reduce powder consumption, Lee (2006) has modified a
Sinterstation® 2000 SLS machine to allow small quantities of biopolymer powders to be
processed. In this study, three major issues were addressed. Firstly, the nanoemulsion
method was applied to synthesize CHAp nanospheres (~20 nm) as the osteoconductive filler
for building the nanocomposite scaffolds (Zhou, Wang et al. 2008). Secondly, PLLA
microspheres and PLLA /CHAp nanocomposite microspheres (~5-30 pm) were prepared by
the oil-in-water and solid-in-oil-in-water emulsion solvent evaporation procedures
respectively (Zhou, Wang et al. 2007). Finally, with the modified SLS platform, prototypes of
bone tissue engineering scaffolds (~10 mm) with meso-porous structure were successfully
built from the PLLA microspheres and PLLA/CHAp nanocomposite microspheres (Zhou,
Lee et al. 2007; Zhou, Lee et al. 2008). This study demonstrated a bottom-up nanotechnology
approach in tissue engineering which assembling smaller scale simple biomaterials
(nanoemulsion synthesized nanoscale particles, emulsion solvent evaporation prepared
microscale nanocomposite spheres) into larger scale complex macro-scaffolds by laser
technology. Fig. 1 shows the summary of relative scales of substances/scaffolds concerned
within this study.
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Fig. 1. Summary of relative scales of substances/scaffolds concerned with this study.

2. Synthesis and characterization of carbonated hydroxyapatite nanospheres
through nanoemulsion

2.1 Introduction of nanoemulsion synthesis

Nanoemulsions, similar to microemulsions, are a new class of emulsions having very fine
and uniform droplet sizes, typically in the range of 20-200 nm (Solans, Izquierdo et al. 2005).
Like microemulsions, nanoemulsions can be either transparent or translucent. Some
nanoemulsions appear milky with droplet sizes up to 500 nm. Nanoemulsions, in contrast to
microemulsions, are not thermodynamically stable but highly kinetically stable because of
their small droplet sizes which make them stable against sedimentation and creaming
(Uson, Garcia et al. 2004). One major disadvantage of microemulsions is that they require
large amounts of surfactants and co-surfactants (typically over 20 wt%) to prepare. This can
pose problems for the development of new biomaterials when one considers meeting the
paramount requirement of biocompatibility. On the other hand, nanoemulsions offer the
possibility of obtaining microemulsion-like dispersions without the need to use high
surfactant concentrations or even without the use of any surfactant at all. Nanoemulsions
have already found diverse applications in the chemical, cosmetic, pharmaceutical and other
industries (Izquierdo, Esquena et al. 2002).
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Nanoemulsions can be prepared by spontaneous low-energy emulsification at constant
temperature (Forgiarini, Esquena et al. 2001; Bouchemal, Briancon et al. 2004), the phase
inversion temperature (PIT) concept (Izquierdo, Esquena et al. 2004), or by the use of a high
shear device such as a high pressure homogenizer (aided by appropriate surfactants and co-
surfactants). The latter allows a better control of droplet size and also a large choice of
compositions. The polymer nanoprecipitation method firstly described by Fessi ef al. (1989)
is one of the spontaneous low-energy emulsification techniques for nanoemulsion
formulation which has these distinctive advantages: (a) the use of potentially toxic
components (such as chlorinated solvents) can be minimized or avoided; and (b)
reproducible nanoparticle size with a narrow size distribution can be achieved without an
external energy source. The principle of this method resides in the fact that a preformed
material can precipitate as nanospheres when a solution in a water-miscible organic solvent
(the organic phase) is mixed with water containing surfactants (the aqueous phase).
Nanoemulsion has since been considered to be an ideal nano-reactor for the production of
metallic nanoparticles such as GeO, (Kawai, Usui et al. 1999) and CdS (Curri, Leo et al.
2001).

Hydroxyapatite has attracted much attention because it has extensive applications as bone
substituting material due to its similarity, both chemical and structural, to the mineral
portion of bone (LeGeros and LeGeros 1993). Conventionally, HAp powders are synthesized
using various methods based on dry processes such as solid-state reaction (Rao, Roopa et al.
1997) or wet processes such as hydrolysis of calcium phosphates (Ishikawa and Eanes 1993)
and the precipitation method (Landi, Tampieri et al. 2000). Microemulsion has been shown
to be one of the few techniques which could be used to synthesize fine HAp particles with
smaller size and higher surface area (Uota, Arakawa et al. 2005). One major disadvantage of
this route, as stated previously, is the required use of large amounts of surfactants and co-
surfactants. Nanoemulsions can eliminate this problem. Among various HAp-based
bioceramics, carbonated hydroxyapatite (CHAp) is a promising material for bone
substitution as it is bioresorbable and also more bioactive in vivo than stoichiometric HAp.
CHAUp is used mostly as powders and its usefulness depends on the powder properties such
as mean particle size, surface area, and morphology. Nanostructured CHAp particles with a
high surface area are desirable for their use in many fields including tissue engineering. The
synthesis of nano-CHAp was mostly based on the precipitation reaction developed by
Nelson and Featherstone (1982) and studied in details by Barralet et al. (1998; 2000; 2002).
Doi et al. have also successfully produced sintered CHAp which can be resorbed by
osteoclasts both under in vitro and in vivo conditions, whereas sintered stoichiometric HAp
cannot be resorbed (Doi, Koda et al. 1993; Doi, Iwanaga et al. 1999; Hasegawa, Doi et al.
2003). In developing bioactive composites (porous or non-porous) for human tissue repair,
apart from particle size and size distribution, the shape of the bioactive and reinforcing
particles for the composite is also important (Wang 2003). For theoretical analysis of
mechanical behavior of a particulate bioceramic-polymer composite, the bioceramic
particles in the composite are normally assumed to have a spherical shape. The
nanoemulsion method can produce spherical nanoparticles (Chorny, Fishbein et al. 2002).
The synthesis of nano-sized CHAp particles of the preferred spherical shape is a critical step
in developing composite scaffolds for bone tissue engineering. The aim of the current study
is to investigate the use of oil-in-water (O/W) nanoemulsion reactor to synthesize CHAp
nanospheres with nearly monodispersed size which will be used subsequently for
constructing PLLA / CHAp nanocomposite bone tissue engineering scaffolds.
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2.2 Materials

The precursors used for synthesizing CHAp nanospheres were analytical grade calcium
nitrate 4-hydrate (Ca(NOs;)2-4H;O, purity 99.0%), di-ammonium hydrogen phosphate
((NHy)2HPO,, purity 98.5%) and ammonium hydrogen carbonate (NH{HCO;, purity 96.0%)
from Uni-Chem® (Orientalab, China). The organic solvent used for making nanoemulsions
was analytical grade acetone (AnalaR®, BDH, UK). Water used throughout the investigation
was de-ionized (D. I.) through a reverse osmosis water purification system (Barnstead,
Diamond™ RO, USA).

2.3 Synthesis of CHAp through nanoemulsion

An acetone solution of Ca(NO3),-4H>O was mixed with an aqueous solution of (NH4),HPO,
and NH4HCO; at a molar ratio of Ca2*: PO43-: CO32 =1.67:1:0.5 using a magnetic stirrer. The
aqueous solution was adjusted to pH 11 with sodium hydroxide (1 M) prior to mixing and
the mixed solution was stirred for 0.5 min only. No surfactant was used in all synthesis
processes. The resultant CHAp nanoprecipitates in the solution were immediately collected
by centrifugation using a Sigma 3-18K refrigerated centrifuge and then washed three times
using de-ionized water. Finally, the nanoprecipitates slurry was freeze-dried using a
Labconco FreeZone freeze-drying system to obtain dry powder.

When studying the effect of reaction temperature on the microstructure of CHAp, the
oil/water volume ratio was fixed at 10/100. The reaction temperatures chosen were 4, 25, 37
and 55 °C (which is below 56.3 °C, the boiling point of acetone.). When studying the effect of
oil/water ratio, the reaction temperature was fixed at 25 °C. The oil/water volume ratios
chosen were 5/100, 20/100, 40/100 and 80/100. A small quantity of the dry powder
synthesized at 25 °C was also calcined at 900 °C for 4h in air using a Carbolite HTF 18/8
high temperature furnace.

2.4 Characterization of CHAp
X-ray diffraction

The phase purity and crystallinity of the synthesized apatite powders were examined using
X-ray powder diffraction (Raguku Model D/max III diffractometer, Japan). The X-ray beam
was nickel-filtered CuKa; radiation (A=0.1540 nm, operating at 40 kV and 30 mA). XRD data
were collected from 20c to 40° (26) at a scanning rate of 2 °/min.

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR, Bruker Vector 33, USA) was performed to
determine the presence of functional groups such as OH- groups and CO3? groups in the
partially substituted apatite. FTIR samples were prepared from 1:150 CHAp-KBr mixtures,
which were ground and pestle for 15 min and pressed into pellets using a cold press.

Electron microscopy

The morphology of the dried nanoprecipitates was examined using a field emission
scanning electron microscope (FE-SEM, LEO 1530, Germany) with an energy dispersive X-
ray spectrometer (EDX, Inca 300, UK). All samples were sputter coated with
gold/palladium to increase conductivity prior to SEM examination. A transmission electron
microscope (TEM, Philips Tecnai 20, The Netherlands) with an energy dispersive X-ray
spectrometry attachment (EDX, Inca 300, UK) was also used to study the morphology,
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surface and fine crystalline structure of the nanoprecipitates. TEM samples were prepared
by ultrasonically dispersing the powders in ethanol prior to collection on carbon-coated
copper grids. The mean particle size of the nanoprecipitates was estimated from TEM dark
field images. Selected area electron diffraction (SAD) patterns were also taken in order to
confirm the amorphous or crystalline nature.

Specific surface area measurement

The specific surface area of the apatite powders was measured using the BET method
(Micromeritics, ASAP 2010 N, USA). BET stands for Brunauer, Emmett, and Teller, the three
scientists who optimized the theory for measuring surface area (Brunauer, Emmett et al.
1938). The concept of BET theory is an extension of the Langmuir theory, which is a theory
for monolayer molecular adsorption, to multilayer adsorption with some hypotheses. BET
specific surface area is an important material property of solids which measures the total
surface area per unit of mass (with units of m2/g). The adsorption gas used was nitrogen
and the values of specific surface area of CHAp nanospheres were calculated from the linear
relationship of the BET plot.

Thermogravimetric analysis

Thermal stability of the as-synthesized CHAp nanospheres was studied using a
thermogravimetric analyzer (TGA, model 2050, TA Instruments, USA). The thermogram
was recorded from room temperature to 750 °C at a heating rate of 20 °C/min and in a flow
of nitrogen gas (80 mL/min).

Fig. 2. CHAp nanoemulsion (left) as compared to pure water (right).

Fig. 3. As-synthesized wet slurry nanoparticles before freeze-drying.
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2.5 Nanoemulsion and nanoparticles

As shown in Fig. 2, the nanoemulsions prepared in the current study appeared slightly
milky. The tinge of white color increased with increasing nanoprecipitate content. Due to
the characteristics of nanoemulsion, the translucent solutions prepared in the nanoemulsion
process possessed good stability against sedimentation. Fig. 3 shows the as-synthesized
nanoparticles before freeze-drying. The freeze-dried powders could flow easily. It appears
that the degree of agglomeration caused by this nanoemulsion and freeze-drying technique
is comparatively lower than the wet precipitation and conventional oven drying method
which tends to give large agglomerates.

Acetone and ethanol are two common solvents which can dissolve calcium nitrate 4-
hydrate. Liu et al. (2001) used ethanol as one reaction phase to synthesize HAp in their sol-
gel production route. Ethanol is a protic solvent, and when dissolved with calcium nitrate 4-
hydrate, ethoxide groups could replace some of the nitrate groups to form Ca(OEt),(NOs)2-,
which could be incorporated finally into the apatite structure. In the current study, acetone
was chosen as the oil phase because it is a nonprotic solvent and thus the solvent would not
affect the purity of CHAp synthesized. Acetone is a popular industrial solvent because of its
volatility and miscibility with water and many organic solvents. It has been widely utilized
for tissue dehydration and deoiling of lecithin during its preparation for the food and drug
industry (Kuksis, Ravandi et al. 2005). Meanwhile, acetone is present in very small
quantities in normal urine and blood and as a product of the breakdown of body fat
(Reisman 1998). The plasma concentration of acetone in human was 15+5 pM detected by
gas chromatographs (GC) and 75+21 uM detected by high-performance liquid
chromatographic measurement (HPLC) (Kalapos 2003). Using acetone as a reaction medium
to synthesize apatite may also mimics the natural process of apatite formation. In the
nanoprecipitation process for polymers, acetone acts as a common solvent due to its ability
to dissolve many biodegradable polymers such as poly(D, L-lactide) (PLA), poly(D, L-
lactide-co-glycolide) (PLGA) and polycaprolactone (PCL). Combining the CHAp
nanoemulsion method reported here with the polymer emulsion solvent evaporation
method, acetone can be used as a preparation medium for forming spheres, either in
nanometer size or in micrometer size, of bioceramic/biodegradable polymer
nanocomposite. The incorporation of nano-sized, amorphous CHAp particles into polymer
composite is expected to greatly enhance osteoconductivity for bone tissue engineering
application.

The high degree of flowability of freeze-dried, as-synthesized CHAp powders is another
distinctive feature. This flow property is important when the CHAp powders are used as
raw materials to produce non-porous polymer/bioceramic composites or porous composite
scaffolds for human tissue repair. The adequate ability of the powders to flow is required so
that the nanospheres could be dispersed sufficiently in the matrix polymer, which could be
in the molten state or in the state of polymer solutions, thus enabling the eventual
achievement of obtaining high performance (both mechanical and biological) biomaterials.

2.6 Identification, morphology and structure of CHAp nanoparticles

Fig. 4 displays the XRD patterns of the nano-sized CHAp particles that were synthesized at
different temperatures (4, 25, 37 and 55°C). All diffraction patterns of samples A to D show a
very broad hump, indicating a nearly amorphous structure or a very low degree of
crystallinity of the nanoparticles. It appears that the reaction temperature had little effect on
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the crystallinity of the particles synthesized through nanoemulsion. For comparison, the
XRD pattern of some calcined particles (sample E) is also included in Fig. 4. It exhibits sharp
peaks of crystalline HAp (JCPDS 9-432), suggesting that the nanoparticles synthesized at the
different temperatures were hydroxyapatite (HAp). Meanwhile, Fig. 5 exhibits the FTIR
spectra of the nanoparticles synthesized at 25°C before and after calcination at 900°C, with
the bands labeled accordingly for different functional groups. In both spectra, bands for OH-
and POg3- groups are present. In the spectrum of the as-synthesized nanoparticles, there is a
band at 1647 cm’, suggesting the existence of a small amount of occluded water. The
spectrum also exhibits bands for the COs2 group at 870 cm! and 1467-1412 cm, confirming
that the as-synthesized hydroxyapatite is indeed carbonated hydroxyapatite (CHAp).
However, these bands disappear after calcination.
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Fig. 4. XRD patterns of CHAp nanoparticles synthesized at: (A) 4°C, (B) 25°C, (C) 37°C, (D)
55°C, (E) synthesized at 25°C and calcined at 900°C for 4 hours in air.
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Fig. 5. FTIR spectra of carbonated hydroxyapatite: (A) synthesized at 25 °C, (B) synthesized
at 25 °C and calcined at 900 °C for 4 hours in air.
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The amorphous structure of the as-synthesized CHAp nanoparticles was probably due to
the immediate filtration after nanoprecipitate formation and the subsequent freeze-drying
process. Tadic and co-workers (2002) reported similar XRD results when they used high
mixing rate and low reaction temperature to form CHAp through a wet precipitation
process. There are two processes involved in the formation of apatite in the wet synthesis
process: first, precipitation from solution in an amorphous state and second, crystallization
within the solid. The proportion of these two processes determines the degree of
crystallinity of the apatite obtained. In the current study, the second process was prevented
by the fast filtration and freeze-drying processes. Furthermore, carbonate has been known to
inhibit HAp crystallization (LeGeros, Trautz et al. 1969). Therefore, the as-synthesized
CHAp remained in a generally amorphous or low crystallinity state.

The FTIR spectra shown in Fig. 5 also give some information on the crystallinity of the
CHAp particles. Tadic ef al. (2002) demonstrated in their IR study that the crystallinity of
CHAp would affect the phosphate bands at 590-610 cm-! and around 1000 cm-. Broad and
unresolved bands indicated a poor crystallinity, whereas sharp and splitting peaks at
565/605 and 1070/1150 cm! indicated a high crystallinity. In the current study, the
absorption bands of v3PO43 and v4PO43- are broad and the bands of vi{PO43- and v,PO43- are
absent for the as-synthesized CHAp (spectrum A in Fig. 5), which indicate the amorphous
state of the CHAp. On the issue of COs2 substitution in CHAp, the carbonate ions can
substitute for both the hydroxyl (A-type CHAp) and phosphate (B-type CHAp) groups in
the HAp structure (LeGeros, Trautz et al. 1969). The band at 870 cm-! is attributed to v>2CO32
substituting for phosphate positions in the HAp lattice (i.e., B-type CHAp). The typical peak
of the A-type CHAp at 880 cm! (Landi, Celotti et al. 2003) did not appear for the CHAp
synthesized in the current study. The double peaks of v,CO32 in 1467-1412 cm-! are broad
and unresolved, also indicating the amorphous state of the CHAp. On spectrum B, the
absorption bands at 602/571 and 474 cm? are attributed to v4POs3 and v,PO43 of the
calcined, crystalline HAp, respectively. Absorptions at 1092/1043 and 962 cm! are due to
v3POg3- and viPO43-. The sharp peaks of O-H stretching and bending at 3574 and 633 cm,
respectively, indicate that the material had a high degree of crystallinity. As the calcination
temperature used in the current study was high, the peaks of the COs;% group totally
disappeared from spectrum B, suggesting that the carbonate ion had evolved into CO; gas
during the calcination process.

The carbonate content in bone mineral is around 4 - 8 wt% and it has been shown to vary
depending on the age of the individual, with an increase of A-type substituted apatite in the
old bone (Rey, Renugopalakrishnan et al. 1991). Hence, B-type CHAp is the most abundant
apatite in bones of young people. Astala and Stott (2005) used the first principles
simulations to study the different carbonate substitution mechanisms in bulk HAp. Their
results showed that B-type or PO, substitution is energetically preferred to A-type or OH-
substitution. This can probably explain why most CHAp synthesized, reported in the
literature as well as found in the current study, are the B-type substituted HAp. Carbonate
in the B site has been found to reduce apatite’s crystallinity and size, making it more
difficult to characterize the mechanism of carbonate substitution (Barralet, Best et al. 1998).
Nelson and Featherstone (1982) studied the precipitation of tri-ammonium orthophosphate
and calcium nitrate 4-hydrate. They pointed out that the mechanism of carbonate
substitution could be described by:

Caig.yNay(PO4)6-y(COs)ay/3(OH) 2-25/3) @
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In order to determine the value of y, more precise chemical analysis of CHAp, such as ICP-
AES (Inductively Coupled Plasma - Atomic Emission Spectrometer) would be needed for
the Ca, Na, P and C wt%.
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Fig. 6. Morphology of CHAp nanospheres synthesized at 25 °C with an oil/water
ratio=10/100 (left) and calcined at 900 °C for 4 hours in air (right).

Fig. 6 shows the FE-SEM micrographs of the as-synthesized and calcined CHAp powders
respectively. The as-synthesized CHAp powder consists of tiny agglomerates of
nanoparticles (~20 nm in diameter) in the freeze-dried state whereas the calcined CHAp
powder has coarsened to particles in the micrometer range. Furthermore, the calcined
CHAp particles have undergone necking as a result of the high-temperature calcination
process. This observation is in agreement with the BET specific surface area measurements
of the CHAp powders. The original specific surface area of the as-synthesized nanoparticles
is 43.67+0.03 m2/g. It drops to 13.24+0.09 m2?/g after calcination at 900 °C. The large
reduction in surface area likely affects the properties of the CHAp particles.

Since there was no surfactant used in the nanoemulsion processes in the current study;
therefore, the specific surface area of the CHAp nanoparticles is not as high as surfactant-
aided systems (Bose and Saha 2003). The calcination temperature selected in the current
study was high and hence caused large reductions in the specific surface area of the CHAp
particles. The purpose of using such a high calcination temperature was to crystallize the
nanoparticles in order to demonstrate that the as-synthesized nanoparticles through the
nanoemulsion method were actually apatite. However, in post-synthesis treatment of the
precipitated CHAp nanospheres for their actual use as a biomaterial on its own or
incorporated into other materials, if calcination is required, the calcination temperature
should be kept as low as possible in order not to lose the CO32 functional group nor to
reduce the characteristic high surface area of the nanoparticles. Calcined apatite crystals on a
nanoscale have been difficult to obtain because the precursor particles will be sintered
randomly into micro-sized agglomerates consisting of polycrystals (Barralet, Best et al. 2000;
Landi, Tampieri et al. 2000; Okada and Furuzono 2007).

Fig. 7 shows the CHAp nanospheres synthesized at different reaction temperatures with an
oil/water ratio of 10/100. The primary particles are similar to those synthesized at room
temperature, i.e. generally spherical in shape and about 20 nm in diameter. The as-
synthesized CHAp nanospheres also tend to form tiny agglomerates in the freeze-dried
state. The overall results suggest that the microstructure of the CHAp nanoparticles did not
change significantly within the range of reaction temperatures. Therefore, room temperature
was chosen to be the reaction temperature in the subsequent studies.
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Fig. 7. SEM micrographs of CHAp nanospheres synthesized with an oil/ water ratio=10/100
and synthesis temperatures at: (a) 4 °C, (b) 37 °C, (c) 55 °C.

Fig. 8 shows the CHAp synthesized at room temperature but with different oil/ water ratios.
Apparently, CHAp nanospheres could only be obtained in low acetone/water ratios and
higher oil/water ratios would cause the CHAp particles to agglomerate excessively. Based
on the result, the oil/ water volume ratio for subsequent studies was chosen to be 10/100.

Fig. 8. SEM micrographs of CHAp synthesized at 25 °C with oil/ water ratios of: (a) 5/100,
(b) 20/100, (c) 40/100.

It has been reported that in the wet synthesis processes, HAp mostly forms needle-shaped
crystallites that have preferential growth in the (002) direction (Puajindanetr, Best et al. 1994;
Bose and Saha 2003). In the current study, the CHAp nanoparticles produced were
spherical. This can be attributed to the fact that the precipitates were confined in nano-sized
emulsion droplets. LeGeros and co-workers demonstrated that the COs2- in substituted HAp
caused changes in the size and shape of apatite crystal: from acicular crystals to rods and
then to equiaxed crystals with an increasing carbonate content from 2.5 to 17.25 wt%
(LeGeros and LeGeros 1993). In the current study, the theoretical carbonate content was 12.8
wt% as calculated from the chemical formula Caio(PO4)s(CO3)2(OH)2. The formation of
spherical CHAp nanoparticles is due to two reasons: one is the relatively high carbonate
content in the CHAp structure, which agrees with LeGeros’ observation; the other is the
nanoemulsion reactor used in the current synthesis process which is caused by the Ouzo
effect (Ganachaud and Katz 2005). The Ouzo effect is a spontaneous emulsification, which
causes the formation of acetone/water nanoemulsion. The mechanism of the Ouzo effect is a
liquid-liquid nucleation process which arises when mixing with water, the water miscible oil
becomes greatly supersaturated, resulting in the nucleation of oil droplets. Following this,
the oil immediately begins to diffuse to the nearest droplet so that the level of
supersaturation decreases and no further nucleation of droplets occurs. The final metastable
emulsion is an ideal nano-reactor to form either ceramic or polymer nanospheres. The
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formation of CHAp nanospheres with a low oil/water ratio only can be explained by the
Ouzo effect too. When using a higher acetone/water ratio to prepare the nanoemulsion, the
acetone droplets tend to become larger in order to reduce the level of supersaturation.
Sometimes these acetone droplets can become interconnected, forming a continuous CHAp
network such as shown in Fig. 8 (b) and (c).
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Fig. 9. TEM image and SAD pattern (inset) of the CHAp powder synthesized at 25 °C.
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Fig. 10. EDX spectrum of the CHAp powder synthesized at 25 °C.

Fig. 9 is a TEM micrograph, together with the SAD pattern, of the as-synthesized CHAp
nanoparticles. Clearly, they are spherical in shape and their sizes are in the range of 10-30
nm. Image analysis of TEM micrographs using the Image]® software reveals that these
CHAp nanospheres are 16.8 + 2.6 nm in diameter. The SAD pattern shown on the top right
corner is typical of those obtained from the nanosphere agglomerates. It exhibits much-
diffused electron diffraction rings, confirming a low degree of crystallinity of the as-
synthesized CHAp nanoparticles, and which agrees well with the XRD results in Fig. 4.
However, the crystallization process could not be totally stopped, and hence the SAD
patterns do indicate some degree of crystallinity of the CHAp nanoparticle. Fig. 10 shows
the EDX spectrum of the as-synthesized CHAp. The Ca/P ratio determined from this
spectrum is 1.63, which suggests that the CHAp is calcium-deficient.
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2.7 Thermal property of CHAp nanospheres

The thermal stability of CHAp powder is important for its biological application. Heat-
treatment experiments of CHAp were performed in various gas atmospheres, including
nitrogen, carbon dioxide, air, water vapor and wet oxygen (Barinov, Rau et al. 2006). The gas
atmosphere was shown to affect the CHAp decomposition significantly. CHAp
decomposition occurred at temperature as low as 750°C when heat-treated in an air
atmosphere. However, when sintered in a wet carbon dioxide atmosphere, the CHAp did
not show any evidence of decomposition at temperature up to 1300 °C (Barralet, Best et al.
2000; Barralet, Knowles et al. 2002). Besides the effect of heat-treatment atmospheres, the
thermal stability of CHAp will also depend on the synthesis technique and route.
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Fig. 11. TGA traces of CHAp nanospheres synthesized at different temperatures.

