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Scope of the Series
“Nanostructure Science and
Technology”

Nanostructure science and technology now forms a common thread that runs
through all physical and materials sciences and is emerging in industrial
applications as nanotechnology. The breadth of the subject material is
demonstrated by the fact that it covers and intertwines many of the traditional
areas of physics, chemistry, biology, and medicine. Within each main topic in this
field there can be many subfields. For example, the electrical properties of
nanostructured materials is a topic that can cover electron transport in
semiconductor quantum dots, self-assembled molecular nanostructures, carbon
nanotubes, chemically tailored hybrid magnetic-semiconductor nanostructures,
colloidal quantum dots, nanostructured superconductors, nanocrystalline elec-
tronic junctions, etc. Obviously no one book can cope with such a diversity of
subject matter. The nanostructured material system is, however, of increasing
significance in our technology-dominated economy and this suggests the need for
a series of books to cover recent developments.

The scope of the new series is designed to cover as much of the subject
matter as possible—from physics and chemistry to biology and medicine, and
from basic science to applications. At present, the most significant subject areas
are concentrated in basic science and mainly within physics and chemistry, but as
time goes by more importance will inevitably be given to subjects in applied
science and will also include biology and medicine. The series will naturally
accommodate this flow of developments in the science and technology of
nanostructures and maintain its topicality by virtue of its broad emphasis. It is
important that emerging areas in the biological and medical sciences, for example,
not be ignored as, despite their diversity, developments in this field are often
interlinked. The series will maintain the required cohesiveness from a judicious
mix of edited volumes and monographs that, while covering subfields in depth,
will also contain more general and interdisciplinary texts.

Thus the series is planned to cover in a coherent fashion the developments in
basic research from the distinct viewpoints of physics, chemistry, biology, and
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vi Scope of the Series “Nanostructure Science and Technology”

materials science and also the engineering technologies emerging from this
research. Each volume will also reflect this flow from science to technology.
As time goes by, the earlier series volumes will then serve as reference texts to
subsequent volumes.

David J. Lockwood
National Research Council
Ottawa, Canada



Foreword

Self Assembled Nanostructures by J. Z. Zhang, Z .L. Wang, J. Liu, S. Chen, and
G.-Y. Liu is an exhaustive compilation of the different active areas in nanoscience
today. The authors should be congratulated for their great efforts in writing such
an extensive volume. They have amassed ten chapters on the different aspects of
nanoscience covering topics such as synthesis, natural nanomaterials, nanocrystal
self-assembly, structure characterization, lithographic techniques, chemical and
photochemical reactivity, optical electronic dynamic properties of both semi-
conductor and metallic nanoparticles, and their electrochemical properties.

This book is valuable because of both its breadth and its focus. The chapters
cover a wide span of topics relevant to the field of nanoscience with a focus on
self-assembly. At the same time, the authors have commendably integrated their
efforts and produced a very readable book.

The authors recognize that this important technique is crucial to furthering
progress in nanoscience since our potential ability to employ nanoparticles in
useful technological applications depends, in large part, on our ability to self-
assemble them correctly.

Professor Mostafa A. El-Sayed

Julius Brown Chair and Regents Professor
Director, Laser Dynamics Laboratory
School of Chemistry and Biochemistry
Georgia Institute of Technology

Atlanta, Georgia
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Preface

Nanostructured materials, or nanomaterials, refer to materials that have relevant
dimensions on the nanometer length scales and reside in the mesoscopic regime
between isolated atoms or molecules and bulk matter. These materials have
unique physical and chemical properties that are distinctly different from bulk
materials. Their size-dependent properties, their sensitivity to surface phenomena,
and how they are spatially arranged present a significant challenge to our
fundamental understanding of how these materials should behave. Intense interest
in nanostructured materials is also fueled by tremendous economic and
technological benefits anticipated from nanotechnology and nanodevices.
Nanomaterials have demonstrated great potentials for applications in opto-
electronics, photovoltaics, photocatalysis, microelectronics, sensors, and detec-
tors. The advance in these areas will affect our daily life from how we design a
faster computer, to how we use and conserve energy, preserve the environment,
and how we diagnose and treat disease.

The research and development in nanomaterials involve three key aspects:
assembly and synthesis of the nanomaterials, characterization of their properties,
and exploration or implementation of their applications. Several books on the
general subject of nanomaterials have appeared in the last few years. Most of
these books have focused on the theoretical and physical aspects of nanomaterials
and are written for professionals or experts in the field. To our best knowledge,
there have been no introductory-level books that provide a systematic coverage of
the basics of nanomaterials that covers the three important aspects of materials
assembly and synthesis, characterization, and application. This book is designed
to bridge that gap and offers several unique features. First, it is written as an
introduction to and survey of nanomaterials with a careful balance between basics
and advanced topics. Thus, it is suitable for both beginners and experts, including
graduate and upper-level undergraduate students. Second, it strives to balance the
chemistry aspects of nanomaterials with physical principles. Third, the book
highlights nanomaterial based architectures including assembled or self-assembled
systems rather than only isolated nanoparticles. Finally, the book provides an in-
depth discussion of important examples of applications, or potential applications
of nanoarchitectures, ranging from physical to chemical and biological systems.

The book is organized as follows. Chapter 1 provides an introduction to the
field of nanomaterials. It covers some of the key historic developments, novel
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X Preface

properties, and basic physical principles of nanomaterials. Chapter 2 deals
primarily with molecular self-assembly or synthetic self-assembled nanostruc-
tures, including Langmuir—Blodgett films, surfactant directed nanoporous
materials, and molecularly directed films and composites. Chapter 3 presents a
survey of naturally self-assembled nanostructures important in biology and
biomedical sciences, for example, bone tissues, natural laminated composites in
sea shells, and cell membranes. Issues discussed include molecularly directed
nucleation and growth, hierarchical ordering, and functional selectivity. A
discussion of nanocrystal self-assembly is presented in Chapter 4, including
different synthetic methods for making nanocrystals with emphasis on wet
chemistry methods. Assembly and fabrication into desired two-dimensional and
three-dimensional structures and magnetic properties are also covered. Chapter 5
deals with characterizations of structure and chemical functionality of nanoarch-
itectures using different microscopy techniques. Chapter 6 focuses on lithiogra-
phy-engineered nanoarchitecture and nanofabrication, with emphasis on
structure and chemical characterization of nanoarchitectures. Chemical reactivity
of nanoarchitectures is the subject of Chapter 7, as illustrated with various
chemical reactions conducted involving nanomaterials, including redox reactions
involved in catalysis, photocatalysis, photoelectrochemistry, molecular recogni-
tion, and specific surface interaction. Chapter 8 deals specifically with optical and
electronic functionality of nanoarchitectures, with focus on optical and electronic
properties of semiconductor nanomaterials studied using frequency and time-
resolved optical techniques. Optical and dynamic properties of metal nanomater-
ials are the subject of Chapter 9. Chapter 10 concentrates on electrochemical and
transport properties of nanoarchitectures studied using electrochemical as well as
electrical techniques. The scientific and technological impacts of nanoarchitec-
tures are covered in many of the chapters. Several key application examples of
nanoarchitectures, including nanoelectronics, solar cells, photocatalysis, photo-
electrochemistry, light emitting diodes, lasers, detectors, sensors, and bioimaging
are considered.
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1

Introduction

Seldom in the history of scientific research has a single topic such as
nanotechnology energized so much excitement and imagination in the scientific
community and among the general public. The importance of nanotechnology has
been identified by researchers from academic and industry worldwide. Potential
applications of nanotechnology were indicated in President Clinton’s speech at
California Institute of Technology on January 21, 2000: *“- - -shrinking all the
information housed at the Library of Congress into a device the size of a sugar
cube - - - detecting cancerous tumors when they are only a few cells in size.”
Nanotechnology involves manipulation of matter at the nanometer length scale
(1 nm = 1072 m). While methods allowing for the fabrication of smaller devices
have always heralded new economic opportunities, fabrication on the nanometer
scale is especially significant as this is the approximate size of the largest biological
molecules: proteins and DNA. It is at this level where, over the next decade, the
smallest length scale reachable by humans, and the largest molecular length scale
of nature, will coincide. It is clear that nanotechnology brings opportunities for
devices and materials capable of greatly improving the quality of human life.
Nanoscale materials, the foundation of nanoscience and nanotehcnology,
have become one of the most popular research topics in a very short period of time.
The intense interest in nanotehcnology and nanoscale materials is fueled by the
tremendous economical, technological, and scientific impact anticipated in several
areas: (1) The exponential growth of the capacity and speed of semiconducting
chips, the key components that virtually enable all modern technology, is rapidly
approaching their limit of art and demands new technology and new materials
science on the nanometer scale; (2) novel nanoscale materials and devices hold great
promise in energy, environmental, biomedical, and health sciences for more
efficient use of energy sources, effective treatment of environmental hazards, rapid
and accurate detection and diagnosis of human diseases, and improved treatment
of such diseases; and (3) when a material is reduced to the dimension of the
nanometer, only tens of the dimension of a hydrogen atom, its properties can be
drastically different from those of either the bulk material that we can see and touch
even though the composition is essentially the same, or the atoms or molecules that
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2 CHAPTER 1

make up the materials. Therefore, nanoscale materials prove to be a very fertile
ground for great scientific discoveries and explorations.

Nanoscale materials, or nanomaterials, can be defined as materials with at
least one dimension that is on the nanometer scale, and with its properties
influenced by this dimensional confinement. Materials with relevant physical
dimensions on the nanometer scales possess unique chemical and physical
properties compared to their corresponding bulk or isolated atoms and molecules.
Their thermodynamic, dynamic, mechanical, optical, electronic, magnetic, and
chemical properties can be significantly altered relative to their bulk counterparts.
These properties are dependent not only on size but also on morphology and
spatial arrangement. In addition, as the materials are reduced to nanometer scale,
more and more atoms will be exposed to the surface. Therefore, surface
phenomena, such as wetting, begin to play a critical role. Even with the recent
surge of popularity of nanotehcnology, nanoscale materials are much more
abundant than most people think. The soft and hard tissues in our body, such as
muscles and bones, are superior nanoscale materials, whose mechanical properties
cannot be matched by any man-made materials with the same chemical
compositions due to the unique architecture on the nanometer scale. The ability
for us to command and move our body parts, and for the cells to communicate,
grow and divide, is closed related to movement of some molecular micormachines
only a few nanometer in size (motor proteins). Nobody has been able to fabricate
a functional motor machine with such small sizes, not to mention the incredible
efficiency of the biological nanomachines (40-100%). In nature, bacteria actually
use nanometer sized magnetic particles within the cell to sense the direction of
their movement. Not realizing the importance of this particular length scale,
mankind has been using nanoscale materials for a long time. Some good examples
include the artistry to produce colorful glassware by dispersing nanoparticles in
glass and the use of silver colloids in photography. In both cases, the color
strongly depends on the size of the particles and how they are aggregated. Many
of the materials we use in our daily life, such as metals and ceramics, are in fact
nanoscale materials. These materials are usually treated in a special way so that
one portion of the material is dispersed in another on a nanometer scale in order
to improve the mechanical properties.

In the last decade, microelectronics and computers have penetrated every
aspect of our life. The industry has been able to keep up with the demand by
exponentially increasing the memory density and the speed of the semiconduting
chips (Moore’s law), namely increasing the memory capacity by a factor of 4 every
three years. The main mechanism that has enabled this exponential growth is
through the reduction in size of the individual chips. Currently, the relevant length
scale in the fabrication of many new devices has reached the nanometer scale. For
example, computer chip fabrication has reached the length scale of about 150 nm
in commercial productions. It is anticipated that this length scale needs to reach
50 nm in the near future in order to keep up with the demand of the consumers,
but microelectronic features on the nanometer scale presents serious challenges.
First, the tools and methodologies for fabrication of such devices are not ready.
Second, on such small length scale the electronic and other physical properties are
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not well understood. On these length scales, materials exhibit new properties such
as quantum size confinement. Their surface properties become increasingly
important. The unusual properties of nanoscale materials have tremendous
implications on the performance and reliability of the devices. For example, at
this length scale, the traditional insulation material (silica) between the
interconnecting wires is not insulating enough to separate the signals. To make
a Si-gate complementary metal oxide semiconductor (CMOS) less than 100 nm in
dimension, the gate oxide layer separating the metal gate from the semiconducting
layer needs to be as thin as 1.2 nm, only four silicon atoms across the layer. The
question is how we can guarantee that this 1.2 nm oxide layer is uniform and does
not leak current, and how we can guarantee that there is no tendency for this
oxide layer to degrade and affect the long-term reliability. Even for something as
simple as doping, which is crucial for semiconductors in device applications,
becomes an intriguing one on the nanometer scale. For a nanoparticle with less
than 100 atoms, not all the particles can contain one dopant atom for a 1% or less
doping level. Then, how can one achieve homogeneous doping among all the
particles and how would the doped particles behave differently from the undoped
ones?

In the biomedical and human health area, the need to search for better
detection and diagnosis, and for more effective treatment is insatiable. In the last
few years, many technologies based on nanodevices and nanomaterials have
emerged. Gold particles modified with specific DNA strands, antibody labeled
magnetic particles, and antibody coded nanobars seem to promise easy and quick
detection of protein molecules, DNA sequences, and other bio-organisms. Many
techniques based on atomic force microscopy (AFM) have also been investigated
for sensitive measurement of the interactions between biomolecules on the
nanometer scale. Fluorescent nanoparticles have the potential to replace organic
fluorescent dyes with high intensity and improved stability. Inorganic and organic
nanoparticles, nanovesicles, and smart nanocomposite materials have also been
widely investigated for drug formulation and for targeted and regulated delivery
of drugs. In other areas, nanoparticles and nanoporous materials have been
playing a pivotal role as catalysts and supports in chemical and energy industry
for a long time. Reducing the scale and dispersion of the catalyst materials is the
key to improve the catalytic efficiency. In environmental and health science,
nanoparticles, nanophase materials, and nanocomposites have also demonstrated
great potential for effective selection and separation of biomolecules, bio or
industrial hazards. In all these areas, great challenges still remains. The challenges
are related to more efficient fabrication and production of the nanomaterials so
that they are more accessible, and have improved sensitivity and selectivity for
fast and quantitative analysis, and better compatibility and stability in the
environment (e.g., in biotissues). In addition, the interfacing (connection) of the
nanomaterials with the system is not trivial.

Much has been learned about the unique properties of nanoscale materials
in the last decades. For example, the color or absorption spectrum changes
dramatically with size when the size is small compared to the de Broglie
wavelength or the Bohr exciton radius of the electron. The emission wavelengths
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change with size as well. This could be useful for tunable lasers or light emitting
diodes. The tunable properties of nanomaterials make them attractive for a
variety of applications. The melting points of nanocrystals have been found to be
much lower than those of bulk crystals. When a metal particle such as gold is
smaller than 10 nm, it essentially exists in a state that is neither liquid nor solid.
The shape of the particle is in a constant state of changing from one to another.
When a common liquid such as water is confined to space that is only a few
nanometer in dimension, its properties are significantly different from those of the
liquid water and solid ice that we are familiar with. The unusual, not liquid-like
and not solid-like properties of water play a very important role in the function of
protein molecules in the body. When reduced to nanometer scale, ferroelectric
materials and piezoelectric materials that are important in our daily electronic
devices and appliances may no longer be ferroelectric or piezoelectric because they
now have a different crystalline structure. Therefore, besides the tremendous
potentials in improving our life, the fascinating properties of nanoscale materials
will remain a strong motivation for scientific discovery and exploration.

From the above discussion, it is clear that in order for nanoscale materials to
realize their full potential, evolutional progress and revolutional breakthrough are
needed in the fabrication and synthesis of nanoscale materials, and in the
understanding of the fundamental properties of such materials. The synthesis and
fabrication of nanomaterials usually involve two drastically different approaches:
the top-down approach and the bottom-up approach. Currently photolithogra-
phy, which includes chemical vapor deposition (CVD) or metal oxide CVD
(MOCVD), remains the only method accepted by the semiconductor industry, but
this technique is rapidly reaching its size limit. To further reduce dimension, deep
UV lithography, e-beam lithography, soft lithography, dip pen lithography, etc.,
are being investigated. The bottom up approach involving self-assembly of
molecular species, with controlled chemical reactions, is much more efficient and
flexible. Recent developments of new chemical synthesis techniques have reached
the degree of sophistication that high quality samples can be produced. Samples
with well-controlled surface properties and shape, for example, spherical particles
vs. rods, can be conveniently prepared. Synthesis of particles with narrow size
distributions has allowed the construction of superlattice or artificial atomic
structures using different assembly techniques. Self-assembled superlattice
structures have properties modified compared to isolated particles due to
interparticle interactions. Very exciting results have been obtained with self-
assembly using crystalline surfactants and polymer liquid crystalline structures,
with proteins and other biomolecules. However, the self-assembly approach still
needs to demonstrate the large scale control required for functional devices, and
needs to find ways to make connections and interfaces between the devices and the
systems.