Fig. 11 shows the TGA traces of CHAp synthesized at different temperatures in terms of
weight loss as a function of temperature. In general, there is a major first phase weight loss
in the temperature range around 100 °C. The second phase of weight loss occurs more
gradually between 150 to 550 °C. After that, another more rapid weight loss is observed
between 550 and 650 °C. The weight loss near 100°C is likely due to the evaporation of
surface absorbed and lattice (occluded) water molecules. Such weight loss accounts for
about 12 wt% of the CHAp synthesized at 4, 25 and 55 °C, indicating a highly absorbent
nature of the CHAp nanospheres. The phenomenon can be attributed to the high specific
surface area of the nanospheres. In fact, this high water content was also detected in the
FTIR spectrum of the as-synthesized CHAp (see O-H band at around 3500 cm? in Fig. 5).
The second phase weight loss up to about 550 °C is probably caused by the condensation
reaction of HPO42- ion in the following reactions:

PO +H,0 — HPOg2 + OH- )

2HPO42 + 2CO52 — 2P0 +H,0T +2 CO, T ®)

The condensation reaction of HPO42 occurs through the proton transfer to labile carbonate
ion and the bicarbonate ion (HCOs-) decomposition at low temperatures (Landi, Tampieri et
al. 2005). Further decrease of TGA traces after 550 °C mainly corresponds to the
decomposition of carbonate ion substituted for phosphate groups (B-type substitution)
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which is confirmed by the CO, peak from FTIR on-lined with TGA (Barinov, Rau et al.
2006). There may be a small amount of water released from HPO,2 reaction, such as (Guo
and Xiao 2006)

2HPO,2 — P,O4 + H,01 4)

PO + 20H- — 2PO3- + H,OT @)

Furthermore, the TGA traces beyond 500 °C are more wide spread. One possible
explanation is that the amounts of carbonate substituted in the samples are different,
causing the decomposition rate to change. This indicates that synthesis temperature will
affect the amount of substituted carbonate and hence the thermal stability of the CHAp
nanospheres at relatively high temperatures. In order to fully understand the thermal
characteristics of the CHAp nanospheres, STA (simultaneous thermal analysis) or DTA
(differential thermal analysis) on-lined with FTIR would be required and the studying
temperature should up to 1400 °C if possible.

3. Fabrication and evaluation of poly(L-lactide) microspheres and poly(L-
lactide)/carbonated hydroxyapatite nanocomposite microspheres

3.1 Introduction of nanocomposite microspheres

Bone itself is a naturally occurred inorganic-organic nanocomposite. Therefore, the new
generation of biomaterials for bone tissue engineering should include hybrid materials that
combine the strength and stiffness of bioactive inorganic fillers with the flexibility and
toughness of biocompatible organic matrices. The aim of this part of research is to fabricate
and characterize PLLA microspheres and PLLA/CHAp nanocomposite microspheres which
will be used in building bone tissue engineering scaffolds by selective laser sintering. CHAp
more closely resembles the mineral component of bone than stoichiometric HAp and
providing PLLA microspheres with bioactivity or osteoconductivity. PLLA is an FDA-
approved, biocompatible and biodegradable polymer which is used in many biomedical
applications. But the degradation of pure PLLA implants in the human body is known to
produce intermediate acidic products that often lead to the bacteria-free inflammatory
responses. CHAp in the PLLA composite could help to buffer such by-products (Agrawal
and Athanasiou 1997; Yang, Cui et al. 2006).

Fabrication of desirable micro-sized polymer powders is a critical step for the SLS process in
building TE scaffolds with appropriate macro-porosity and surface morphology.
Biodegradable microspheres have been prepared by various fabrication methods based on
the modifications of three basic techniques: emulsion solvent extraction/evaporation, phase
separation (coacervation) and spray-drying (Freitas, Merkle et al. 2005) and widely used in
controlled drug delivery systems. Phase separation is frequently impaired by residual
organic solvents and coacervation agents found in the microspheres and this method is not
suitable for producing small size microspheres (Thomasin, Johansen et al. 1996). Spray-
drying is relatively simple but needs special equipment. Moreover, it is difficult to control
the size of microsphere and small batches yields are moderate (Mu and Feng 2001). The
main disadvantage of spray-drying is its cost, in terms of both equipment and operation (Re
2006). Emulsion solvent extraction/evaporation neither requires high temperatures nor
phase separation inducing agents, so it is usually favored at lab scale or small scale.
Controlled microsphere sizes in the nano to micrometer range can be achieved, but careful
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selection of preparation conditions is needed to obtain desired size and size distribution
with a low residual solvent content (Freitas, Merkle et al. 2005).

Polymer microsphere preparation by emulsion solvent extraction/evaporation used for
controlled delivery of drugs basically consists of four major steps: (i) dissolution or
suspension of the bioactive compound either in water phase or in oil phase; (ii)
emulsification of oil phase with water phase; (iii) extraction of the solvent from oil phase by
water phase which resulting the solidified polymer microspheres; (iv) harvesting and
drying the polymer microspheres. As steps (i) - (iii) are all conducted in beakers, this
microspheres fabrication technique can be also called as “beaker method” (Siepmann and
Siepmann 2006). The major advantage of this “beaker method” is that it does not need high
cost equipment. The disadvantages are the problem for the scale-up and the broad size
distribution of the microspheres.

3.2 Materials

The PLLA used was 100L 1A with an intrinsic viscosity of 1.9 dL/g (Lakeshore Biomaterials,
Birmingham, AL, USA). It was supplied in the form of macro-sized pellets, 1 mm in
diameter and 3 mm in length, for conventional extrusion and moulding processes. The
emulsifier used was poly(vinyl alcohol) which was cold water soluble and with an average
molecular weight of 30,000-70,000 (PVA, m. p.=200 °C, Sigma-Aldrich, USA).
Dichloromethane or methylene dichloride (DCM, Uni-Chem®, Orientalab, China) was used
as the organic solvent to dissolve PLLA. The analytic reagent (A. R.) grade DCM was used
for initial study of the preparation condition of PLLA microspheres, while the chemically
pure (C. P.) grade was used for the batch production of large amount of PLLA microspheres
for the economical concern.

3.3 Preparation of PLLA microspheres

PLLA microspheres were prepared using a normal oil-in-water (O/W) emulsion solvent
evaporation technique. In brief, the PLLA was dissolved in DCM to form a solution first and
then rapidly added to aqueous PVA solution and stirred for sometime to allow the solvent
to evaporate. The hardened microspheres were centrifuged, washed three times with D. L
water and lyophilized to get dry powder. The powder was stored in the drying cabinet
before use. The effects of three preparation conditions, i.e. polymer concentration, emulsifier
concentration and mixing speed on the size and size distribution of PLLA microspheres
were examined.

3.4 Preparation of PLLA/CHAp nanocomposite microspheres

The PLLA/CHAp nanocomposite microspheres were prepared using a solid-in-oil-in-water
(S/O/W) emulsion solvent evaporation method. Briefly, the CHAp nanospheres were
dispersed in the PLLA-dichloromethane solution by ultrasonification (Barnstead Lab-Line
ultrasonic cleaner, USA) and homogenization (Ultra-Turrax® T25 basic, IKA, Germany) to
form an S/O nanosuspension. The nanosuspension was mixed with 1 wt% PVA solution to
form S/O/W emulsion. The resultant S/O/W emulsion was magnetic stirred overnight at
800 rpm and then filtered, washed three times with de-ionized water, and freeze-dried to
yield a white PLLA/CHAp biocomposite powder. Different contents of CHAp, ranging
from 2.5 to 50 wt%, were used to prepare the composite microspheres. Finally, biocomposite
microspheres of 10 wt% CHAp in PLLA were used in the SLS process.
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3.5 PLLA microspheres

3.5.1 Effect of PLLA concentration

Fig. 12 shows the effect of PLLA concentration on the mean particle size of the PLLA
microspheres. It is obvious that the mean particle size increases with increasing PLLA
concentration. Similar observations were made by other researchers. Freitas and Marchetti
(2005) investigated the influence of this factor, covering a range of PLA concentrations
between 0.05% and 0.15% (w/v) in the organic phase. They found that the particle size
increased with increasing polymer concentrations, which was in agreement with other
contribution (Jeffery, Davis et al. 1991). The phenomenon can be explained by the
emulsification efficiency of PVA. The same concentration of PVA would only stabilize larger
emulsion droplets with the increasing of PLLA content.
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Fig. 12. Effect of PLLA concentration on mean particle size of PLLA microspheres.

3.5.2 Effect of PVA concentration

The effect of PVA concentration on the mean particle size of the PLLA microspheres is
shown in Fig. 13. Compared with PLLA concentration, PVA concentration only has limited
effect on the mean particle size of the PLLA microspheres, which varies between 17 and 46
pum. Finally, 1 wt% PVA was used for scale-up production of PLLA microspheres, by that
most of the particles obtained were between 15 and 45 pm and suitable for the SLS process.
The role of emulsifier is to form a protecting thin layer around the oil drops, with the aim to
reduce the coagulation and to stabilize the emulsion. The most commonly employed
emulsifiers in emulsion solvent evaporation technique are hydrophilic polymers and
anionic/cationic surfactants. PVA is the most widely used emulsifier; however
polyvinylpyrrolidone (PVP), alginate, gelatin, methyl cellulose or lecithin can also be
employed. Recent studies suggest that a residual of the emulsifier always linked to the
particles despite of the washing and purification processes (Shakesheff, Evora et al. 1997)
because PVA forms an interconnected network with the polymer microsphere at the surface
(Sahoo, Panyam et al. 2002). Freitas and Marchetti (2005) have observed that the amount of
surfactant may affect the microspheres properties. They added 1.3% and 8% of PVA to the
aqueous solution and determined that the lower and higher concentrations of surfactant
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promoted the coagulation of the particles. Thus, the adequate amount of PVA proposed by
these authors was 3%. Sahoo et al. (2002) reported that the amount of residual PVA that
remains associated with the PLGA nanoparticles can be controlled by altering the PVA
concentration or the type of organic solvent used in the emulsion formation, and is an
important factor that influences the cellular uptake of nanoparticles.
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Fig. 13. Effect of PVA concentration on mean particle size of PLLA microspheres.

In this study, the determination of appropriate PVA concentration is based on two
considerations: one is the size and size distribution of microspheres which would be suitable
for SLS process; the other is the residual amount of PVA on the microsphere surface. The
residual PVA can also alter the surface hydrophobicity of PLLA and PLLA/CHAp
microspheres since PVA serves as a surfactant which has both the hydrophobic and
hydrophilic segments. Imparting more hydrophilicity on PLLA and PLLA/CHAp
microsphere surface may benefit the cell attachment. The mechanism of PVA binding has
been proposed to be due to the interpenetration of PVA and PLLA molecules during
microspheres formulation (Boury, Ivanova et al. 1995; Sahoo, Panyam et al. 2002). The
hydrophobic segments of PVA penetrate into the oil phase and remain entrapped into the
polymeric matrix of the microspheres. The binding of PVA on the particle surface likely
happens when the organic solvent diffuses from the interface of emulsion droplets with
water phase. Partially hydrolyzed PVA is a block copolymer of poly(vinyl acetate) and
poly(vinyl alcohol). The hydrophobic poly(vinyl acetate) part serves as an anchor polymer
at the oil phase for binding to the surface of PLLA during the formulation. Thus, the higher
PVA concentration of the continuous phase could lead to an increase in PVA molecule
density at the O/W interface of the emulsion droplet, which might increase the amount of
PVA on the droplet surface. Previous reports showed that the size of PLGA microspheres
decreases with increasing PVA concentration in the external aqueous phase (Zambaux,
Bonneaux et al. 1998; Lee, Oh et al. 1999; Sahoo, Panyam et al. 2002). In the current study;
however, this trend was not clear and it might be due to the high inherent viscosity (1.6
dL/g) and semicrystalline nature of the PLLA. The inherent viscosity of PLGA usually lies
between 0.15 and 0.8 dL/g (lakeshorebio.com). Furthermore, PLGA are amorphous
copolymers which make it easier for PVA to break them into emulsion droplets than the
semicrystalline PLLA.
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3.5.3 Effect of mixing speed

The effect of mixing speed on the mean particle size of PLLA microspheres is shown in Fig.
14. It can be seen that the mixing speed did not affect the mean size of PLLA microspheres
significantly. However, the higher speed seemed to give a broader size distribution.
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Fig. 14. Effect of mixing speed on mean particle size of PLLA microspheres.

3.5.4 Effect of residual solvent

Dichloromethane (DCM) was used as the oil phase in this study because of the ability to
dissolve large amounts of PLLA as well as its low solubility in water (2.0 wt%, w/v) and
low boiling point (39.8 °C), which is compatible with the evaporation step (Tewes, Boury et
al. 2006). DCM may be retained in the PLLA microspheres as a residual impurity. DCM
belongs to the Class 2 solvents according to the International Conference on Harmonization
(ICH) because they are suspected of carcinogenicity as well as neurotoxicity and
teratogenicity. The maximum limit for DCM imposed by the 2002 edition of the United
States Pharmacopeia (USP) and the guidelines of the ICH is 600 ppm while the maximum
limit for chloroform is 60 ppm (USP25-NF20 2002). DCM is one of the less harmful of the
chlorocarbons based on above data. Benoit et al. (1986) measured residual DCM content in
progesterone-loaded microparticles prepared by the emulsification solvent evaporation
technique. They found that vacuum drying led to a reduction of the solvent content from
18,000 to 360 ppm for PLA microparticles. Bitz and Doelker (1996) showed that the residual
amount of DCM in dried PLLA microspheres is 4.2+1.0 ppm by the W/O/W emulsion
technique. These results indicate that applying long time of vacuum drying process will
dramatically reduce the amount of residual DCM in polymer microspheres and fulfill the
guidelines of the Pharmacopeia.

For a typical emulsion solvent evaporation/extraction process, the polymer/ organic
solvent dispersed oily phase is emulsified in an aqueous phase, in order to make an O/W
emulsion. During mechanical stirring, the organic solvent in emulsion droplets diffuses to
the aqueous phase and evaporates to air or extracts to the quenching medium, thereby
leading to the formation of microspheres. Dichloromethane, having high volatility and
water immiscibility, is the most frequently used dispersed solvent for the emulsion process.
In general, less solubility of the organic solvent in water results in a more stable emulsion
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Fig. 15. SEM images of PLLA /CHAp biocomposite microspheres with different CHAp
nanosphere content: (a) 2.5 wt%, (b) 5 wt%, (c) 10 wt%, (d) 15 wt%, (e) 20 wt% (f) 30 wt%, (g)
40 wt% and (h) 50 wt%.
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that leads to spherical particles with nonporous surface and a better size distribution (Freitas
and Marchetti 2005). There are two processes of solvent removal which influence
microsphere size and morphology. One is the evaporation process in which the emulsion is
maintained at reduced (such as in rotary evaporator) or atmospheric pressure under
stirring. Another is the extraction process in which the emulsion is transferred into a large
volume of water (with or without surfactant) or another quench medium, where the solvent
diffuses out. The similarity for these two processes is in that the solvent must first diffuse
out. So the rate of solvent removal influences the properties of the microspheres. Rapid
solvent removal leads to the formation of nano-pores on the surface of microspheres and
decreases the crystallinity of polymer. The extraction process is fast and generally less than
30 min which forming the porous and more amorphous microspheres (Tewes, Boury et al.
2006). However, the extraction process needs large amount of quench medium which makes
it unpractical in the large-scale production.

3.6 PLLA/CHAp nanocomposite microspheres

3.6.1 Effect of CHAp content

Despite changes in the CHAp content, the biocomposite microspheres exhibited a generally
constant range of particle sizes between 5 and 30 pm, Fig. 15. Particles of these sizes are
suitable for selective laser sintering to produce porous scaffolds for bone tissue engineering.
When the CHAp nanosphere content was less than 10 wt%, Fig. 15 (a)-(c), no bare CHAp
nanospheres were observed among the composite microspheres and the CHAp nanospheres
were believed to be fully encapsulated within the microspheres to form a nanocomposite
structure. When the CHAp nanosphere content was above 15 wt%, Fig. 15 (d), a small
amount of CHAp agglomerates appeared among the composite microspheres. When the
CHAp content exceeded 20 wt%, Fig. 15 (e)-(h), substantial amounts of CHAp agglomerates
were seen among the PLLA/CHAp microspheres and major Ca and P peaks could be
detected from these agglomerates by EDX.

3.6.2 Internal structure

In order to study the distribution of CHAp nanospheres inside some nanocomposite
microspheres, sectional views of the PLLA/CHAp nanocomposite microspheres were
observed by different methods. First, some microspheres were embedded in epoxy resin and
then sectioned with a microtome. The difficulty of this method was the determination of
thickness needed to be removed from the microspheres. After some careful trials, it yielded
some satisfactory results. Fig. 16 shows a sectional view of a PLLA/CHAp nanocomposite
microsphere. It can be seen that large amount of CHAp nanospheres are encapsulated
within the microsphere.

Second, FIB-milling was used to examine the internal structure. FIB-milling is an advanced
technology which can remove material at extremely precise location. As stated earlier,
polymer and apatite are non-conductive materials. So after milling, the samples need to be
coated before the SEM examination. The re-location of the milled sample may be a problem.
The SEM image was taken immediately after FIB-milling and it is not so clear due to the low
conductivity of PLLA and CHAp. Fig. 17 shows an improved SEM image of the FIB-milled
PLLA/CHAp nanocomposite microsphere after sputtering coating with Au. The CHAp
nanospheres are generally well distributed both on and inside the microsphere, forming a
nanocomposite structure. The rough surface of the nanocomposite microsphere likely
facilitates cell attachment.
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Fig. 17. SEM image of an FIB-milled PLLA/CHAp nanocomposite microsphere.

—

Fig. 18. TEM image of PLLA/CHAp nanocomposite microspheres.

The third method was using TEM to view through the nanocomposite structure. However,
TEM uses a very high voltage electron beam so it may damage the polymer matrix and
move the CHAp particles. Also, the size of the nanocomposite microspheres could be
detected was only several microns. Fig. 18 shows two tiny microspheres (~3-5 pm) under the
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TEM. They have a hybrid structure with two phases; namely the PLLA matrix and CHAp
agglomerates more or less evenly distributed in the matrix. Recently, Wang et al. (2007) used
TEM to characterize PHBV/HAp nanocomposite microspheres and they also obtained
similar images as that shown in Fig. 18.

3.7 Batch production for SLS

The batch production was conducted on a five position magnetic stirrer and the beakers
used had a capacity of 1 liter. The production conditions are listed in Table 1. Some PLLA
microspheres produced are shown in Fig. 19 (a). They have a mean particle size of 30 um
which is suitable for the SLS process.

Production Condition Value
PLLA Concentration 20 mg/mL
PVA Concentration 1wt%
Mixing Speed 800 rpm

Table 1. Conditions for batch production of PLLA microspheres for SLS.
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Fig. 19. SEM images of PLLA microspheres (a) and PLLA/CHAp nanocomposite
microspheres (b) prepared in batch production.

Fabrication Condition Value
PLLA Concentration 20 mg/mL
CHAp:PLLA ratio 1:9

PV A Concentration 1 wt%
Mixing Speed 800 rpm

Table 2. Conditions for batch production of PLLA/CHAp nanocomposite microspheres for
SLS.

Table 2 shows the production condition of the PLLA/CHAp nanocomposite microspheres
for the SLS process. Basically, it follows the preparation condition of the neat PLLA
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microspheres, only with the addition of 10 wt% CHAp into the organic phase. Some batch
produced PLLA/CHAp microspheres are shown in Fig. 19 (b). Most of them are between 6
and 30 pm in diameter and which is suitable for the SLS process. In the batch production, a
homogenizer was used to disperse the CHAp nanospheres in the PLLA/DCM solution
before mixing with the PVA aqueous solution to form emulsion. Also, it can be seen that
some CHAp nanospheres are partially embedded on the PLLA/CHAp nanocomposite
microspheres and this may impart bioactivity (osteoconductivity) for the scaffolds built.

3.8 Discussion

Among the numerous biomaterials developed for bone repair so far, polymer/apatite
nanocomposite offers great potential for the successful regeneration of defective bony
tissues. The advantage of this nanocomposite system is due to the fact that it mimics the
structure and composition of extracellular bone matrix at the lowest structural level (Duan,
Wang et al. 2008). The nanocomposites have been processed in different forms for specific
applications, such as compressed or extruded molded part, thin film, and porous foam.
Among the different formulations, polymer microspheres composed of apatites are of
special interest in the treatment of bone defects. Practically, microspheres with a wide range
of material compositions have been developed as a delivery vector for drugs and cells which
can be released in a controlled manner for specific targeting. Moreover, the microspheres
can be effectively injected into defects with minimal surgical invasion (Lemperle, Morhenn
et al. 2004). For these reasons, the polymer/apatite nanocomposite microspheres are
considered to be particularly useful for the repairing of bone defects by being implanted
directly into the defective sites to repopulate osteoprogenitor cells or after ex vivo
hybridization with osteogenic factors such as growth factors and cells. In such cases, the
nanocomposite microspheres should have high potential in terms of their cell population
and osteogenic stimulation (Kim, Gu et al. 2007). Moreover, the sintered microspheres
matrix can be used as bone TE scaffolds.

The fabrication method for PLLA/CHAp nanocomposite microspheres is S/O/W emulsion
solvent evaporation which is similar to the W/O/W emulsion solvent evaporation process
used for the delivery of hydrophilic drug contained microspheres. The size of the
PLLA/CHAp nanocomposite microspheres can be adjusted by the polymer and surfactant
concentration and the mixing speed same as the PLLA microspheres. Meanwhile, the
PLLA/CHAp microspheres are a suitable candidate for controlled delivery of recombinant
human bone morphogenetic proteins (BMP) in solid form. The protein drugs could be
protected by a layer of surfactant in order to avoid the denaturation of proteins by organic
solvent. Thus the proteins may be incorporated along with the apatites into polymer
microspheres to form a nanocomposite structure.

CHAp nanospheres may act as a colloid stabilizer (co-emulsifier) in the fabrication of
PLLA/CHAp nanocomposite microspheres. Pickering (1907) stabilized emulsions by fine
solid particles of different materials. This principle was known in ancient times when
mustard powder was used to prepare mayonnaise by dispersing oil in water. These kinds of
emulsions are termed Pickering emulsions, honoring the eponymous researcher who first
described these systems a century ago. A wide variety of solid materials was reported as
colloidal stabilizers. Examples are iron oxides and other oxides, hydroxides and
oxyhydroxides, basic salts of metals, silica, barium sulfate, carbons, colloidal silver or solid
organic materials such as glycerol stearate (Lagaly, Reese et al. 1999). Stabilization by solid
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materials requires the colloidal particles to form a dense film around the dispersed droplets
which impedes coalescence when two droplets approach (the first mechanism). Enrichment
of the fine particles at the oil/water interface is related to the contact angle 0 at the water-
oil-solid line. In general, stabilization is optimal when 0 is somewhat below or above 90°.
When 0 is too small (<<90°) or too large (>>90°), the particles leave the interface and move
into the continuous medium. A general rule is that O/W emulsions are formed at 6<90° and
W /O emulsions at 8>90°. A second stabilization mechanism is when the particles aggregate
and build up a three-dimensional network in the coherent phase, the oil droplets can be
trapped in the array of particles. The mechanical stability of the network structure reduces
the rate of coalescence. Also, the network reduces the mobility of the particles and, in this
way, enhances emulsion stability. The mechanism of CHAp nanosphere as the co-emulsifier
is more likely the first mechanism which the stabilization is obtained by envelopes of CHAp
nanospheres around the PLLA droplets. The mechanism of main emulsifier, PVA, is more
likely as the second mechanism which the stabilization is obtained by forming a 3D network
of PVA polymer chains. In fact, a novel surfactant-free process was proposed recently by
modifying oil-in-water emulsion method to produce PLA/HAp composite microspheres
(Nagata, Miyajima et al. 2003; Nagata, Miyajima et al. 2006, Nagata, Teraoka et al. 2006).
Several analyses suggested that the end group of PLA would play as the nucleation site for
HAp precipitates at the oil/water interface. The precipitated HAp might play a role as
stabilizer for composite microsphere fabrication.

4. Production of 3D porous laser sintered poly(L-Lactide) and poly(L-
Lactide)/carbonated hydroxyapatite nanocomposite scaffolds

A custom-made miniature sintering platform was installed in a commercial Sinterstation®
2000 SLS machine as shown in Fig. 20. This platform allowed the use of small quantities of

Recycle Bins

Fig. 20. Modification of Sinterstation® 2000 system: miniature sintering platform before
installation (left) and after installation (right).

biomaterials for TE scaffold production. The effects of laser power; scan spacing and part
bed temperature were investigated and optimized, the details were discussed in another
book chapter (Zhou, Wang et al. 2010). Finally, porous scaffolds were successfully fabricated
from the PLLA microspheres and PLLA/CHAp nanocomposite microspheres as shown in
Fig. 21 (a) and (b). In particular, the PLLA/CHAp nanocomposite microspheres appeared to
be promising for porous bone TE scaffold production using the SLS technique. The structure
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and properties, e.g. porosity, compression properties, in vitro degradation behavior and
cytocompatibility (such as cell adhesion and growth), of these scaffolds were evaluated
(Zhou, Lee et al. 2008; Zhou, Wang et al. 2010). The nanocomposite scaffolds provide a
biomimetic environment for osteoblastic cell attachment, proliferation and differentiation
and have great potential for bone tissue engineering applications (Duan, Wang et al. 2010).

5 mm

@) (b)
Fig. 21. (a) Selective laser sintered porous scaffolds from PLLA microspheres and
(b) PLLA/CHAp nanocomposite microspheres .

5. Conclusions

The main part of this research focused on the synthesis and characterization of CHAp
nanospheres through nanoemulsion; and on the fabrication and evaluation of the
morphology of the PLLA microspheres and PLLA/CHAp nanocomposite microspheres as
the bottom-up materials to build tissue engineering scaffolds. The custom-made miniature
sintering platform allowed small quantities of the biomaterial powders to be processed in a
commercial Sinterstation® 2000 SLS machine. With this platform, prototypes of bone tissue
engineering scaffolds with meso-scale feature were successfully built from PLLA
microspheres and PLLA/CHAp nanocomposite microspheres.
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1. Introduction

Medical-profession-accepted and the US Food and Drug Administration (FDA)-approved
biodegradable polymers have been used for tissue engineering applications over the last
two decades due to their good biocompatibility and acceptable biodegradation properties.
Poly(L-lactide) (PLLA) is a linear aliphatic biodegradable polymer and has been widely
studied for use as a scaffolding material for human body tissue regeneration (Wei and Ma
2004; Chen, Mak et al. 2006; Wang 2006). The enzymatic and non-enzymatic hydrolysis rate
of PLLA strongly depends on its chemical properties (such as molecular weight and weight
distribution) and physical properties (such as crystallinity and morphology). Crystallinity
plays an important role in the degradation behavior of biodegradable polymers. It is well
known that the crystallinity and morphology of semicrystalline polymers such as PLLA are
greatly influenced by their thermal history. Therefore, the crystallization kinetics of PLLA
should be carefully studied and correlated to its processing method as it forms a basis for
the interpretation of the scaffold properties. The isothermal bulk crystallization kinetics of
PLLA has been studied by a number of research groups, covering a temperature range from
70 to 165 °C (Marega, Marigo et al. 1992; lannace and Nicolais 1997; Miyata and Masuko
1998; Di Lorenzo 2005). But only a few studies were conducted on the non-isothermal
crystallization kinetics of neat PLLA. Miyata and Masuko (1998) reported that PLLA could
not crystallize and remained amorphous when the cooling rate was higher than 10 °C/min.
The knowledge on non-isothermal crystallization kinetics is useful for modelling real
industrial processes such as cast film extrusion, which generally takes place at a non-
constant cooling rate (Piorkowska, Galeski et al. 2006).

Particulate bioceramic reinforced polymer composites can combine the strength and
stiffness of bioactive inorganic fillers with the flexibility and toughness of biodegradable
organic matrices. Carbonated hydroxyapatite (CHAp) is a desirable bioactive material for
bone substitution as it is bioresorbable and also more bioactive in vivo than stoichiometric
hydroxyapatite. PLLA/CHAp nanocomposite has been developed and wused for
constructing bone tissue engineering scaffolds through selective laser sintering (SLS) (Zhou,
Lee et al. 2007; Zhou, Lee et al. 2008). In the SLS process, the laser beam selectively fuses
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powdered material by scanning cross-sections generated from a 3D digital description of the
part (e.g. from a CAD file or scan data) on the surface of a powder bed. After each cross-
section is scanned, the powder bed is lowered by one layer thickness, a new layer of
material is applied on top, and the process is repeated until the part is completed. Sintering
is a thermal fusion process for bonding particles into solid structures (German 1996). The
physical process of SLS may involve multiple cycles of melting (full or partial) and
crystallization of polymer to produce solid parts. In SLS, individual microspheres are
melted by laser beam to different degrees. Most microspheres comprise an un-melted core,
surrounded by a melted and crystallized polymer that bonds with other microspheres. The
mechanical properties of tissue engineering scaffolds are strongly related to the thermal
properties of semi-crystalline biodegradable polymers. In a separate development,
Ignjatovic et al. (2004) used hot pressing to produce PLLA/hydroxyapatite (HAp)
biocomposite for medical applications. They found that the crystallinity of PLLA decreased
after the process time of hot pressing was increased. However, the crystallization kinetics of
PLLA/HAp composite was not fully evaluated. Currently, little is known about the effects
of nano-sized HAp or CHAp on PLLA crystallization behavior under isothermal or non-
isothermal conditions. In order to better understand the in vitro behavior of the
PLLA/CHAp nanocomposite scaffolds produced by SLS, it is necessary to study the
crystallization kinetics of the nanocomposite and the neat PLLA. In the current
investigation, the overall crystallization kinetics and spherulitic morphologies of neat PLLA
and PLLA/CHAp nanocomposite were studied by means of differential scanning
calorimetry (DSC) and polarized optical microscopy (POM). In the isothermal crystallization
study, the sample was rapidly cooled from the melt and allowed to crystallize at a pre-fixed
temperature. In the non-isothermal crystallization study, the sample was allowed to
crystallize upon cooling at various rates from the melt to room temperature.

2. Materials and methods

2.1 Materials

The PLLA used was Medisorb® 100L 1A (Lakeshore Biomaterials, AL, USA) with an
inherent viscosity of 1.9 dL/g. It was supplied in the pellet form: 1 mm in diameter and 3
mm in length. The Mn and Mw of this polymer were determined to be 1.23x105 and
2.21x105, respectively, by gel permeation chromatography (GPC) using N-methyl
pyrrolidone as the solvent. The CHAp nanospheres were synthesized in-house using a
nanoemulsion method without surfactants (Zhou, Wang et al. 2008). The mean particle size
of the resultant CHAp nanoparticles was about 20 nm. Poly(vinyl alcohol) (PVA, Sigma-
Aldrich, cold water soluble) was used as the emulsifier and dichloromethane (DCM, A.R.)
used as the organic solvent to dissolve PLLA for microsphere fabrication.

2.2 Fabrication of PLLA microspheres

PLLA microspheres were fabricated using a conventional oil-in-water (O/W)
emulsion/solvent evaporation technique (Zhou, Wang et al. 2007). The resultant PLLA
microspheres were washed and lyophilized to obtain dry powders.

2.3 Fabrication of PLLA/CHAp nanocomposite microspheres
PLLA/CHAp nanocomposite microspheres were produced using a solid-in-oil-in-water
(S/0O/W) emulsion/solvent evaporation method as reported previously (Zhou, Wang et al.
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2007). Briefly, the CHAp nanoparticles were dispersed in the PLLA-dichloromethane
solution by ultrasonification and homogenization to form an S/O nanosuspension. The
nanosuspension was mixed with PVA solution to fabricate PLLA/CHAp nanocomposite
microspheres. PLLA/CHAp microspheres containing 10 wt% of CHAp nanoparticles was
used in this investigation.

2.4 Thermal property measurement and crystallization study

The thermal properties of PLLA and PLLA/CHAp nanocomposites and their crystallization
behavior were studied using a Perkin Elmer Pyris 6 differential scanning calorimeter (DSC,
MA, USA) and with the heating and cooling rates of 10 °C/min. The apparatus was
calibrated with pure indium and zinc standards at various scanning rates. Dry nitrogen gas
at a flow rate of 20 mL/min was used to purge through the DSC cell during all
measurements. A new sample was used for each measurement in order to eliminate the
effect of thermal degradation. Each test was repeated three times to ensure accuracy. The
effect of previous heat treatments (thermal history) can significantly affect the shape of the
DSC curve for semicrystalline polymers. In order to compare the thermal data of PLLA with
values found in the literature, a standardized thermal history is desirable and can be
achieved by a heat-cool-reheat DSC method (Lever 2007). In this method, the first heating
process destroys any previous thermal history (assuming the maximum temperature is
sufficient to remove any remaining nuclei without causing sample degradation), the cooling
process imposes a known thermal history on the sample, and the second heating process
allows the sample to be measured with a known thermal history. In this investigation, the
samples were heated from room temperature to 200 °C with a heating rate of 10 °C/min
(step 1) and held there for 5 min to eliminate the thermal history (step 2, annealing). Then
samples were quenched to room temperature at cooling rate of 40 °C/min (step 3) and re-
heated to 200 °C to probe the melting point (step 4). The glass transition temperature (Tg)
was determined before annealing; while the cold crystallization and melting temperature
(Tec and Tr, respectively) and the enthalpy of cold crystallization and fusion (AH. and AH,
respectively) were determined after annealing. The crystallinity (X.) of the PLLA matrix was
calculated from the reheating DSC data using the following equation (Sosnowski 2001;
Arnoult, Dargent et al. 2007):

XC(%):AH#AHO“’XwO )
XPLLAAI_Im

where AH,, is the measured enthalpy of fusion, AH, is the cold crystallization enthalpy of
PLLA during the heating process, XprLa is the PLLA weight percentage in the composite.
AHY, is the enthalpy change of 100% crystalline PLLA, which is 135 J/g, as was estimated
by Miyata and Masuko (1998) from the linear relationship between exothermic enthalpy
change with density.

2.5 Isothermal crystallization

To investigate the overall kinetics of isothermal melt crystallization, PLLA samples
(weighing between 10 to 15 mg) were heated in the DSC from 30 to 200 °C at a rate of 80
°C/min and held at 200 °C for 5 min to allow through melting. They were then cooled at 50
°C/min to the predetermined crystallization temperatures (T.) and allowed to crystallize.
The high cooling rate of 50 °C/min was used to minimize crystallization of PLLA during
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cooling (Di Lorenzo 2005). The heat evolved during crystallization was recorded as a
function of time.

2.6 Polarized optical microscopy

The spherulitic morphologies of neat PLLA and PLLA/CHAp nanocomposites were
observed using a polarized optical microscope (POM, Metallux II, Leitz, Germany)
equipped with a hot stage (Leitz 350, Germany) and a temperature controller (Partlow, MIC
8200, USA). Samples weighing about 5 mg were sandwiched between two microscope cover
slides and melted at 200 °C to form thin films. The samples were held at the same
temperature for 5 min to destroy any thermal history and then cooled to isothermal
crystallization temperatures of 110, 120 and 130 °C. The temperature of the hot stage was
kept constant within 0.1 °C and optical photographs were taken using a digital color camera
(Samsung, SCC-101 BP, China).

2.7 Non-isothermal crystallization

For non-isothermal melt crystallization, the samples were quickly heated from 30 to 200 °C
at a heating rate of 80 °C/min and maintained at 200 °C for 5 min in the DSC cell to destroy
any nuclei that might act as seed crystals. The samples were then cooled to 30 °C at constant
rates of 0.5, 1.0, 2.5, 5.0, 7.5 and 10 °C/min, respectively. The exothermic crystallization
peaks were recorded as a function of temperature.

3. Results and discussion

3.1 Thermal properties

The thermal properties of neat PLLA and PLLA/CHAp were needed for the crystallization
kinetics analysis and therefore determined through DSC. Typical DSC curves of neat PLLA
and PLLA/CHAp nanocomposites were shown in Fig. 1 (a), (b) and thermal characteristics
were listed in Table 1. It can be seen that the addition of CHAp nanoparticles decreased the
glass transition temperature (Tg) and cold crystallization temperature (T.) of PLLA and
slightly increased its melting temperature (Tpn). These results suggest that the CHAp
nanoparticles promoted initial glass transition and cold crystallization of the PLLA matrix,
indicating an enhanced crystallization ability of PLLA in the presence of CHAp, which might
behave as nucleating agents. Similar observations were made recently in the PLLA/nano-clay
system (Wu, Wu et al. 2007) with a decrease of Ty value of 1-2 °C. The addition of 10 wt%
CHAp nanospheres reduces the T; of PLLA by about 2.89 °C. It has suggested that nanosheet
particles are much favorable for the improvement of thermal stability compared to more
isotropic geometry fillers, such as nanospheres (Murariu, Da Silva Ferreira et al. 2007).
However, the detailed mechanisms for the decreased T, value of PLLA after addition of CHAp
are not clear. AHc.. and AHy, represent the cold crystallization enthalpy and enthalpy of fusion,
respectively, from which the absolute degrees of crystallinity, X., of melt-quenched PLLA and
PLLA/CHAp can be calculated using Equation (1). In theory, the lowest possible value for X
is zero, which is for totally amorphous polymers. The negative value for the neat PLLA is most
likely a result of the accuracy level of the DSC experiment. A more realistic interpretation is
that Xc = 0, i.e. the melt quenched PLLA was more or less amorphous. In fact, our result has
confirmed Miyata and Masuko’s result (1998) that PLLA could not crystallize and remained
amorphous when cooled at rates higher than 10 °C/min. In the current investigation, the
samples were quenched at the rate of 50 °C/min. In comparison, the PLLA/CHAp
nanocomposite gave a small but non-negligible X. value of 4%. One possible explanation is
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that the CHAp nanoparticles acted as a nucleating agent and promoted limited amount of
crystallization even under such rapid cooling condition. During the DSC tests, cold
crystallization occurred, giving rise to AH... The value of AH. for PLLA/CHAp is slightly
lower than that of the neat PLLA. This is probably because some crystallizable material had
been consumed during the cooling process and the amount left for the cold crystallization
process had dropped. Finally, the slightly higher AH, value of the nanocomposite, compared
to neat PLLA, indicates that the CHAp nanoparticles enhanced the overall crystallinity of the
PLLA matrix.
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Fig. 1. DSC curves for the neat PLLA and PLLA/CHAp nanocomposites: (a) heating before
annealing (step 1) and (b) heating after annealing (step 4).

Samples T (°C) Te (°C) AHcee (J/g) Tm (°C) AHm (J/g) | X(%)
PLLA 66.74+0.15 | 120.13+0.11 | 37.98+2.75 | 175.2240.24 | 36.79+0.43 | -0.9
PLLA/CHAp | 63.85+0.30 | 110.31+0.10 | 34.27242.91 | 177.120.33 | 39.592£1.93 | 4.0

aValues of AH.. and 4H,, for PLLA/CHAp have been normalized to unit mass of PLLA.
Table 1. Thermal properties of melt-quenched neat PLLA and PLLA/CHAp nanocomposite.




236 Advances in Diverse Industrial Applications of Nanocomposites

3.2 Isothermal crystallization kinetics

The isothermal crystallization kinetics of neat PLLA and PLLA/CHAp nanocomposite was
studied by cooling the melt rapidly (50 °C/min) to the crystallization temperature, ranging
from 90 to 140 °C. The exothermal curves were then recorded as a function of crystallization
time and the results are shown in Fig. 2. The values of crystallization enthalpy (AH.) were
obtained from the exothermal curves and are listed in Table 2. Clearly, AH. increased with
increasing crystallization temperature for both neat PLLA and PLLA/CHAp. At low
isothermal crystallization temperatures, the addition of CHAp seemed to have little
influence on the crystallization enthalpy of the PLLA matrix. At higher isothermal
crystallization temperatures, however, it decreased the crystallization enthalpy significantly
compared with that of neat PLLA. Such change may imply a drop in the amount of crystals
formed or a lower degree of perfection of the crystals or both. The presence of a large
amount of nano-sized CHAp particles (10 wt%) was likely to increase the melt viscosity,
thus making it more difficult for the macromolecular chains to pack into perfect crystals.

Samples L. AH, AHZ n k 12 fos’ fos
O | (/8 (/g (min-) (min) (min)
90 2231 2.60 | 1.66x103 | 0.99998 10.23 10.18
100 22.60 251 | 3.16x102 | 0.99994 3.47 342
110 32.95 2.67 | 2.51x102 | 0.99988 3.51 3.46
114 33.48 2.60 | 1.51x102 | 1.00000 433 435
PLLA 116 36.97 259 | 1.26x102 | 0.99998 4.63 470
118 35.78 2.73 | 7.59x103 | 1.00000 5.20 523
120 42.28 2.80 | 5.25x10 | 1.00000 5.65 5.72
130 53.44 2.83 | 1.82x104 | 0.99982 17.83 18.42
140 51.34 291 | 7.94x10¢ | 0.99994 48.67 49.87
90 19.38 21.53 243 | 8.32x103 | 0.99996 6.30 6.17
100 22.27 24.74 247 | 1.15x101 | 0.99998 2.10 2.07
110 23.30 25.89 242 | 1.10x10t | 0.99996 212 214
114 27.88 30.98 2.52 | 4.90x102 | 0.99996 2.83 2.86
IgﬂfAA; 116 29.12 32.36 251 | 4.27x102 | 0.99998 2.98 3.04
118 30.94 34.38 2.57 | 3.10x102 | 0.99994 3.30 3.35
120 31.91 35.46 2.72 | 1.95x102 | 1.00000 3.68 3.72
130 37.23 41.37 2.83 | 2.29x10 | 1.00000 7.55 7.53
140 38.06 42.29 2.86 | 1.66x104 | 0.99996 18.35 18.45

Notes: AHc™: denotes the crystallization enthalpy normalized to unit mass of PLLA

r2: denotes the coefficient of determination for the Avrami fit

fos" denotes the half-life crystallization time obtained from the experiment (symbols in Fig. 4) t,5: denotes
the half-life crystallization time calculated by Equation (7)

Table 2. Properties and parameters obtained from the isothermal crystallization of neat
PLLA and PLLA/CHAp nanocomposite.
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Fig. 2. DSC thermograms obtained from isothermal crystallization of (a) neat PLLA, and (b)
PLLA/CHAp nanocomposite.

The kinetics of isothermal crystallization can be described by the well-known Avrami
Equation (Piorkowska, Galeski et al. 2006). A time-dependent relative volumetric
crystallinity X; for an isothermal crystallization process can be expressed as:

X, =1-exp(-kt") )
or

log[-In(1-X,)] =logk +nlogt (3)
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where t is the time, n is the Avrami exponent and k is the overall crystallization rate
constant which contains contributions from both nucleation and growth. Parameters n and k
can be obtained from the slope and intercept, respectively, of the Avrami plot of
log[-In(1-X,)] versus log . According to Lorenzo et al., (2007), the relative volumetric
crystallinity (X;) can be calculated as:

X, = e 4)
W, +(p,/p,)1-W,.)

where p. and p, are the fully crystalline and fully amorphous polymer densities,
respectively. For commonly existed o form of PLLA, p. = 1.283 g/cm3 and p, = 1.248 g/cm?,
(Oca and Ward 2007). The determination of the absolute crystallinity is not needed for the
analysis of the crystallization kinetics, and the degree of relative mass crystallinity, W, can
be calculated as:

_ AH,  [h(dH/dbat
¢ AHpp  J§(dH dbydt

©)

taking AH, as the enthalpy variation as function of the time spent at a given crystallization
temperature, while AH, ., is the maximum enthalpy value reached at the end of the
isothermal crystallization process. Both quantities can be obtained from the isothermal curve
by integration.

Fig. 3 displays the typical Avrami double-logarithmic plots for neat PLLA and
PLLA/CHAp. The Avrami parameters n and k were obtained from the plots and are listed
in Table 2. Fig. 4 shows the corresponding curves of relative degree of crystallinity with time
(symbols) for neat PLLA and PLLA/CHAp obtained from the experimental crystallization
isotherms as exhibited in Fig. 2. In a recent investigation (Lorenzo, Arnal et al. 2007), it was
suggested that the choice of relative crystallinity range was very important for a good
Avrami fit. The initial data points (Xi<3%) may not be accurate due to experimental errors
during the primary crystallization stage and hence do not need to be under serious
consideration. The secondary crystallization process produces nonlinearity in the Avrami
plot so the relative crystallinity range should be chosen during the primary crystallization
process. According to their study, a relative crystallinity range of 3 to 20% is sufficient for a
good Avrami fit. In order to check the validity of the Avrami method for studying the
isothermal crystallization kinetics of neat PLLA and PLLA/CHAp, the variations of the
relative crystallinity (X:) for the respective isothermal crystallization temperatures were
calculated using the values of n and k listed in Table 2 and the results are shown as solid
lines in Fig. 4. The calculated results fit very well with the experimental data, indicating that
the Avrami method can be used to study the isothermal crystallization process in the
current investigation in case some of the common problems were avoided (Lorenzo, Arnal
et al. 2007). It can be seen from Table 2 that the coefficient of determination of the Avrami
plot, r% is near unity, which also suggests a good fit between the theoretical and
experimental results in the relative crystallinity range of 3 to 20% as recommended by
Lorenzo et al. (2007). The valid values of n and k are essential to the Lauritzen-Hoffman
analysis by using tos data.
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Fig. 3. Avrami plots for isothermal crystallization of (a) neat PLLA and (b) PLLA/CHAp
nanocomposite (symbols: experimental data; solid lines: Avrami linear fit).

The Avrami exponent (n) is composed of two terms:
n=ng+n, (6)

where ng represents the dimensionality of the growing crystals and this quantity can only
have, as values, the integer numbers 1, 2 or 3, corresponding to one-, two- or three-
dimensional entities that are formed. In the case of polymers, only 2 and 3 are commonly
obtained as they represent axialites (two dimensional lamellar aggregates) and spherulites
(three dimensional aggregates of radial lamellae), respectively. The time dependence of the
nucleation is represented by n,. In principle, its value should be either 0 or 1, where 0
corresponds to instantaneous or heterogeneous nucleation and 1 to sporadic or homogenous
nucleation. However, since in many cases the nucleation may be somewhere between
completely instantaneous and completely sporadic nucleation, a noninteger Avrami
exponent can be sometimes explained in this way (Lorenzo, Arnal et al. 2007). The Avrami n
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for neat PLLA is from 2.6 to 2.9 in the isothermal temperature range of 90 to 140 °C; the
Avrami n for PLLA/CHAp is from 2.4 to 2.9 in the same temperature range. The Avrami
exponent close to 3 at high isothermal crystallization temperatures indicates a changing
trend of PLLA crystal growth from two- to three-dimensional with instantaneous nucleation
and athermal (Iannace and Nicolais 1997). The obtained n values were similar to those
reported for neat PLLA (2.4-3.2 at T.=90-125 °C by Tsuji et al. (2006), 2.8-3.2 at T.=90-130 °C
by Iannace and Nicolais (1997), 2.5-3.3 at T.=90-130 °C by Kolstad (1996)). However, Miyata
and Masuko (1998) reported an n value ca. 4 at T.=110-132.5 °C. The differences can be
attributed to the determination of the onset of crystallization or induction time, the
establishment of the baseline and incomplete isothermal crystallization data, the effect of the
cooling rate from the melt to the isothermal crystallization temperature and the relative
degree of crystallinity range employed for the Avrami fitting (Lorenzo, Arnal et al. 2007).
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Fig. 4. Development of relative degree of crystallinity as a function of crystallization time for
(a) PLLA, and (b) PLLA/CHAp nanocomposite. (Symbols: experimental data; solid lines:
calculated crystallinity using Equation (2) and Avrami parameters n and k in Table 2.)
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Also, the nucleation is seldom either athermal or simple thermal (Pethrick 2007). It can be
seen from Table 2 that the values of Avrami exponent (n) of the PLLA/CHAp
nanocomposite are lower than those of the neat PLLA for the same crystallization
temperatures. One possible reason is that the large amount of CHAp nanoparticles might
have affected the nucleation and growth mechanisms of the PLLA crystals. Better
interpretation of the Avrami exponent requires more information about the specific
nucleation and growth mechanisms of PLLA crystal, but at this stage we do not have such
information.
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The half-life crystallization time tos, which is defined as the time at X; = 0.5, is an important
parameter for the discussion of crystallization kinetics. It can also be calculated using the
equation:
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to5= ()" 7)

The half-life crystallization time tp5 can be either obtained directly from the curve of relative
degree of crystallinity with time (Fig. 4) or calculated from isothermal parameter n and k by
using Equation (7). These two sets of data are compared in Table 2. They are very close to
each other for both neat PLLA and PLLA/CHAp within the range of crystallization
temperatures. The value of 1/tps can be used to describe the crystallization rate and is
plotted in Fig. 5 as a function of isothermal crystallization temperature. As a typical
semicrystalline polymer, the crystallization of PLLA is slow in temperature ranges close to
the melting point and glass transition point. Di Lorenzo (2005) reported a discontinuity
around 116-118 °C in a similar plot, which was ascribed to a sudden acceleration in
spherulite growth. However, such discontinuity is not clear in Fig. 5. It can be seen that the
crystallization rate of PLLA/CHAp was faster than neat PLLA. This implies that the nano-
sized CHAp particles acted as an efficient nucleating agent. The highest overall isothermal
crystallization rate was found between 100 to 110 °C. The increased crystallization rate due
to the addition of CHAp into PLLA matrix was also confirmed by the higher values of
isothermal crystallization parameter k listed in Table 2. Similar observations of inorganic
particle reinforced PLLA composites exhibited increased bulk crystallization rates relative to
neat polymer (Krikorian and Pochan 2004; Wu, Wu et al. 2007). This phenomenon is usually
attributed to the higher heterogeneous nucleation rates, as demonstrated by increases in the
isothermal crystallization parameter k. However, the effects of inorganic fillers on radial
spherulite growth rates vary, depending on the properties and content of the fillers.

3.3 Crystal growth analysis by Lauritzen-Hoffman theory

The isothermal crystallization data obtained can be examined in terms of secondary
nucleation or Lauritzen-Hoffman (LH) theory of polymer crystal growth (Hoffman, Davis et
al. 1976). The growth face undergoes two different but related processes during polymer
crystallization. One is the deposition of secondary nuclei on the growth face, and the other is
the subsequent growth along the face at the sites where the secondary nuclei are formed.
Therefore, there are two competing rates involved in the process that determine the regime
in which the polymer crystallizes. On the basis of the secondary nuclei formation rate, i, and
the lateral growth rate or the surface spreading rate, g, the crystallization regimes can be
defined as follows:

i<<g Regime I
i~g Regime II
i>>g Regime III

Regime I, where i is much smaller than g, occurs at very low supercoolings (AT); Regime II,
where i is in the order of g, occurs at moderate AT; and Regime III, where i is much greater
than g, occurs at very high AT (Patki, Mezghani et al. 2007). Thus Regime I is characterized
by mononucleation of the nucleus on a substrate, followed by lateral spreading or growth of
a chain-folded crystal lamella. The linear growth rate is controlled by secondary nucleation
in Regime I. In contrast, Regime II occurs by multiple nucleations at lower crystallization
temperatures (Tjong and Bao 2005). As the temperature is further lowered, prolific and
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multiple nucleation can occur in Regime III (Pethrick 2007). Most polymers exhibit different
regime behavior, depending on the crystallization condition.

LH theory assumes that a free energy barrier associated with nucleation has an energetic
origin and it provides the general expression for the growth rate (G) of a linear polymer
crystal with folded chains:

* K

_ -u g
G=Gyexpl R(T, _Tw)]exp(TC ATf) ®)

where K; is the nucleation constant (for details see Equation (11)); AT is the undercooling
defined by Tng -T, ; Tng is the equilibrium melting point which is 479.2K for PLLA
(lannace and Nicolais 1997); f is a factor given as 2T /(T +T,) ; U* is the activation
energy for polymer diffusion which means the transportation of segments to the
crystallization site, and the universal value of U* = 1500 cal/mol (6276 J/mol) was used in
order to compare the results from literature (lannace and Nicolais 1997); R is the gas
constant [8.314 J/(mol K)]; T, is the hypothetical temperature where all motion associated
with viscous flow ceases and normally chosen as Tg-30K; and G is the front factor.

Using a theoretical approach, it can be shown that the linear growth rate G can be
considered proportional to 1/tps. Based on the LH theory (Hoffman and Miller 1997), the
temperature variation of 1/tos can be written as:

* K

-u g
R(T, -7, P arp) ©)

L

0.5 0.5
It should be pointed out that this is only an approximation. Ideally, the value of spherulite
growth rate (G) should be measured directly by optical microscopy and equation (8) be
applied. However, the spherulites of the PLLA/CHAp nanocomposite were too small and
accurate measurements of their growth rate were not possible. Second, the G values
measured by optical microscopy are obtained under a confined 2D environment, i.e. the
spherulites will grow between two microscope cover slides. Also, there is doubt whether
limited number of 2D measurements can really represent the true 3D spherulite growth in
large number. On the other hand, DSC analysis allows 3D polymer spherulite growth and
the data will give a more macro-scale representation of the real situation.
For practical convenient use, Equation (9) is usually rewritten as

)o expl

K

8
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The plot of the left-hand side of Equation (10) vs. 1/T.AT gives the slope of -Kg from which
the nucleation constant K, can be evaluated. In the current investigation, U*= 6276 ] /mol, as
stated earlier, was used in the plot (Fig. 6). For both neat PLLA and PLLA/CHAp, there
were two crystallization regimes, i.e. Regimes II and III, in the isothermal temperature
range. From Fig. 6, the K (II) values for neat PLLA and PLLA/CHAp were estimated to be
5.74x105 and 4.76x105, respectively, within the T. range of 120-140 °C (Table 3). The K (II)
value for neat PLLA was higher than those reported in the literature, including 2.92x105
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based on isothermal crystallization parameters (lannace and Nicolais 1997) and 3.01x105 on
spherulite growth rate G values (Tsuji, Takai et al. 2006). K (III) for neat PLLA obtained
here was 9.02x10> which was similar to 8.91x105 as reported by Iannace and Nicolais (1997)
and 9.00x105 by Tsuji et al. (2006). According to Iannace and Nicolais (1997), the theoretical
value of the ratio K (IlI)/Kg (II) is 2. In the current investigation, the respective ratios for
neat PLLA and PLLA/CHAp were 1.57 and 1.74. The lower values obtained here could be
related to either the different sets of values utilized for U* and T, or the difference in
molecular weight of polymers used.