Characterization of nanomaterials is a major part of nanomaterial research.
Common techniques include optical spectroscopy (electronic, Raman, and infra-
red), X-ray techniques (diffraction, absorption, and photoemission) microscopy
(transmission electron microscopy (TEM), scanning tunnelly microscopy (STM),
and atomic force microscopy (AFM)), electrochemistry, and time-resolved laser
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techniques. For example, X-ray and microscopy techniques are often used to
determine the structural properties, including particle size, shape, and crystal
structure, whereas optical spectroscopy is sensitive to their electronic and optical
properties. Each of these techniques serves to probe some specific aspects of the
properties of the nanoparticles. One of the most exciting areas is the development
of techniques for single molecular spectroscopy and single molecular microscopy,
which shed new lights on the mechanisms involved in natural and synthetic
nanoscale materials. The biggest challenges in characterization include preserva-
tion of the natural state of the materials while they are being analyzed,
observation of real-time kinetic processes, quantitative analysis in addition to
qualitative analysis, and sensitive detection of very minor components.

It is apparent that a complete coverage of all the topics is beyond the scope
of any books or publications. Nor can anybody provide answers to all questions
the challenges raised. A cursory survey of the market reveals numerous
publications and books in the area of nanotechnology and nanoscale materials.
However, a careful analysis of these publications indicates some important
deficiencies. Many publications and books emphasize specific areas and topics. As
a result, it is difficult to find books that provide comprehensive coverage of the
important topics in materials production, characterization, and applications in a
very concise manner for the general audience. The objective of this book is to
provide a concise and comprehensive discussion of the latest research and
development activities in the synthesis (including fabrication), characterization,
and applications of nanomaterials. The book is also intended to illustrate
dynamic relationships between materials synthesis, the understanding of the
fundamental principles, and how the new understanding and new approaches lead
to new applications. The applicability, the limitations, and the potentials of
different approaches will be discussed. In addition to the coverage of new
developments, the book will provide sufficient background information so that
the readers can easily understand the most important scientific principles, whether
it is related to synthesis, characterization, or application. Finally, the book is
written with the hope that it will not only provide a ready reference about the
general field of nanoscale materials, but also stimulate and challenge the readers
to think about new things, to think about ways to break the boundaries between
disciplines and to provide solutions from an angle that may not be familiar to
material scientists.

In Chapters 2 and 3 of the book, the concept of self-assembly is introduced.
Both synthetic and natural self-assembled materials are discussed. The principles
of self-assembly and underlying molecular interactions are summarized. Natural
self-assemblies in biologically important systems are discussed. Composite
organic/inorganic and biological/inorganic nanomaterials are also presented.
Chapters 2 and 3 are intended not only to provide updated information about the
development of the very exciting field of self-assembly and the fundamental
scientific principles behind it, but also to point out the inference between the
“living” world and the synthetic world. The formation and the functions of living
materials and living systems are fundamentally different from those of synthetic
materials and devices. Living systems extract energy from the environment to
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generate and maintain highly ordered and functional structures on every length
scale. Although the individual components, such as proteins molecules and cells,
are in a constant state of evolution and regeneration, the collective functions and
stability of the system is maintained. In addition, living materials and living
systems are adaptable and responsive with respect to changes in environmental
conditions. In contrast, in synthetic materials and devices, orders and functions
are created by mechanical means (such as micromachining) or by the applications
of external fields (as in thermally or electrically driven self-assembly). The
stability, rigidity, and reliability of each individual component dictate the stability
and life span of the whole system. Contrary to the adaptive and responsive
properties of the living materials, the usefulness of synthetic materials and devices
depend on their ability to stay unchanged regardless of the environment.

Chapter 4 focuses on self-assembly of inorganic semiconductor, insulator,
and metal nanocrystals with an emphasis on shape and surface characterization
and on understanding the growth mechanism of self-assembly. Chapter 5
concentrates on structural characterization of nanostructures using X-ray,
TEM, and scanning microscopy techniques. Fabrication of nanostructures using
nanolithographic techniques is covered in Chapter 6, with examples such as
X-ray, electron, and ion-beam lithography, nanoparticle lithography, and
scanning probe lithography. Both operating principles and some technical details
are provided. Photochemical and photoelectochemical properties and related
applications are the subject of Chapter 7. Application examples include air and
water pollutant control using nanomaterials as photocatalysts. Molecular
recognition and surface specific interactions are also presented. Optical,
electronic, and dynamic properties and relevant applications of semiconductor
and metal nanomaterials are covered in Chapters 8 and 9, respectively. These
applications are illustrated with examples ranging from solar cells, light emitting
diodes, and optical filters to biological labeling and imaging. Electrochemical
properties and their applications are discussed in Chapter 10. Quantized charging
behavior of metal nanoparticles is used to highlight the unique electronic
properties of nanomaterials.
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Synthetic Self-Assembled
Materials: Principles and Practice

2.1. MICROSCOPIC AND MACROSCOPIC INTERACTIONS

Self-assembly has become a very effective and promising approach to synthesize
a wide range of novel nanoscale materials. In the self-assembly processes,
atoms, molecules, particles, and other building blocks organize themselves into
functional structures as driven by the energetics of the system. Self-assembly
also implies that if the system is taken apart into the appropriate subunits,
these subunits can then be mixed to reform the whole structure under favorable
conditions. The most important driving force for self-assembly is the
interaction energies between the subunits, whether they are atoms, molecules,
or particles.

2.1.1. Molecular Interaction Energies

On the most fundamental level, there are interactions among atoms, ions,
and molecules. These interactions can be further classified into three categories,
depending on if the species are charged:'* Coulomb interactions due to the
electrostatic effects from the permanent charges, van der Waals interactions due
to instantaneous polarizations induced by the neighboring molecules (or atoms,
ions), and short range strong repulsions. These interaction forces have been
extensively discussed in Refs. 1-6, but a brief summary is provided below based
on these references:

2.1.1.1. Coulomb Interactions

Coulomb interactions are caused by charged particles and can be positive or
negative (attraction or repulsion) depending on the sign of the charges.

7
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(i) Ion-ion pair interaction
E = (Z,e)(Z;e) [4mepx (2.1)

where E is the interaction energy, Z; and Z, are the valence (or number of
charges) of the ions (species), e is the electronic charge, €, the dielectric constant in
vacuum, and x is the separation distance between the two ions.

(i1)) Ton—permanent dipole interaction

E = (Ze)p.cos 0/4mepx? (2.2)

where pis the dipole moment, and 6the angle between the line of centers and the
axis of the dipole.
(iii) Permanent dipole—permanent dipole interaction

E = (constant)p, u, /4meox’ (2.3)

The constant depends on the relative orientation between the two dipoles:
constant = v/2 for average over all orientations; constant = 2 for parallel dipoles;
constant = —2 for antiparallel dipoles.

2.1.1.2. van der Waals Interactions

The van der Waals interactions are due to instantaneous polarizations
induced by the neighboring molecules (or atoms, ions) and are always negative
(attraction). The potential usually has a power law exponent of 6 with respect to
the separation distance.

(i) Permanent dipole-induced dipole interaction (Debye interaction)

E = (42 + oiap?) /(dmep)*x® (2.4)

where o, and oy are the polarizabilities of the two dipoles.
(i) Permanent dipole—permanent dipole (Keesom interaction, due to the
average effect of the rotational contribution of the polarizability)

E = —(2/3)u2u3/ (4neo)*kTx® (2.5)

where k is the Boltzmann constant and T is the temperature.
(iii) Induced dipole-induced dipole interaction (London interaction)

E = —(3h/3)[m192/ (01 + ) o102/ (47eq) x° (2.6)

where £ is Plank’s constant, and v is the characteristic vibration frequency of the
electrons.

2.1.1.3. Short-Range, Strong Interaction

Atavery close separation distance, a very strong repulsive force develops that
rises sharply with respect to distance like two hard spheres approaching each other.



SYNTHETIC SELF-ASSEMBLED MATERIALS: PRINCIPLES AND PRACTICE 9

Short range repulsion

Molecular interaction energies
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Van der Waals

FIGURE2.1. Schematic illustration of the inter-molecu-
lar cnergies as a function of distance. r, indicates the
equilibrium position (the equilibrium size) of the molecules.

X (separation distance)

The form of this interaction is not well defined but is usually treated as a power law
with an exponent of 12, where { is a pre-exponent constant:

E=(x? 2.7)

2.1.1.4. Total Interaction Potential

There are other forms of intermolecular interactions, but at a close distance
the most important interactions are van der Waals forces and the short-range
repulsion. For convenience, these interaction energies are usually summarized in a
power law equation (Lennard—Jones potential) including a repulsive term and an
attractive term:

E=0{x""1-px8 (2.8)

The van der Waals six-power term reflects summation of the contribution from
the random dipole—dipole interactions from (2.4) to (2.6) related to the polariz-
ability of the molecules, and is always attractive (negative). The intermolecular
energies as a function of distance are schematically illustrated in Fig. 2.1.

2.1.2. Macroscopic Interaction Energies
2.1.2.1. van der Waals Attraction between Two Spherical Particles

For macroscopic bodies, such as spherical particles, the van der Waals
attraction energy can be assumed to be the addition of all the contributions from
individual atoms (molecules).” If the number of atoms per unit volume is p, using
the six-power expression for the van der Waals attraction in the Lennard—Jones
equation, the pair wise interaction between the increment volumes (d ¥V, d¥5) of
the two objects is

dE, = —(1/2)p*B/x%dV,dV; (2.9)
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The total attraction energy is the integration over the volumes of the two objects:

E, = —(1/2)p%B /]dV;de/x“ (2.10)

With certain geometric assumptions, it is not difficult to derive the van der
Waals attraction energies between a wide range of macroscopic bodies. Some of
these expressions, under the approximate conditions, assume very simple and
elegant forms, as shown below:’

Two identical spheres (R > x)

E,=—AR/12x (2.11)
Two spheres of the same composition but different size (R; and Ry > x):
E, = —AR\R;/6x(R| + R)) (2.12)
Two surfaces with indefinite thickness:
E, = —A/12nx? (2.13)

In these equations, R is the particle radius and A is the Hamaker constant as
defined below:

A= (pm)’B (2.14)

2.1.2.2. Electrostatic Repulsive Energy

The electrostatic interactions between macroscopic bodies are more difficult
to treat quantitatively than the van der Waals interactions. Usually, a charged
surface is assumed to be composed of two regions (the so-called double layer
structure): an inner region consisting of the charged surface itself and a layer of
adsorbed species, and an outer diffuse region in which the charged species are
distributed according to Boltzmann distribution functions as determined by the
electric potential:®

n; = njo exp[—zie@ /kT) (2.15)

where n;is the concentration of the charged species (number of charges per unit
volume), z; is the number of charges on the charged species, and @is the electrical
potential.

The net volume charge density p* at any position is

pF= Zn; = an exp|—zieo/kT]

The variation of the surface potential as a function of distance from the surface
and the charge distribution in space satisfies the Poisson equation:

V2p = —p*/e (2.17)

where V?is the Laplacian operator, and € is the permitivity.
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These equations can be solved together with the proper boundary conditions
(0 =@p when x=0; ¢ =0 and de/dx =0 when x = 00) to give the electrical
potential as a function of distance from the surface.

Normally, the solution of ¢ is complicated, but when the electric potential is
low compared to the thermal effect, a simple solution can be derived (The Debye—
Hiickel approximation) for flat surfaces:’

@ = @oexp[—x/x"] (2.18)

where k' is called the double layer thickness, and is defined by the electrolyte
concentrations (ionic strength):

x? = [N, /ekT) Zzizc-. (2.19)

where N, is the Avogadro’s constant, and c is the molar concentration of the
charged species.

When the electric potential overlaps, a repulsive potential is produced
between two surfaces. A variety of analytical and numerical solutions have been
obtained, depending on the approximations made, including whether a constant
potential or constant charge is assumed. One of the widely used expressions for
two identical spheres was derived by Verwey and Overbeek by considering the
balance of the electrostatic repulsive force and the osmotic pressure developed
between the surfaces at constant surface potential:*’

E. = [32 - eRK*T*y? [ 22%] exp|—xx] (2.20)

where 7 is the number of charges on the counter ion, and vy is a constant related to
the surface potential @y:

Y = [exp(zeQo/2KT) 1))/ lexp(ze@y/2kT) + 1) (2.21)

Although this equation is only applicable under a strict restriction of low
surface potential (xx > 1), acceptable results have been obtained for both large
and low surface potential.

The total interaction energy is the summation of the electrostatic repulsion
and the van der Waals attraction, as shown in Fig. 2.2. With a high particle
surface potential, the repulsion is stronger, and the total interaction is positive.
The particles will remain separated because an energy barrier needs to be
overcome for the particles to approach each other. For a low surface potential,
the repulsion is not strong and the total interaction energy is mostly attractive.
Under these conditions, the particles will come together to form aggregated
clusters.

2.1.3. Hydrogen Bonding, Hydrophobic, and Hydrophilic Interactions®

Hydrogen Bond. Water molecules are polar molecules and can be considered
as a tetrahedral structure, with two positive charges (due to the two hydrogen
atoms) pointing to one direction and two negative charges on the oxygen pointing
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FIGURE 2.2. Schematic interaction energy curves as a
function of separation between two particles. E, and E;
represent the total interaction energies corresponding to a
high repulsive energy E,; and a lower repulsive energy E,,.
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in the opposite direction.® The positively polarized hydrogen atoms can interact
strongly with neighboring electronegative atoms (such as the negatively polarized
oxygen in water) and form an electrostatic bond (the hydrogen bond). Although
the hydrogen bond is electrostatic in nature, it is directional. Hydrogen bonding is
also commonly encountered between water and many other molecules containing
electronegative atoms such as O, N, F, and Cl. It can occur intramolecularly
(within one molecule) as well as intermolecularly (between two different
molecules).

Hydrophobic Interaction. When water molecules approach an inert surface
that cannot form a hydrogen bond such as alkanes, hydrocarbons, and
fluorocarbons. The molecules need to reorient themselves so that the four charges
on the water molecules will point away from the surface. The tetrahedral water
molecules rearrange themselves so that the polarized groups on the molecules are
still available for hydrogen bonding with the rest of the molecules, while also
minimizing contact with the inert surface. As a result, the water molecules near
the surface become more ordered as compared to free water molecules, producing
a hydrophobic hydration layer of interconnected water molecules with open cage
structures. A consequence of the hydrophobic hydration is the so-called
hydrophobic attractive interaction between nonpolar molecules and the surfaces.
The hydrophobic attraction occurs in water between hydrophobic molecules and
surfaces because of the rearrangement of the hydrogen bond configurations in the
overlapping solvation zone as the two hydrophobic surfaces come closer. The
hydrophobic attraction is strong and has a long range that cannot be accounted
for by van der Waals interaction as discussed earlier.

Hydrophilic Effect. Certain hydrophilic molecules and groups (charged ions,
molecules, polar molecule and groups, molecules and groups capable of hydrogen
bonds) are water soluble and repel each other in water. Contrary to hydrophobic
molecules, hydrophilic molecules, and groups prefer to be in contact with water.
Sometimes, the water molecules can be associated with these hydrophilic
molecules. When dispersed in water, hydrophilic molecules tend to decrease the
ordering of the water network, rather than increase the ordering.
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2.2. SURFACTANTS AND AMPHIPHILIC MOLECULES

Amphiphilic molecules (molecules containing both hydrophilic and hydro-
phobic groups), such as surfactants, copolymers, and proteins, play a critical role
in a wide range of self-assembly phenomena. The properties of these amphiphilic
molecules are determined by unique intermolecular interactions: the hydrophobic
interactions between the tail groups, and the hydrophilic and/or the electrostatic
interactions between the head groups. Among these molecules, surfactants are
mostly encountered in our daily life as detergents, soaps, shampoos and
conditioners, dispersants for paints, food processing aids, foaming agents,
emulsifiers, antistatic agents, fabric softeners, cosmetic ingredients, etc.

Surfactants, also called surface active agents, are molecules containing at
least one hydrophilic head group and one hydrophobic tail group.” When present
even at a low concentration, these molecules are able to absorb to the surface or
interface to significantly reduce the surface energy. In general, surfactants can be
classified into cationic surfactants, anionic surfactants, zwitterionic and nonionic
surfactants. The cationic surfactants are molecules with positively charged head
groups. These surfactants are usually made of long-chain amines and long-chain
ammonium salts. Anionic surfactants are molecules with negatively charged head
groups. Examples include carboxylic acid salts and sulfonic acid salts (sulfonates).
Zwitterionic surfactants are molecules with head groups containing both a positive
group (ammonium) and a negative group (carboxylic or sulfonate). Nonionic
surfactants are molecules with neutral head groups, such as polyethylene oxides.