The transition from Regime II to Regime III was observed at about 120 °C for both neat
PLLA and PLLA/CHAp, which was in agreement with the results obtained using G values
(Iannace and Nicolais 1997; Abe, Kikkawa et al. 2001; Tsuji, Miyase et al. 2005; Tsuji, Takai et
al. 2006). This indicates that the LH theory is a valid method to predict nucleation constant if
the Avrami fit is good. The current investigation shows that the addition of CHAp
nanoparticles did not alter the transition temperature of PLLA crystallization from Regime
I to Regime III but caused a reduction in the value of K;. The lower K, for PLLA/CHAp
suggests that less energy was needed for the formation of critical size of PLLA nuclei in the
nanocomposite than in the neat PLLA.

The nucleation constant Kg in Equation (8) is given by:

0
_ Zbyoo T (11)
& A ka

where o is the lateral surface free energy, ce is the fold surface energy , by is the layer
thickness of the crystal, Ahyis the volumetric heat of fusion and kg is the Boltzmann constant.
The value of Z is dependent on the crystallization regime and equal to 4 for Regimes I (high
temperatures) and III (low temperatures) and values 2 for Regime II (intermediate
temperatures) (Di Lorenzo 2005). In the current investigation, the K values were used to
calculate the fold surface free energy according to Equation (11). The lateral surface energy
was determined by the Thomas-Stavely empirical equation (Hoffman, Davis et al. 1976):

o= aOAhf /aobo (12)

where ay is an empirical constant and usually assumed to be 0.25 which is appropriate to
high melting polyesters (Qiu and Yang 2006); represents the cross-sectional area of PLLA
chains, with =5.97x1010 m and =5.17x%10-10 m from the literature; and Ah=1.11x108 J/m3 (Di
Lorenzo 2001). The ¢ value was then calculated to be 15.4x103 J/m?2, and which was close to
the reported data (Krikorian and Pochan 2004). The values of fold surface energy c. were
obtained by solving Equation (11) and are listed in Table 3. For neat PLLA, the value of ce
varies in the range of 91-117 erg/cm? (1 erg/cm?= 1x10? J/m?2), which agrees well with the
result (107 erg/cm?) by Miyata and Masuko (1998) but higher than 40.5 erg/cm? by Di
Lorenzo (2001) and 43.5 erg/cm2 by Wu et al. (2007). It has been shown that the value of .
is dependent on the molecular weight of PLLA (Miyata and Masuko 1998) and the cooling
or heating rate to the isothermal crystallization temperature (Wu, Wu et al. 2007). Miyata
and Masuko (1998) implied that the value of c. increases with increase in the loose-loop
chains on the fold surface of high molecular weight PLLA. The decrease of c. with
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increasing heating rate was considered by Wu et al. (2007) due to the change of nucleation
mechanism from Regime III to Regime II by Lauritzen-Hoffman-Miller analysis. However,
they did not show the transition temperature from Regime III to Regime II.

K@) | @) | q@) | K, () | o (D) g (ID)
(K3 | g/m2) | (K]/mol) | (K2 | (/m?) | (kJ/mol)

PLLA 9.02x105 | 91x10-3 33.8 5.74x105 | 117x103 43.5
PLLA/CHAp | 8.36x105 | 84x10-3 31.2 4.79x105 | 96x10-3 35.7

Samples

Table 3. Lauritzen-Hoffman parameters for isothermal crystallization of neat PLLA and
PLLA/CHAp nanocomposite.

It can be seen from Table 3 that addition of CHAp nanoparticles decreased the values of c.
for PLLA by 18% in Regime Il and 7.7% in Regime III. The lower values of the free energy of
chain folding of the lamellar crystals in PLLA/CHAp suggest that the CHAp nanoparticles
facilitated the crystallization of PLLA. According to Wittmann and Lotz (1990), the
incorporation of nucleating agents into polymers changes the polymer crystallization
behavior. Heterogeneous nucleating agents, such as filler particles and fibers, tend to
promote the nucleation of spherulites on their surfaces, decrease the lamellar thickness and
lead to epitaxial growth of crystallites. In this study, the nucleating ability of the CHAp has
been clearly shown in Fig. 7 but the latter two mechanisms have not been examined.

Finally, the work for chain folding, 4, which means by bending the polymer chain back upon
itself in the appropriate configuration and is apparently correlated with molecular structure,
can be expressed as follows (Patki, Mezghani et al. 2007):

q= ZaObOO'e (13)

The values of g in Regime II and Regime III for neat PLLA and PLLA/CHAp nanocomposite
were determined and are listed in Table 3. It was found that the values of g for neat PLLA
were higher than those for PLLA/CHAp in both Regime II and Regime III. g is a measure of
the inherent stiffness of polymer chain: more flexible chains have smaller values of g, and
vice versa (Runt, Miley et al. 1992). The results show that the CHAp nanoparticles reduced
the work needed for PLLA chains to fold into the crystal. Such phenomenon may arise due
to a reduced size or a lower degree of perfection of the crystals formed.

3.4 Spherulite morphology

The spherulitic morphologies of neat PLLA and PLLA/CHAp nanocomposite were
investigated using polarized optical microscopy at selected crystallization temperatures of
110, 120 and 130 °C and the results are shown in Fig. 7 (a-f). Since sufficient time was given
for crystallization, according to the isothermal crystallization kinetics study, both neat PLLA
and PLLA/CHAp were completely crystallized. It can be seen from Fig. 7 that the
spherulites of neat PLLA were distinctive and of considerable size while those of
PLLA/CHAp were much smaller and less distinctive. This clearly shows that the nano-sized
CHAp acted as an effective nucleating agent to induce a great number of additional nuclei
but, on the other hand, it also limited the growth space for each nucleus, leading to the
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formation of smaller spherulites. In the theoretical approach for growth rate analysis, the
Lauritzen-Hoffman equation can be applied using half-time of crystallization (to.5) under the
assumption that the crystallization rates are inversely proportional to tos. This theoretical
approach has been widely used in crystallization study of both neat polymers and their
composite systems (lannace and Nicolais 1997; Tsuji, Takai et al. 2006; Chen, Yao et al. 2007;
Liao, Yang et al. 2007; Wu, Wu et al. 2007). It is shown in Fig. 5 that the values of 1/to5 for
the PLLA/CHAp nanocomposite were higher than those of the neat PLLA, which means the
nanocomposite has a higher crystallization rate than the neat polymer.

_ RS SN = A L SEEE RN 3 é i
Fig. 7. Polarized optical micrographs showing the spherulitic morphologies of neat PLLA
and PLLA/CHAp crystallized at various temperatures: (a) neat PLLA at 110 °C for 50 min,
(b) PLLA/CHAp at 100 °C for 30 min, (c) neat PLLA at 120 °C for 90 min, (d) PLLA/CHAp
at 120 °C for 40 min, (e) neat PLLA at 130 °C for 180 min, (f) PLLA/CHAp at 130 °C for 70
min. (* Fig c was selected in the book “Physical Metallurgy and Advanced Materials”, eds
by R.E. Smallman & A.H.W. Ngan, 7th edition, P557.)

3.5 Non-isothermal crystallization kinetics
The non-isothermal crystallization thermograms for neat PLLA and PLLA/CHAp
nanocomposites obtained at six cooling rates are shown in Fig. 8. From these curves, useful
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crystallization parameters such as the peak temperature (Tp), at which the sample has the
fastest crystallization, can be determined and used for further calculations. It can be seen
that the crystallization enthalpy first increased and then decreased with increasing cooling
rates. This phenomenon was also reported by Chen et al. (Chen, Fei et al. 2002) in the non-
isothermal crystallization study of maleated poly(3-hydroxybutyrate). The crystallization
enthalpy reached a maximum at about 2.5 °C/min for neat PLLA and 5 °C/min for
PLLA/CHAp is caused by crystallization in the a’ polymorph, that causes a drastic increase
of crystallization rate below 120 °C.
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Fig. 8. DSC thermograms obtained from non-isothermal crystallization of (a) neat PLLA, and
(b) PLLA/CHAp nanocomposites. (Cooling rates are indicated in the graphs.)

Ozawa (1971) extended the Avrami equation for the non-isothermal crystallization analysis.
Assuming that the non-isothermal crystallization process is composed of infinitesimally
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small isothermal crystallization steps, the relative volumetric crystallinity X; at temperature
T can be calculated as follows:

X, =1- exp[ir(nT)] (14)
or
log[-In(1 - X,)] = log K(T) + mlog 4™ (15)

where m is the Ozawa exponent, which depends on the dimensions of the crystal growth,
and K(T) is a function of cooling rate ¢ and indicates how fast crystallization occurs. If the
Ozawa method is valid, plots of log[-In(1-X})] versus log ¢! should be straight lines, and
kinetic parameters K(T) and m should be obtainable from the intercept and slope of the lines,
respectively. However, when the cooling rates vary in a large range, the poor linearity of the
plots renders the results calculated from Equation (14) questionable. Moreover, the
assumption of constant cooling rates may cause problems in modeling the change of
crystallinity during polymer processing (Di Lorenzo and Silvestre 1999). The Ozawa theory
neglects the slow secondary crystallization and the dependence of lamellar thickness on the
temperature so that it cannot describe the full process of non-isothermal crystallization of
polymers in general (Lee and Cakmak 1998; Di Lorenzo and Silvestre 1999; Kim, Ahn et al.
2003; Jain, Goossens et al. 2005; Wu, Wu et al. 2007).

Aiming to find a method to describe exactly the non-isothermal crystallization process, a
combination of Avrami and Ozawa equations was proposed recently (Liu, Mo et al. 1997).
During the non-isothermal crystallization process, the relationship between crystallization
time t and temperature T is given by

. Tp-T
4

where T is the temperature at time t, Ty is the initial temperature when crystallization begins
(t = 0). The Avrami equation relates X; with time t, and the Ozawa equation relates X; with
cooling rate ¢, thus the relationship between ¢ and t can be established to connect these two
equations as follows:

(16)

log¢ =log F(T)—alogt 17)

K(T
where the rate parameter F(T)= [%]1/ " and the physical meaning is the necessary value

of cooling rate to reach a defined degree of crystallinity at unit crystallization time; « is the
ratio of the Avrami exponent n to the Ozawa exponent m, i.e, & = n/m. According to
Equation (17), at a given degree of crystallinity, the plot of log ¢ as a function of log t gives a
straight line with log F(T) as the intercept and -« as the slope. The combined Ozawa-Avrami
model actually is a modified model in which crystallization functions are related to certain
X values. This method is more convenient in the analysis of non-isothermal crystallization
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process, but it needs to be considered with care about its physical meaning (Buzarovska,
Bogoeva-Gaceva et al. 2007).

Fig. 9 presents the relative degree of crystallinity as a function of time for neat PLLA and
PLLA/CHAp crystallized at various cooling rates. The higher the cooling rate, the shorter
time range within which crystallization occurs. The retardation effect of cooling rate on the
crystallization is observed only at low cooling rates (<5 °C/min), below which the X;-t curve
shows an obvious S shape. At higher cooling rates, melted PLLA evolves into the glassy
state quickly and hence the X-t curve tends to straight.
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Fig. 9. Plots of relative degree of crystallinity as a function of time for (a) neat PLLA, and (b)
PLLA/CHAp nanocomposite.

Fig. 10 presents the plots of log ¢ as a function of log t for neat PLLA and PLLA/CHAp. The
good linearity of the plots demonstrates the good applicability of the combined Avrami-
Ozawa method in the current investigation. Values of F(T) and « are listed in Table 4, from
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which it can be seen that the values of F(T) increase systematically with an increase in the
relative degree of crystallinity. Thus, at a unit crystallization time, a higher cooling rate is
needed to achieve a higher degree of crystallinity. F(T) is considered as a parameter that
indicates the polymer crystallization rate. A lower F(T) value means a higher crystallization
rate under non-isothermal crystallization condition (Huang, Gu et al. 2006). The
PLLA/CHAp nanocomposite had a larger F(T) value than neat PLLA in the low X; range
(<0.40), while the trend was opposite in the high X; range (=0.40). This indicates that the
addition of CHAp only accelerated the PLLA crystallization rate in the initial crystallization
stage. The values of parameter « are nearly constant and close to 1 which means that the
Avrami exponent and Ozawa exponent are more or less the same for both neat PLLA and
PLLA/CHAp.
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Fig. 10. Plots of log ¢ as a function of log t for (a) neat PLLA and (b) PLLA/CHAp
nanocomposite based on combined Ozawa-Avrami equation.
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Fig. 11 shows the relation between cooling rate (¢) and peak crystallization temperature (Tp)
for neat PLLA and PLLA/CHAp. The T, values for both neat PLLA and PLLA/CHAp shift
to a lower temperature as the cooling rate increases. T, value of PLLA/CHAp is higher than
that of neat PLLA at the same cooling rate, indicating that the addition of CHAp accelerates
the PLLA crystallization.

PLLA PLLA/CHAp
o F(T) r2 o F(T) 2
0.10 | 1.00 | 12.59 | 0.9820 | 0.92 | 13.49 | 0.9898
0.20 | 1.01 | 15.14 | 0.9837 | 0.93 | 15.49 | 0.9917
0.40 | 1.04 | 19.50 | 0.9867 | 0.96 | 19.06 | 0.9940
0.60 | 1.06 | 23.44 | 0.9880 | 0.99 | 22.91 | 0.9951
0.80 | 1.10 | 29.51 | 0.9887 | 1.02 | 27.54 | 0.9956

X

12 denotes the coefficient of determination of Fig. 10.
Table 4. Values of F(T) and « obtained from the combined Avrami-Ozawa equation for neat
PLLA and PLLA/CHAp nanocomposite.

—o—PLLA
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Fig. 11. Plots of cooling rate ¢ as a function of peak crystallization temperature T}, for PLLA
and PLLA/CHAp nanocomposites.

3.6 Effective activation energy of non-isothermal crystallization
The crystallization activation energy during non-isothermal processes for neat PLLA and
PLLA/CHAp can be evaluated using the Kissinger equation (Kissinger 1956):

din(p/T, )] aE ”
d(1/T)) "R
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where AEc is the crystallization activation energy and R is the gas constant. The activation
energy AEc can be obtained from the slope of the plot of In(¢/Tp?) versus 1/T, which is
presented in Fig. 12 for neat PLLA and PLLA/CHAp, respectively. The calculated AEc for
neat PLLA and PLLA/CHAp are -149.67 and -124.91 kJ/mol, respectively. AEc values are
negative, indicating that the rate of crystallization increased with decreasing temperature
and the crystallization process of polymer is a barrierless and spontaneous process (the
lower value of AEc, the faster of crystallization rate) (Ma, Hu et al. 2007). The obtained
crystallization activation energy of neat PLLA fits well with the reported value of -146.86
kJ/mol (Hao, Li et al. 2005).

There are other methods for obtaining the activation energy from non-isothermal
crystallization, such as the Augis-Bennett method (Augis and Bennett 1978) and the Takhor
method (Takhor 1971). But the Kissinger method appears to be the most popular method for
evaluating AEc. However, all these three methods involve the cooling rate ¢ but its negative
sign has been omitted in the logarithm formulation. Recently, Vyazovkin (2002)
demonstrated that dropping the negative sign for ¢ is a mathematically invalid procedure
that generally makes the Kissinger type equation inapplicable to melt crystallization.
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Fig. 12. Plots of In (¢/T}?) as a function of 1/ T, for neat PLLA and PLLA/CHAp nanocomposite.

Another disadvantage is that only a single value of activation energy is used for multiple
non-isothermal crystallization processes by Kissinger-type methods. However, the
crystallization rate is determined by the rates of nucleation and growth, whose activation
energies are likely to be different. Sanchez-Jiménez et al. (2008) demonstrated that the
Kissinger method only valid when the reaction obeys a first order kinetic law. In order to
overcome the disadvantages of Kissinger-type methods, an isoconversion method can be
applied to non-isothermal crystallization for evaluating the dependence of the activation
energy on crystallinity and temperature. The representative methods include the differential
isoconversion method (Friedman 1964) and the advanced integral isoconversion method
(Vyazovkin and Sbirrazzuoli 2006). In the current investigation, the numerical differential
method by Friedman (1964) was used. According to Friedman, different effective
activation energies are calculated for every degree of crystallinity using the following
equation:



Isothermal and Non-isothermal Crystallization Kinetics of

Poly(L-Lactide)/Carbonated Hydroxyapatite Nanocomposite Microspheres 253
AE
In(%X), ;= Const - —X (19)
dt " A1 Ty ;

where dX/dt is the instantaneous crystallization rate as a function of time at a given
crystallinity X, AEx is the effective activation energy at given crystallinity X, Tx; is the set of
temperatures related to a given crystallinity X at different cooling rates and the subscript i
refers to every individual cooling rate used. The instantaneous crystallization rate, dX/dt,
can be obtained from Fig. 9 by differentiation. Furthermore, by selecting appropriate
degrees of crystallinity (i.e., from 10 to 90%) the values of dX/dt at a specific X are correlated
to the corresponding crystallization temperature, Tx. Then by plotting dX/dt with respect to
1/Tx, a straight line should be obtained with a slope equal to AEx/R.
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Fig. 13. Friedman plots of In(dX/dt) vs. 1/ T, for (a) neat PLLA and (b) PLLA/CHAp
nanocomposite at different relative degrees of crystallinity. The solid lines represent the
linear fits.
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Fig. 13 shows Friedman plots for neat PLLA and PLLA/CHAp nanocomposites at different
relative degrees of crystallinity. The straight lines obtained were used to calculate the
effective activation energies of neat PLLA and PLLA/CHAp which are shown in Fig. 13. As
can be seen, the effective activation energy increased with the increase in the relative degree
of crystallinity for all neat PLLA and PLLA/CHAp. In all cases, the absolute values of AEx
for PLLA was higher than that for PLLA/CHAp, indicating that the CHAp nanoparticles
(10 wt%) lower the non-isothermal crystallization rate of PLLA. Interestingly, the values of
activation energy obtained by the Kissinger method for both PLLA and PLLA/CHAp also
fall on the curves in Fig. 14 at the relative degree of crystallinity near 10%. This indicates that
the Kissinger method may represent one case in the AEx dependence of crystallinity by the
Friedman method.
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Fig. 14. Dependence of effective activation energy on relative degree of crystallinity in non-
isothermal crystallization of PLLA and PLLA/CHAp nanocomposite.
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Fig. 15. Dependence of effective activation energy on average temperature for PLLA and
PLLA/CHAp nanocomposite. The solid lines represent the nonlinear fits.
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Furthermore, the relative degree of crystallinity is dependent on the non-isothermal
crystallization temperature. Thus the effective activation energy can be plotted as a function
of temperature by taking an average crystallization temperature associated with a certain
relative degree of crystallinity (Papageorgiou, Achilias et al. 2007). The symbols in Fig. 15
display the AEx -T relationship for neat PLLA and PLLA/CHAp, respectively. Vyazovkin
and Sbirrazzuoli (2004) recently derived an equation to correlate the dependence of effective
activation energy on temperature in terms of the Lauritzen-Hoffman parameters (U* and Ky):

. T2 702 _72 707
Ex(T)=U ———+K RI— T (20)
(T-T.)> & (1V-1y°T
© m
In the current investigation, the graphics software Origin® (Microcal Software, Inc) was
employed to perform the nonlinear fits of Equation (20) and the results are shown as the

solid lines in Fig. 15. The values of T., and Tr(r)z used were the same as those in Section 3.3.

The values of U* and K; yielded by the fits are shown in Table 5. The coefficients of
determination (r2) were found to be 0.97 and 1.00 for neat PLLA and PLLA/CHAp,
respectively. The K; values were similar to the values obtained from the isothermal
crystallization analysis for Regime III, i.e. for crystallization temperatures below 120 °C
(refer to Section 3.3). However, the regime transition was not observed due to the limited
temperature intervals in the non-isothermal crystallization experiment. The obtained values
of U* were much lower than the commonly used value of 6276 kJ/mol. This indicates that
the commonly used value of U* may not be applicable to all polymers. The current analysis
has demonstrated that the parameters of the Lauritzen-Hoffman equation can be obtained
from DSC data on the overall rates of non-isothermal crystallization. In fact, this method
have been successfully applied to the non-isothermal crystallization of a poly(ethylene
terephthalate) (PET) with medium to slow crystallization rates by Vyazovkin and
Sbirrazzuoli (2004), poly(propylene terephthalate) (PPT) and poly(butylene 2,6-naphthalate)
(PBN) with fast crystallization rates by Achilias et al (2005) and nanocomposites of
polyamide 6/halloysite nanotube recently by Guo et al (2009). In the current investigation,
the validity of using the Vyazovkin-Sbirrazzuoli method for PLLA and PLLA/CHAp
nanocomposite has been demonstrated.

U | K@ . o
Samples 8 Coefficient of Determination, 12
P g/mol) | (K
PLLA 1846 7.52x105 0.97
PLLA/CHAp 2565 6.37x105 1.00

Table 5. Lauritzen-Hoffman parameters for neat PLLA and PLLA/CHAp nanocomposite
obtained through isoconversion analysis of their non-isothermal crystallization.

4. Conclusions

The following conclusions can be drawn from the investigation into the effects of inclusion
of CHAp nanoparticles on thermal properties, isothermal and non-isothermal melt
crystallization kinetics of PLLA (Zhou, Duan et al. 2009):
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1. The addition of 10 wt% of CHAp decreased the glass transition temperature and cold
crystallization temperature of PLLA and slightly increased the melting temperature of
PLLA. When cooled rapidly (50 °C/min) from the melt, the neat PLLA remained
amorphous while PLLA/CHAp exhibited a crystallinity of 4%, which was probably
caused by induced heterogeneous nucleation due to the presence of CHAp
nanoparticles.

2. At high isothermal crystallization temperatures, the addition of CHAp decreased the
crystallization enthalpy significantly compared with that of neat PLLA. Such changes
imply a drop in the amount of crystals formed or a lower degree of perfection of the
crystals. The Avrami equation described the isothermal crystallization kinetics well for
both neat PLLA and PLLA/CHAp. The Avrami exponent n for neat PLLA and
PLLA/CHAp approached 3 when increasing the isothermal crystallization temperature
to 140°C, which indicates a three-dimensional crystal growth. The maximum isothermal
crystallization rate was found to be between 100 to 110 °C.

3. By using Lauritzen-Hoffman theory, the nucleation constant (K), the fold surface
energy (o) and the work of chain folding (g) for neat PLLA and PLLA/CHAp could be
obtained. The transition temperature from Regime II to Regime III was found to be
about 120 °C for both neat PLLA and PLLA/CHAp. The CHAp nanoparticles acted as
an efficient nucleating agent, thus increasing the nucleation rate and decreasing the fold
surface energy of PLLA. The nucleating agent effect of CHAp was also confirmed by
the observations of smaller spherulites in PLLA using polarized optical microscopy.

4. The non-isothermal crystallization kinetics of neat PLLA and PLLA/CHAp
nanocomposite were investigated with DSC at cooling rates range from 0.5 to 10
°C/min. The combined Avrami-Ozawa equation was applied to analyze the non-
isothermal crystallization process and the Ozawa exponent for neat PLLA and
PLLA/CHAp were found to be very close to their Avrami exponent. According to the
data obtained, the addition of CHAp only promoted the PLLA crystallization rate in the
initial crystallization stage due to crystal germination under the non-isothermal
condition. While in the isothermal condition, the addition of CHAp nanoparticles had
influences on both crystal germination and growth mainly in Regime II.

5. Using the Kissinger equation, the non-isothermal crystallization activation energies of
neat PLLA and PLLA/CHAp were found to be -149.67 and -124.91 kJ/mol,
respectively. The differential isoconversional method by Friedman was applied to
further estimate the dependence of the effective activation energy on the relative
crystallinity and temperature for PLLA and PLLA/CHAp under non-isothermal
crystallization. The Lauritzen-Hoffman parameters were obtained from the non-
isothermal crystallization data as well by using the Vyazovkin-Sbirrazzuoli equation,
and the values of U" and K, for neat PLLA and PLLA/CHAp were found to be 1846
J/mol and 7.52x105 K2, 2565 ]J/mol and 6.37x10° K2, respectively.
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1. Introduction

Optical properties of small particles are being investigated more than 100 years if dating
from the Mie’s works. However, the intense investigations of these properties have been
started in the last decades with intense studies of optical properties of nanocomposites,
including heterogeneous liquid-phase nanocomposites (HLPN) based upon semiconductor,
metal or structured nanoparticles with both a core and electron shell of different electrical
properties (Mixeeva & Sidorov, 2004, Fedorov & Baranov, 2005, Kul'chin(a) et.al., 2008,
Kul'chin(b) et.al.,2009, Kul'chin(c) et.al.,2009, Irimpan et.al.,2008, Krishnana et.al.,2008,
Ryasnyanskiy et.al.,2009, Kreibig & Vollmer, 1995). It is concerned with the fact that
nanocomposites based upon semiconductor and dielectric nanoparticles are of special
interest for those who develop illumination control means for optical information systems,
because of such nanoparticles’ great nonlinear-optical response in the near infrared and
visible ranges of light.

Nonlinear optical properties of nanocomposites are directly connected with physical
processes which occur inside nanoobjects under an influence of a laser radiation, and they
depend on electronic structure of nanoparticles. In particular, in metal nanoparticles as well
as in dielectric ones with a metal shell, on condition of plasmonic resonance, an increase of
effective nonlinearity of the nanocomposite’s medium and a decrease in energetic threshold
of nonlinear response can occur.

Low nonlinear optical threshold in the ranges of near infrared and visible light can be
observed in wide-gap semiconductor nanoparticles as well. For example, the investigation
of dependence of the density of energy, passed through a nanoparticle array in transparent
dielectric liquid matrix, on the density of incident energy have shown that threshold of
nonlinear optical response for the sample based upon TiO; illuminated with impulses of
T =10 ns on the wavelength of A = 1.06 pm is no greater than 0.15 nJ/sm?, impulses with the
wavelength of 0.53 pm provided the response less than 0.1 nJ/sm2. Nonlinear optical
properties of nanocomposites based upon dielectric nanoparticles with higher energy-gap
width E. were investigated to a less extent. It was concerned, presumably, with the
considerations that such energy-gap width could cause the nonlinear optical response of the
medium in the ultraviolet range of light. However, recent studies (Kul'chin et.al., 2008,
Kul'chin et.al.,2009 ) have shown that HLPN based upon dielectric nanoparticles can feature
low-threshold nonlinear optical response to an external illumination, impulse and
continuous alike, in the near infrared or visible ranges of light.
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As it shown in the work (Mixeeva & Sidorov, 2004, Irimpan et.al. 2008, Krishnana
et.al.,2008), such media based upon liquid-phase matrix with linear optical properties, being
under the influence of nanosecond impulses of near infrared and visible light ranges,
display low-threshold (less than 0.5 nJ/sm?2) nonlinear optical response. This response is
represented in either limitation of passed energy and greater medium transparency. The
character of this response in these media was tightly bound with a refraction index and an
energy gap width of nanoparticles material. The results of the work (Kul'chin(a) et.al.,2008,
Kul'chin(b) et.al.,2009 ) show that the same effects in such media can be witnessed in case of
use of continuous laser radiation as well. In both cases modulation of optical properties of
liquid heterogeneous medium can be caused by a combination of the next processes: light-
induced absorption change, light scattering by nanoparticles, thermal and photo-induced
modulation of refraction index.

The light intensity threshold value must depend both upon properties of nanoparticles
material and heterogeneous medium matrix material. It gives us an ability to change their
nonlinear optical properties by selection of appropriate materials as well as concentration, size
and shape of the nanoparticles. The existance of such nonlinear optical properties of
nanocomposites indicates that electronic structure of nanoparticles is considerably different
from that of a bulk sample. At least these differences are caused, firstly, by formation of areas
of allowed energy of charge carriers inside the forbidden band (these areas’ structure is
connected with a great density of surface defects of the crystal structure and a complex shape
of the nanoparticles). Secondly, by the effect of size quantization which causes a change of an
exciton energy spectrum and generation of a discrete energy spectrum in a conduction band of
free charge carriers, caused by a space limitation of their wave functions localization. Thirdly,
electric dipole moments of transitions within such quasi-zero dimensional objects can be
higher than such moments of volume samples (Kul'chin (c) et.al., 2009, Pjkutniy, 2006). As it
was shown during the experimental studies (Kul'chin(a) et.al., 2009), a substantial factor which
determines nonlinear optical properties of HLPN is a character of dependence of liquid matrix
refraction index on the temperature of the matrix medium.

Unfortunately, because of shortage of experimental studies together with even less amount
of theoretical studies on nonlinear optical properties of solid and liquid dielectric
nanocomposites based upon different dielectric nanoparticles, it is impossible to develop a
well-set outlines of physical processes occur within the aforementioned nanocomposites
under an influence of an external illumination.

Thus this paper, being based upon the results of our works (Kul'chin(a) et.al.,2008, Kul'chin
(b) et.al., 2009, Kul'chin (c) et.al., 2009, Dzyuba (a) et.al., 2010, Kul'chin (d) et.al. 2010, Dzyuba
(b) et.al.,2010, Dzyuba (d) et.al.,2010), deals with experimental and theoretical studies of
physical characteristics of nanoparticles responsible for specific optical properties of
dielectric nanocomposites. During theoretical description and explanation of experimental
data obtained, we considered nanoparticle as a multi-particle quantum system of charges
which combines elements of quantum structures of a polyatomic molecule and a bulk
crystal. Considering nanocomposites with quite a low concentration of nanoparticles
(fractions of a percent), we didn’t take into account interparticle interaction.

2. Peculiarities of electronic structure of dielectric nanoparticles

It is discovered nowadays that differences between optical properties of dielectric
nanoparticles and that of bulk samples are to a substantial degree bounded to differences



Threshold Optical Nonlinearity of Dielectric Nanocomposite 263

between energy spectra of nanoparticle’s charge carriers and bulk samples. Mainly, such
peculiarities of electronic structure of nanoparticles are caused by their small size and smaller
areas of localization of wave functions of their charge carriers. It leads to pronounced
quantum-sized effects not only within electronic subsystem of a nanoparticle but within other
oscillating subsystems, e.g. phononic ones. Secondly, the peculiarities are caused by
nanoparticles” shape which directly affects the energy spectrum of charge carriers and other
oscillating subsystems of the nanoparticle (Dzyuba (b) et.al., 2010, Dzyuba () et.al.,2010). The
third reason is the existence and a character of nanoparticle’s surface defects, inner structure
and impurity centers, which influence upon energy spectrum as well as dynamics and
relaxation mechanisms of states of charge carriers and other elementary excitations.

The effect of size quantization leads to a radical transformation of quasi-continuous energy
spectra and wave functions of charge carriers and elementary excitations of a nanoparticle
when its size is decreased. Describing the states, one must take into account a shape and a
limited size of a surface which has to satisfy boundary conditions imposed upon wave
functions of charge carriers and other elementary excitations. This procedure was carried
out carefully enough for the most symmetrical surfaces, e.g. for spherical or parallelepipedic
ones. It was discovered that discrete levels energy and energy gap width, regardless of a
shape, is inversely proportional to a v power of linear dimension of the nanoparticle when 1
< v <2 (Miyata & Ichikawa 2004). Experimental verification of this dependence has shown
that there is only a trend to such dependence which is more pronounced for nanoparticles
with size less than 2-3 nm. One of the main reasons of this dependence’s disturbance is a
deviation of a nanoparticle’s shape when compared to the symmetrical one. A modeling of
processes of influence of nanoparticle’s shape upon an electronic structure of charge carriers
and other elementary excitations is a very uncommon issue. However, by using the next
approach, we can investigate an influence of nanoparticle’s shape upon quantum-size states
of its charge carriers (Dzyuba (b) et.al.,2010). Let us consider an energy spectrum as a

functional E[S(f)] determined along the space of functions which describe a shape of a

nanoparticle’s surface s(f). Presenting this functional as variational series with variations

of the surface Ss(f). We obtain

. _q (SE[s(F)] sz 1 O°E[s(F)] .
E|s(7) |= Ey| $o(F) |+ | —=== os(&)dé +— || —=——=— 0s(&,)0s(&,)dEdE) + ...
OB+ [ =55 - (£) 2!'[?[55(51)55(52)5:50 (£)95(&)d41d8,)
where V - the nanoparticle’s volume, —y - variational derivative and

Os\§

68(&) = S(&)— Sy (};) - variation of the nanoparticle’s surface. Taking into account only the

SE[s(F)] _ dE[s(F)]

two terms of the variational derivative — —
5s(g)  ds(T)

8(f—&) we have

8s(7) - 1)
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It is convenient to choose a g (r) surface of a simple and the most symmetrical form in

order to obtain a well-known energy spectrum of charge carriers. Let us assume that an
undisturbed surface is a sphere -5 (f)=R; and proceed into a spherical coordinate system
(SCS). In this case the distance between the centre of the sphere and a point upon its surface
R(6,¢) will satisfy the condition Rj(6,9)=Rj. Within our spherical coordinate system a
variation  of the surface is  determined by the next expression
8s(R,0,0)=s(R,0,0)-s, (R,G,d)) =8R? (G,d)) =R*0,0)-R; where R’(0,4)- the square
distance between the centre of the sphere and a point upon disturbed surface s(R,0,¢). It is

known that energy of a free charge carrier inside the infinitely deep spherical hole with

2 32
nl

2R?m

function, m - the mass of a charge carrier. Introducing the designation E,_,(R,)=E}, from

radius Ry is determined by the expression E_|(R,)= , where a, | - roots of the Bessel

Eq. (1) we obtain -

SR*(0,
E,(6)= E&[l—%)- @

0

The angle 6 in Eq. (2) should be considered as an angle between a vector of the particle’s
angular momentum and a chosen spatial direction. There is a preferential spatial direction

which corresponds to OZ axis. When the particle’s plane of motion makes an angle 6 with
2

m
1(1+1)

OZ axis then cos*0=

, where £ and m - orbital and magnetic quantum numbers

dnp® dP
& (2nn)’ dE
of states that are not associated with spatial movement of the particle, P- impulse of the

correspondingly. Quantum states density is equal to, N(E) =] where Jg - amount

particle. In case of electrons or electron holes P=y2mE , J; = 2

3
4mp® dP _ +2m’?
np . _ \/—2 m3 v \/E .V
2nh)y " dE  wh
electron or electron hole. Density of states is a functional defined in the space of functions
which describe a geometrical shape of a nanoparticle. Thus we can consider N(E) as

- nanoparticle’s volume, m- effective mass of

N(E)=2

N(E) =N( )s( 5 +J.%(;) 85(%)dé+... and we can observe that for a small disturbance of
= 5@ |,
the surface 8s(r) the change of the quantum states density is determined
SN(E)

as AN(E) = I T(-E_,) 8s(€)dE . For quantum-size states we obtain the next expression

v
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where AE[SS(?)]: E[s(f)]— E[s0 (f)] .

Let us consider several examples of the approach presented. In a general case we represent
an  axial-symmetrical surface of a nanoparticle with the next equation
R? (9) =R][1+p°cos’(kB)]. Let p°=0,2,y=2,k=3. This nanoparticle has the
shape shown in Fig. 1. Relationships between energy spectrum and the density of quantum-

size states of this nanoparticle and the nanoparticle of a spherical shape with radius Ry are
equal to

2

SRR R f N[RI] (1, B[R (0)]

B[R] ~02 W+ e

' N[R?] 2 2E[R}]

The plots displaying such these relationships are shown in Fig.(1).
When Y= 3, k=2 the abovementioned relationships have the next form:

E[Rz} _1-02 2m’ | ', N[Rg] “l10 1[ 2m’ _IT . The corresponding plots are
E[R; ] - 00 +1) N[R?] T+
shown in Fig. (2).
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Fig. 1. (a) - 3D-model of a nanoparticle; (b) - Relationship between energy spectra and (c) -
quantum-size states
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Fig. 2. (a) - 3D-model of a nanoparticle; (b) - Relationship between energy spectra and (c)
quantum-size states .
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The examples demonstrate that nanoparticle’s shape deviation from the spherical one
lessens the degree of magnetic quantum number degeneracy of charge carriers energy. In
addition, this deviation leads to a formation of allowed energy minizones which lie above
(Fig. 2) as well as below (Fig. 1) non-split levels of a spherical nanoparticle. It causes a
corresponding change of quantum-states density which can be greater (Fig.1) or lesser
(Fig.2) than a base level.

Previously we considered single-particle states of charge carriers, but formation of optical
properties of dielectric and semiconductor nanostructures depends mostly upon double-
particle states also known as exciton states. A contribution of exciton states into optical
properties is substantial if their Bohr radius is comparable to nanoparticle’s size (or less than
the size - the weak confinement regime). In contrast to the single-particle states, the accurate
description of exciton states is impossible even for spherical nanoparticles. Use of
approximate approaches which utilize a model of a nanoparticle represented as a deep
potential hole of a spherical shape, and modeling the influence of a boundary upon charge
carriers by a quantum hole potential allowed us to make some overall conclusions on energy
spectrum of exciton within a nanoparticle (Fedorov & Baranov, 2005).

First of all, every size of a nanoparticle is associated with a finite amount of levels with
negative exciton binding energy; this amount is decreasing when an exciton is lessening.
There is a critical nanoparticle’s size such that these levels disappear. Secondly, the orbital
quantum state degeneracy of a relative motion, peculiar to Coulomb motion in infinite
medium is removed.

We can investigate an influence of nanoparticles” shape and size upon exciton energy
spectrum more carefully by using an exactly solvable model of a nanoparticle represented as
a system of two charge carriers - electron and electron hole, which exist inside an infinitely
deep potential hole limited by paraboloid of revolution and sizes of real nanoparticles
(Kul'chin(c) et.al.,2009). We estimate exciton energy spectrum taking into account only
Coulomb interaction between electron and electron hole as well as quantum size effect in the
effective mass approach. This assumption is reasonable due to comparatively small sizes of
nanoparticles. Exciton’s wave function ¥ (n,£,¢) in a parabolic coordinate system with the

centre in the centre of gravity of electron-hole pair satisfies the next equation (Landau &

Lifshich (a) 2002)
e
g+n| o0&\~ o0& ) onl on én op s+

Eq. (4) utilizes relative units where the Plank constant and a charge are equal to 1, masses of

memh
m,+m,

m . . .
electron m,, electron hole * ™ and exciton p= are chosen in accordance with the

effective in accordance with the effective mass approach; as a length unit Bohr radius of the

exciton. Parabolic coordinates are connected with Cartesian ones as it follows x =,/Encos¢,
: 1
y = a'l’] sm(I) , Z :E(X;-n) .

Paraboloid of revolution around the OZ axis in parabolic coordinates system is represented
with the equation n=m, (smaller values of n, correspond to a narrower paraboloid); a
surface z =z, which is a base of nanoparticle is represented with the equation §=2z,+n.
Coordinates of nanoparticle’s surface points satisfy the equations n=n, and §=2z,+n.



Threshold Optical Nonlinearity of Dielectric Nanocomposite 267

The corresponding boundary condition imposed upon the wave function on the surface of the
potential hole has the next form ‘I’(no,§ =2z, + n,(p) =0. A solution of this equation which is
finite in the centre of coordinate system and zero-equal on the infinity is expressed by using
degenerated hypergeometric functions F(oc,

m| +1, p) . This solution has the next form

et (ot |mi)(B+Jml):
lII(n’&’(p)_cnﬂmp\/ alp! g
fm|
xF[-a,|m|+1,§jF(—B,|m|+l,£]exp(-%—%+im@j(%j
The n number defines exciton’s binding energy levels E_ =- pe” = B _13,6eV.

2i%e2n®  mgln’
There is a ground quantum state with p=1,a=0 and n(|m|+1):n[J which satisfies the
boundary condition upon the side surface of the paraboloid of revolution. In this case

n:lmlﬂiJ(lml“)Z n

2 4 |m|+1

and every value of quantum number m is associated with

two levels. The value of m =0 corresponds to an exciton which has a motion plane parallel
to OZ. The effective masses of electron and electron hole in, e.g. A:O; are equal to 0.4m,

and 6.2m, . Given these masses within the nanoparticle of 40 nm height and 40 nm width of
a bottom the value of n, is equal to 13 a.u. and the binding energies of the exciton’s ground

state are equal to 0.07eV and -0.04eV correspondingly. Assuming the kinetic energy of
exciton’s motion to be negligibly small, we come to the conclusion that energy levels of the
exciton lie inside the forbidden band at a ranges of 0.07eV and 0.04eV from the bottom of
conduction band.

The second duplet of levels corresponding to m =1 lies at range 0.05 eV and 0.21 eV from
the conduction band to the direction of forbidden band. These values for m=2,3,4 are
equal to 0.03 eV and 0.58 eV, 0.04 eV and 1.36 eV, 0.02 and 4.06 eV correspondingly. One can
observe the effect of geometrical amplification of electron-hole interaction in the spectrum of
the abovementioned lines. The boundary condition upon the surface &=2z,+n is

mf+1 \/(Imlﬂ)z 22,

+ . .
N . One can witness in

assosiateld with excited state with n= +
4 |m|+1

2

this state a dependence of energy levels on coordinate n hich varies in the range from 0 to
1, The dependence demonstrates an influence of a surface shape of a potential hole upon
exciton’s energy spectrum. Generally, the exciton’s energy spectrum remains constant. It
consists of two areas: the first one is virtually continuous and it lies next to the bottom of the
conduction band, the second one is discrete and it lies in the deep of the forbidden band.

In the effective mass approach the wave function ‘P(n,&,@) of a free motion of the

nanoparticle within the potential hole in parabolic system of coordinates satisfies the Eq. (4)
considered without the Coulomb’s term. This equation’s solution, which is finite in the
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centre of the coordinate system, is known and is expressed by using Bessel functions

‘F(n,i,(p) = C]% (%nj]% (g &] exp(m(p) . The spectrum of free particles is

M, |1 |
= | 2t
M ,m, N (2z,+m)

E 7

n,m

M, 1, - relative mass of an electron or an hole.

Energy spectrum of free charge carriers like energy spectrum of an exciton is dependent of 1.
Thus, taking into account natural and thermal broadening of levels, we can say that energy
spectrum of the exciton is formed as a virtually continuous band with a width of 0.1 eV
approx., adjacent from the bottom to the conduction band, and broadened discrete levels
which lie within the forbidden band at the range about 0.2eV from the bottom of conduction
band. Energy spectrum of charge carriers in the conduction band can have discrete levels as
well.

The above results may be summed up as follows: we can build up a model of a diagram of
energy levels of single- and double-particles charge carriers states in dielectric nanoparticles
(Fig. 3) by using Al,O, nanoparticles as an example. This particle is of a complex shape and
its sizes are equal to 40-50 nm approx. (Fig. 4).

Unlike volume samples, the nanoparticles charge carriers can have an energy spectrum with
broadened quantum size levels, broad band of exciton states and a subzone of allowed
energies, lying within forbidden band, caused by surface and internal defects of
nanoparticle’s material, impurity centers etc., It should be noted that electronic structure of
nanoparticle within a matrix depends to a great extent on relationship of dielectric

R - . . . € -
permittivities —- of materials of matrix and nanoparticles.When —>1 polarization

€, €,
interaction leads to positive charges (holes) attraction to the inner surface of a nanoparticle
and to exciton destruction. Internal surface states are established and their contribution to

the subzone of allowed energies causes its drift towards valence band. When Ha
€

polarization interaction leads to a repulsion of charges from the nanoparticle’s surface

1.52 s
MOS8 1T e gas 144
—

10 nm

0.1 um

Fig. 3. Images of Al1203 nanoparticles obtained by using SAFM.



Threshold Optical Nonlinearity of Dielectric Nanocomposite 269

conduction band

- * size-quantization
§ev| S fVF——————— levels

-exsiton levels
1ev

3,7 ev

2ev
band gap "} subzone of allowed

energies
>
72V 08+ 1cV

Fig. 4. The diagram of energy levels of single- and double-particles states of charge carriers
in dielectric nanoparticles.

towards the inside so the exciton states are formed. However, if nanoparticle’s sizes are

g, t¢g,

small, we have a<a_ =6 a,, where a, - Bohr radius of charge carrier in the

€78
nanoparticle. Otherwise the energy spectrum will be defined by quantum-size states.

2.1 Absorption and scattering cross-sections of dielectric nanoparticles and
transmission spectrum of HLPN

One of the most important and informative optical characteristics of electronic structure and
physical mechanisms responsible for optical properties of HLPN in near infrared and
ultraviolet light are cross-sections of absorption o, (®,a) and scattering o, (w,a) of light by
nanoparticles as well as light transmission spectrum of HLPN -T(m,a,N). Cross-sections
o,(w,a) and o,(w,a) and their dependence upon nanoparticle’s shape and light frequency
® can be defined in terms of polarizability of nanoparticle’s volume unit A(w,a) with the
next expressions .

4
0,(,2) =2 VImA(0,a), do,(0,a)=-2-V?|A(0a)[ sin?0dQ, )
c c

where 6 - angle between a direction of a scattering vector and electric field vector, c - the
speed of light in vacuum. Within the framework of dipole approach a polarizabilty of
nanoparticle’s volume unit is defined by D, ( ) elements of the matrix of electric dipole
moment of transition between | ) and |]> states -

PG (o

A(w,a)= 3 )(n.+iz |Dii(a2)|2ri 0o |, ©)
Vh i (0) oo) +u)21"j2 Y ((;)2—0)].2) +(ozl"j2 l
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where summation is carried out over all dipole moments excited by a laser radiation, o, -
transition frequency, I';- a width of excited level, 7 - Plank’s constant. It follows from the
Eq. (5) and (6) that expressions for absorption cross-section and scattering cross-section of
nanoparticle should be written as

2
D, TI.
ou(oa)-ty DL 0, "
< (mz-mf) +oT;
2 2
4P ‘Di.(a)‘ D, (a) ool -o’ (002—(1)2)+l"‘l" ]
o, (0a) =" X Puefopdlel el w)eTh]

ij ik l:(wi _002)2 + wzri:H:((ujz -0 )2 +¢02sz:|

where P = Jsinz 06dQ . Dependence of the cross-sections on nanoparticle’s size can be found
4n

knowing a relation between values of D; (a), o; , I'; and nanoparticle’s size. The value of
matrix element of a dipole moment of a state |1> to a state |]> transition is
D;(a) :A(el,az)e<j|ﬁ|i> , where T - radius-vector of a charge, y- vector of polarization
direction of the electromagnetic wave which induced the abovementioned transition. The
factor A(g,,¢,) is responsible for nanoparticle’s shape as well as for dielectric permittivities

of nanoparticle and medium surrounding this nanoparticle. The theorem on a mean value of
definite integral as well as from wave function normalization imply that

D;(a)= A(sl,sz)e‘I’Eﬂ(fl)‘I’m(fl)If?df =d,a, where T, - radius-vector of a point inside the
\%

nanoparticle, value of d;is directly related to a shape of nanoparticle. The linear
dependence of D; (a) upon a shape of nanoparticle is valid for any a smaller than a..
Reaching this limit we must take into account polarization interaction between charge
carriers and charge induced at the nanoparticle-medium interface [19]. On condition that
nanoparticle’s size exceeds a_, the D; (a) is defined by a size of localization area of dipole
transitions states. In case of a transition to an area with continuous spectrum a matrix

transition element will be proportional to an area of charge carrier’s delocalization -
aapprox., i.e. as in case of bound states. Thus, considering dipole moments of transition

towards quantum-size states Dj (a), exciton states Df* (a) and continuous spectrum states

ij(a), we can write: Df]! (a):df}a, ijx(a):dfjxa and ij(a):dfja. Frequencies of
oy . Ej hd)]z Cj 2
transitions to quantum size states o, =—=——"—y=— , where (1)j - roots of
" h 2m,a a
Schrodinger equation for free electrons (electron holes) inside the potential hole, defined
from the conditions upon the boundaries of the hole, m, and m, - effective masses of an

electron and a hole correspondingly, y, - factor defined by a shape of a nanoparticle.
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The expressions obtained allow us to determine o,(®,a) and o,(®,a) for the next charge

carriers transitions: towards quantum size states

T,
oi(0a)= 0% L ®)
Ch 735 :
’ [(wz .l )] o'
a
4Po* didicc,[ (c]2 -ate’ )(ci -a'e’ ) +a'T T, (1)2]

ath; 9)

o (wa)=—=2 2
il ik [(Ci'a4coz)2+a8(02ri:||:(C]-2-a4w2)2+a8wzrﬂ

towards exciton states

o2 (o) -y drwel (10)
ch (u)z—(ojz) +(»2sz

o (w,a _4P0) ) dizk(njmk[ (wf-mz)(mi_m2)+wzrjrk ] 4
s cth? ij ik ‘:(mi'0)2)2+0)2ri:H:(0)j2'0)2)2+0)21"j2:|

For transitions towards continuous spectrum with o, =

81 di’ao . 4Pw 2d3
0a)- ST o) Sy 3l a

ij j ij ik

The expression for transmission spectrum T of a flat layer with a thickness of h (h>>2 ) of
a nanocomposite during a normal light incidence is

(1 -R? )2 exp(-ah)

T ,ad, = 7
(o) 1-R*exp(-2ah)

(12)

where R - coefficient of light reflection from the layer’s edge which is, as a rule, much
smaller than 1 on experimental conditions. Extinction coefficient o is expressed by
abovementioned cross-sections of absorption and scattering, a number N of nanoparticles

per volume unit - a:N[ca(m,a)+cs(w,a)J+am(co) and coefficient of laser light
attenuation by matrix medium a, (w). The ratio of cross-sections of absorption to

scattering, on condition that the width of the j -th excited level is only slightly dependent of

j,is % = 27tc3hF Z| )|2 ~ ®’a’ . For nanoparticles with size within range from 10

to 100 nm in the frequency range from 10" to 10" Hz and when I' =10° Hz, the ratio of the
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cross-sections doesn’t exceed 107 , so the main factor which defines T(m,a,N) is a light

absorption by nanoparticles.

Fig. 5 shows the light transmission spectrum of AlO3 nanoparticles ensemble obtained by
using Hitachi U2010 spectrophotometer. Energy gap width of a volume sample of
aluminium oxide is within range from 6 eV to 8.8 eV, its refraction index is equal to 1.7
approx. Through the use of this sample and a transparent liquid dielectric matrix a
heterogenous liquid-phase nanocomposite (HLPN) was prepared. A liquid matrix was
based upon the vacuum oil VM-4 (a colorless transparent and viscous liquid with refraction
index equal to 1.4 approx.). The vacuum oil has linear optical properties in infrared and
visible light. The nanoparticles interacted very weakly, it was possible due to a very low
mass concentration of the nanoparticles in the HLPN (0.03% approx.).

The nanocomposite prepared was placed inside a parallelepiped cuvette made of a 160 pm
optical glass, cuvette width was 20 mm along the light propagation direction. The reference
sample was made of a similar cuvette with a pure vacuum oil. According to a common
procedure we obtained the light transmission spectrum of A, O3 nanoparticles ensemble- it
was carried out by division of the nanocomposite transmission spectrum by transmission
spectrum of the reference sample. Wavelength resolution was AA = 0.5 nm. It follows from
the results obtained, that there are two shallow absorption bands within spectral ranges 220-
225 nm and 265-307 nm as well as relatively deep absorption band within spectral range
308-400 nm. The corresponding minimum values of transmission coefficient

T(X = 237nm) =0425, T(h= 287nm) =0.445 and T(X = 337nm) =0.178.

08 = E=0,875 eV —4

: | /. 55 - 4
03 7 50 I — —

\ s " — ~
02 \
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Fig. 5. The light transmission spectrum of Al,O3 nanoparticles ensemble. Wavelength
resolution AA = 0.5 nm. Mass concentration of nanoparticles in the HLPN is 0.03% approx.
a) Infrared light transmission spectrum: experimental (solid line) and theoretical (dashed
line) curves. Curves from 1 to 4 correspond to different nanoparticles concentration - from a
maximum concentration (curve 1) to a minimum one (curve 2).

The T(%) plot in the vicinity of transmission spectrum minimum (308-400 nm) is of an
asymmetrical shape. Long wavelength (in comparison with central wavelength A = 337 nm)
portion of absorption band curve is more sloping than that of a short wavelength, it counts
in favours of exciton states existence in the nanoparticles under study. Photon energy which
corresponds to the minimum transmission wavelength A =337 nm is equal to 3.7 eV. It is
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considerably less than E, energy gap width of a bulk crystal, but is approximately equal to
the value of E, = 3.6 eV for Al;Os nanoparticles stated in the appropriate work (Mixeeva &
Sidorov, 2004). Difference between these values and the values of E, of a bulk crystal are
attributable to a considerable change of electronic structure of AlLOj crystals caused by
small size of nanoparticles and a substantial number of near-surface defects of
nanoparticle’s crystal structure due to the complex structure of nanoparticles. In this case
the value of Eg =3.7 ev, and it will correspond with the energy of a transition from defect
zone centre to conduction band. Photon energies associated with the other minima equal to
4.1eV and 5.2 eV correspond to transitions to quantum-size states and energy of 0.875 eV
corresponds to a transition between quantum-size states with minimal energy (Fig. 4).