Figure 2.3 shows some commonly encountered cationic, anionic, zwitterions
and neutral surfactants. The most important characteristics of the surfactants are
the head group charge, the chain length, and the head group size. The long-chain
amines are positively charged below pH 7. At high pH (> 7) long-chain amines
are no longer charged and lose activity. On the other hand, quaternary
ammonium salts remain charged at all pH conditions and retain their activity
all the time. The anionic surfactants are usually negatively charged at pH>7. At
pH <7, anionic surfactants are not ionized and lose their activity. Beside pH, the
activity of the ionic surfactants is also affected by the ionic strength of the
solutions, and by the counter ions. The existence of counter ions can quickly
neutralize the charges on the head group, and even cause the surfactant to
precipitate. Nonionic surfactants have the advantage in that pH, counter ions, or
solvents do not affect their activity.

2.3. TRANSITION FROM DISPERSED STATE TO CONDENSED
STATE: THE BEGINNING OF SELF-ASSEMBLY

In general, materials can be regarded as existing in two states: the dispersed
state and the condensed state. The transition from a dispersed state to a
condensed state is a universal phenomenon and is the beginning of self-assembly,
whether the system is made of molecular species, polymers, or microscopic
objects such as particles. Several examples are given below to illustrate the
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FIGURE 2.3. Commonly encountered surfactants.

similarity and role of intermolecular and interparticular interactions in the phase
transition.

The behavior of an ideal gas is governed by the equation of state
PV = RT (2.22)

where P is the pressure, V, the volume, R, the ideal gas constant, and T the
absolute temperature.

In the ideal gas equation, it is assumed that there is no interaction between
the molecules and that the molecules do not have a physical size. In reality, as
discussed in the previous sections, all uncharged gaseous molecules interact with
one another through van der Waals attractions. As a result of these molecular
interactions, the molecules have a finite size. Therefore, the ideal gas equation
needs to be replaced by the van der Waals equation of state:*

(P+a/V2)(V —b) = RT (2.23)

where a is the correction term reflecting the reduced pressure due to the van der
Waals attraction force between the molecules, and b is the constant to count for
the finite size of the molecules.
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The van der Waals equation can be rewritten as
V* — (b+ RT/P)V? +(a/P)V —ab/P =0 (2.24)

This is a cubic equation. For any given pressure and temperature, there will be
three solutions for the volume V. The relationships between the temperature and
volume are plotted in Fig. 2.4(a) at fixed temperature. Within a certain range of
pressure, the three solutions for the volume, for example, B, F, C, in curve I are

(a)
I P
I
T Y
I ~

X Density Z Density
© (d)
Colloidal ggi'i‘:da'
gas CcMC s
e/kT|® ° AL T
. H
Gas+liquid

&=

X

/ Colloidal
crystal

FIGURE 2.4, Phase diagrams of several systems showing the transition from dispersed states to
condensed states. (a) Gas-liquid phase transition. (b) Swelling-deswelling in polymer gels. (c) Consoli-
dation of colloidal crystals. (d) Surfactant phase diagrams. In Fig. 2.4(d) M, C, H, L, S represent micelles,
cubic phase, hexagonal phase, lamellar phase, and solid phase respectively. Figures 2.4(a) and (b) are
redrawn after Refs. 9, 10. Figure 2.4(c) is redrawn after Rel. 13. Figure 2.4(d) is redrawn after Ref. 16.
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real. Therefore, B to C corresponds to the gas to liquid condensation when the
temperature is reduced, or liquid to gas transition when the temperature is
increased. Similar situations are encountered in curve II except that the transition
occurs over a narrower volume range. At a much higher temperature, only one real
solution exists and liquid condensation does not occur any more. In curve III, the
three solutions for the volume become one and the gas—liquid transition is
condensed to one point Y. This point is called the critical point because at this point
the difference between the gas and the liquid disappears. The curve XYZ is called
the coexisting curve, and the area under the curve is called the coexisting region.

Similar transitions from dispersed state to condensed state can occur in
polymeric gels.g’10 As in the gaseous materials, the behavior of a polymer gel can
be described by an equation of state derived from a modified Flory-Huggins
mean-field theory.“’12 This modified equation considers the contribution from
rubber elasticity (entropy change), the effect of counter ion osmotic pressure, and
electrostatic repulsive forces.

Without going into details of the calculation, minimization of the free
energy leads to a solution of the volume as a function of reduced temperature
(1-AF/kT) (or other environmental parameters) as shown in Fig. 2.4(b).
Figure 2.4(b) represents the transition from the dispersed state (expanded
polymer gel) to the condensed state (collapsed polymer gel) similar to the gas-
liquid transition shown in Fig. 2.4(a).

The transition from a dispersed state to a condensed state is not limited to
molecular systems. Microscopic objects, such as colloidal particles also exhibit
this kind of transition, and this phenomenon is widely used to prepare self-
assembled colloidal crystals and supper-lattice structures. Although more detailed
discussion on the self-assembly phenomena with colloidal particles or nanopar-
ticles can be found in the next few chapters, here we will briefly describe the
fundamental driving force. A simple solution to the colloidal phase diagram'®
involves the use of a two-dimensional (2D) square lattice simulation and the
calculation of the pair-wise interactions between the particles, and their
contribution to the entropy.'*'> The total free energy of the system can be
written as

F=E-TS (2.25)

The internal energy E is the summation of the total pair-wise interaction energies,
as discussed earlier, and the entropy S is related to the number of ways the
particles and the pairs can be arranged on the lattice Q:

S=kinQ (2.26)

With the use of the simplest form of a finite repulsion energy E between the
particles, a colloidal phase diagrams can be derived as shown in Fig. 2.4(c).” In
the colloidal phase diagram, the colloidal gas corresponds to a dilute colloidal
suspension that exhibits Newtonian flow behavior. As the particle concentration
is increased, non-Newtonian flow is observed corresponding to a continuous
transition to a colloidal liquid phase. Once the critical particle concentration is
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reached, a sharp transition from dispersed colloids to a condensed crystalline-like
behavior is observed. The transition from the colloidal liquid (dispersed state) to
the colloidal crystalline phase (condensed state) is first order in nature, similar to
the phase transitions observed in molecular systems.

Phase transitions in molecular systems, in polymers, and in colloidal particle
systems are very similar in nature. Thus, it is reasonable to expect the transition
from a dispersed state to a condensed state to be a universal phenomenon that can
be used for self-assembled material. It is not surprising, for example, that
surfactant systems commonly encountered also have similar phase transitions as
shown in Fig. 2.4(d).'® The difference in Fig. 2.4(d) is that within the condensed
region, there may exist many condensed phases of a different structure. If an
envelop is drawn along the outer boundaries of the condensed phases and the
detailed structures under the envelop is ignored, the surfactant phase diagram is in
fact very similar to the colloidal phase diagrams.

24. PACKING GEOMETRY: ATTAINING THE DESIRED
SELF-ASSEMBLED STRUCTURES

Just knowing the transition from a dispersed state to a condensed state does
not necessarily provides information on the microstructure of the phases that are
formed. Amphiphilic molecules exist in a wide range of ordered structures in the
condensed states. These structures can also transform from one to another when
the solution conditions, pH, temperature, or electrolyte concentrations are
changed. The equilibrium structures are determined by the thermodynamics of the
self-assembly process and the inter- and intra-aggregate forces. The major driving
forces for the amphiphiles to form well-defined aggregates are the hydrophobic
attractions at the hydrocarbon—water interfaces and the hydrophilic ionic or steric
repulsion between the head groups. A simple way to describe this kind of
interaction is to use a geometric packing parameter (shape factor), R = v/a,/,,
where v is the volume of the hydrocarbon chains, a,, the optimal head-group area,
and /, the critical chain length."” As shown in Fig. 2.5, a small critical packing
parameter (<0.5) favors the formation of a highly curved interface (spherical
micelles and rod-like micelles), and a larger critical packing parameter (>0.5)
favors the formation of flat interfaces (flexible bilayers and planar bilayers). A
critical packing parameter greater than 1 will produce inverse micelles. In
addition, the surfactant geometry is related to the experimental conditions.

Phase behavior can be explained based on the critical packing parameters
and the amphiphile concentration. Figure 2.6 is a simplified diagram of a
surfactant—water—oil ~ system.'®!” Depending on the solution compositions,
spherical micelles, rod-like micelles, hexagonally ordered crystals, cubic crystals,
lamellar phases, inverse micelles, and inverse micellar liquid crystals can be
formed.

Clearly, as shown in Fig. 2.6, many experimental parameters affect which
phase is formed. However, the change from one phase to another is not random,
but rather follows a consistent pattern. For example, as the surfactant
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FIGURE 2.5. Relationship between the bilayer structures and the packing parameters (shape
factors) (reproduced and adapted from Ref. 17 with permission from Academic Press).

concentrations are increased, the phases go through spherical micelles, rod-like
micelles, hexagonal, cubic, and lamellar phases (Fig. 2.7).”” These changes are

consistent with the change of packing geometry when the experimental conditions
are changed.

2.4.1. Effect of Surfactant Concentration

As the surfactant concentration increases, the amount of water available for
association with the surfactant head group decreases. As a result, the degree of
hydration of the surfactant head group decreases. The reduced hydration of the
head groups leads to a decrease in the effective head group area. Based on
the critical packing parameters, for fixed surfactant tail length, a reduction of
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FIGURE 2.6. Schematic phase diagrams of surfactant-water-oil systems. 1. Spherical micelles. 2.
Rod-like micelles. 3. Irregular bicontinuous phase. 4. Reverse cylindrical micelles. 5. Reverse micclles.
6. Hexagonal phase. 7. Cubic phase. 8. Lamellar phase. 9. Reverse cubic phase. 10. Reverse hexagonal
phase (Derived from Refs. 18 and 19 with permissions from the publishers).
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FIGURE 2.7. Phase structurcs as a function of external conditions.

the head group area increases the critical packing parameters. A larger critical
packing parameter favors a less curved geometry. The transition from the more
curved spherical micelles to flat lamellar phase observed in Fig. 2.7 agrees with the
packing geometry illustrated in Fig. 2.5.

2.4.2. Effect of Chain Length

Increasing the surfactant chain length has a similar effect as increasing
the surfactant concentrations. In this case, the head group area is fixed. Both
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the volume and the chain length increases, but their effects on the packing
geometry do not cancel out. From Fig. 2.5, it can be seen that for a fixed number
of surfactants within a fixed head group area in one spherical micelle, that if the
chain length is increased beyond certain limit, the packing of the surfactants is no
longer space filling and the spherical geometry will not be stable. This implies that
when the chain length increases, the packing parameter is also increasing, and
phase transition from spherical to less curved hexagonal and lamellar structures is
favored.

2.4.3.  Effect of Cosolvents

Polar solvents, like alcohols, tend to associate with the head groups and
reduce the tendency for the surfactant molecules to associate. In fact, the addition
of alcohols in a surfactant solution can make the CM completely disappear, which
means the surfactants will not aggregate at all. On the other hand, nonpolar
solvent molecules tend to associate with the hydrophobic chains of the
surfactants. The addition of the nonpolar groups will, therefore, increase the
volume of the surfactant, and increase the packing parameter. For normal
aggregates, there will be a tendency for the transition from a more curved
structure to a less curved structure. If the packing parameter is further increased,
reverse micellar structures will form with an increased tendency for reverse curved
structure.

2.4.4. Effect of Salts and Ionic Species

The effect of adding salts and ionic species to ionic surfactant systems is not
difficult to understand. For ions that do not specifically bind to the charged head
group, the increased ionic strength has a screening effect on the charged head
group, as discussed in the previous sections. The screening effect reduces the
repulsive energy between the head groups, therefore, reducing the head group
area. This leads to an increase in the packing parameter, and a similar phase
transition from a more curved structure to less curved structure. For ionic species
that strongly bind to the head group, significant increase in the packing
parameters can lead to the formation of larger vesicles, bilayer structures, and
even reverse micelles. For nonionic surfactants, the addition of salts will have less
effect. However, the inorganic species can interact with the micellar structures in a
more complicated fashion and alter the phase diagrams. More discussions of these
effects will be continued in later sections.

2.5. SELF-ASSEMBLED BLOCK COPOLYMER NANOSTRUCTURES

Block copolymers are amphiphilic molecules containing distinctively
different polymer segments (blocks).” The block copolymers can contain
two, three, or more blocks. Some common block copolymers include poly-
styrene (H(C¢Hs—CH,—CH)-) and polyisoprene (-CH,—H3(CH==CH,)C-) block
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copolymer [Fig. 2.8(a)], polystyrene and polybutadiene (-CH-CH=CH-CH)-)
block copolymer, polyethylene (-(CH,—CH,)-) polypropylene (((CH,—CH;CH)-)
block copolymer, polyurethane (-(CH,~CH;—0,C-NH-C¢H (CH,—CsH o~ NH-
0C)-) polyurethane block copolymers, etc. As shown in the figure, block
copolymers can contain, two, three, or more blocks, and can have either linear or
branched configurations [Fig. 2.8(b) and (c)]. The variety of the molecular
architecture and compositions is endless. In general, they can be classified by the
number of the blocks, and whether they are linear or branched. Depending on
the number of blocks, they are called AB diblock copolymers, ABC triblock
copolymers, ABC star block copolymers, etc.

Like in any other multicomponent polymer systems or multicomponent
solutions, phase separation is commonly encountered in block copolymers
because of the difference in the physical and chemical properties between the
different blocks. However, unlike in ordinary polymers, the different blocks in
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FIGURE 2.8. Variations of block copolymer configurations and the conscquences on the packing
geometry of the nanostructural ordering. (a) A common block copolymer, polystyrenc-polyisoprenc
(PS-PI). (b) Lincar block copolymers. (¢) Branched block copolymers. (d) Packing shapes as a function
of the compositions or molecular compositions (redrawn [rom Ref, 22).
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a single polymer chain are covalently bonded. The covalent linkage between the
different blocks makes macroscopic phase separation impossible. Instead, the
phase separation occurs on the nanometer scale, as determined by the dimension
of the blocks. If all the polymer chains have narrow size distribution, the phase
separation will produce ordered nanostructures similar to surfactant systems.

Several factors control the phase separation and morphology of the phases:
the choice of monomers, the composition and molecular size, and the molecular
configuration. Whether or not phase separation will occur depends on a
thermodynamic parameter called the Flory—Huggins segment—segment interac-
tion parameter y:*>

x = |Eap — 1/2(Eaa + Egg)]/ksT (2.27)

where Eap, Eaa, and Egp are the interaction energies between block A and B,
between A and A, between B and B, respectively.

If % is negative, the polymer will mix into a homogeneous system without
phase separation. If y is positive, phase separation is favored.

In the last two decades, sophisticated theories have been developed that
allow the calculation and prediction of the microphase separation phenomena in
block copolymer systems. These theories can, to a large extent, qualitatively and
even quantitatively account for the rich domain shapes, dimensions, and
symmetries observed in an experimental system. Discussions of these theories
are not within the scope of this chapter. To be consistent with the discussions in
the surfactant systems, simple packing geometries will be used to qualitatively
illustrate the formation of the rich phases encountered in block copolymers,
depending on the molecular architecture, the compositions, and the chain length.

The compositions, f, and fg, usually refer to the relative volume fractions
of block A and block B for a linear diblock copolymer. As shown in Fig. 2.8(d), if
fa equals fp, the two blocks have similar dimensions, and the packing geometry
can be considered as a straight cylinder. Under these conditions, the lamellar
phase will form. If f is greater than fj, segment A takes up a larger volume than
segment B. The packing geometry can be regarded as a cone structure, and
spherical micelles will form along with the B phase dispersed in the A phase as
spherical micelles. If f is greater than {4 the situation will be reversed. Spherical
micelles of segment A will form and disperse in the continuous phase formed by
B. Similar arguments can be made for branched polymers, such as ABA star
polymer. Because of the branching in the A segment, it will take up a larger
volume than segment B. As a result, segment B will form spherical micelles in a
continuous phase formed by A.

A very cursory review of the theoretical work and the experimental data
reviews up to 280 different phase assemblages as shown in Fig. 2.9. Similar to the
surfactant systems, many different forms of lamellar, hexagonal, cubic phases
have been reported. Because of the advance in the polymer chemistry to
synthesize block copolymers with very tight molecular weight distribution, and
the flexibility to modify the compositions and molecular architecture, the rich
phase behavior in block copolymers far exceeds what is observed in surfactants.
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FIGURE 29. A schematic phasc diagrams of block polymers as a function of the polymer
composition and interaction parameters. This figure was provided by Dr. Gregory Exarhos of the
Pacific Northwest National Laboratory, Richland, Washington.

2.6. CO-ASSEMBLY OF LIQUID CRYSTALLINE STRUCTURES AND
INORGANIC MATERIALS

In the early 1990s, a new class of ordered nanostructured ceramics were
reported based on self-assembly principles in surfactant solutions.” > These
materials are characterized by their well-ordered structure, tunable pore size from
2 to 50 nm, and simple preparation methods. The synthesis of nanoporous
materials closely resembles the self-assembly process in surfactant systems. In
principle, the self-assembled liquid crystals from the surfactant act as a template
to support the growth of the ceramic materials. These ordered structures are
cross-linked together through the condensation of the aluminosilicate ions.
Subsequently, the surfactant molecules can be removed by thermal or chemical
treatment without collapsing the ordered structure. Besides the immediate
applications of such materials as new catalyst and catalyst supports, ion exchange
media and separation media, and novel semiconductors and optical devices,
synthesizing such three-dimensional (3D) ordered structures provides important
lessons for making ceramic materials and composites.

The amazing ordering of the self-assembled periodic nanostructures can be
illustrated by two 3D cubic structures reported in the literature, SBA-6 and SBA-
16.%* The structures of SBA-6 and SBA-16 have been resolved by high re-
solution transmission electron microscopy (HRTEM) and image reconstruction.?®
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The high resolution images are shown in Fig. 2.10. SBA-6 is made of globular
arrays packed in a cubic structure and has a pm3n symmetry. It contains a large
cage (8.5 nm) and a small cage (7.3 nm). SBA-16 has an Im3m structure and is
made of spherical cavities packed into body-centered cubic arrays.

Since 1992, the surfactant self-assembly approach has become a very active
area because of its great potential. Numerous papers have been published on the
preparation of nanoporous materials of novel chemical compositions and on the
fundamental understanding of the reaction processes, and it is impossible to
summarize all the research published in the last ten years or so. The publications
in this area are numerous and a complete review does not serve the purpose of this
book. Many review articles are already available. 2~

In terms of how the materials are prepared, direct ionic interaction,
mediated ionic interaction,”* and neutral hydrogen bonding,***® can be used.
Almost all different kinds of surfactants illustrated in Fig. 2.3 have been used.
Besides traditional surfactants, block copolymers have also been used as
templates.”***”  The block copolymer directed synthesis greatly expanded
the pore size and compositional range of mesoporous materials. In addition to

23,24
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FIGURE 2.10. High resolution images of two cubic structurcs, SBA-6 and SBA-16, and the
reconstruction of the pore structures (reproduced from Refl.28 with permission from Nature).
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the aqueous phase synthe51s which is widely used, non-aqueous phase synthesis
has been investigated.™ In terms of the range of compositions, besides the widely
investigated silica or non- sﬂlca based ox1des semlconductmg and conductm%
materials (manganese oxide,” tungsten 0x1de germanium sulfldes selenide,’
and other semiconducting superlattices*”), periodic carbons,” and nanostruc-
tured metals,*** have attracted wide attention recently.

The self-assembled periodic structures can be further used as a structural
framework to develop new materials. Several approaches have been investigated:
(1) by incorporating functional molecules and active sites into the porous
channels, (2) by using the periodic nanoporous structures as a template, and (3)
by physically confining a new material in the organized nanostructures. The first
approach has been extensively investigated for catalytic and other chemical
apphcatlons Nanoporous silica has been doped with elements possessing catalytic
properties.**® Optimum functionalit ;/ can be achieved by placing a close packed
monolayer within the pore channels.”’ The chemistry of the molecular monolayer
can be tailored for a wide range of applications. In the second approach, the
periodic silica pore structure is used as a template and filled with carbon or
metals.”*" The removal of the silica templates leaves a ordered nanostructured
carbon or metal material, a very difficult material to make with other approaches.
In addition, framework nanoporous structures containing bridge-bonded ethene
(and other) organic groups were reported.”*>* These types of materials raise the
possibility of generating integrated organic—inorganic hybrid materlals Ordered
ruthenium clusters were also introduced to the porous channels.” Finally, the
unique nanostructures can be used as physical confinement for other materials
with novel properties. Wu and Bein® first introduced conducting polymers into
ordered nanoporous silica. Later, the energy transfer of conjugated polymers
within and 0uts1de the pore channels were investigated by polarized femtosecond
spectroscopy.” The porous channels also find novel applications as a nano-
extruder to produce liner polyethylene nanofibers of high molecular weight.”® By
1ncorp0rat1ng conjugated groups (diacetylene groups) into the surfactant, Lu et
al”’ prepared nanostructured chromic films that can change color in response to
thermal, mechanical, and chemical stimuli.

Microstructural and morphological controls have also attracted wide
attention. Great progress has been made in fabricating oriented nanophase
materials on various substrates”?' and in making free-standing films, *
spheres,”®" fibers,">* and smgle crystalline mesoporous materials in which all
the pore channels are aligned.*® Nanostructured silica films using a rapid
evaporation approach (dip coating®® or spin coating®) have been considered
good candidates for ultralow dielectric interlayer structures in next generation of
microelectronic devices. A magnetic ﬁeld has been used to align the pore channels
before the silicate was polymerized.”® In addition, a wide range of intriguing
morphologies and patterns has been reported, including spiral and toroidal
shapes,” disks,” and silica vesicles.”" Hierarchically ordered nanoscale patterns
were generated by comblmng multiscale templating and micromolding, or
lithography.””* The microscopic pattern can also be defined by optical beams
through photosensitive sol-gel chemistry.”* These patterns will have potential as
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novel optical waveguides.” Biogenic or biomimetic directing agents (copolypep-
tides) can also be used to control the morphologies and shapes.

2.6.1. Interactions between Cationic Surfactants and Anionic Silicates

These new mesoporous materials were prepared by mixing aluminosilicate
precursors such as sodium aluminate, tetramethyl ammonium silicate, and silica
in a surfactant solution under mild hydrothermal conditions. Then, surfactant
molecules such as cetyltrimethylammonium chloride (CTAC) and aluminosilicate
organize into ordered lyotropic liquid crystalline structures.

A liquid crystalline templating mechanism was discussed, as shown in
Fig. 2.11.2* This figure suggests two pathways: (1) Ordered surfactant structure
formed first followed by the intercalation of the soluble silicate species into the
hydrophilic region between the head groups (route B). (2) The addition of the
soluble silicate species caused the spherical micelles to transform into high order
aggregates (route A). In either case, a highly ordered inorganic-organic
nanocomposite was formed. After the silicate was condensed into 3D network
ceramics through further hydrothermal treatment, the inorganic phase (the
surfactant template) was burned out by calcinations at more than 500° C. The
removal of the inorganic phase produced a well-ordered honey cone type porous
ceramic material.

In the liquid crystalline templating mechanism, the surfactant liquid crystals
are formed first, and the ceramic materials are introduced to the pre-existing
liquid crystals to replicate the ordered structure. This mechanism was first
illustrated in lamellar mesophase by introducing silicic acid monomers into a
lamellar structure, followed by in situ polymerization.”””® The polymerization
process of the silicic acid caused some distortion of the lamellar structure. Attard
et al. later prepared mesoporous silica and other metallic nanostructures similar
to MCM41 via the same mechanism by first forming the liquid crystalline
template with a nonionic surfactant, followed by adding the silicate species.™™!
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Su.rf_uctum Porous
Spherical Hexagonal Silicate Silica

Rodlike
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Reacting with silicate

FIGURE 2.11. Liquid crystaline templating mechanisms initially suggested for the formation of
ordered nanoscale materials (redrawn after Ref, 23).
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The condensed silicate essentially replicates the pre-assembled liquid crystalline
structure. Braun ef al. synthesized non-oxide semiconducting superlattices using
preordered mesophase.*"® The mesophase template was formed by nonionic
amphiphiles, followed by precipitation of cadmium sulfide and cadmium selenite.
An ordered inorganic—organic superlattice compound was formed in which the
crystalline structures of all inorganic nanoparticles were correlated.

Although it has been established in the last few years that the ordered
nanophase materials can be formed through many different pathways,* the
principle of self-assembly was well illustrated by a cooperative mechanism, as
shown in Fig. 2.12.% The co-assembly of surfactant and silicate into liquid
crystalline structures can be carried out under conditions in which the silicate
alone would not condense, and the surfactant alone would not form a liquid
crystalline phase. Nanoporous materials were formed with cetyltrimethylammo-
nium bromide (CTABr) surfactant in solution as dilute as 1 wt.%, which,
according to the phase diagram, only spherical micelles would be expected by
surfactants alone. The phase diagrams derived with and without the silicate
species are drastically different. Therefore, the inorganic ions played an important
role in the self-assembly process. Based on the observation of continuous-phase
transition from lamellar to hexagonal phase, it is suggested that the driving forces
for self-assembly are multidentate binding of silicate ions, polymerization of
silicate at silicate-surfactant interfaces, and charge—density matching across the
interfaces. It was observed that when a cationic surfactant was mixed with
hydrolyzed silicate under basic conditions, lamellar precipitates formed immedi-
ately. The lamellar phase later transformed into the hexagonal phase. The forma-
tion of the transient phase can be explained by the change of the packing

Increasing Decreasing
packing l packing

parameler parameter

FIGURE 2.12. The cooperative mechanism is consistent with the change of the packing parameters
during the reaction between silicate and surfactants. The phases formed as a function of time are:
spherical micelles, lamellar composite, and hexagonal composite. The representative packing shapes
are highlighted by the shaded cone structures (redrawn after Ref. 84).
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parameter during the reaction between the surfactant and the silicate. Under the
experimental conditions with dilute surfactant, the surfactant molecules only exist
as dispersed spherical micelles. No high order aggregates were expected. After the
addition of the hydrolyzed silicate, negatively charged silicates, whether as
monomers (Si(OH);0™) or more cross-linked oligomers (SiO,(OH),_.*"), bond
strongly to the positively charged surfactant head groups. This strong binding
immediately led to the formation of precipitates of solid materials. At the same
time, the neutralization of the head group charge significantly reduced the
repulsive energy between the head groups, and the head group area. Based on the
definition of the packing parameter, the reduction of the head group area led to
an increase of the packing parameter. As a result, the lamellar phase was formed
within the solid precipitates. This observation is consistent with the formation of
lamellar phases when charged surfactants are mixed with oppositely charged ions.

As the reaction proceeded, the silicate anions continued to condense with
one another. For example, the silicate monomers could nominally follow the
following condensation reaction:

2S8i(OH),0™ = 28i0, +- 2H,0 + 20H"~

The net result of the condensation reaction was the elimination of the
negative charge on the inorganic species that was bonded to the positively charged
surfactant head groups. The reduction of the number of negative charge in the
head group region implied an increase in the repulsive interaction between the
head groups, and thus an increase of the head group area. As a result, the packing
parameter was decreased, and a transition form the lamellar phase to the
hexagonal phase occurred. It should also be noted that in the initial phase of the
reaction, the silicate was far from being completely condensed. During this
period, the inorganic phase still had enough flexibility to allow the phase
transition to occur. In fact, even after the silicate is mostly condensed, some
flexibility for the silica to rearrange still remains. Several groups have
demonstrated that post-hydrothermal treatment of the reaction nanostructured
silica/surfactant composites in alkylamine solutions caused the silica frame to
expand considerably.®*

2.6.2. Interactions between Other Surfactants, Polymers, and Ceramics

Many different kinds of surfactants,”’” cationic,”** anionic,”” neutral,*

nonionic,” zwitterionic,™ polymerizable surfactants, and single chain or double
chain,” have been explored for the synthesis of ordered nanoscale ceramics or
composites, as shown in Fig. 2.13. The different approaches all rely on the
interaction between the surfactants and the solubilized inorganic species, and on
the modification of the packing geometry resulting from such interactions and
from the effect of other additives. Apparently, self-assembly of ordered
nanostructures can occur under a variety of experimental conditions, although
the detailed reactions differ greatly from system to system. In Fig. 2.13, the double
chained Gemini surfactant is used as an example on how the packing geometry
can be modified. In this case, a wide range of experimental parameters can be
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FIGURE 2.13. Different surfactants that have been used for the self-assembly of ordered
nanostructured ceramics, and the factors that can influence the packing geometry of the micelles. A
and B represents the head group of the surfactant. M is the metal oxide precursor, and X is the
mediating counter ions.

explored. First, the chain length can be systematically varied, the effect of which
was already discussed in previous sections. Second, the spacing between the two
head groups, as well as the head group size, as determined by the R groups, can be
increased. The increase of these parameters increases the head group area,
therefore, decreasing the packing parameter, which favors the formation of the
more curvatured structures. This is why a 3D hexagonal structure with close
packed spherical micelles (P6s/mmc), instead of the regular 2D hexagonal
structure with close packed rod-like micelles (P6m), was formed when the Gemini
surfactant was used. As indicated in Figure 2.13, co-solvents can also have
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a significant effect on the packing geometry. While a nonpolar solvent swells the
hydrophobic region of the tail groups, a polar solvent can penetrate the regions
close to the head groups. As discussed earlier, the swelling of head groups is
usually not favorable for formatting high ordered liquid crystalline structures.
Huo et al’’ also demonstrated that the addition of -amyl alcohol to the Gemini
surfactant system caused an increase of the surfactant volume. This led to a
transition from the spherical hexagonal phase to cylindrical hexagonal phase due
to an increase of the packing parameter.

The interaction between the head groups and the solubilzed inorganics has
the largest effect on forming the ordered liquid crystalline nanostructure.
Normally, the interfacial binding causes a decrease of the head group area,
and, therefore, an increase of the packing parameter. This is why ordered
nanostructures are usually formed under conditions when the liquid crystalline
structures are not expected. The MCM41 series of silicate-based materials were
prepared using direct ionic bonding with a cationic surfactant.”*** The phase
transition caused by the direct ionic binding of opposite charges were already
discussed. The direct binding encountered with anionic surfactants, and
zwitterionic surfactant has a similar effect. A more §eneralized synthesis route
was developed to include ion-mediated ionic bonding.”"’ Here, it is assumed that
the surfactant head groups and the silicates had similar positive charges, and that
the head groups would first bond to the negatively charged counter ions such as
chlorine and bromine, and then bond to the positively charged silicate. The
binding of the counter ions, or even the screening effect of the ionic species, would
change the packing parameters enough (by decreasing the head group area) to
cause the formation of the higher order hexagonal and cubic phase. When neutral
(dodecyl amine) and nonionic (polyethylene oxide) surfactants were used, the
change in the head groups’ area was caused by hydrogen bonding. The change in
the head group regions was also expected when the head group covalently bonded
to the inorganic species, followed by further condensation of the inorganics.

The similarity between surfactants and block copolymers were already
discussed. Therefore, it is natural that block co&)ol;/mers have also been used to
prepare self-assembled nanoscale composites.”””> The advantage with block
copolymers is in the flexibility of the polymer chemistry, and the wide range of
length scale available when compared to normal surfactants. Zhao et al. used block
copolymer surfactants to prepare ordered nanoporous ceramics to expand the pore
size from 50 to 300 A.***” Other new structures, such as the “Plumber’s Night-
mare” has been recently reported with block copolymer-silica nanocomposites.”

2.7. INTELLIGENT NANOSCALE MATERIALS

In the first part of this Chapter, the principles and the methods available to
build nanoscale architectures through self-assembly approaches have been
discussed. One of the main deficiencies in these materials is the lack of
functionality. For many potential applications, two important concepts need to
be introduced: molecular recognition and responsive properties. As will be
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discussed in Chapter 3, these two concepts form the foundations of the functions
with any biological material. In the next few sections, we will discuss several
synthetic approaches to introduce intelligent functionalities into self-assembled
nanoscale materials.

2.7.1. Molecular Recognition
2.7.1.1. Functionalized Nanoscale Materials

2.7.1.1.1. Molecular Recognition in Functionalized Nanoparticles. Nano-
particles made of metals (gold, silver, etc.), semiconductors (ZnO, CdS, Si, etc.),
and other oxides (SiO,, TiO,, etc.) form an ideal platform for functionalized
nanoscale materials. Nanoparticles of uniform size can be prepared from a variety
of aqueous and non-aqueous media. The particle size can be varied from 2 to
> 10 nm. In particular, a wide range of functional molecules and functional
groups can be attached to the particle surfaces. The small particle size also implies
high sensitivity and selectivity.

Usually, the first step in functionalizing nanoparticles involves building a
self-assembled monolayer (SAM) on the particle surface. In this approach,
bifunctional molecules containing a hydrophilic head group and a hydrophobic
tail group adsorb onto a substrate or an interface as closely packed monolayers,
mostly through the attraction between the hydrophobic chains. The tail group
and the head group can be chemically modified to contain functional groups. In
the literature, the assembly of molecular structures and monolayers on flat
substrates has been studied for a long time. SAMs are widely explored for
engineering the surface and interfacial properties of materials such as wetting,
adhesion, and friction.”*”> These monolayers are also used to mediate the
molecular recognition processes and to direct oriented crystal growth.”® Chemical
and physical modification of solid surfaces is extensively used in chromatography,
chemical analysis, catalysis, electrochemistry, and electronic industry. Molecular
monolayers are also widely investigated as an effective means to fabricate novel
sensing and electronic devices. The molecular arrangement and the chain
conformation on flat substrates have been extensively studied by AFM, contact
angle measurement, small angle scattering, and many other techniques.'?