By using the expressions (8-11) the model of 5 the Al,O; nanoparticles ensemble
transmission spectrum which relates the transmission spectrum to the light frequency and a
size of nanoparticles was developed. Depending upon the light frequency the expression for
transmission spectrum has the next form

T(w,a)~ exp[—Nh(Aj‘m’2 +A% w7 + Ajam)} ,when ©>o,, (13)

T(w,a)~ exp[—Nh(Aga%Z +A%a’w’ +A§aa)ﬂ ,when o<o,. (14)

In the vicinity of resonance frequency ; (% =337nm), introducing the quntity Ao=w-0o,,
we obtain

T(m,a)zexp[ —th +ASaw )] , (15)

ij

ngCjF]. dfsz(njfjaz
+
4A0* + r]? 4N + r]?

where summation is carried out over the all state |1> to state |]> transitions.

It was supposed that the main mechanisms responsible for the transmission spectrum
witnessed were the charge carriers transitions from defect energy zone, localized within
forbidden band, to the exciton states (A> 337 nm), with their subsequent light-induced
destruction and the transition to quantum-size states. In case of wavelength A< 337 nm the
main mechanisms are the charge carriers transition from additional allowed energy bands to
a conduction band including quantum-size states. The intersections of curves correspond to
an experimentally obtained values of light transmission spectrum which were used to
derive the set of equations in unknowns A and I'.

As it follows from the Fig. 5 there is a good correspondence between experimental curve
and the theoretical one which counts in favor of proposed mechanisms of generation of the
light transmission spectrum reasoned by the electronic structure of dielectric nanoparticles.
It should be noticed that the same transmission spectra can be observed in case of using
many other semiconductor and dielectric nanoparticles (Mixeeva & Sidorov, 2004).

2. Basics of theory of optical nonlinearity of dielectric nanocomposites

Over the last years, experimental studies of nonlinear optical properties of nanocomposites
[1-8] with small concentrations of wide band semiconductor and dielectric nanoparticles
embedded into dielectric matrix have revealed, that these media, influenced by either of
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nanosecond pulses and continuous illumination of near infrared and visible light,
demonstrate a low threshold (pulse regime P, < 0.5 n]/ cm?®) response. This response
disappears when the light intensity becomes high, and the dependence of intensity of the
output light (passed through the nanocomposite) on the input light (incident upon the
nanocomposite) intensity P, (P,,) becomes a linear one. Secondly, despite the broad energy
gap of volume samples of nanoparticles, e.g. AlO3 has this gap equal to 7.2 eV, the
nonlinear response can be witnessed in near infrared and visible light ranges. Thirdly, this
response exists when the light transmission spectrum of nanoparticles has broad light
absorption bands which are absent in volume samples, and there exists such frequency w, of
the light that is, being different from the central frequency of absorption band, responsible
for change of a sign of nonlinear addition to the nanocomposite’s refraction index when this
frequency is overcome.

The theory of optical nonlinearity of effective refraction index of dielectric nanocomposites
in the field of a weak laser radiation is based upon the next assumptions: the main reasons
of low threshold nonlinearity of refraction index are: 1) a dipole electrical moment of a
nanoparticle, induced by an external optical radiation and caused by the difference of
charge carrier states populations which is distinct from the thermal one; 2) the direction of
polarization vector of nanoparticles along the polarization vector of the external optical
field. The most simple, from the point of view of describing media with nonlinear optical
properties, is a «gas» of nanoparticles. Liquid and solid nanocomposites have a more
complex structure but they can be prepared easier. Theoretical descriptions of refraction
indices of these media have very much in common. Because of this, we consider a
nanocomposite which consists of dielectric nanoparticles embedded into transparent liquid
matrix made of isotropic dielectric material. The nanocomposite obtained is characterized by
linear optical properties and a small coefficient of viscosity of nanoparticle. Let the amount
N of particles per unit volume be small enough to neglect the interaction between

nanoparticles. Let o= {%} -effective polarization tensor of nanoparticle in such matrix, so
the components of electric dipole moment of the nanoparticle, which is induced by a
monochromatic and linearly polarized electromagnetic field with frequency ® and vector
of electric field intensity, are defined directly by the external field rather than by the local

one. Let introduce two coordinate systems with the common centre. The first one is a
coordinate system of principal axes of polarization tensor of an arbitrary nanoparticle

{al,az,%} with (ﬁl,ﬁZ ﬁ3) basis vectors, and the second one is a laboratory Cartesian

coordinate system with (ﬁx,ﬁy,ﬁz) basis vectors. The {al,az,%} coordinate system

— 3 — —
defines polarization vector of the nanoparticle as P=>" a;(ME)n,; . If Evector is aligned
j
with Z axis so the projection of the polarization vector upon this axis is equal to

3 3
P, = Z o, E(nn,)’ = Z a;Ecos®0;, (16)
] ]

Where 6,,6,,0, - angles between vector Eand {a,,0,,0,} axis correspondingly. In the lab

coordinate system P,=a,E. Comparing this expression with the Eq.(16) we obtain
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o, = (01, c08” 0, + 0Ly, cOs” 0, + 0y, cos” 0;) .Polarizabilty tensor y = {xi].} of such medium to a
first approximation can be assumed diagonal and polarization vector of voiume unit is
D=1y,,E. In this expression y,, =N <a,, > where brackets mean averaging over angles of

directions of nanoparticle’s polarization vector. Making little manipulations and taking into
account the expression 1=cos”0, +cos’0, +cos’0, one can obtain the next expression for -

%2 =N( + A0, Q, +Aa,Q, ) where Q, =< Cos’6, —% > and Q,=<Cos’0, —% > actually

are parameters of orientation order of nanoparticles in the external field, and
_ Oy T 0y + 0y

’ 3
Nanoparticle’s reorientation in the external field is connected with an alteration of its energy

s Aoy =01 — 0y, Ao, =00, — 0y

U= —%Re(f) : ]:Z) of interaction with this field. It causes the angle distribution function and

hence order parameters Q, and Q, to be dependent upon the field intensity, and, through
the mediation of o; component, upon the light frequency. The values of these parameters

lie within range from -1/3 to 2/3 independently of light frequency and its intensity. In case
of uniform angular distribution these values are equal to zero. If a one of the Q parameters
is equal to 2/3 it indicates that vector p of nanoparticle’s dipole moment is directed along

the one axis (Q:%) and is directed perpendicularly the other ones (Q:—%). In the

frequency range where light transmission spectra of nanoparticles have broad absorption
bands or sets of relatively narrow bands, the components of tensor o, should reach

maximum values associated with charge carriers dipole state |n> to state |g> transitions. It

is known that diagonal elements of the o, tensor within the abovementioned frequency

range can be represented as (Shen 1983)

2
|< n|eri|g >|

a;(w) = Zz

frdars h(m—mng +ian)

Apng ’ (17)

where summation is carried out over all allowed optical transitions of nanoparticle’s charge
carriers with transition frequency ©,,, half-width of the transition line T',, and component

of dipole electric moment equal to p}, =< n|eri| g >. Population difference Ap,, between

states |n> and |g> induced by a light is a function of the incident light intensity. To a

double-particles system approximation [21] this function is

— _ I/Is 2 0
S R T TP TR R )

where Ap;, - equilibrium thermal population difference, I, - saturation intensity associated

L A . -
with % amount of charge carriers transitioned from state |n> to state | g) .



276 Advances in Diverse Industrial Applications of Nanocomposites

Complex nonlinear refraction index n(m,I) of a nanocomposite in the field of linearly

polarized light, in view of Eq. (17) and (18), can be expressed as

2my,, (o,1) 0-0, . r,
o)<+ Tl 3 ap, 1) A (0,009
(u)—u)ng) +an ((D—(Dng) +an
where A _(Q,,Q,)= zhnN[; ’ +Q,([Pas g Prg. 2)+Qz(png2 g Prg. 2)] is a monotonic
0

rising function of 1. Isotropic nanoparticles have a polarization vector always directed along
the vector E and a A_(Q,Q,) of a maximum value, which is equal to

27N |-
Ang(Ql'Qz): h7rt1

<| - When the light intensity is equal to zero, due to a lack of own

dipole moments of nanoparticles A, (Ql,Qz) =0 and the refraction index n(®, I)=n,. The

real part of the refraction index responsible for light refraction is

(I/Is)rng2 Ang(Ql ’QZ)((D - (Dng) 0
no + ZZ { [1 ( mng )2 + rngZ(l + I/Is))] ((’)7(’)“g )2 + l—~2ng Apng } : (20)

Electronic structure of dielectric nanoparticles is characterized by broad light absorption
bands, absent within volume samples, a wide energy gap, a subzone of allowed energy
(exciton, doped, etc.) of electrons within forbidden band and adjacent to the bottom of
conduction band and broadened quantum-size levels (minizones). Allowance of the
electronic structure of nanoparticles can be made by substituting in the Eq. (5) the
integration within limits from (0-A®,) to (0+Aw,) with state densities g,and g,
correspondingly for the summation over | g) states. Here o, is the frequency of interzone
transition from state |n> to a quantum-size zone, Aw, - the width of allowed energies
subzone within forbidden band, Aw, - the width of subzone of quantum size levels which
corresponds t0|g> states. For the sake of simplicity of the expressions to obtain, let us
assume the state densities and to be independent of frequency and I',, =T, . Going from
summation to integration over frequencies in Eq. (20) we obtain

. (0 (@, ~A0 ) +T2,(141) (0-0, +T2%, (1+2)
n'(w'l):né+§;An(Q1rQ2)APO gIn —+g,In

L@
(-0, +T2 (1+ Ii) (@ (o, + Aw,))? +T2 (1+ Ii)

s s

In case of nanoparticles a value of I', can be much higher than T as in case of molecules.

This is supported by the fact of considerable broadening of absorption bands in
nanoparticles in comparison with that of volume samples. Eq. (21) shows that nonlinear part
of refraction index n, (I), being the function of external illumination intensity, is described

by product of A (Q,,Q,) and logarithms within square brackets. The behavior of these

multipliers with increase of light intensity is the opposite one as it shown in Fig. 6.
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n,(I)

|
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Fig. 6. The behavior of: a) curve 1 - value of A (Q,,Q,) per unit, curve 2 value of Ap,, (I)
per unit; b) nonlinear part of the refraction index.

In case of solid nanocomposites the value of A (Q,,Q,) is close to zero when external
illumination intensity is less than nonlinearity threshold, and the A (Q,,Q,) is a constant
when the intensity exceeds the threshold value. In particular, isotropic nanoparticles, e.g. of a
spherical shape, have A (Q,,Q,) of a maximum value. When the light intensity increases,
the value of A, (Q,,Q,) rises up rapidly (Fig. 1a) reaching its maximum (corresponding with
a full orientation of nanoparticles along the field) and the values of logarithms in the nonlinear
part of the refraction index n'(®,I) go down to zero (Fig. 6a). From the physical point of view
it corresponds with population differenc Ap, . e equal to zero.

The competition between these two opposedly directed processes leads to a rather rapid
increase

of nonlinear part of refraction index of a nanocomposite, when the external illumination
intensity grows up, reaching up its maximum with a subsequent fall down to zero (Fig. 6b).
During experiments it was discovered that a similar dependence of refraction index
emerged as a selfrefraction of the laser beam, and a nonlinearity of dependence of the
output light intensity on the input light intensity P, , (P, ). The next important result follows

from the Eq. (21). If (0—o,)>0than the nonlinear part of refraction index is positive, if
(o—w,)< 0 sosuch light frequency o, will exist, that will be responsible for the change of
sign of nonlinear part when this frequency is exceeded. In particular, if g, =g, , so
0, =0 _ Ao, A, and if ©> o, it has a negative value. This effect of a sign changing
2 P
was observed during experiments described in works [3,4] when the frequencies
corresponded to (2-2.3) eV were used. According to Eq. (21), the change of sign must occur
when the difference (Ao, —A®,) corresponds to 3-3.4 eV. According to works (Mixeeva &

Sidorov, 2004, Kul'chin(a) et.al.,2008, Kul'chin(b) et.al.,2009) , in this case ®, is equal to 3.7
eV, and absorption band has a very smear longwavelength edge.

The other experimentally discovered fact follows from the Eq.(21). When
(0-0,)>(Ao,,An,) the refraction index of the nanocomposite is linear. It means that low
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threshold nonlinear optical response is observed within the frequency range inside the
absorption band.

We can refer to the only one work (Vituxnovski et. al. 2008) which contains indirect
estimation of nonlinear addition to the refraction index n;* based upon experimental

results. Thus, for the purpose of comparison of theoretical values of n,, we use the

experimental results described in works (Vituxnovski et. al. 2008, Kul'chin(a) et.al.,2008)
which allow us to make an estimation of nj . The abovementioned experiments shown a

photoinduced non-thermal selfrefraction of the laser beam passing through a cuvette with a
liquid nanocomposite as well as formation of interference rings of number M which is
sufficient for the estimation of a nonlinear addition to a refraction index. The experimental
results of the work (Kul'chin(a) et.al.,2008) demonstrate from 2 to 4 bright rings in
dependence on the 633 nm light intensity. If the nanocomposite layer thickness £ is equal to

ex

20 mm so, by using the - M = it is easy to determine that n® ~0.13-10” for M =4

and n® ~0.65-10*for M =2. The nanoparticles concentration is N #1013 cm3 and their
size varies from 40 to 50 nm. The matrix refraction index n,~1.4, the refraction index of
Al,O, nanoparticles is 1.7 approx. Photon energy corresponding to the maximum light

absorption by nanoparticles is 3.7 eV (Fig. 5), and the energy quantum of laser radiation is
equal to 1.96 eV. In this case a dipole transition of electron to an exciton state is most
probable due to the quantum energy which is less than energy gap of the nanoparticle. Due
to its small volume (1017 cm3), the nanoparticle will host only a small quantity of such
transitions. Thus, we use the Eq.(20) to estimate the value of n_ . For small intensities of

laser radiation and a small amount of possible transitions we have
A , (A0

nn(I)"‘ ng(Ql QZZ)( > ng)A E‘g’

(m—mng) +T7,

where Apgg ~1. The dipole electric moment, induced by

transition, for such nanoparticles is proportional to their size p,, ~ Aea where form-factor A
~ 1. The nanoparticles used in the experimental studies [3] were of wide absorption band;
wavelength 2 =633 nm lies within absorption band, so the o, is equal to central frequency
corresponding to A =335 nm wavelength. And (©— (nng)2 > ang . Using the expression for

AL (Q,,Q,) we obtain n, ~0.32-10 for small light intensities (Q,and Q, are close to

zero) and n, #0.96-10* with a full orientation of nanoparticles along the field. The

nanocomposite described in work (Vituxnovski et. al. 2008) was based upon the immersion
of quantum dotes CdSe/ZnS in toluene with sizes of 1.9 nm and 2.6 nm with a
concentration 1014 cm-3 approx. Similar to the previous case, laser radiation frequencies were
inside the limits of the absorption bands and (0-o,,)~( 10" +10"®) Hz. Theoretically

estimated values of nonlinear addition to the refraction index were n_ € [8 -107°+1.3- 10’3J ,

the values defined experimentally, were described in the work and were
n; e [8.75 10°+3.5- 10’3J . Due to limitation of the paper we have closely considered only

nonlinear refraction with no regard to light absorption and scattering, which can be
investigated by using the methods discussed above.
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A good qualitative and quantitative correspondence of theoretical model proposed with
experimental data makes it possible to say that low threshold nonlinear optical response of
dielectric nanostructures and its behavior ,with the growth of the external illumination
intensity, are caused, mainly, by photoinduced dipole electric moment of nanoparticles and
by dependence charge carriers population difference on light intensity as well as their
orientation along the polarization vector of the external optical field.

We have to notice that we didn’t take into account a mechanisms, additional to regarded
ones, which consists of spatial redistribution of nanoparticles in the field of a laser beam.
This mechanisms can be effective in the constant laser fields with their high irregularity
along the beam profile and a high mobility of nanoparticles inside the matrix.

3. Nonlinear optical effects in the laser field. Experiment.

3.1 Experimental setup

For investigation of the influence of optical properties of the liquid phase matrix upon
nonlinear optical properties of heterogeneous liquid-phase nanocomposites (HLPN) the
experimental setup shown in Fig. 7 was used (Kul'chin(a) et.al.2008). As a source of
continuous illumination we used a 50 mW He-Ne laser (1) at the wavelength of 632 nm
pumped by array of 40 mW continuous semiconductor YAG:Nd lasers at the wavelength of
a second harmonic A = 532 nm. The laser power was controlled by a mounted set of neutral
light filters (2). In order to control the radiation power level a part of the laser beam was
separated by a beam splitter (3) and was registered by a photodetector (9); a signal of the
photodetector after passing through an ADC (3) was received by a PC (11). A 30 cm focal
length lens (4) was used for focusing the laser beam on the plane-parallel cuvette (5) with
the HLPN under study. The cuvette used was made of 160 pm optical glass and was of a
length of 20 mm along the light propagation direction. An axially mounted diaphragm with
the aperture of 1 mm diameter separated a central area of the laser beam to be registered by
the photodetector (7). The registered signal was digitalized by ADC (7) and processed by the
PC (11).

Fig. 7. The scheme of experimental setup

As liquid phase matrices of HLPN the next transparent media were used: vacuum oil VM-4
(refraction index n~1,4) and immersion oil (n~1,5) with linear and nonlinear optical
properties in visible and near infrared ranges of light correspondingly. Nanoparticles in the
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HLPN were of wide band dielectric Al;O3; (corundum) with n~ 1.7. A corundum crystal has
a hexagonal symmetry and its energy gap width, according to different sources, varies from
6.26 to 8.8 eV [9,10]. The nanoparticles of a current shape were extracted from industrially
prepared by the explosion method nanopowders by levigating in the acetone. Volume
concentration of nanoparticles in HLPN was varied from 0.03% to 0.3%. Maximal average
lateral dimension of nanoparticles was within range from 40 to 50 nm and the surface of
AlOs nanoparticles isn’t flat but of a complex multipeak pyramidal form (Fig. 3).

3.2 Single-frequency light-HLPN interaction.

To estimate the influence of nanoparticles upon the refraction index of HLPN
experimentally, a liquid-phase matrix based upon the vacuum oil VM-4 was used. The oil,
according to technical conditions, was of dn/dT|~ 0 degreel. Fig.8 shows normalized
dependencies of paraxial part of light radiation passed through HLPN (Iow/Io) - upon input
light intensity I, obtained experimentally for wavelengths A= 633 nm (curve 1) and
A =532 nm (curve 2). Volume concentration of ALO3 nanoparticles in HLPN was equal
to 0.3%.

As it follows from the results obtained, the curves shown if Fig.8, starting from intensity
values of 160 mW/mm? approx., display nonlinear portions. In case of the light with
A =532 nm one can observe a limitation of the light passed through HLPN, for the light
with A =633 nm we see a «bleaching» of the light transmission. When a liquid-phase matrix
based upon immersion oil with dn/dT |~ -3 - 10° degree'! was used, a thermal mechanism
of change in the refraction index was triggered. Fig.9 displays normalized dependencies of
output light intensities (Lout/Io) on the input light intensity obtained experimentally for both
pure immersion oil (wavelength A = 633 nm, curve 1) and HLPN (A = 633 nm and A = 532
nm) with volume concentration of nanoparticles equal to 0.3%.
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Fig. 8. Dependencies of intensity of the light passed through the VM-4 oil based HLPN on
input light intensity (curve 1 - A =633 nm, curve 2 - A =532 nm, Ip= 1400 mW/mm?).
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As it follows from the Figure, in contrast to the previous case (Fig. 8), this nanocomposite
demonstrates the light transmission nonlinearity when light intensities are of 40 mW/ mm?2
approx. The other distinguishing feature of this nanocomposite is the behavior of curves 1-3
in Fig.9 similar to that of curves 1-3 in Fig.8 for the both wavelengths at the first phase of I,
growth (up to 300 - 350 mW/mm?). However, as the input light intensity I, (A =633 nm)
grows up, further portion of HLPN light transmission curve oscillates, and for the light of
532 nm, after reaching a limitation level, one can observe a considerable decrease in HLPN
light transmission. Thus, even the small addition (0.3% approx.) of the nanoparticles to a
matrix can cause substantial alterations of optical properties of the medium. In particular,
limitation level of light intensity for HLPN is proved to be 6 times smaller.

Oscillations of HLPN light transmission are caused by self-refraction and diffraction
smearing of the light with A = 633 nm along the beam cross-section after the light passing
through the HLPN (Fig. 10).

As it follows from the experimental data, matrix material affects considerably upon optical
properties of HLPN. Dependently on the wavelength, light transmission nonlinearity can be
expressed as a light radiation limitation or as HLPN «bleaching».

The basics of the theory of nonlinear optical properties of dielectric nanocomposite are
described in chapter 2. In case of immersion oil matrix one has to take into account the
mechanism of formation of a thermal negative cylindrical lens.
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Fig. 9. Dependencies of intensities of light (A = 633nm) passed through a pure immersion oil
(curve 1) and through the HLPN based upon the immersion oil (curve 2 - A = 532 nm, curve
3 - A =633 nm) upon the input light intensity, Iy = 1600 mW/mm?2.

For an accurate description of mechanisms of formation of nonlinear optical properties

observed, the knowledge of electronic structure of nanoparticles embedded into matrix is
required. It is a complex issue with a solution rarely possible to obtain.
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Fig. 10. Light intensity distributions in the far field along the beam cross-section after the
light passing through the HLPN based upon immersion oil at the different light intensities
I,, with nanoparticles concentration equal to 0.03%.

in

However, it follows from the common considerations that a complex shape of a nanoparticle
and a higher dielectric permittivity of the nanoparticle’s material, in comparison with that of
a matrix material, should cause a broadening of exciton band of charge carriers energy
levels. When the nanoparticles are illuminated by a light with the wavelengths of 532 nm
and 633 nm, light quanta energy isn’t high enough to transmit electrons from the valence
band to the conduction band (E,_;,, = 2,34 eV; E,_.;= 1,97 eV). Therefore light quanta
interact with electrons inside the impurity band. Quantum energy of a light with A = 532
nm is higher than that of a photon with frequency of ®, , which is responsible for change of
sign of nonlinear addition to a negative one when being exceeded.

As a result of this processes, a nonlinear negative addition to the refraction index appears. It
leads to the formation of a negative gradient lens within the HLPN. It explains the form of
the curves 2 in Fig. 8 and 9, and in doing so limitation saturation, proceeding along with the
growth of light intensity, is connected with a finite amount of electrons in impurity band as
well as approach of photoinduced state population difference Ap,, of charge carriers to
zero.

A frequency of the 633 nm light is lesser than , and therefore nonlinear addition to
refraction index has a positive sign. When the length of interaction between the light wave
and the HLPN is high enough the increase in refraction index can cause a formation of a
waveguide channel and additional concentration of laser radiation in the paraxial area. As a
result, with the increase of light intensity one can see a «bleaching» of HLPN (curve 1 in
Fig.8). Limitation of the «bleaching» for the light of 633 nm has the same reason as in case of
the 532 nm light.

Utilizing a HLPN based upon immersion oil with on /T < 0, we observe an additional
mechanism of formation of thermal negative cylindrical lens. It causes a faster saturation of
the light limitation dependence and its consequent rapid decay with increase of input light
intensity (curve 2 in Fig.9). When the light of 633 nm is passed through HLPN, the increase
of refraction index at the initial phase of growth of I,, dominates over its thermal decay,
and it leads to a medium «bleaching». Then, owing to a saturation, a process of
antiwaveguide formation will be dominating, and it will cause less light transmission of a
medium. The saturation process, being an obstacle for light selfrefraction in the medium, as
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well as subsequent increase in input light intensity, contributes largely to a formation of
multilayer waveguides in the composite which it its turn causes a light intensity changes in
the paraxial area. This effect allows us to explain the form of the curve 3 shown in Fig. 9.

3.3 Double-frequency interaction of collinear light laser beams in HLPN.

In order to investigate the process of collinear interaction between the laser beams of
different wavelengths in heterogeneous liquid-phase nanocomposite the experimental setup
shown in Fig. 11 was used (Kul'chin(b) et.al.,2008. We chose a continuous illumination
source based on 50 mW He-Ne laser (1) at the wavelength A = 632 nm pumped by array of
continuous semiconductor 40 mW YAG:Nd lasers at the wavelength of a second harmonic
A =532 nm. The laser power was controlled by a mounted set of neutral light filters (3) and
(6). In order to control a radiation power level a part of the laser beam was separated by
beam splitters (4) and (7) and was registered by photodetectors (5) and (8); signals from the
photodetectors after digitalizing with ADC (16) and (17) were processed by the PC (18).
Laser beams (1) and (2) were combined collinearly by using a beam splitter (9). A lens (10)
with a high focal length (F = 30 cm) was used for focusing the laser beam upon the cuvette
(11) with HLPN.
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Fig. 11. The scheme of experimental setup

Laser beam diameter in the waist area was of 0.6 mm approx. The plate-parallel cuvette
used in work was made of optical glass and was of a length of 20 mm along the light
propagation direction. Narrow-band interferometric filter (12) was used to separate an
illumination of a current wavelength. Point diaphragm (13) with a 1 mm diameter aperture
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filtered paraxial area of a laser beam. The passed light was registered by CCD matrix (14)
and the light signal after ADC (15) was processed by a PC (18). Mechanical shutters (19) and
(20) were used to control a light input into a sample cuvette. During experimental studies
liquid phase matrices of HLPN based upon the immersion oil were used. The nanoparticles
in HLPN were of wide band dielectric Al,O; with an average size of 40 - 50 nm approx.
Volume concentration of nanoparticles in HLPN was equal to 0.3%. The experiment was
carried out to investigate a dependence of HLPN output light intensity in the paraxial area
L.(I.) on the intensity of input light with wavelengths of 532 nm and 633 nm in case of their
collinear co-propagation.

The measurements of 1.(I.) were carried out after the extinction of transient processes and a
stationary regime establishment. The period of transients occur during activation of the
second wavelength (A = 532 nm or 633 nm) light was up to 2 - 2.5 sec. Fig. 12 shows
experimental dependencies of light transmission (A = 633 nm) at the collinear (control) laser
beam (A = 532 nm) power equal to: 2 mW - curve 1, 5 mW - curve 2, 10 mW - curve 3. Fig.
13 shows experimental dependencies of light (A = 532 nm) transmission at the power of
collinear (control) laser beam (A =633 nm) equal to: 8 mW - curve 1, 4 mW - curve 2, 1 mW
- curve 3.

It follows from the measurement results (Fig.12), that during double-frequency collinear
propagation of the light in the course of input light (A = 632 nm) increase the medium light
transmission represents itself amplitude-decaying oscillations. In this case maximum values
of light transmissions and intensities, associated with these maxima, decrease when the light
(A = 532 nm) intensity grows up.
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Fig. 12. The dependence of laser output power (A = 633 nm) in the paraxial field on the
input power at the different values of the power: curve 1 - Pgreen = 2mW, curve 2 - Pgreen =
5mW, curve 3 - Pgreen = 10mW.
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Fig. 13. The dependence of output light (A = 532 nm) intensity at paraxial area of the beam
on the input light intensity (A =532 nm) at the different values of the power: curve 1 - Preq =
8 mW, curve 2 - Preg=4 mW, curve 3 = Preg=1 mW.