Depending on the substrate surface, two kinds of SAMs are commonly
encountered. On metal surfaces such a gold and silver thiolated alkyl chains are
often used. The SAM molecules are attached to the substrate through the sulfide
group, but there is no chemical reaction between the substrate and the SAM
molecules. The monolayer structure is highly ordered, and the crystalline ordering
in the monolayer is dependent on the atomic structure of the substrate. On oxide
surfaces such as silica, alkyl silanes are usually used. The silane end groups
hydrolyze first, and then become covalently bound to the substrate through a
condensation reaction. The SAMs molecules may also be covalently linked with
one another through siloxane groups as a result of the hydrolysis of the silane
groups and their subsequent condensation. Because of the disordered nature of
the substrate surfaces, SAMs on the oxide surfaces are usually disordered.
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One novel application of gold-SAMs complex is in the detection of DNA
sequencing (Fig. 2.14).” Instead of regular alkanethiols, DNA molecules capped
with thiol groups were used. Two different, non-complementary DNA
oligonucleotides capped with thiol groups were attached to two batches of
13 nm gold particles. The two non-complementary DNA gold batches were
mixed. This mixture is stable and shows a typical wine red color of colloidal gold.
When another kind of DNA molecules that have a complementary sequence to
the grafted oligonucleotides were introduced into the solution, hybridization
occurs, which causes the aggregation of the gold particles. The aggregation caused
the wine red solution to turn bluish. If the aggregates were heated, denaturing of
the DNA causes the bonds formed from hybridization between the particles to
break down, and the gold particles became dispersed again. The solution restored
the typical colloidal gold color. In fact, the color change during heating can be
used as an indication of the closeness of the DNA sequence matching. Therefore,
this technique is very sensitive for DNA sequence detection.

The SAM molecules serve two purposes: (1) protecting the particles and (2)
introducing functionality to the surface. Without the protection of SAMs, most
nanoparticle systems would aggregate and precipitate very quickly. In order to
introduce functionality, mostly different functional groups such as sulfate,
phosphate, and carboxylic acid, can be introduced to the head groups of the
SAM molecules via proper chemical treatment. However, in many cases
homogeneous SAMs are not sufficient for molecular recognition of proteins

Au nanopamcles

Modification with Mod;ﬁcatmn with
*-thiol-TACCGTT -5 AGTCGTTT 3’thiol

\‘Mlxmg ‘/

Hybridization with E*EE
DNA to be analyzed
Heating

FIGURE 2.14.  DNA capped gold nanoparticles for DNA sequence detection (redrawn after Ref. 97).
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Place-exchange
reaction

FIGURE 2.15. Place-exchange reactions to build multiligand binding sites on nanoparticics (redrawn
after Ref, 98).

and other complex molecules. Multiligand binding is usually required. To solve
the multiligand problem, Ingram er al”® developed a place-exchange reaction, in
which the SAMs molecules on gold are replaced by other functional groups in a
solvent. In this approach, as illustrated in Fig. 2.15, gold nanoparticles protected
by alkanethiol SAMs were produced in toluene mixed with alkanethiol
molecules. o-Functionalized alkanethiol molecules and the thiol protected gold
particles were codissolved in methylene chloride. After stirring the mixture for
some time, the original simple thiol molecules were partially replaced by
functionalized thiols. Using this approach, more than one type of functional
molecules can be introduced either by simultaneous place-exchange, or by a
multi-step exchange reaction. In the simultaneous exchange reaction, up to five
different ligands were simultaneously reacted with the thiol protected gold. In the
multistep exchange reaction, ligands with progressively long-chains were
incorporated step by step.

Boal and Rotello” used the place-exchange reaction to construct multi-
ligands receptors for molecular recognition. Three different types of receptors
were compared as shown in Fig. 2.16: (1) monoligand bonding involving
hydrogen bonding between flavin (target) and diaminopyridine (receptor); (2) bi-
ligand bonding of flavin with diaminopyridine and pyrene; (3) target induced
reorganization and bi-ligand bonding. In the bi-ligand bonding, the target (flavin)
molecules interact with diaminopyridine groups through hydrogen bonding, and
with the pyrene groups through aromatic stacking. As a result, there is a twofold
increase in the binding constant as compared with the mono-ligand bonding. In
the target induced reorganization and multi-ligand bonding, dilute hydrogen
bonding ligands and aromatic recognition elements were placed in the SAMs. The
interaction with the target causes the binding ligands to rearrange and relocate to
the nearest neighbor of the targets. A 71% increase in the binding constant was
observed due to the rearrangement of the ligands.

2.7.1.1.2. Functionalized Nanoscale Composites. By combining the ordered
nanoporous materials formed through surfactant self-assembly and SAMs, a new
class of hybrid nanoscale materials has been developed (Fig. 2.17).*"'® This
approach allows us to systematically modify the surface chemistry and tailor the
molecular recognition process of nanoporous materials toward the targets. In this
approach, high quality oriented molecular monolayers are spontaneously grown
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(a)

Diaminopyridine

Pyrene

Flavin

Alkanethiol SAMs
(c) /
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FIGURE 2.16. Multiligand recognition receptors on nanoparticles. (a) Mounoligand receptors.
(b) Bi-ligand receptors. (c) Target induced bi-ligand receptors (redrawn after Ref. 99).

on ordered nanoporous ceramic substrates with controlled pore shape and pore
size. The functional molecules are closely packed and cross-linked with one
another. The terminal functional groups on the monolayer can be easily modified,
thereby allowing rational design and layer-by-layer construction of host sites on
the nanoporous substrates that match the shape, size, or chemical properties of
heavy metals, transition metals, or organic molecules. This makes these materials
extremely efficient scavengers of these species, or effective catalysts for reactions
involving these species.

FIGURE 2.17. Formation of sell-assembled monolayers in ordered nanoporous silica.
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The quality of the molecular monolayer is reflected on the interfacial
binding between the monolayer and the silica substrate. High quality, closely
packed monolayers can be formed on the nanoporous supports through the
introduction of several layers of physically adsorbed waters on the nanoporous
surface. The role of the water molecules is to physically confine all the hydrolysis
and condensation reactions of the organosilanes at the interface. Currently, the
population densities of functional groups on the nanoporous materials can be
systematically varied from 10% to 100% of the full surface coverage.

The interfacial chemistry can be easily tuned for different applications. For
example, Fig. 2.18 shows two different types of functional molecules on the silica
substrate. Figures 2.18(a) and (b) involve a direct chemical bonding between
heavy metals and alkyl thiols [tris(methoxy)mercaptopropylsilane, TMMPS] as
the functional molecules for heavy metal adsorption. This material has
exceptional selectivity and capability of hybrid materials to bind mercury and
other heavy metals. A loading capacity of 600 mg (Hg)/g (absorbing materials)
has been obtained. By using a different monola?/er chemistry, highly selective
binding for arsenate removal was demonstrated.””’ The nanoporous silica was
functionalized with an ethylenediamine (EDA) terminated silane [(2 aminoethyl)-
3-aminopropyl trimethyl silane]. Cu(Il) ions were bound to the EDA monolayer
with a 3:1 EDA to Cu ratio, forming an approximate octahedral Cu(EDA);

PEPRRERELT

HO-5+0-SO-SHO-SHO-SHO- i-D-$i-0— FO-S+O-SHOH

() Thiol functionalized monolayer

o} o}

1
Mo Mo T Mg Mo Hg

HO-SHO-SHO- mg(} i-0-$i0—$'rf}$'r(}$'r0 i OH

(b} Hg binded monolayers

) - 3
(c) Stick-and-ball model of Cu-EDA (d) Isopotential model of Cu-EDA

FIGURE 2.18. Surface chemistry of the sclf-assembled monolayers in nanoporous silica. (c) and (d)
are reproduced from Ref, 101 with permission from ACS.
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complex structure. The cationic octahedral complex contains an electrophilic
basket with C3 symmetry that forms an ideal host for a tetrahedral anion. A
binding capacity of more than 120 mg (anion)/g of adsorption materials was
observed. This approach is especially promising considering the rich chemistry
that can be explored with monolayers, nanoporous silica, and the possibility of
designing better anion recognition ligands.

2.7.1.2. Building Molecular Architectures by Molecular Imprinting

2.7.1.2.1. Principles and Applications of Molecular Imprinting. In order to
mimic the molecular mechanisms found in nature, a molecular imprinting
technique has been investigated for decades.'”” The principle of molecular
imprinting is quite simple, as shown in Fig. 2.19. First, functional groups, ligands
that contain polymerizable sites are bound to suitable target (or template)
molecules. Second, a highly cross-linked polymer matrix is formed around the
ligand bound target. At this stage, the position and orientation of the ligands and
the location and the geometry of the interfaces between the target and the polymer
are fixed. Finally, the target molecules are removed by washing with a good
solvent. This process leads to a microporous polymer matrix that contains a
predetermined cavity shape, a predetermined position, and orientation of the
binding ligands. The binding between the target and the ligands can be either
covalent or non-covalent. In selecting the polymer matrix, one needs to consider
both the mechanical stability and the accessibility of the microporosity. Normally,
macroporous polymers are used with a high content of a cross-linking agent in the
presence of an inert solvent. During the polymerization, phase separation occurs.
The removal of the solvent leaves permanent porosity in the matrix. In addition to
polymer matrix, inorganic matrix can also be used. For example, molecular
imprinting was carried out in silica gels, and on solid surfaces.

Molecular imprinting has been investigated on many length scales (Fig. 2.20).
On the smallest length scale, a single small molecule was used as the target.'”
This almost resembles the antibody, antigen binding in biology. The antibody
mimicking polymer was used to accurately measure drug levels in human serum
with results comparable to those using more conventional immunoassay
techniques. Molecular imprinting can also be used with large protein molecules.
Shi et al'™ patterned surfaces with proteins that show good recognition of a
variety of proteins (albumin, immunoglobulin G, lysozyme, ribonuclease, and

Ligand

M
® @M

Ligand binding

M

Polymenzation Target removal

FIGURE 2.19. Principle of molecular imprinting.
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FIGURE 2.20. Molecular imprinting on different length scales. (a) Single molecule molecular imprint-
ing. (b) Protein imprinting. {c) Mineral imprinting. (a) is reproduced from Ref. 103 with permission from
Nalure. (b) is reproduced from Ref.104 with permission from Nature. (c) is redrawn after Ref. 105.

streptavidin). The imprinting was done by first depositing protein molecules on to
a mica surface in buffer solutions. The mica surfaces are atomically flat and are
hydrophilic to prevent denaturing of proteins. Disaccharide was coated onto the
protein bound mica surfaces to provide multiple hydrogen binding sites for
proteins and also to protect the protein from damage during further polymeriza-
tion. A polymer coating was applied by plasma deposition to yield a smooth and
robust overlayer that is covalently bound to the sugar layer. The mica substrate
and the proteins were removed by elution with basic solutions.

Molecular imprinting was also investigated for controlled nucleation and
growth of inorganic minerals.'”” Here, polymerizable ligands were bound to the
mineral (CaCO;) surfaces. After the polymer was formed on the mineral surfaces,
the mineral was dissolved. A comparison of the imprinted and non-imprinted
regions revealed that the imprinted region significantly enhanced the nucleation
rate, indicating the ligands were arranged with a favorable position and
orientation to stimulate the nucleation of the mineral.
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2.7.1.2.2. Molecular Imprinting in Self-Assembled Nanostructures. To
control the molecular architecture in three-dimensions, molecular imprinting
techniques were combined with self-assembled nanoscale materials as discussed
in the first part of the chapter.l%’lo7 This approach also created a novel
hierarchical porous material with tunable size and shape selective pore structures
to mimic the microchannels in biomembranes. Soft molecular coatings were
introduced with embedded microcavities. This material contains a rigid
mesoporous oxide frame, coated by a soft, “microporous” molecular monolayer,
as schematically shown in Fig. 2.13. Unlike in zeolite-based materials, the size
and shape selectivity is not determined by the oxide framework, but by the long-
chain molecular monolayers.

The new molecular imprinting process was shown in Fig. 2.21. Nominally,
triangular (tripods), linear (dipods), and point cavities were created by first
bonding short 3-aminopropyltrimethoxysilanes (APS) to the template molecules,
followed by the deposition of the template-bound silanes onto the nanoporous
substrate. The tripod chemistry on silica substrates was first reported by
Tahmassebi et al.'®'% Subsequently, long-chain molecules were deposited on

(a) Molecular imprinted in nanoporous channels
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FIGURE 2.21. Hierarchical nanoporous materials with organized microcavitics through molecular
imprinting and ordercd nanoporosity through surfactant templating. (a) Molecular imprinting in
nanoporosity. (b) to (c) Different microcavity shapes generated by different imprinting molecules. (b)
to (d) were reproduced from Ref. 106 with permission from Wiley-VCH.
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the unoccupied surface of the silica substrates. The template molecules were
selectively removed from the substrates with a mild acid wash to leave the desired
cavities in the monolayer coating.

The molecular chain conformations have been studied using N, adsorption
and NMR techniques during each step of the imprinting process. The layer
thickness derived from the pore-size change is consistent with the expected chain
length and chain conformation. The surface area in each step was reduced,
depending on the amount of organic silanes added and on the final pore size.
Ideally, the imprinting procedure should produce triangular cavities (10 A wide,
based on the dimension of the template) and linear cavities (10 A long). For point
cavities, APS molecules were first deposited on the porous substrate, followed by
the deposition of octadecyltrimethoxysilane (OTS). The dimension of the point
cavities was determined from the area an APS molecule would occupy (about
4.5 A for one point cavity) on the surface.

The microcavities on the monolayer coatings showed considerable
selectivity between the tripod and dipod molecules. Considering the fact that
the difference between the tripod and dipod molecules is not great, the capability
of the substrate to differentiate between these two molecules is remarkable. A
tripod molecule has three benzaldehyde arms, and a dipod has two. The rest of the
molecular structures are similar. In principle, the dipod molecules can easily fit
into the triangular cavities and conform to the majority of the cavities nicely. The
two aldehyde groups can also bind with the two amine groups at the corner of the
cavity (hydrogen bonding or forming Schiff base). We would expect the dipod
molecules to adsorb on triangular cavities as well as the linear cavities. The large
difference in the adsorption behavior of dipod molecules on triangular and linear
cavities demonstrated that the shapes of the cavities are very important.

The selectivity of the microcavities is directly related to the 3D nature of the
long-chain molecule coatings. One-to-one correspondence of the binding sites
does not give any selectivity. Materials have been prepared using the same
procedure without the long-chain molecule monolayer coating or with a coating
layer made of small molecules (hexamethyl disilazane or trimethoxypropylsilane
(TMPS)). These materials contain exactly the same bindings sites (amine groups
from the APS) arranged the same way as in the long-chain monolayers. No
selectivity was observed on any of these materials without the long-chain capping.
If the selectivity were solely attributed to the matching of the binding sites, the
materials without capping or with the short-chain capping layer should have
similar selectivity as the long-chain materials. Therefore, it can be concluded that
the steric effect of the cavities in the long-chain monolayers largely contributed to
the selectivity of such materials.

2.7.2. Responsive Nanoscale Materials
2.7.2.1. Environmentally Sensitive Polymers

Many synthetic polymers exhibit a unique phase transition at a certain
critical temperature.g’10’110’112 As discussed in the beginning of the chapter,
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the phase transition, as reflected in a transition from the dispersed state to
condensed state, is a universal phenomenon. For example, poly(N-isopropylacry-
lamide) (PNIPAAm) exhibits a soluble-insoluble change at its lower critical
solution temperature (LCST).'"® PNIPAAm chains contain both hydrophilic and
hydrophobic groups. At a temperature below the LCST, the hydrophilic groups
are surrounded by hydrogen bonded water molecules and the hydrophobic groups
are surrounded by structured water. The PNIPAAm chains assume an expanded
conformation, thus forming a homogenous system. At a temperature above the
LCST of PNIPAAm, the structured water molecules are dissociated and the
PNIPAAm chains assume a collapsed conformation and phase separate from
water.'* If PNIPAAm chains are cross-linked, the thermal transition of the
polymer chains will be reflected in a remarkable swelling—deswelling transi-
tion."'>!'® The unusually large volume change and the changes in other physical
properties associated with these environmentally sensitive polymers as when they
go through the phase transition make them good candidate materials for many

applications. These applications include artificial muscles,''"!® drug delivery
119-121 122 124 125,126

systems, reversible surfaces, separation membranes, enzyme

. J . _ . 3 .

1mmoblhzat10n,127 129 catalysis substrates,m’11 and actuator and chemical
132,133

valves. ”®

One of the most important applications of environmentally sensitive
polymers is drug delivery. Many mechanisms associated with environmentally
sensitive polymers have been investigated for drug release (Fig. 2.22). Copolymers
of NIPAAm containing hydrophobic co-monomers are usually used for negative
temperature release*'"® via a skin layer regulated diffusion mechanism.
However, intelligent delivery of antipyretics (or antibiotics) that responds to

(a) Skin regulated diffusion
(negative release)

(c) Daffusion area regulation
(positive release)
T,<T,

T,

(b) Squeezing mechanism
(positive release)

P> T

FIGURE 2.22. Common drug delivery mechanism involving thermal sensitive polymers (Redrawn
after Ref. 134, 135, 136).
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a rise in body temperature requires positive thermo-responsive delivery.
One approach to achieve a positive thermosensitive release is to use a squeezing
mechanism."*® In this mechanism, drugs loaded into PNIPAAm gels are squeezed
out of the polymer when the temperature is raised above, the LCSTs. Yoshida
et al.®® introduced a diffusion area-regulating mechanism by encapsulating
PNIPAAm gels in an impermeable capsule equipped with a rate-determining
release orifice. At a high temperature, the drug is squeezed out of the polymer gel,
but the release of the drug is controlled by the diffusion through the orifice. Other
concepts have been proposed for positive thermosensitive release.””'** For
example, Ichikawa and Fukomori recently reported a microcapsule (MC)
containing a membrane of composites of nano-sized polymer gel dispersed in
cellulose matrix.® The composite MCs showed an enhanced release at 50°C and
reduced release at 30°C.

2.7.2.2. Hybrid Responsive Nanoscale Materials

The environmentally sensitive polymers are mostly considered as soft
materials, and in many cases, these soft materials alone cannot provide the desired
function either for the lack of mechanical robustness and for other reasons. In
biological materials, the soft phase is often integrated with or supported by hard
tissues that may contain inorganic minerals and high strength polymers. Recently,
a wide range of natural and synthetic nanoscale ceramic and composite materials
have been investigated. For example, dispersing nanoscale ceramic minerals in a
polymer matrix has been shown to improve the thermomechanical stability.'**'*
Such nanocomposites were first reported by a research group from Toyota.'*'"'**
Subsequently, many polymer systems have been studied.”**® The nanoscale
aluminosilicate platelets are derived from natural clay minerals (montmorillonite,
hectorite, vermiculite, etc.), which are made of 2D, 1 nm layers of an aluminate
sheet sandwiched between two silicate sheets.'** These layers are stacked together
by weak ionic and van der Waals forces. Under favorable conditions, the layers
can be partially or completely separated.'* In the intercalated composites, the
distance between the aluminosilicate layers is expanded, but they retain the
periodic coherence. In the exfoliated composites, the ceramic layers are totally
separated and homogeneously distributed in the matrix. This high degree of
dispersion of ceramic nanoplates in these composite materials alters the physical
and chemical properties of the polymer materials, and improves the mechanical
property and thermal stability.

2.7.2.2.1. Responsive Colloidal Crystals. Unique thermally sensitive nano-
composites with tunable periodicity was created by combining the thermosensitive
polymer, PNIPAAm, with ordered colloidal crystals.'*® This material was
prepared by dispersing monodispersed 100 nm polystyrene (PS) particles in a
solution containing NIPAAm monomers and a cross-linking agent. The chemicals
and the solutions were carefully purified to remove any impurities, especially any
charged species, which would screen the electrical potential of the particles and
reduce the repulsive forces between them. Polymerization was induced by UV
curing. This procedure produced a nanocomposite in which the PS particles were
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FIGURE 223, Bragg diffraction patterns of PS-PNIPAAm nanocomposites as a function of
temperature using UV--visible-near IR spectrometer (Reproduced from Re. 146 with permission from
Science).

periodical, and gave strong Bragg diffractions for infrared, visible, and ultraviolet
light sources. The colloidal crystals had either body centered symmetry (bcc) or
faced centered symmetry (fee). In addition, when the temperature was changed
around the LCSTs, the polymer matrix in which the colloidal PS particles were
embedded expanded and shrank, causing the periodicity of the colloidal crystal to
change in accordance with the temperature change. The periodicity was directly
correlated with temperature and could be directly monitored through Bragg
diffraction techniques (Fig. 2.23).

The environmentally sensitive colloidal crystals have potential for sensing
and detection of a wide range of chemicals and biomolecules."*” For example,
crown molecules which can selectively bind to Pb? ", Ba?*, K* was attached to
the thermosensitive polymer matrix containing the colloidal crystals. The binding
of the metal ions increased the osmotic pressure in the polymer and caused the
polymer to swell, which led to an increase in the lattice spacing between the
particles. The lattice spacing could be directly monitored through the Bragg
diffraction, and was used as an indication of the metal ion concentration.
Similarly, the enzyme glucose oxidase was incorporated into the polymer-PS
composites. The exposure of this material to a glucose solution caused the gel to
swell and resulted in an expansion of the lattice spacing. Therefore, glucose sensor
devices could be conceived based on this principle.

2.7.2.2.2. Responsive Clay-Polymer Nanocomposites. The preparation of
responsive polymer-clay nanocomposites involves several steps.'*® The reaction
steps involve the intercalation of the clay with alkylammonium ions through ion
exchange followed by polymerization of NIPAAm inside and outside the
clay galleries. First, montmorillonite clay was ion exchanged to produce
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Na “-montmorillonite. The Na*-montmorillonite was mixed with N-tetradecyl-
trimethylammonium chloride (TDTAC) to produce quaternary alkylammonium-
exchanged montmorillonite. The resulted organo-clay dispersed in N-isopropy-
lacrylamide (NIPAAm) and N,N'-methylenebisacrylamide (BisAAm) in dioxane.
Polymerization was carried out at 65°C. By dispersing the clay in the PNIPAAm
gel, a nanocomposite PNIPAAm-—clay gel was generated.

The polymers in the clay composite are able to go through the swelling—
deswelling phase transition, causing further expansion of the clay galleries
(Fig. 2.24). One of the most important, and unusual, observations in this system is
that for the first time the thermal response (swelling ratio) is significantly enhanced
in the nanocomposites as compared with the pure polymer hydrogels. On would
normally expect the addition of an “inert” ceramic phase to have a negative effect
on the phase behavior of such polymers, as previously reported.'*!> The TEM
images of the thermosensitive polymer—clay nanocomposites and the correspond-
ing thermal transition, are shown in Fig. 2.22.

In the intercalated region, the clay platelets are parallel to one another, and
separated by the same distance. The optical Fourier transformation of the TEM
image gives distinct periodic spots, corresponding to the expanded basal spacing,
26 A. In the partially exfoliated region, the clay platelets are further separated,
and mostly no longer retain the regular periodic basal spacing. The optical
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FIGURE 2.24. ‘Thermosensitive polymer-clay nanocomposite. {a) TEM images of intercalated region

(i) and exfoliated region (2). (b) Swelling ratio as a function of temperature. Reproduced {rom Re. 148
with permission from ACS.
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FIGURE 2.25. Bicontinuous thermal sensitive nanocomposites and the drug delivery application. (a)
Steps to make the nanocomposite. (b) L3 phase. (¢) Amount ol drug released as a function of time with
cyclic temperature change between 25°C and 40°C. (b) is reproduced [rom Ref. 152 with permission
from ACS. (c) is reproduced from Refl. 153 with permission [rom J. Controlled Release.

Fourier transformation only gives streaking perpendicular to the platelet orien-
tation due to the 2D nature of the platelets. Thermal response of the composite in
water was tested by typical equilibrium swelling experiments. Both conventional
gel and PNIPAAm-clay nanocomposite exhibit typical swelling—shrinking
transition around 20-46°C. What is remarkable is that the degree of swelling
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(as measured by the water uptake) and shrinking (as measured by the
water release) in the composite is much higher than in the pure polymer gel.
For a composite containing 20 wt.% clay (20% of the dry polymer weight), 38 g
water can be released when the temperature is increased from 20°C to 45°C. For
the pure polymer gel, only 27 g water was released. Therefore, the swelling ratio of
the 20 wt.% composite is 50% more than the pure polymer gel.

2.7.2.2.3. Bicontinuous Thermosensitive Nanocomposite. To prepare the
bicontinuous hydrogel-silicate, a recipe originally developed to prepare a
bicontinuous nanoporous silicate materials (L3 phase)*"15? was adapted.153

The formation of bicontinuous hydrogel-silicate nanocomposites is
schematically illustrated in Fig. 2.25a. First, the surfactant-water system formed
the surfactant L; phase. The PNIPAAm polymer gel was formed in the
hydrophilic region of the surfactant L; phase. Finally, the condensation of the
silicate network at the surfactant-water interface completed the preparation of
the interpenetrating nano-network of silicate and polymer gels. The L; phase
contains pore channels that are uniformly and homogeneously distributed, and
are connected in three dimensions (Fig. 2.25b). This microstructure is ideal for
controlling molecular diffusion.

The unique thermosensitive properties of the bicontinuous nanocomposite
are illustrated with sustained positive thermosensitive drug release experiments.
Indomethacin release from the nanocomposites was investigated during stepwise
temperature changes between 25°C and 40°C (Fig. 2.25¢). At a low temperature,
the drug is trapped in the polymer and in the porous structure. The polymers are
expanded, preventing significant release into the media. When the temperature is
increased above the LCST of PNIPAAm, the polymer shrinks, squeezing the
drug into the porous channels, and opening the pore structure. The silica network
structure is stable and does not change significantly within this temperature
range. The overall delivery of the drug into the media is controlled by diffusion
through the porous channels. The advantage of the current nanocomposite
approach is the uniform release rate when the temperature is maintained above
the LCSTs. In addition, sustained release over a long period of time can be
achieved by simply changing the nanocomposite composition. Based on previous
studies,”"% reducing the water content from 95 to 55 wt.% can reduce the pore
dimension from about 30 to 8 nm. By reducing the amount of water from 95% to
55% composite, the release is extended to a much longer period of time. The
release rate did not decrease significantly after six cycles (a duration of more than
150 h).
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Examples of Nanoscale Materials
in Nature

3.1. MULTISCALE ORDERING AND FUNCTION IN BIOLOGICAL
NANOSCALE MATERIALS

In Chapter 2, self-assembly approaches to synthesize nanoscale materials were
discussed. However, the range of structures and the functions of the materials
derived from self-assembly are limited compared to many examples of highly
ordered, highly functional nanoscale materials in biological systems. A superficial
comparison of synthetic nanoscale materials and the biological nanoscale material
reveals some key differences. First, biological materials are ordered on different
length scales, not just on the nanometer scale. The hierarchical order is not
commonly encountered in man-made materials, and can be exemplified by the
structures found in seashells, bone tissues, and muscle tissues. Second, the
assembly and the ordering of biological materials are purpose and function driven.
For example, the filament structure that is responsible for cell repair only appears
when the cell is damaged and when a defect in the cell membrane causes an influx
of calcium ions. The calcium ions trigger the assembly of nanotubes that function
as bridges for materials to be transported to the defect site. Once the defect is
repaired and the calcium ions no longer flow, the bridges cease to have any further
function and disappear by themselves. This is in sharp contrast to man-made
materials that have to be prepared in many steps, one step involving the formation
of the desired microstructure and another involving the introduction of
functionality into the system. Third, biological materials are constantly going
through dynamic changes. During cell division, many microtubules are formed,
and these microtubules self-organize into three-dimensional (3D) structures such
as asters and spindles. The microtubules themselves also go through dynamic
growth and shrinkage. During this process, the microtubules with the desired
conformation and interfacial binding survive and continue to evolve, while those
without the correct interfacial binding disappear. Last, but not least, biological
materials have amazing capabilities to adapt and to respond. A good example is
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the directed response of muscle tissues. Other examples include the ability of
tissues to sense, adapt, and repair. All these critical functions are mostly absent
from man-made materials.

In this chapter, examples will be given to illustrate how natural materials
order on different length scales, and how the different components interact with
one another, and how these materials function.

3.2. HIERARCHICAL ORDERING IN NATURAL NANOSCALE
MATERIALS

3.2.1. Proteins as the Basic Building Materials of the Biological World

Proteins, composed of amino acids, are the basic building materials in the
biological world.'™ Each amino acid contains two important functional groups,
the amine group (-NH,) and the carboxylic acid group (-COOH), and another
functional group called the R group. The general molecular formula for the amino
acid is H,N-CHR-COOH. The R group can be a protein, a simple hydrocarbon
chain, or hydrocarbon chains containing a variety of functional groups such as an
amine group, a carboxylic group, and a thiol group (-SH). Depending on the
specific R groups, there are about 20 different amino acids. The amino acids are
connected with one another through peptide bonds (CO-NH-) to form long-
chain polypeptides.

However, in nature, proteins do not exist as simple linear polypeptide
chains. They form highly organized aggregates. Not only the molecular structure,
but also the high level ordering of the polypeptides plays a critical role in the
properties and functions of proteins. The hierarchical structures of proteins on
different length scales are shown in Fig. 3.1. The molecular structure of the
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FIGURE 3.1. Hierarchical structure levels in proteins: (a) Primary structure (polypeptide strand). (b)
Sccondary structure of a-helix. (c) Sccondary structure of B-pleated sheet. (d) Tertiary structure. (e)
Quaternary structurc. Reproduced Rel. 1 with permission from Benjamin/Cummings Science Publishing.
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polypeptide is called the primary structure. The single polypeptide chain
aggregates with another chain, and folds with itself, to form into a more complex
secondary structure. The most common secondary structures are the alpha (o)
helix and the beta () sheets. For the ¢-helix secondary structure, the chain is
coiled by itself, and stabilized with hydrogen bonds between the NH— and CO-
groups of the amino acid within the same chain. For the B-sheet, the polypeptide
chains are parallel to one another, and are linked side-by-side through the
hydrogen bonds between different chains forming a pleated ribbon-like structure.
The - and B-regions can fold upon one another to produce tertiary structures
superimposed on the secondary structures. The tertiary structure is stabilized by
both hydrogen bonds and covalent bonds in the same primary chain. When more
than one polypeptide chains are aggregated together, they produce quaternary
structures.

Proteins are not only the basic building materials in biology, but they also
perform many different functions that are critical to the biological systems. Several
of these functions will be discussed in this chapter. Even a single protein, such as a
transmembrane protein, can perform several functions.* The transmembrane
protein can regulate material transport, provide enzymatic catalytic function,
recognize other proteins or cells, and attach to other surfaces or substrates. Many
of these functions are related to molecular conformations. Moreover, the
molecular conformations at different levels are very sensitive to the environment.
Therefore, the protein molecules can respond to external and internal stimuli, and
perform the required functions of the biological systems.

3.2.2. Hierarchical Structures in Bone Tissue

Bone is one of the most important mineralized connective hard tissues in
higher vertebrates.” Bone tissue provides remarkable rigidity and strength, and at
the same time retains some degree of structural elasticity and flexibility. In
addition, the dynamic equilibrium of bone growth and resorbing regulates the
calcium activities in the body.

Bone is made of an organic matrix that is strengthened by the deposition of
a special form of calcium phosphate mineral, hydroxyapatite (HAP). The liquid
phase, namely water containing various solubilized organic and inorganic species,
also plays an important role in bone properties. The organic matrix primarily
consists of type I collagen (95%).

Structural wise, bone tissues are remarkably diversified depending on the
individual species, development age, anatomical sites, and functional needs.
Although one cannot easily identify a single generalized bone structure,
morphologically two forms of bones are encountered: cortical (compact) and
cancellous (spongy). Cortical bones are made of organized and densely packed
collagen fibers and minerals. Cancellous bones are made of a loosely packed, and
disordered porous matrix. The microstructural difference between cortical bones
and cancellous bones are related to their functions in the body because cortical
bones provide structural support and protection, whereas cancellous bones only
have metabolic functions.
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Four different types of cells are involved in regulating bone growth:
osteoblasts, osteoclasts, osteocytes, and bone lining cells. Osteoblasts are
responsible for the production of the bone matrix. They not only produce the
type 1 collagen and the noncollagenous proteins, but they also regulate the
mineralization of the matrix, although this mechanism is not fully understood.
Osteocytes are mature osteoblasts in the bone matrix, and are used for tissue
maintenance. They maintain the connectiveness between different layers, and have
some ability to synthesize and resorb the matrix. Osteoclasts are mainly
responsible for resorbing bone minerals. The combined action of osteoblasts
and osteoclasts helps maintain a healthy balance between growth and overgrowth.
The role of bone lining cells is not understood yet. The bone growth activity
depends on the life cycle of the individual. In the early stage (bone molding stage),
bone formation exceeds bone resorbing, and these two activities are not coupled.
In middle age, adult bone tissue is continuously maintained by removing and
replacing (remolding). In the remolding process, the bone resorbed at a particular
location will be precisely replaced by bone growth at the same location. Thus,
bone growth and resorbing is coupled. In the later life cycle, bone resorbing
exceeds bone growth, resulting in decreasing tissue density and strength. Bone
growth and bone resorbing become uncoupled again.