The dependencies of light (A = 532 nm) transmission during a co- propagation of the light
(A =633 nm), obtained at the power range less than 6 mW, don’t display such oscillations
as it shown in Fig. 13. In both cases one can observe deviation from the linear dependence
L(I.) witnessed at small power of input light (A = 633 nm) equal to 2 mW (Fig. 12). For the
532 nm light these values depend upon control light intensity and lie within range from 0.2
mW to 2 mW (Fig. 13).

In case of interaction between collinear laser beams with different wavelengths one can
witness interference between induced by these beams nonlinear mechanisms of modulation
of optical properties of HLPN. In particular, for the 532 nm laser beam which interacts with
the 633 nm laser beam in the HLPN on the conditions of frequency dispersion a nonlinear
addition n, for the green light can be less than that for the red light; that, being combined
with a thermal heating of the medium, cause less power of the green light passed through
HLPN at smaller values of input light power. Curves 2-3 shown in Fig. 13 demonstrate this
effect.

For the light with A = 633 nm collinear interaction with the laser beam of 532 nm
wavelength enhances the competition between the two processes: negative and positive lens
formations. Due to these processes the maximum transmission of 633 nm light passing
through HLPN is decreased as the 532 nm light intensity grows up. It is proved with curves
2 and 3 shown in Fig. 12.

As it follows from the results obtained (Fig. 12 and 13), when the light with wavelength of
532 nm is controlled by the light with wavelength of 633 nm, the size of modulation for
collinear beams - the modulated beam and the control one, of current intensities can reach
10 dB. When the 633 nm light is controlled by the 532 nm light, the attenuation value can
reach 5 dB approx.



286 Advances in Diverse Industrial Applications of Nanocomposites

4. Conclusions

The results of latest studies of nonlinear optical effects in dielectric nano-phase composites
based upon dielectric nanoparticles show that, as a result of interaction between laser
radiation and a nanoparticle-matrix complex, one can observe a low-threshold optical
nonlinearity which depends upon a liquid-phase matrix material and a concentration of
nanoparticles in HLPN.

The observed nonlinearity of the optical properties is caused by a great amount of
additional energy levels and allowed energy levels within nanoparticle’s forbidden band
which are connected with a complex geometrical shape of nanoparticles and with their small
sizes.

Being dependent of wavelength of a laser radiation, the light transmission nonlinearity can
cause

Depending upon the wavelength of laser radiation, the light transmission nonlinearity can
be evident as a light limitation as well as «bleaching» within a limited range of small light
intensities, due to a self-refraction or a nonlinear absorption of the light.

The main reasons of this low-threshold optical nonlinearity are: a photo-induced
modulation of a medium refraction index during a generation of nonequilibrium charge
carriers and a medium polarization caused by laser excitation of charge carriers states, and
the effect of light defocusing which, being weakly dependent of the laser radiation
wavelength, depends upon liquid-phase matrix material and is reasoned by a dependence
of the heterogeneous medium refraction index on the temperature.

The properties of low-threshold nonlinear optical response as well as its behavior with an
increase of the external illumination are reasoned, mostly, by value of the photo-induced
dipole electric moments of nanoparticles, dependence of population difference of charge
carriers states on the light intensity, and the nanoparticles orientations along the external
light field polarization vector. The same mechanisms are responsible for effective nonlinear
interaction between collinear laser beams of different wavelengths within the HLPN.

The optical nonlinearity, observed in dielectric nanocomposites, allows one to control a
nanocomposite light transmission and, correspondingly, to modulate parameters of the light
passing through. As a result, one has the way to creation of optical radiation control devices
based upon the self-refraction processes, light limitation or bleaching, as well as the collinear
nonlinear optical interaction between the laser beams of different wavelengths within the
HLPN.

The experiments conducted feature an ability to optimize the light control process by a
proper selection of energetic and spectral properties of the controlling laser beam. It opens
the way to development of both optically controlled filters for lightwave systems and
modulators for input devices of optical processors.
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1. Introduction

Traditionally, polymeric materials have been filled with synthetic or natural inorganic
compounds in order to improve their properties, or simply to reduce cost. Conventional fillers
are materials in the form of particles (e.g. calcium carbonate), fibers (e.g. glass fibers) or plate-
shaped particles (e.g. mica). However, although conventionally filled or reinforced polymeric
materials are widely used in various fields, it is often reported that the addition of these fillers
imparts drawbacks to the resulting materials, such as weight increase, brittleness and opacity
(Alexandre & Dubois, 2000; Fischer, 2003; Lagaly, 1999; Giannelis, 1996; Varlot et al., 2001).
Nanocomposites, on the other hand, are a new class of composites, for which at least one
dimension of the dispersed particles is in the nanometer range. Depending on how many
dimensions are in the nanometer range, one can distinguish isodimensional nanoparticles
when the three dimensions are on the order of nanometers, nanotubes or whiskers when two
dimensions are on the nanometer scale and the third is larger, thus forming an elongated
structure, and, finally, layered crystals or clays, present in the form of sheets of one to a few
nanometers thick and hundreds to thousands nanometers in extent (Alexandre & Dubois,
2000; Fischer, 2003; Lagaly, 1999; Giannelis, 1996). Among all the potential nanocomposite
precursors, those based on clay and layered silicates have been most widely investigated,
probably because the starting clay materials are easily available and because their intercalation
chemistry has been studied for a long time (Gorrasi et al., 2002).

Polymer-layered silicate nanocomposites, which are the subject of the present contribution,
are prepared by incorporating finely dispersed layered silicate materials in a polymer matrix
(Fischer, 2003). However, the nanolayers are not easily dispersed in most polymers due to
their preferred face to face stacking in agglomerated tactoids. Dispersion of the tactoids into
discrete monolayers is further hindered by the intrinsic incompatibility of hydrophilic
layered silicates and hydrophobic engineering plastics. Therefore, layered silicates first need
to be organically modified to produce polymer-compatible clay (organoclay). In fact, it has
been well-demonstrated that the replacement of the inorganic exchange cations in the
cavities or “galleries” of the native clay silicate structure by alkylammonium surfactants can
compatibilize the surface chemistry of the clay and a hydrophobic polymer matrix (LeBaron
etal., 1999).

Thereafter, different approaches can be applied to incorporate the ion-exchanged layered
silicates in polymer hosts by in situ polymerization, solution intercalation or simple melt
mixing. In any case, nanoparticles are added to the matrix or matrix precursors as 1-100 pm
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powders, containing associated nanoparticles. Engineering the correct interfacial chemistry
between nanoparticles and the polymer host, as described previously, is critical but not
sufficient to transform the micron-scale compositional heterogeneity of the initial powder
into nanoscale homogenization of nanoparticles within a polymeric nanocomposite (Vaia &
Wagner, 2004). Therefore, appropriate conditions have to be established during the
nanocomposite preparation stage.

The resulting polymer-layered silicates hybrids possess unique properties - typically not
shared by their more conventional microscopic counterparts - which are attributed to their
nanometer size features and the extraordinarily high surface area of the dispersed clay
(Alexandre & Dubois, 2000; Fischer, 2003; Lagaly, 1999; Giannelis, 1996). In fact, it is well
established that dramatic improvements in physical properties, such as tensile strength and
modulus, heat distortion temperature (HDT) and gas permeability, can be achieved by
adding just a small fraction of clay to a polymer matrix, without impairing the optical
homogeneity of the material. Most notable are the unexpected properties obtained from the
addition of stiff filler to a polymer matrix, e.g. the often reported retention (or even
improvement) of the impact strength. Since the weight fraction of the inorganic additive is
typically below 10%, the materials are also lighter than most conventional composites
(Fischer, 2003; Ginzburg et al., 2000; Osman et al., 2004; Balazs et al., 1999; Lincoln et al.,
2001). These unique properties make the nanocomposites ideal materials for products
ranging from high-barrier packaging for food and electronics to strong, heat-resistant
automotive components (Balazs et al., 1999). Additionally, polymer-layered silicate
nanocomposites have been proposed as model systems to examine polymer structure and
dynamics in confined environments (Lincoln et al., 2001; Vaia & Giannelis, 2001).

However, despite the recent progress in polymer nanocomposite technology, there are many
fundamental questions that have not been answered. For example, how do changes in
polymer crystalline structure induced by the clay affect overall composite properties? How
does one tailor organoclay chemistry to achieve high degrees of exfoliation reproducibility
for a given polymer system? How do process parameters and fabrication affect composite
properties? Further research is needed that addresses such issues (Fornes et al., 2001). The
objective of this work is to review recent scientific and technological advances in the field of
polymer-layered silicate nanocomposite materials and to develop a better understanding of
how superior nanocomposites are formed.

2. Nanoclay

2.1 Geometry and structure

Layered silicates used in the synthesis of nanocomposites are natural or synthetic minerals,
consisting of very thin layers that are usually bound together with counter-ions. Their basic
building blocks are tetrahedral sheets in which silicon is surrounded by four oxygen atoms,
and octahedral sheets in which a metal like aluminum is surrounded by eight oxygen atoms.
Therefore, in 1:1 layered structures (e.g. in kaolinite) a tetrahedral sheet is fused with an
octahedral sheet, whereby the oxygen atoms are shared (Miranda & Coles, 2003).

On the other hand, the crystal lattice of 2:1 layered silicates (or 2:1 phyllosilicates), consists
of two-dimensional layers where a central octahedral sheet of alumina is fused to two
external silica tetrahedra by the tip, so that the oxygen ions of the octahedral sheet also
belong to the tetrahedral sheets, as shown in Fig. 1. The layer thickness is around 1 nm and
the lateral dimensions may vary from 300 A to several microns, and even larger, depending
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Fig. 1. The structure of a 2:1 layered silicate (Beyer et al., 2002). Reproduced from Beyer by
permission of Elsevier Science Ltd., UK.

on the particulate silicate, the source of the clay and the method of preparation (e.g. clays
prepared by milling typically have lateral platelet dimensions of approximately 0.1-1.0 pm).
Therefore, the aspect ratio of these layers (ratio length/thickness) is particularly high, with
values greater than 1000 (Beyer et al., 2002; McNally et al., 2003; Solomon et al., 2001).
Analysis of layered silicates has shown that there are several levels of organization within
the clay minerals. The smallest particles, primary particles, are on the order of 10 nm and are
composed of stacks of parallel lamellae. Micro-aggregates are formed by lateral joining of
several primary particles, and aggregates are composed of several primary particles and
micro-aggregates (Ishida et al., 2000).

2.2 Surface modification as a compatibilizer

Since, in their pristine state layered silicates are only miscible with hydrophilic polymers,
such as poly(ethylene oxide) and poly(vinyl alcohol), in order to render them miscible with
other polymers, one must exchange the alkali counter-ions with a cationic-organic
surfactant. Alkylammonium ions are mostly used, although other “onium” salts can be
used, such as sulfonium and phosphonium (Manias et al., 2001; Zanetti et al., 2000). This can
be readily achieved through ion-exchange reactions that render the clay organophilic
(Kornmann et al., 2001). In order to obtain the exchange of the onium ions with the cations
in the galleries, water swelling of the silicate is needed. For this reason alkalications are
preferred in the galleries because 2-valent and higher valent cations prevent swelling by
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water. Indeed, the hydrate formation of monovalent intergallery cations is the driving force
for water swelling. Natural clays may contain divalent cations such as calcium and require
exchange procedures with sodium prior to further treatment with onium salts (Zanetti et al.,
2000). The alkali cations, as they are not structural, can be easily replaced by other positively
charged atoms or molecules, and thus are called exchangeable cations (Xie et al., 2001).

The organic cations lower the surface energy of the silicate surface and improve wetting
with the polymer matrix (Giannelis, 1996; Kornmann et al., 2001). Moreover, the long
organic chains of such surfactants, with positively charged ends, are tethered to the surface
of the negatively charged silicate layers, resulting in an increase of the gallery height (Kim et
al., 2001). It then becomes possible for organic species (i.e. polymers or prepolymers) to
diffuse between the layers and eventually separate them (Kornmann et al., 2001; Zerda et al.,
2001). Sometimes, the alkylammonium cations may even provide functional groups that can
react with the polymer or initiate polymerization of monomers. The microchemical
environment in the galleries is, therefore, appropriate to the intercalation of polymer
molecules (Huang et al., 2001). Conclusively, the surface modification both increases the
basal spacing of clays and serves as a compatibilizer between the hydrophilic clay and the
hydrophobic polymer (Zerda et al., 2001).

There are two particular characteristics of layered silicates that are exploited in polymer-
layered silicate nanocomposites. The first is the ability of the silicate particles to disperse
into individual layers. Since dispersing a layered silicate can be pictured like opening a
book, an aspect ratio as high as 1000 for fully dispersed individual layers can be obtained
(contrast that to an aspect ratio of about 10 for undispersed or poorly dispersed particles).
The second characteristic is the ability to fine-tune their surface chemistry through ion
exchange reactions with organic and inorganic cations. These two characteristics are, of
course, interrelated since the degree of dispersion in a given matrix that, in turn, determines
aspect ratio, depends on the interlayer cation (Giannelis, 1996; Ishida et al., 2000).

3. Nanocomposite

3.1 Structural phases

Any physical mixture of a polymer and silicate (or inorganic material in general) does not
necessarily form a nanocomposite. The situation is analogous to polymer blends. In most
cases, separation into discrete phases normally takes place. In immiscible systems, the poor
physical attraction between the organic and the inorganic components leads to relatively
poor mechanical properties. Furthermore, particle agglomeration tends to reduce strength
and produce weaker materials (Giannelis, 1996). Thus, when the polymer is unable to
intercalate between the silicate sheets, a phase-separated composite is obtained, whose
properties are in the same range as for traditional microcomposites (Alexandre & Dubois,
2000; Beyer et al., 2002).

Beyond this traditional class of polymer-filler composites, two types of nanocomposites can
be obtained, depending on the preparation method and the nature of the components used,
including polymer matrix, layered silicate and organic cation (Alexandre & Dubois, 2000;
Beyer et al., 2002). These two types of polymer-layered silicate nanocomposites are depicted
in Fig. 2 (McGlashan et al., 2003).

Intercalated structures are formed when a single (or sometimes more) extended polymer
chain is intercalated between the silicate layers. The result is a well ordered multilayer
structure of alternating polymeric and inorganic layers, with a repeat distance between
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Fig. 2. Types of composite structure of polymer-layered silicate clay materials (McGlashan et
al., 2003). Reproduced from McGlashan et al., by permission of John Wiley & Sons, Inc., US.

them. Intercalation causes less than 20-30 A separation between the platelets (Beyer et al.,
2002; Kim et al., 2001; Dennis et al., 2001).

On the other hand, exfoliated or delaminated structures are obtained when the clay layers
are well separated from one another and individually dispersed in the continuous polymer
matrix (Kim et al., 2001). In this case, the polymer separates the clay platelets by 80-100 A or
more (Dennis et al., 2001).

It is not easy to achieve complete exfoliation of clays and, indeed with few exceptions, the
majority of the polymer nanocomposites reported in the literature were found to have
intercalated or mixed intercalated-exfoliated nanostructures. This is because the silicate
layers are highly anisotropic, with lateral dimensions ranging from 100 to 1000 nm, and
even when separated by large distances (i.e. when delaminated) cannot be placed
completely randomly in the sea of polymer. Furthermore, the majority of the polymer chains
in the hybrids are tethered to the surface of the silicate layers. Thus, it can be expected that
there are domains in these materials, even above the melting temperature of the constituent
polymers, wherein some long-range order is preserved and the silicate layers are oriented in
some preferred direction.

3.2 Morphological characterization

Two complementary techniques are generally used to characterize the structures of
nanocomposites: X-ray differaction (XRD) and transmission electron microscopy (TEM)
(Alexandre & Dubois, 2000; Huang et al., 2001; Porter et al., 2003; Ma et al., 2003).
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Due to its ease of use and availability, XRD is most commonly used to probe the
nanocomposite structure and occasionally to study the kinetics of polymer melt intercalation
(Porter et al., 2003). This technique allows the determination of the spaces between
structural layers of the silicate utilizing Bragg’s law: 2d sin® = nA, where A corresponds to
the wave length of the X-ray radiation used in the diffraction experiment, d the spacing
between diffractional lattice planes and 6 is the measured diffraction angle or glancing angle
(Alexandre & Dubois, 2000; Ma et al., 2003). By monitoring the position, shape and intensity
of the basal reflections from the distributed silicate layers, the nanocomposite structure may
be identified (Porter et al., 2003).

(b)

Fig. 3. TEM micrographs of poly(styrene)-based nanocomposites: (a) intercalated
nanocomposite and (b) exfoliated nanocomposite (Alexandre & Dubois, 2000). Reproduced
from Alexandre and Dubois by permission of Elsevier Science Ltd., UK.

Although XRD offers a conventional method to determine the interlayer spacing of the
silicate layers in the original layered silicates and the intercalated nanocomposites, little can
be said about the spatial distribution of the silicate layers or any structural inhomogeneities
in nanocomposites. Additionally, some layered silicates initially do not exhibit well-defined
basal reflections. Thus, peak broadening and intensity decreases are very difficult to study
systematically. Therefore, conclusions concerning the mechanism of nanocomposite
formation and structure based solely on XRD patterns are only tentative. On the other hand,
TEM allows a qualitative understanding of the internal structure and can directly provide
information in real space, in a localized area, on morphology and defect structures
(Morgan et al., 2003; Usuki et al. (a), 1993).

Since the silicate layers are composed of heavier elements (Al, Si and O) than the interlayer
and surrounding matrix (C, H and N), they appear darker in bright-field images. Therefore,
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when nanocomposites are formed, the intersections of the silicate sheets are seen as dark
lines which are the cross sections of the silicate layers, measuring 1 nm thick. Fig. 3 shows
the TEM micrographs obtained for an intercalated and an exfoliated nanocomposite.

4. Preparation of nanoclay composites

4.1 Polymer-templated nanoclay nucleation

In this technique, the clay minerals are synthesized within the polymer matrix, using an
aqueous solution (or gel) containing the polymer and the silicate building blocks. As
precursors for the clay silica sol, magnesium hydroxide sol and lithium fluoride are used.
During the process, the polymer aids the nucleation and growth of the inorganic host
crystals and gets trapped within the layers as they grow. Although theoretically this method
has the potential of promoting the dispersion of the silicate layers in a one-step process,
without needing the presence of the onium ion, it presents serious disadvantages. First of
all, the synthesis of clay minerals generally requires high temperatures, which decompose
the polymers. An exception is the synthesis of hectorite-type clay minerals which can be
performed under relatively mild conditions. Another problem is the aggregation tendency
of the growing silicate layers (Alexandre & Dubois, 2000; Lagaly, 1999; Zanetti et al., 2000).

4.2 Single layered nanoclay-polymer solution

Following this technique, the layered silicate is exfoliated into single layers using a solvent
in which the polymer is soluble. It is well known that such layered silicates, owing to the
weak forces that stack the layers together can be easily dispersed in an adequate solvent.
After the organoclay has swollen in the solvent, the polymer is added to the solution and
intercalates between the clay layers. The final step consists of removing the solvent, either
by vaporization, usually under vacuum, or by precipitation. Upon solvent removal the
sheets reassemble, sandwiching the polymer to form a nanocomposite structure. The major
advantage of this method is that intercalated nanocomposites can be synthesized that are
based on polymers with low or even no polarity. However, the solvent approach is difficult
to apply in industry owing to problems associated with the use of large quantities of
solvents (Alexandre & Dubois, 2000; Beyer et al., 2002).

4.3 Monomer polymerization migrated into layered nanoclay

In this technique, the modified layered silicate is swollen by a liquid monomer solution. The
monomer migrates into the galleries of the layered silicate, so that the polymerization
reaction can occur between the intercalated sheets. The reaction can be initiated either by
heat or radiation, by the diffusion of a suitable initiator or by an organic initiator or catalyst
fixed through cationic exchange inside the interlayer before the swelling step by the
monomer. Polymerization produces long-chain polymers within the clay galleries. Under
conditions in which intra- and extra-gallery polymerization rates are properly balanced, the
clay layers are delaminated and the resulting material possesses a disordered structure
(Alexandre & Dubois, 2000; Beyer et al., 2002; Solomon et al., 2001).

4.4 Polymer replacement of a previously intercalated solvent

Intercalation of a polymer from a solution is a two-stage process in which the polymer replaces
an appropriate, previously intercalated solvent. Such a replacement requires a negative
variation in the Gibbs free energy. It is thought that the diminished entropy due to the
confinement of the polymer is compensated by an increase due to desorption of intercalated
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solvent molecules. In other words, the entropy gained by desorption of solvent molecules is
the driving force for polymer intercalation from solution (Arada et al., 1992; Tunney et al,,
1996; Fischer et al., 1999; Theng et al., 1979; Ogata et al., 1997; Yano et al., 1993).

Several studies have focused on the preparation of PLA-layered silicate nanocomposites
using intercalation from solution. The first attempts by Ogata (Usuki et al. (b), 1993),
involved dissolving the polymer in hot chloroform. However, TEM analysis revealed that
only microcomposites were formed and that an intercalated morphology was not achieved.
In the case of polymeric materials that are infusible and insoluble even in organic solvents,
the only possible route to produce nanocomposites with this method is to use polymeric
precursors that can be intercalated in the layered silicate and then thermally or chemically
converted to the desired polymer (Alexandre & Dubois, 2000; Fornes et al., 2002).

4.5 In situ intercalative polymerization

4.5.1 Thermoplastic polymers

The Toyota research group first reported the ability of a,@-amino acid (COOH-(CHz)ni-NHz*,
withn=2, 3, 4, 5, 6, 8 11, 12, 18) to be swollen by e-caprolactam monomer at 100 °C and
subsequently initiate ring opening polymerization to obtain PA6/MMT nanocomposites
(Kojima et al. (a), 1993). The number of carbon atoms in the a,@-amino acid was found to have
a strong effect on the swelling behavior as reported in Fig. 4, indicating that the extent of
intercalation of e-caprolactam monomer is high when the number of carbon atoms in the o-
amino acid is large (Arada et al., 1990). Moreover, it was found from a comparison of different
types of inorganic silicates that clays having higher CEC lead to more efficient exfoliation of
the silicate platelets (Sepehr et al., 2005).

A\ -
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1.0 5.0 10.0
20 (Co-Ka)
Fig. 4. XRD patterns of @-amino acid [NH>(CH2),iCOOH] modified Na*-MMT (Arada et al.,
1990). Reproduced from Usuki et al. (Usuki et al. (a), 1993), by permission of Materials
Research Society, USA.



Polymeric Nanoclay Composites 297

Intercalative polymerization of e-caprolactam could be realized without modifying the
MMT surface. Indeed, this monomer was able to directly intercalate the Na*-MMT in water
in the presence of hydrochloric acid, as proved by the increase in interlayer spacing from 10
to 15.1 A. At high temperature (200 °C), in the presence of excess e-caprolactam, the clay so
modified can be swollen again, allowing the ring opening polymerization to proceed when
6-aminocaproic acid is added as an accelerator. The resulting composite does not present a
diffraction peak in XRD, and TEM observation agrees with a molecular dispersion of the
silicate sheets (Lan et al. (a), 1994).

At this point, it is worth mentioning that, even though in situ intercalative polymerization has
proved successful in the preparation of various polymer-layered silicate nanocomposites,
important drawbacks of this technique have also been pointed out: (1) it is a time-consuming
preparation route (the polymerization reaction may take more than 24 h); (2) exfoliation is not
always thermodynamically stable; and the platelets may re-aggregate during subsequent
processing steps; and (3) the process is available only to the resin manufacturer who is able to
dedicate a production line for this purpose (Kornmann et al., 1998).

4.5.2 Thermosetting polymers

Despite the aforementioned disadvantages of in situ intercalative polymerization, this is the
only viable technique for the preparation of thermoset-based nanocomposites, since such
nanocomposites obviously cannot be synthesized by melt intercalation, which is the other
commercially important preparation method (Kornmann et al., 2001; Jiankun et al., 2001;
Lan et al. (b), 1994; Liu et al., 2005).

In this case, the exfoliation ability of the organoclays is determined by their nature,
including the catalytic effect on the curing reaction, the miscibility with the curing agent, etc.
Since there is a curing competition between intragallery and extragallery resin, as long as
the intragallery polymerization occurs at a rate comparable to the extragallery
polymerization, the curing heat produced is enough to overcome the attractive forces
between the silicate layers and an exfoliated nanocomposite structure can be formed. In
contrast, if the extragallery polymerization is more rapid than the intragallery diffusion and
polymerization or if intragallery polymerization is retarded, the extragallery resin will gel
before the intragallery resin produces enough curing heat to drive the clay to exfoliate;
consequently, exfoliation will not be reached. It can be inferred, therefore, that factors
promoting the curing reaction of intragallery resin will facilitate the exfoliation of the clay.
Such factors include the catalytic effect of organoclay on the curing reaction, the good
penetrating ability of curing agent to clay, the long alkyl-chain of the organo-cation,
meaning a greater amount of intragallery resin preload and a completed organization of the
clay, and meaning weaker attractive forces between the silicate layers (Becker et al., 2004).

In fact, a number of research groups have studied the effect of various parameters on the
exfoliation of clays in epoxy resins. Pioneering studies by Pinnavaia and coworkers
(Hackman et al., 2006) on MMT/epoxy systems established the initial conceptual
methodology. Interfacial modifiers, such as primary ammonium alkyls are intercalated
between the MMT layers, not only to compatibilize the inorganic aluminosilicate and
organic resin, but also to accelerate the crosslinking reaction between the layers through
acid catalysis. That is, as the curing agent is mixed into the clay/epoxy mixture, it is thought
that the modifiers introduced into the galleries of the clay sheets would promote the
reaction between the epoxy in the gallery with the curing agent. This would make the
intragallery curing reaction faster than the extragallery reaction, thus facilitating the
expansion of the clay sheets and helping to achieve exfoliation (Liu et al., 2002).
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Other researchers investigated the effect of the polymer resin. For example, Becker et al.
(Vaia et al., 1997) prepared nanocomposites of three different epoxy resins: triglycidyl p-
aminophenol (TGAP) and tetrafunctional tetraglycidyldiamino diphenylmethane
(TGDDM), using a mixture of two diethyltoluene diamine (DETDA) isomers as the hardener
and a commercially available octadecyl ammonium ion modified MMT as the clay. All
epoxy resin systems intercalated the organically modified layered silicate and increased the
d-spacing from 23 up to 80 A. Similarly, Hackman and Hollaway (Vaia et al., 1993) noted
that the epoxy resin component of the nanocomposite has little effect on the exfoliation of
the clay layers; although it is the basic unit, the curing agent controls the rate of cure. Lower
viscosity resins lead to faster pre-intercalation, but they do not seem to offer any significant
long-term advantage.