Through extensive characterization using electron microscopy, X-ray
diffraction-(XRD) and small angle diffraction, a large body of information on
the ultrastructures of bone tissues has been obtained. Bone tissue usually contains
remarkably ordered organic and inorganic materials extending through all length
scales. Figure 3.2 schematically illustrates the hierarchical ordering of cortical
bones. On the macroscopic scale, cortical bones are made of closely packed
concentric lamellae around the vascular channels. These perimuscular structure
units are called osteons or Haversian system. These lamellar structures are made
of fibrils about 0.1 um in diameter. Within each layer, all the fibrils are parallel
with one another, but fibrils in adjacent layers are arranged in the perpendicular
directions, as in plywood. The fibrils are made of type I collagen molecules.’
Type I collagen molecules are defined as “structural proteins of the extracellular
matrix that contain one or more domains harboring the conformation of a
collagen helix.”® Each molecule contains three polypeptide chains. These collagen
molecules are spontaneously assembled into parallelly staggered fibrils due to
hydrophobic interactions and static interactions through the charged amino acids
on the molecules. Each molecule is 300 nm (4.4D, D = 67 nm) long. In the fibril,
the molecules overlap with one another by a multiple of distance D. The ends of
the molecules are also separated by a distance of about 40 nm. It is suggested that
HAP crystals are initially deposited in the gap between the heads and ends of the
collagen molecules.” The HAP are initially plate-like particles with a depth of
4-6nm, a width of 3045 nm, and a len§th of about 50 nm. They are all separated
by 5 nm and are parallel to one another.” As the mineral grows, the particles begin
to fuse with the neighboring particles forming long and broad plates. Further
growth may even disturb the arrangement of the collagen fibers. In the highly
calcified tissue, the minerals may have deposited both in between the collagen
fibrils and outside the collagen fibrils.



EXAMPLES OF NANOSCALE MATERIALS IN NATURE 57

Central canals

(RS s o)

h& I Usteon

(Haversian

0

Fibers in the
3 lamellae
") )C@.@ Perimuscular
' ' ' lamellae
{b) A section of the skeletal bone.

(a) A sketch of a skeletal bone.

Collagen molecules and HAP

(c¢) Formation of collagen fibrils.

Collagen molecule oy ] D or multiple of D
\ » < 4.4D > ——
D C L C 4] D
= By [ Thsar] E |
:lﬂ (J—'-_"'_n [ C
) C 4] C L
/7; lIJ C mﬂ (—"'—"'—mn (—“"""'"“"“';—::;T}—c

Initial HAP deposited

(d) Stacking of collagen molecules into collagen fibrils.

(e) Triple helix structure of a collagen molecule.

FIGURE 3.2, Hierarchical structure in bone tissue: (a) Skeletal bone. (b) A section of skeletal bone;
close packed concentric lamellae structures around vascular channels. (c) Fibrils made of collagen
fibers and HAP minerals. (d) Stacking of collagen molecules and HAP crystals. (¢) Triple helix of
peptides in a collagen molecules. This figure is produced after Refs. 5-8.

The highly organized structure of bone tissues is optimized for both
compressive and tensile strengths, and for strength and toughness. The minerals
provide stiffness, but the HAP material by itself is not an impressive structural
material. Therefore, both the organic and inorganic phases contribute to the
mechanical properties. The mechanical strength of bone tissues can be attributed to
several unique aspects. First, the perivascular lamellar structure, with parallel
fibrils within each layer, is adapted for maximum strength under compression and
tension. The remarkable structure has yet to be matched by any man-made
materials. Second, the 90-degree arrangement of the fibrils in adjacent layers is also
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desirable for laminated materials, a fact that has been realized by mankind only in
modern times. Furthermore, bone tissue can tolerate considerable deformation
without catastrophic failure due to deformation occurring on the nanometer scale,
including cracking along the HAP nanoparticles.

In addition to the intriguing microstructures, bone tissue is highly adaptive
and functional. Even within the same bone, the microstructure is optimized to
achieve the best use of the tissue. For example, the orientation of the collagen
fibrils in a long bone is adjusted to comply with the distribution of the mechanical
stress in the sample. More transverse collagen fibrils are produced in the regions
under compressive stress, whereas more longitudinal fibrils are produced in regions
under tensile stress.’

3.2.3. Shell as a Composite Material

Among the natural biological materials, sea shells have attained a celebrity
status because of their fascinating microstructure and relative simplicity as
compared to other biological systems.'™'" For example, the gastropod Haliotis
rufescens (the red abalone) has two distinct layers in the shell: an outer layer of
column-like calcite, and an inter layer of laminated aragonite. The nacreous
layer,'? also called the mother of pearl, are made of polygonal blocks of 0.5 pm in
thickness, and about 15 pm in width, stacked together like miniature brick walls.

FIGURE 3.3. SEM micrographs of the nacreous layer in a red abalone shell: (a) Regions showing
fully grown aragonite plates and partial grown plates near the growth tip. (b) and (¢) Cross-scctional
view, and tilted cross-sectional view showing the column growth patterns of the aragonite phase, and
the inorganic membranes that separate the inorganic plates.
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All the aragonite plates are oriented along the c-axis (001). Each plate is
surrounded by an organic matrix of 40 nm or so. The polygonal plates are also
closely packed within each plane. Altogether, the composite materials contain less
than 5% of organic materials. The calcium carbonate and the organic matrix
together form composite materials with amazing mechanical properties. The
Young modulus is about 60 GPa, similar to typical ceramic materials."> However,
the fracture strength is several thousand times greater than that of the aragonite
mineral by itself.'*"?

The microstructure of nacre is shown in Fig. 3.3. Near the growth tip, the
aragonite plates are not completely grown, thus the organic matrix is clearly
revealed. The column-like structures suggest the growth is propagated from one
layer to another, growing from the center outwards. The organic membranes are
probably formed first, as indicated by Fig. 3.3b and c. They act as envelops for the
inorganic materials to fill.

3.3. MULTIFUNCTION OF THE ORGANIC PHASE IN BIOLOGICAL
NANOSCALE MATERIALS

3.3.1. The Contribution to the Mechanical Properties

Biological materials, including bones and seashells, attain their unusual
mechanical properties through many different mechanisms. They are not only
strong, but also have greater tolerance for deformation and destruction without
catastrophic failure. First, these materials are extremely uniform and precisely
organized not only on the nanometer scale, but also on all other length scales,
from angstrom and up. Second, the microstructure is optimized for the particular
environment, such as the cross-perimuscular, and concentric lamellar structures in
skeletal bones. In nacre, before the whole material fails, microcracks have to
propagate through the nanolaminate in a zigzag fashion, which adsorbs
considerable energy. Third, the organic matrix considerably improves the tough-
ness. For cortical bones, the collagen fibrils are themselves part of the structural
material. The elastic modulus of the composite is 18 GPa, between the elastic
modulus of the inorganic mineral (165 GPa) and that of the collagen fiber
(1.2 GPa). The HAP mineral provides the stiffness and the organic matrix
provides the flexibility for toughness. In nacre, the organic phase makes for less
than 5% of the total composite material. The vast improvement in the toughness
(3000 times) cannot be explained by the rule of mixture. Synthetic materials
containing close packed laminated ceramics with a few weight percent organic
adhesive material do not exhibit a similar toughness as nacre.’

One possibility is that the organic matrix, even though in very small
amounts, act as a glue that pulls the aragonite plates together during cracking. It
is not difficult to conceive that the deformation of nacre goes through several
steps. The initial phase is the elastic deformation. Beyond the elastic region,
cracks are developed. These cracks are preferably nucleated between the aragonite
plates, rather than in the aragonite crystals. The cracks will then propagate along
the organic matrix. Due to the nanoscale arrangement of aragonite plates, many
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cracks can be developed and they can travel a long distance in the material
without causing the whole structure to fall apart. This nanocracking, by itself, will
absorb a lot of energy. As the deformation proceeds, sliding and pullout of the
plates may occur. In order for the sliding and the pullout to occur, the plates must
overcome the friction from the neighboring plates, as well as shearing of the
organic matrix. Finally, in order for the crystals to separate from one another,
they have to overcome the adhesion forces imparted by the organic matrix.
Numerous studies have revealed elongated filaments of the organic matrix caused
by viscous deformation around the crack region. These adhesion filaments act as
bridges between the inorganic laminates and continue to hold the structure
together before complete failure.

The microstructural arrangement also contributes to the unique interactions
and mechanical strength. Recently, Wang er al'™'® studied the mechanical
properties of nacre and found that nacre can be strained (inelastic deformation) up
to 8% in shearing parallel to the plates, and more than 1% in tension. They
suggested that the deformation in shear is through inter-lamellae sliding of the
aragonite crystals, while tensile deformation is found through the formation of
dilatation bands accompanied by the inter-lamellae sliding. When nacre deforms, a
large interaction zone was formed around the notch (or crack) region. The
formation of the large deformation zone suggests that nacre is able to redistribute
the stress and release the stress concentration effect. On a microscopic scale,
parallel bands of cracks (dilatation bands) were formed between the neighboring
plates in the deformation zone (Fig. 3.4). The formation of these multitudes of
cracks necessitated sliding of the plates relative to one another, which is not an easy
task considering the rough interfaces between different layers and the interlocking
positioning of the plates. The sliding and the deformation along the rough
interfacial regions greatly increased the toughness of the material.

The organic matrix may have contributed to the toughness of the composites
in a way previously not realized. Recently, AFM techniques were used to measure
the adhesive force of the organic material on aragonite of nacre with a flat surface
and a cantilever configuration.'” Although these experiments may be different
from single molecule measurement the resultant sawtooth force pattern of the
force as a function of distance is very interesting. This sawtooth pattern, which is
very desirable if the material is required to sustain very large deformation without
causing complete failure, implies a multistep deformation process.

Schematically, several deformation processes have been suggested, as shown
in Fig. 3.5." If two aragonite plates are glued together by a stiff, short molecule
that is covalently or ionicly bonded to the surface, the force will increase rapidly
when the tow plates are pulled apart. When the force exceeds the strength to break
such strong bonds, the material will fail. This composite material will have high
mechanical strength, but low fracture toughness, which is related to the area
under the force—distance curve. Such a material has very little tolerance for
deformation, and will break at a very low strain (extension). If the two aragonite
plates are glued together by a hypothetical inelastic polymer, which requires a
higher energy to deform as the molecule is elongated, the force will increase
gradually over a wide extension range until the breaking point is reached.



EXAMPLES OF NANOSCALE MATERIALS IN NATURE 61

FIGURE 3.4. Toughening mechanisms in nacre: (a) Formation of dilatation bands in abalone. (b)
Formation of dilatation bands in pearl oyster. (c) High magnification micrograph of abalone nacre
showing the dilation bands and the rough interfacial region between the layers. (d) Resistance to inter-
lamellae sliding due to the asperitics of the rough interfaces. The photographs in this figure were
provided by Prof. R. Z. Wang from University of British Columbia in Canada, with the permission of
the Materials Research Society.

The force curves observed in nacre seem to be an optimization of the two extreme
cases, with multiple breaking peaks. The area under the force—extension curve,
representing the energy required to break the entire material, is larger than either
that of the short stiff molecule or the inelastic polymer. From the illustration
(Fig. 3.5), it is clear that the sawtooth curve is the most desirable. When the
material is deformed to a certain limit, part of the material breaks (or relaxes), but
the overall structure has not failed. Further deformation triggers the breakage (or
the relaxation) of the next structural unit, and so forth. These deformation
processes seem to be able to repeat through many circles.

On a molecular level, the sawtooth deformation pattern may be related to
unfolding of protein domains. Similar sawtooth patterns have been observed for
titin, a protein in striated muscle responsible for retaining the elasticity of the
tissue, both experimentally with AFM techniques,”® and by computer simula-
tion.”' Titin contains many repeating units of immunoglobulin (Ig) domains
distributed along the molecule chain, as shown in Fig. 3.5c. When this protein is
extended, the Ig domains unravel one by one in a sequential fashion. When the
protein is stretched, one Ig domain begins to deform and the force required for the
domain deformation gradually increases, until a holding force of a few hundred
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FIGURE 3.5. A possible molecular mechanism [or the organic matrix to contribute to the mechanical
toughness of nacre: (a) Two aragonitc plates glued together by two hypothetical polymers, a long-chain
polymer and a polymer with coiled domains. (b) Typical force-extension curves expected from different
“glue” polymers. Only polymers with domain structures give both reasonable strength and toughness.
(¢c) Domain structures in titin. (d) Force-extension curve observed [rom titin. Each peak corresponds
to the unraveling of a single domain. The domains and the peaks are spaced 25 nm apart. This figure is
reproduced and adapted [rom Refs. 17 and 18 with permission from Seience.

pN is reached. Beyond this holding force, the Ig domain unfolds abruptly and the
holding force is reduced rapidly. Continued extension triggers the deformation of
another Ig domain and a new circle begins. In these experiments, the number of
peaks corresponds well with the number of domains, and the peaks are spaced
25 nm apart, corresponding to the distance between the domains.

3.3.2. Molecularly Directed Self-Assembly of Inorganic Minerals

Although the detailed mechanisms differ, the nucleation and growth of
organized inorganic minerals in natural composites involve three essential steps.”
(1) Nucleation. In the first phase, there must be an assembly of material above certain
critical mass concentration, which is similar to the final mineral to be deposited in
orientation the crystalline structure. The nucleation may occur simply by
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aggregation of the ionic species that will make up the mineral, or may be stimulated
by some molecules or aggregate of molecules (substrates) that favor the formation of
a particular phase and orientation through heterogeneous nucleation. (2) Mineral
growth or expansion. In this phase, the mineral expands along selected orientations.
Organic molecules or proteins specifically adsorbed on a certain plane, may inhibit
the growth on this plane. This leads to the formation of minerals with well-
controlled morphology and orientation. (3) Termination. Finally, either due to the
adsorbed molecules on the surface or through physical confinement, old crystals
stop growing and new crystals nucleate in the growing front.

The organic phase, which controls the assembly of the inorganic mineral, is
very complicated. This phase contains insoluble matrix, water-soluble proteins,
and extracellular vesicles (or lipids). A very superficial review of the literature
results suggest that the organic phase may play many roles in the formation of the
organized composite materials. These roles include: (1) selectively initiating the
nucleation of the desired inorganic phase, (2) controlling the orientation and
growth rate of the crystals, (3) controlling the size, morphology, and ordering of
the inorganic minerals, (4) terminating (inhibitating) the crystal growth of the
mineral. The exact nature of the interfacial interactions between the inorganic and
organic phases, and the role of the different components in the organic phase,
have been the subject of extensive study and are still controversial. For example,
the same organic constituent, such as certain proteins, may act as the initiator in
the early stage, and as inhibitator in the later stage, but it is not known how the
proteins perform the different roles. It is also known that both the molecular
structure (primary structure) and the higher level ordering of the molecules are
important. Early studies even suggested that the matching of the molecular
ordering in the matrix or substrate with the atomic structure of the crystal is
required for controlling the nucleation and growth. Although more recent studies
have shown that this assumption is not necessarily true, there is no doubt that
high level ordering of the organic molecules is still important.

In the nacreous layer of red abalone at least four classes of soluble and
insoluble proteins have been identified.” In the middle there is an insoluble, cross-
linked, chitin-like protein matrix that forms organized compartments confining
the inorganic minerals. The insoluble matrix is sandwiched between two layers of
nucleation protein sheets with a [ conformation. The insoluble matrix is
organized as laminated compartments and helps maintain the long-range
regularity and ordering of the material. Nucleation sheets control the nucleation
of the first layer of the inorganic phase. In addition, there is a family of
polyanionic proteins that plays an important role in controlling the nucleation
and growth of the aragonite cr;lstals

Recently, both in vivo®™* and in vitro**™® studies of the growth of the red
abalone have provided very interesting insights into the growth process of the
minerals. These studies showed that at first, a sheet of nucleating proteins was
deposited on the insoluble matrix. Initially a prime layer of calcite crystals,
10-20 um in thickness, was grown on the nucleating proteins along the (104)
orientation. The existence of these nucleating proteins is beneficial for the
nucleation process. Although calcite would also be deposited on a substrate
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without nucleating proteins, the nucleation density was lower, and the crystals
were less oriented. After the prime calcite layer was formed, a sudden phase
transition was trigged. The new crystalline phase was grown on the initial calcite
crystals as overgrowth and depended on the crystal-specific proteins in the
solution. There were two types of water soluble polyanionic proteins, those
purified from the nacreous (aragonite) region of the shell, and those from the
calcite region of the shell. The aragonite proteins and calcite proteins have different
molecular weights, and different charge distributions on the molecules. The
presence of the aragonite proteins would favor the formation of aragonite, and the
presence of the calcite proteins (or the absence of any soluble proteins) would favor
the formation of calcite. In the presence of a mixture of aragonite and calcite
proteins, aragonite would be the main product. If the aragonite crystals were
allowed to grow after the soluble proteins were consumed, calcite overgrowth
would occur on the aragonite crystals.