4.6 Molten polymer intercalation

For most technologically important polymers, both in situ polymerization and intercalation
from solution are limited because neither a suitable monomer nor a compatible polymer-
silicate solvent system is always available. Moreover, they are not always compatible with
current polymer processing techniques. These disadvantages drive the researchers to the
direct melt intercalation method, which is the most versatile and environmentally benign
among all the methods of preparing polymer-clay nanocomposites (PCNs) (Giannelis, 1996;
Zheng et al., 2006).

As already mentioned, nanocomposite synthesis via polymer melt intercalation involves
annealing, usually under shear, of a mixture of polymer and layered silicate above the
softening point of the polymer. During annealing, polymer chains diffuse from the bulk
polymer melt into the galleries between the silicate layers (Vaia & Giannelis, 2001; Fornes et
al., 2003).

The advantages of forming nanocomposites by melt processing are quite appealing,
rendering this technique a promising new approach that would greatly expand the
commercial opportunities for nanocomposites technology (Fornes et al., 2001; Huang et al.,
2001; Fornes et al., 2003). If technically possible, melt compounding would be significantly
more economical and simpler than in situ polymerization. It minimizes capital costs because
of its compatibility with existing processes. That is, melt processing allows nanocomposites
to be formulated directly using ordinary compounding devices such as extruders or mixers,
without the necessary involvement of resin production. Therefore, it shifts nanocomposite
production downstream, giving end-use manufacturers many degrees of freedom with
regard to final product specifications (e.g. selection of polymer grade, choice of organoclay,
level of reinforcement, etc.). At the same time, melt processing is environmentally sound
since no solvents are required (Fornes et al., 2001); and it enhances the specificity for the
intercalation of polymer, by eliminating the competing host-solvent and polymer-solvent
interactions (Shia et al., 1998).

Zheng et al. (Gorrasi et al., 2003) used an oligomerically modified clay, prepared by ion-
exchange with the oligomer prepared from maleic anhydride (MA), styrene (ST) and
vinylbenzyltrimethylammonium chloride (VBTACI) terpolymer, herein called MAST, to
prepare PS/clay nanocomposites by melt blending. Thereafter, a portion of MAST oligomer,
dissolved in acetone was added drop-wise to a dispersion of clay in distilled water and
acetone. A precipitate (MAST hectorite clay) formed immediately. Nanocomposites were
subsequently prepared by melt blending in a Brabender Plasticorder at 60 rpm and 190 °C
for 15 min. XRD measurements indicated a mixed intercalated/delaminated structure for
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the MAST modified clay, whereas no peaks were observed for the PS/MAST. By combining
XRD and TEM analyses the authors concluded that the hybrids formed were characterized
by a mixed immiscible/intercalated/delaminated structure.

5. Characterization the properties of nanoclay composites

5.1 Mechanical properties
5.1.1 Load transfer mechanism
The first mechanism that has been put forward to explain the reinforcing action of layered
silicates is one also valid for conventional reinforcements, such as fibers. That is, rigid fillers
are naturally resistant to straining due to their high moduli. Therefore, when a relatively
softer matrix is reinforced with such fillers, the polymer, particularly that adjacent to the
filler particles, becomes highly restrained mechanically. This enables a significant portion of
an applied load to be carried by the filler, assuming that the bonding between the two
phases is adequate (Tortora et al. (a), 2002). From this mechanism it becomes obvious that
the larger the surface of the filler in contact with the polymer, the greater the reinforcing
effect will be. This could partly explain why layered silicates, having an extremely high
specific surface area impart dramatic improvements of modulus even when present in very
small amounts in a polymer. In fact, the low silicate loading required in nanocomposites to
effect significant property improvements, is probably their most distinguishing
characteristic.
In most conventionally filled polymer systems, the modulus increases linearly with the filler
volume fraction, whereas for nanocomposites much lower filler concentrations increase the
modulus sharply and to a much larger extent (Porter et al., 2003).
However, some authors have argued that the dramatic improvement of modulus for such
extremely low clay concentrations (i.e. 2-5 wt.%) cannot be attributed simply to the
introduction of the higher modulus inorganic filler layers. A proposed theoretical approach
assumes a layer of affected polymer on the filler surface, with a much higher modulus than
the bulk equivalent polymer. This affected polymer can be thought of as a region of the
polymer matrix that is physisorbed on the silicate surface, and is thus stiffened through its
affinity for and adhesion to the filler surface. Obviously, for such high aspect ratio fillers as
the layered silicate layers, the surface area exposed to the polymer is huge and, therefore,
the significant increases in the modulus with very low filler content are not surprising.
Furthermore, beyond the percolation limit, the additional silicate layers are incorporated in
polymer regions that are already affected by other silicate layers, and thus it is expected that
the enhancement of modulus will become much less dramatic (Bharadwaj et al., 2002).
In order to prove the effect of degree of exfoliation on nanocomposite mechanical
properties, Fornes and Paul (Fornes et al., 2003) used an analytical approach to elucidate
how incomplete exfoliation influences nanocomposite stiffness. They expressed the modulus
of a simple clay stack in the direction parallel to its platelets, by using the rule of mixtures:
1

Estack = QMMTEMMT + (DgalleryEgallery ( )
where @yt is the volume fraction of silicate layers in the stack, Eyyr is the modulus of
MMT, Bgapiery is the volume fraction of gallery space and Eggjery is the modulus of the
material in the gallery, which is expected to be much less than Eyyr. The volume fraction
occupied by gallery space, @g,jiery can be expressed in terms of X-ray d-spacings, as
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2
(Tl - 1)(d0()1 - tplatelet) ( )
dOOl(n - 1) + tplatelet

where n is the number of platelets per stack, dgy; is the repeat spacing between silicate
particles, and tpateet i the thickness of a silicate platelet. Obviously, when the number of
platelets in a stack is equal to one, the system represents an individual exfoliated platelet. As
it can be seen, the number of platelets in a stack affects the reinforcement factor in an
unexchanged, non-expandable clay (dgo; = 0.96 nm) as well as in an intercalated or
organically modified clay (dgg; = 1.8 nm).

Q)gallery =

5.1.2 Modulus and strength

In general, the addition of an organically modified layered silicate in a polymer matrix
results in significant improvements of Young’s modulus. For example, Gorrasi et al. (Liu et
al., 1999) reported an increase from 216 to 390 MPa for a PCL nanocomposite containing
10 wt.% ammonium-treated montmorillonite, while in another study (Manias (b), 2001),
Young’'s modulus was increased from 120 to 445 MPa with addition of 8 wt.% ammonium
treated clay in PCL. Similarly, in the case of nylon 6 nanocomposites obtained through the
intercalative ring opening polymerization of e-caprolactam, a large increase in the Young’s
modulus at rather low filler content has been reported, whatever the method of preparation:
polymerization within organo-modified montmorillonite, polymerization within protonated
e-caprolactam swollen montmorillonite or polymerization within natural montmorillonite in
the presence of e-caprolactam and an acid catalyst (Zerda et al., 2001).

However, exceptions to this general trend have been reported. As shown in Fig. 5, in
crosslinked polyester/OMLS nanocomposites, the modulus decreases with increasing clay
content; in fact, the drop for the 2.5 wt.% nanocomposite was greater than expected. To
explain this phenomenon, it was proposed that the intercalation and exfoliation of the clay
in the polyester resin serve to effectively decrease the number of crosslinks from a
topological perspective. The origin of the greater drop in properties of the 2.5 wt.%
nanocomposites may be traced to the morphology; i.e. it was observed that the sample
showed exfoliation on a global scale compared to the nanocomposite containing 10 wt.%
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Fig. 5. Tensile modulus vs. clay concentration for crosslinked polyester nanocomposites

(Manias (b), 2001). Reproduced from Manias et al., by permission of Elsevier Science Ltd., UK.
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Fig. 6. Effect of clay content on tensile modulus, measured at room temperature, of organo-
modified montmorillonite/nylon-6-based nanocomposite obtained by melt intercalation (Cho
& Paul, 2001). Reproduced from Cho and Paul by permission of John Wiley & Sons, Inc., US.

clay, indicating that the crosslinking density is inversely proportional to the degree of
exfoliation (Manias (b), 2001).

Apart from the modulus, the addition of OMLS in a polymer matrix usually also increases
the tensile strength compared to that of the neat polymer material. For example, Shelley et
al. (Xiong et al., 2004) reported a 175% improvement in yield stress accompanied by a 200%
increase in tensile modulus for a nylon 6 nanocomposite containing 5 wt.% clay.

Most polymer-clay nanocomposite studies report tensile properties, such as modulus, as a
function of clay content (Kojima et al. (b), 1993), as in Fig. 6. This plot of Young’s modulus of
nylon 6 nanocomposite vs. filler weight content, shows a constant large rate of increase of
modulus up to ca. 10 wt.% of nanoclay, whereas above this threshold the aforementioned
levelling-off of Young’s modulus is observed. This change corresponds to the passage from
totally exfoliated structure (below 10 wt.%) to partially exfoliated-partially intercalated
structure (for 10 wt.% clay and above), as determined by XRD and TEM (Alexandre &
Dubois, 2000; Porter et al., 2003).

In another study, Liu and Wu (Zheng et al., 2006) studied the mechanical performance of
PA66 nanocomposites prepared via melt intercalation, using epoxy co-intercalated clay. The
tensile strength increases rapidly from 78 MPa for PA66 up to 98 MPa for PA66CNS, but the
increasing amplitude decreases when the clay content is above 5 wt.%. A similar
phenomenon is observed in the dependence of tensile modulus of PA66CN on clay content.
The smaller increase in amplitude observed with a clay loading above 5wt.%was again
attributed to the inevitable aggregation of the layers at high clay content.

Similarly, other factors that influence the degree of exfoliation, apart from the clay content,
also have an impact on nanocomposite modulus and strength. This explains the variations
observed in moduli of PA6 nanocomposites prepared by intercalative ring opening
polymerization of e-caprolactam, with different kinds of acids to catalyze the
polymerization.

Cho and Paul (Cho & Paul, 2001) studied the effect of mixing device and processing
parameters on the mechanical properties of polyamide nanocomposites. In the case of
composites formed by single-screw extrusion, the exfoliation of the clay platelets is not
extensive. Even after a second pass through this extruder, undispersed tactoids are still
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easily observed with naked eye. However, the tensile strength and modulus were slightly
improved by the second pass. On the other hand, nylon 6 nanocomposites with good
properties can be obtained over a broad range of processing conditions in the twin screw
extruder. The final nanocomposite properties are almost independent of the barrel
temperature over the range of typical nylon 6 processing, but they are slightly improved by
increasing the screw speed or by a second pass through the extruder. Therefore, processing
conditions need to be optimized to allow greater exfoliation of the clay platelets and, thus,
greater improvement in mechanical properties. Other factors that may play a crucial role in
improvement of nanocomposite mechanical properties include the organic modification of
the clay and the addition of compatibilizers to the polymer matrix.

The effect of clay organic modification on nanocomposite mechanical properties is also
demonstrated in Fig. 7, which presents the ultimate strength of Punano composites with
different contents of two organically treated montmorillonites: MO-MMT, treated with a
thermally stable, aromatic amine modifier containing active groups, and C16-MMT, treated
with a quaternary alkyl ammonium salt. As can be seen the ultimate strength
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Fig. 7. Effect of organic-MMT loading on the tensile strength of (a) PU/MO-MMT and (b)
PU/C16-MMT (Chaudhary et al., 2005). Reproduced from Chaudhary et al., by permission
of Elsevier Science Ltd., UK.

increased dramatically with clay content and reached a maximum at 5 wt.% MMT, where
the ultimate strength of the nanocomposites increased by about 450% for C16-MMT and
600% for MO-MMT, compared with that of pure PU, indicating that the improved
mechanical strength depends on the characteristics of the modifier (Chaudhary et al., 2005).
The extent of improvement of nanocomposite mechanical properties will also depend
directly upon the average length of the dispersed clay particles, since this determines their
aspect ratio and, hence, their surface area (Porter et al., 2003; Srivastava et al., 2006). At this
point we note that several authors have also pointed out factors that have an adverse effect
on nanocomposite modulus and/or strength and need to be taken into consideration when
preparing nanocomposite materials.

Quite interestingly, Gopakumar et al. (Gopakumar et al., 2002) found that the exfoliation of
5 and 10 wt.% clay in PE-MA, increases Young’s modulus by 30 and 53%, respectively,

(=]
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whereas the tensile stress at yield showed only a marginal increase, up to a maximum of
15% for the 10 wt.% clay composition. The authors noted that the greatly enhanced
interfacial area derived from exfoliation of the clay improves the mechanical reinforcement
potential of the filler. However, given that the mechanical properties of a filled system
depend on two principal factors, i.e. crystallinity of the polymer matrix and the extent of
filler reinforcement, the degree of crystallinity must also be considered.

In another study dealing with the effect of matrix variations on mechanical properties of
nanocomposites, Chaudhary et al. (Chaudhary et al., 2005) studied the tensile properties of
nanocomposites based on EVAs with various VA contents and two alternative organoclays.
Since in EVA with increasing VA content the crystallinity of the polymer decreases (and will
lower the stiffness), while the polarity increases (and will increase the intercalation), the
authors suggested that in their system, the stiffness and toughness responses would reflect
an interplay of two factors: (a) an increase in the “rigid” amorphous phase due to polymer-
clay intercalation and (b) an increase in the “mobile” amorphous phase due to the increasing
VA content. Experimental results showed that the influence of increasing clay concentration
on the tensile behavior of EVA matrices was significant only with a low or moderately polar
EVA matrix (9 and 18% VA). Thus, a linear proportionality was found between clay
concentration and tensile modulus for EVA-9 and EVA-18, a relation not observed with
EVA-28. In fact, it is very difficult to compare the extent of the improvement of the
mechanical properties of different EVA/clay nanocomposites reported so far, because EVAs
of different vinyl acetate contents have been processed into the nanocomposites with
different clays and different modifying agents by different methods (Pegoretti et al., 2004).
Upon silicate addition large improvements in stiffness were observed, which however were
accompanied by a decrease in tensile strength and elongation (Chang et al., 2004). Similar
trends have been reported by Tortora et al. (Tortora et al. (b), 2002). Both exfoliated and
intercalated PU/o-MMT nanocomposites showed an improvement in the elastic modulus
upon increasing the clay content, but a decrease in the stress and strain at break.

In general, it has been argued that in the presence of polar or ionic interactions between the
polymer and the silicate layers, the stress at break is usually increased, whereas when there
is lack of interfacial adhesion, no or very slight tensile strength enhancement is recorded
(Alexandre & Dubois, 2000). Pegoretti et al. (Pegoretti et al., 2004) found that the yield
strength was not reduced by the addition of clay to recycled PET and considered this to be a
sign of good interfacial adhesion; however, in the same study, a slight decrease of stress at
break and a dramatic reduction of strain were reported. On the other hand, in PS
intercalated nanocomposites the ultimate tensile stress was found to decrease compared to
that of the PS matrix and dropped further at higher filler content. This lack of strength was
attributed to the fact that only weak interactions exist at the PS/clay interface, contrary to
other compositions in which polar interactions may prevail, strengthening the matrix
interface (Chang et al., 2004).

An interesting study was performed by Chang et al. (Chang et al., 2004) who prepared PET-
based nanocomposites through in situ intercalative polymerization, and subsequently
produced nano-hybrid fibers by extrusion through the die of a capillary rheometer. The hot
extrudates were stretched through the die of a capillary rheometer at 270 °C and
immediately drawn to various draw ratios (DR). The tensile properties of the fibers formed
increased with increasing amount of organoclay at DR = 1. When the organoclay was
increased from 0 to 3 wt.% in hybrids at DR = 1, the strength linearly improved from 46 to
71 MPa, and the modulus from 2.21 to 4.10 GPa.



304 Advances in Diverse Industrial Applications of Nanocomposites

Finally, even though nanocomposite researchers are generally interested in the tensile
properties of the final materials, there are a few reports concerning the flexural properties of
PLS nanocomposites (Morawiec et al., 2005; Liu et al., 2001).

5.1.3 Toughness and strain

The brittle behavior often exhibited by nanocomposites probably originates from the
formation of microvoids due to debonding of clay platelets from the polymer matrix upon
failure. This has been testified through careful inspection of fracture surfaces and is also
correlated to observations by in situ deformation experiments using TEM (Liu et al., 2001;
Hong et al.,, 2005). In fact, the observation of nanocomposite fracture surfaces is quite
interesting. Fig. 8(a) shows a typical fracture morphology in virgin nylon 12 and a ductile
fracture as evidenced by plastic deformation. Fig. 8(b) and (c) show fracture surfaces of the
nanocomposites containing 1 and 5 wt.% clay, respectively. No distinct clay agglomerates
are observed by scanning electron microscopy (SEM) even at high magnification, as shown
in Fig. 8(d). For 1wt.% clay addition (Fig. 8(b)), the fracture surface became smoother

S0 X0

Fig. 8. SEM images showing fracture surfaces after impact tests. (a) neat PA12; (b) and (c)
PA12 nanocomposites containing 1 and 5 wt.% clay, respectively; (d) high magnification of
(c) Reproduced from Phang et al. (Phang et al., 2005), by permission of John Wiley & Sons
Ltd., US.
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compared with that of neat PA12; an even more brittle feature for clay concentration of 5
wt.% was observed in Fig. 8(c). Careful inspection of the fracture surface at higher
magnification of nanocomposite with 5wt.% clay (Fig. 8(d)) verifies the formation of
microvoids due to the debonding of clay platelets from the matrix. Usually, microvoids are
formed around the large inhomogeneities, which become evident especially at high clay
loadings. These microvoids will coalesce with formation of larger cracks causing
embrittlement, ultimately resulting in reduced toughness (Liu et al., 2001).

In the case of nylon 12 nanocomposites, Fig. 9 shows that the Izod impact strength
monotonically decreases as the clay concentration increases. The toughness (representing
the energy absorption during the fracture process) decreases by about 25% with 5 wt.% of
clay. Similar observations of reduction in impact strength are also reported in nylon 6/clay
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Fig. 9. Izod impact strength of PA12/clay nanocomposites as a function of clay concentration
(Liu et al., 2001). Reproduced from Liu et al., by permission of John Wiley & Sons Ltd., US.

nanocomposites and PE-based nanocomposites, indicating that the incorporation of clay
into semicrystalline thermoplastics usually results in toughness reduction, ie. the
aforementioned embrittlement effect from clay addition (Liu et al., 2001).

On the other hand, some studies report little or no change of toughness upon clay
intercalation/exfoliation. For example, while the tensile strength and modulus of PP
nanocomposites increased rapidly with increasing clay content from 0 to 5 wt.%, the
notched Izod impact strength was constant, within experimental error, in the clay content
range between 0 and 7 wt.% (Messersmith et al., 1994). Another study reports the impact
properties for exfoliated nylon 6-based nanocomposites prepared either by in situ
intercalative polymerization or by melt intercalation. In that study marginal reductions in
impact properties are reported, whatever the exfoliation process used. In the case of in situ
intercalative polymerization, the Izod impact strength is reduced from 20.6 to 18.1 J/m
when 4.7 wt.% clay is incorporated. Charpy impact tests show similar reduction in the
impact strength, with a drop from 6.21 kJ/m? for the filler free matrix, down to 6.06 kJ/m?
for the 4.7 wt.% nanocomposite.
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Furthermore, toughness improvements upon clay dispersion have also been reported a
remarkable result, considering that conventional polymer-clay composites, containing
aggregated nanolayer tactoids ordinarily improve rigidity but sacrifice toughness and
elongation (LeBaron et al., 1999).

Finally, it is worth summarizing the work of Hong et al. (Nam et al., 2001) on PP-based
RTPO/ clay nanocomposites, prepared by using PP-MA as a compatibilizer. PP-based RTPO
(or in reactor made TPO) is a blend of PP and poly(ethyleneco-propylene) (EPR), produced
by the bulk polymerization of propylene, followed by gas-phase copolymerization of
ethylene and propylene driven by the TiCl;/MgCl>-based catalyst system. Such materials,
like the conventional blends of PP/EPR prepared by mechanical blending, exhibit improved
flexibility and toughness compared to neat PP. Moreover, because the rubber phase can be
dispersed uniformly and reach a high degree of dispersion in these in situ blends, it is
possible to achieve more intimate interaction between the matrix and the rubber phase. The
tensile moduli of the nanocomposites became higher as the clay content increases. On the
other hand, the elongation at break decreases as the clay content increases, but the value of
nanocomposites containing 10 wt.% clay is 437%, which is much higher than that of PP/clay
nanocomposites reported elsewhere. As the authors claim, these longational properties of
PP based RTPO/clay nanocomposites are unique and promising for many applications. In
fact, for reasons of comparison, Hong et al. also prepared and tested nanocomposites using
PP/EPR mechanical blend matrix, modified with PP-MA. For these materials, the elongation
at break values were about 50%, which are much lower than those of RTPO clay
nanocomposites and is not suitable for industrial application. The authors attributed this
discrepancy to the difference of dispersion homogeneity and domain size of ethylene
copolymer between RTPO and PP/EPR mechanical blends.

5.1.4 Dynamic analysis

Dynamic mechanical analysis (DMA) measures the response of a material to a cyclic
deformation (usually tension or three-point bending type deformation) as a function of the
temperature. DMA results are expressed by three main parameters: (i) the storage modulus
(E” or G"), corresponding to the elastic response to the deformation; (ii) the loss modulus (E”
or G”), corresponding to the plastic response to the deformation and (iii) tan§, that is, the
E'/E” (or G'/G”) ratio, useful for determining the occurrence of molecular mobility
transitions such as the glass transition temperature (Alexandre & Dubois, 2000).

In the case of nanocomposites, the main conclusion derived from dynamic mechanical
studies is that the storage modulus increases upon dispersion of a layered silicate in a
polymer. This increase is generally larger above the glass transition temperature, and for
exfoliated PLS nanocomposite structures is probably due to the creation of a three-
dimensional network of interconnected long silicate layers, strengthening the material
through mechanical percolation (Alexandre & Dubois, 2000). Above the glass transition
temperature, when materials become soft, the reinforcement effect of the clay particles
becomes more prominent, due to the restricted movement of the polymer chains. This
results in the observed enhancement of G” (Porter et al., 2003). For example, an epoxy-based
nanocomposite, containing 4 vol.% silicates, showed a 60% increase in G’ in the glassy
region, compared to the unfilled epoxy, while the equivalent increase in the rubbery region
was 450% (Jimenez et al., 1997). Similar results have also been reported in the case of PP-
(Laus et al., 1997), PCL- (Okamoto et al., 2001), SBS- (Ray et al., 2002), PA- (Ray et al. (b),
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2003), PLA- (Nielsen et al., 1981; Nam et al., 2001; Fornes & Paul, 2003), and epoxy-based
nanocomposites (Jimenez et al., 1997).

Enhancement of the loss modulus, G”, has also been reported for nanocomposite materials,
however this aspect of dynamic mechanical performance is far less discussed in the
literature.

Finally, the tand values are affected in different ways by nanocomposite formation,
depending on the polymer matrix. For example, in PS based nanocomposites, a shift of tand
to higher temperatures has been observed, accompanied by a broadening of this transition
(Chang et al., 2004), while the opposite effect was reported in the case of PP-based
nanocomposites (Nielsen, 1967). Some authors observed a decrease of tand peaks, and
considered this indicative of a glass transition suppression by the presence of the clay.
However, Fornes and Paul (Fornes et al., 2003) pointed out that this conclusion is a
misinterpretation, since the low values for the nanocomposites are simply the result of
dividing the relatively constant loss modulus values in the T, region, by larger storage
modulus values.

Quite surprisingly, DMA showed that above Ty, the moduli for the pure PU and the PU/o-
MMT nanocomposites show no obvious difference, while below T, addition of o-MMT
strongly influences the modulus values. Interestingly, the authors found that E" and E” of
the PU/0o-MMT decrease in comparison with values for the PU, for unclear reasons. On the
other hand, significant enhancements of E* and E” were seen for the nanocomposite
prepared using a particular modified clay (Kojima et al. (b), 1993). In the case of PLA-based
nanocomposites, it was observed that PLACNs with a very small amount of o-PCL as a
compatibilizer exhibited a very large enhancement of mechanical properties compared to
that of PLACN with comparable clay loading (Nielsen et al., 1981).

5.2 Barrier properties
Generally, polymer/layered silicate nanocomposites are characterized by very strong
enhancements of their barrier properties. Polymers ranging from epoxies and good sealants
(like siloxanes) to semi-permeable (e.g. polyureas) and highly hydrophilic (e.g. PVA) are all
improved up to an order of magnitude by low clay loadings (Manias (b), 2001).
The dramatic improvement of barrier properties can be explained by the concept of tortuous
paths. That is, when impermeable nanoparticles are incorporated into a polymer, the
permeating molecules are forced to wiggle around them in a random walk, and hence
diffuse by a tortuous pathway (Giannelis, 1996; LeBaron et al., 1999; Dennis et al., 2001;
Phang et al., 2005).
The tortuosity factor is defined as the ratio of the actual distance, d’, that the penetrant must
travel to the shortest distance d that it would travel in the absence of barriers. It is expressed
in terms of the length L, the width W and the volume fraction of the sheets @s as
d’ L

T= E =1+ m
It becomes obvious from this expression that a sheet-like morphology is particularly
efficient at maximizing the path length, due to the large length-to-width ratio, as compared
to other filler shapes (Alexandre & Dubois, 2000; Porter et al., 2003).
According to the model proposed by Nielsen, the effect of tortuosity on the permeability
may, in turn, be expressed as

s



308 Advances in Diverse Industrial Applications of Nanocomposites

Pren _ 1— Bs
PP T

where Ppcy and Pp represent the permeability of the nanocomposite and the pure polymer,
respectively and @g is the clay content (Porter et al., 2003; Cussler et al., 1988).

Although the above equations were developed to model the diffusion of small molecules in
conventional composites, they have also been used in reproducing experimental results for
the relative permeability in PLS nanocomposites. Discrepancies between the experimental
data and the theoretical line may be attributed either to inadequacies of the model or to
incomplete orientation of the particles within the nanocomposite film plane (Petricova et al.,
2000). In fact, the key assumption of the Nielsen model is that the sheets are placed in an
arrangement such that the direction of diffusion is normal to the direction of the sheets.
Clearly, this arrangement results in the highest tortuosity, and any deviation from it would,
in fact, lead to deterioration of the barrier properties (Porter et al., 2003).

Moreover, the tortuous path theory, including the Nielsen equation as well as other
phenomenological relations (e.g. the Cussler (Cussler et al, 1988) formula, the Barrel
(Petricova et al., 2000) formula and the power law equation (Fukuda & Kuwajima, 1997)), is
grounded on the assumption that the presence of nanoparticles does not affect the diffusivity
of the polymer matrix. However, experimental observ