The in vitro study suggests that the soluble proteins play an even more
important role than previously suggested.”” These proteins not only control the
specific mineral phase, but they may also regulate the high order morphology. The
precise shape and arrangement of the aragonite plates in nacre might have been
facilitated by both the pre-organized organic matrix and the soluble proteins in
the solution.

In bone tissues, the Type I collagen makes up about 95% of the organic
matrix. The rest includes numerous noncollagen proteins. Some studies have
suggested that the HAP minerals were nucleated in the space between the collagen
molecules. The platelets of HAP are in the nanometer range, and are parallel to one
another. As the crystals grow, the width and length of the crystals increase, but the
thickness (depth) remains unchanged. As a result, the HAP platelets fuse together
to form large sheets interconnected with a perimuscular lamellar fashion. With the
intercalation of more minerals and the intergrowth of the minerals, both the HAP
minerals and the organic matrix become more disordered. However, the detailed
mechanism of bone mineralization is much less understood as compared with sea
shells. Some of the critical issues debated now include the initial sites of nucleation
and growth, and the role of collagen and noncollagen proteins.

In the literature, evidence has been reported that the nucleation is associated
with the extracellular matrix vesicles (phospholipids) and with the collagen
fibers.” The initial nucleation process may not be unique, and may occur through
different pathways. In addition to collagen proteins, noncollagen proteins can also
have an effect on the nucleation, growth, and the inhibition process.’’ The role of
noncollagen proteins my be similar to the role of soluble proteins in sea shells, as
discussed earlier.

3.3.3. Sensing, Motion, and Response

3.3.3.1. Protein Conformation Change and Its Implications for
Responsive Materials

As mentioned earlier, the conformational change (folding and unfolding) of
protein molecules is a very important phenomenon. Most of the biological
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functions are in some way related to protein conformation change. Recently, there
has been intensive interest in how protein conformational change is transformed
into mechanical energy on the molecular level.”* The action of multidomained
protein molecules, as rotary motors™ or linear motors,’ has been studied. In
some cases, nearly 100% efficiency of energy conversion is reported.”

In the last decade or so, direct conformational change in protein molecules,
namely elastic proteins (elastins), has been extensively studied as a powerful
mechanism leading to useful responsive polymeric materials.’®’ These elastic
protein polymers are found in lungs, skins, arteries, and ligaments.

Typically, a protein molecule contains both hydrophilic (polar) and
hydrophobic (apolar) segments. For example, -COOH group, in the protonated
from, is hydrophobic, while -COQ™, in the ionized form, is hydrophilic. One of the
important driving forces for the protein to transform from the disordered,
unfolded to the folded ordered states is the entropy change associated with the
hydrophilic and hydrophobic interactions. Below a critical temperature 7, the
hydrophobic groups do not interact strongly with the water molecules that
penetrate the protein chain. The water molecules near the hydrophobic groups
associate with one another to form structured water like ice. These molecules are
arranged to form hollow balls made of pentagons. The structured water layer near
the hydrophobic group is quite stable and keeps the protein from folding, because
protein folding requires energy to break the pentagonal water structure. As the
temperature is increased beyond the critical temperature, the water structure
around the protein molecules becomes disordered. The protein chains can easily
fold without breaking the pentagonal water structure that would otherwise exist at
a lower temperature.

Therefore, by increasing the temperature, the water molecules becomes more
disordered, but the protein chains become more ordered. The net entropy change is
still positive, not violating the thermodynamic law. The transition from an
unfolded state to a folded state upon an increase in temperature is called the AT
transition. On the macroscopic scale, the change from an unfolded state to a folded
state represents a large change in molecular dimension. This change in molecular
dimension can be used to perform mechanical work. When the temperature
changes, biomolecules can lift up to 1000 times their own dry weight.

The transition temperature T in protein polymers ranges from 0° C to 80° C.
The exact transition temperature depends on the balance of the hydrophilic and
hydrophobic groups. Hydrophilic groups on the polymer tend to exert a strong
pull on the water molecules and, therefore, reduce the tendency for the water
molecules to aggregate into pentagonal structures around the hydrophobic groups.
Consequently, the transition temperature will be increased when more hydrophilic
groups are added to the polymer because the water molecules are already disrupted
and the temperature effect on the structured water around the hydrophobic groups
is reduced. At the same time, adding hydrophilic groups also reduces the amount
of energy needed to induce folding because the number of structured water
molecules is reduced through the pulling of the hydrophilic groups. On the other
hand, adding hydrophobic groups to the polymer reduces the transition
temperature and increases the amount of energy to induce folding. This is due
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FIGURE 3.6. Generalized mechanism ol protein polymer contraction: (a) Protein conformation
change and the corresponding contraction curves as a function of temperature. The protein changes
from unflolded state to folded state when the temperature is increased over a certain range. Incrcasing
the hydrophobicity decreases the transition temperature. (b) The AT transition can be induced by a
wide range of external stimuli. This phenomenon can be used to convert one energy form to another,
such as thermal energy to mechanical cnergy (temperature change), and chemical energy to mechanical
energy (pH change), and clectrical energy to mechanical energy (applying external electrical field)
{adapted from Rel. 37 with permission [rom J. Phys. Chem.).

to an increase of the number of structured water molecules around the
hydrophobic groups.

Beside temperature, many other factors can induce the order—disorder
transition. For example, when pH changes, the organic acid group can be either
ionized or deionized. At a high pH, charged carboxylate groups are hydrophilic.
At a low pH, an uncharged carboxyl group is hydrophobic. Therefore, a polymer
containing this group can change from unfolded state at a high pH to a folded
state at a low pH. Similarly, by adding other functional groups that are sensitive
to an electrical field, pressure, etc., the biopolymers can be made sensitive to a
wide range of external stimuli. Using this mechanism, many different energy
forms can be converted to mechanical energy, and vise versa, as shown in Fig. 3.6.

3.3.3.2. Motor Proteins, Filaments, and Microtubules: Mechanics of Motion
in Biology

Motor proteins, filaments, and microtubules are special proteins in
biological systems responsible for many critical functions. On a molecular level,
these proteins are critical for chemical-mechanical energy conversion, signal
transfer, cell repair, and division. On a higher level, they are responsible for many
critical biological and physiological functions such as body movements. On a
more fundamental level, these proteins play an important role in maintaining the
stability of biological systems. Thermodynamically, biological systems are not in
the most stable states. The ability of molecular machines to harness the chemical



EXAMPLES OF NANOSCALE MATERIALS IN NATURE 67

energy and distribute and organize materials is key in maintaining the functional
integrity of the system.

Actin filaments® (Fig. 3.7a) are linear protein polymers existing in a two
stranded, right hand double helix structure. The individual strand (protofilament)
contains globular protein domains about 5.5 nm in size. These globular proteins
are packed through van der Waals forces, hydrophobic and ionic interactions
along the actin filament. The two strands wrap around each other with a
periodicity of 72nm (2x36nm?). One full period contains 26 subunits (actin
protein monomers), and makes 12 complete turns. The diameter is about 8 nm
wide and the length can reach a few hundred micrometers. These actin filaments
are polarized with plus and minus ends.

Microtubules®® are also long protein polymers. The basic building blocks for
microtubules are dimmers of - and P-tubulin protein molecules that are bound
together through non-covalent bonding. The tubulin subunits then stack together

(a) Actin filaments
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FIGURE 3.7. Schematic structures of motor proteins and microtubules: (a) Actin filaments. (b)
Microtubules. (¢) Myosin motor protein. (d) Kinesin motor protein. (¢) FI-ATPase rotary protein.
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through non-covalent bonding to form the hollow cylindrical microtubules. The
microtubule structure can be regarded as 13 parallel protofilaments wrapped
around a tube, each protofilament made of alternative o and B tubulins. The
protofilament always start with an a-tubulin and ends with a B-tubulin, with the B-
tubulin end growing faster than the a-tubulin end. Because of the asymmetric
arrangement of the dimmers, the whole microtubule structure is highly polarized
with the B-tubulin end as the plus end. The microtubule can also be regarded as
a three stranded helix structure, with a light offset between the neighboring
protofilaments. Microtubules normally have an external diameter of 25 nm, and an
internal diameter of 14 nm.

Motor proteins are protein molecules that can direct movement though
conformational change utilizing adenosine triphosphate (ATP) hydrolysis. An
ATP molecule contains three negatively charged phosphate groups as the side
chain. These highly charged side groups hydrolyze to produce adenosine
diphosphate (ADP) and an inorganic phosphate (Pi). The energy produced during
the hydrolysis is utilized by motor proteins to produce motion. In the last ten years,
the family of motor proteins discovered has expanded exponentially, but the
functions of these proteins can be represented by three different types of motor
proteins:** the kinesin motor proteins that can transport over a long distance, the
myosin proteins that produce short distance sliding, and the rotary motors such as
F-ATPase that produce rotation.

The detailed molecular structure of the motor proteins are fairly complicated,
but studies in the last few years have begun to shed light on the relationship
between the molecular structures and the motility generated by these proteins. In
particular, comparison of the structures between myosin and kinesin has led to
better understanding of the function of the proteins. For example, myosin proteins
contain two motor domains. The head area of the myosin protein contains several
functional subdomains (Fig. 3.7c):40 the motor domain, the converter domain, and
the light-chain binding domain (lever). Each domain may consist of several a-helix
strands and P-sheets. The motor domain portion contains an actin binding site and
a nucleotide binding pocket. The motility of myosin may have originated from two
different states in the head area: the nucleotide bound state and the nucleotide free
state. In the nucleotide bound state ADP-Pi is bound to the nucleotide binding
pocket, and the light-chain binding domain is tilted towards the minus end of the
actin filament. In the nucleotide free state, the dissociate of Pi causes a 70° rotation
of the converter domain. The rotation is amplified by the swing of the light-chain
binding domain to up to 10 nm displacement.

Kinesin motor protein (Fig. 3.7d),”™ which are about half the size of myosin,
is made of two identical kinesin heavy chains that entangle into a long-chain
molecule 80 nm in length, and two light chains with carboxylic terminal groups
that function as the cargo binding sites. The force generating device is made of
two globular protein regions (4 x 7nm? each). Although the amino sequence of
the proteins is quite different from that of myosin, the molecular structure of the
motor domain is very similar to that of myosin. The head area contains essentially
similar packing of a-helix strands and B-sheets with a nucleotide binding pocket.
This suggests that the origin of motility might be the same as myosin. However,
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the long light-chain binding domain is absent. The absence of a lever mechanism
implies kinesin needs to employ additional means to generate long distance
movement, which is accomplished by using two motor domains at the same time,
not just one motor domain as in the case of myosin.

Motility is realized with both motor proteins and protein filaments such as
microtubules and actin filaments. Essentially, the motor proteins can be regarded
as molecular trains that move along molecular rail tracks of filaments and
microtubes. Figure 3.8 illustrates how the motor motility is achieved.

Although the molecular structure and the origin of motility of myosin and
kinesin are similar, the physical movement generated on the nanometer scale is
very different. Myosin and actin are the most important protein constituents in
skeletal muscle, and are responsible for the extension and the contraction of
muscle. Only one of the two heads is involved in the action. The myosin sliding
over actin filament involves the following sequence (Fig. 3.8a):*'** (i) In the initial
ADP-Pi bound state, the myosin head approaches the binding site on the actin
filament. (ii) When the myosin head docks on the binding site, the binding triggers
the release of the phosphate. (iii) The release of the phosphate causes the rotation
of the converter domain of the head region, which in turn is translated into up to
10 nm lateral movement of the actin fiber. (iv) After completing the movement,
ADP dissociates and ATP binds to the head. At the same time, the head group
binding to actin is weakened. Finally, hydrolysis of ATP to ADT-Pi returns the
head group to the original state. Unlike myosin, kinesin utilizes both heads to
complete the motion because it does not have the lever mechanism as in

(a) Myosin on actin (b) Kinesin on microtubule

FIGURE 3.8. Motor protein motility: (a) Myosin on actin filament. (i) Initial state. (ii) Binding to the
binding sites on actin. (iii) Release of the nucleotide (Pi) and rotation of one motor domain to generate a
sliding of the actin filament. (iv) ATP binding and detachment from the actin filament, (b) Kinesin on
microtubule. Redrawn after Ref. 41.
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the myosin. The two heads “walk” in a coordinated and processional manner
along the track, binding alternatively to the tubulin molecules. As shown in Fig.
3.8b, the docking of the forward ATP bound head causes the ADP bound partner
head in the back to be thrown forward by 16 nm in the forward direction. After
random diffusion and searching, the new leading head docks to the binding site on
the tubulin. Therefore, in each cycle, the kinesin moves 8 nm on the track. The
binding of the kinesin head also causes the ADP to release from the new leading
group. At the same time, the ATP molecule on the other head group hydrolyzes
into ADP-Pi. Finally, after ADP release from the leading head, ATP binds to the
same group. The phosphate is released from the trailing group, which is ready to
be thrown forward again.

Microtubules are also critical components of cells as cytoskeletons. These
semi-rigid polymers, and the interactions with motor proteins play many roles in
biology:*

l. They are responsible for the structural integrity of the cells. They
maintain the structural stability of cell when subject to external stress and
attacks. They influence the shapes of the cell and its transformation.

2. They are responsible for inter- and intra-cellular transport. The
arrangement of matter within the cell is not determined by random
diffusion. They are arranged through the use of motor protein that moves
along the microtracks as determined by the functional needs of the cell.

3. The microtubules, filaments, and motor proteins play an important role
in cell growth and cell division.

4. They are responsible for the directed cell movement.

5. They are critical in the signal transfer in neural systems.

3.3.3.3. Nanoscale Structure and Response in Muscle

Closely associated with cortical bones is skeletal muscle.***’ Skeletal
muscle is also called striated muscle, voluntary muscle because of the
characteristic striations in the microstructure, and its ability to subject themselves
to conscious command of the body. In general, muscle performs four basic
functions: producing movement, maintaining posture, stabilizing joints, and
generates heat. Contrary to the bone hard tissues, muscle is a special tissue that
exhibits very high degree of flexibility and contractibility. Similar to bone tissues,
skeletal muscles have highly ordered hierarchical structures, but the ability of the
muscle to respond (internal and external stimuli), contract, extend, and recover is
different from that of bone tissue.

Human skeletal muscle is made of muscle fibers up to 30 cm in length, and
with a diameter of 10-100 pym. These muscle fibers are bundled together. The
bundles are wrapped by a layer of connective tissue and packed into a hierarchical
arrangement. Each muscle fiber contains parallel fine fibrous structures called
myofibrils. The myofibrils are about 0.1-2 um in diameter. When viewed under
high magnification electron microscopes, the myofibrils contain two kinds of
filaments: thick filaments made of bundles of myosin proteins (M, about 30 nm in
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length, and 2.5 nm in diameter), and thin filaments made of actin (about 160 nm in
length, and 3.2 nm in diameter) and myosin. The actin and myosin filaments are
organized in parallel patterns as shown in Fig. 3.9a, in which the thick myosin
filaments form the A-band. The space between the myosin filaments is called the I-
band, and the gaps between the actin filaments is called the H-band. Under an
electron microscope, a dark line can be seen in the middle of the I band. This dark
line is called the Z-line (Z-disc). In the Z-plane, a coin-shaped giant protein
molecule (not shown) anchored to actin connects all the fibrils throughout the
width of the muscle cells. The Z-line, with a spacing of about 2 um, defines the
basic muscle unit (the sarcomere). Not shown in Fig. 3.9 is another protein called
titin (connectin). Titin is an elastic filament that connects to both actin and
myosin, and is thought to be responsible for the muscle’s ability to spring back
after the stretching force is removed.

The muscle response and contraction originate from the molecular chemical
reaction and nanometer scale conformation change through a sliding mechanism.
The actin is negatively charged and the myosin is positively charged. Actin can
bind to myosin through cross-bridge binding. The binding sites on actin can
assume three states: (1) blocked state (unable to bind to cross-bridge, namely
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(Fibril)

(Fibril)
4

(Fiber) (1) A muscle fiber.

(a) Muscle.

Aband 1band
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FIGURE 3.9. Hierarchically ordered structures in skeletal muscles. (a) Muscle organ. (b) A single
muscle fiber. () Myofibrils in a fiber. (d) Arrangements of actin and myosin in myofibrils. (¢) Molecular
chains of myosin and actin (only one head of the myosin motor domains is shown. Redrawn after Refs.
44 and 45.



72 CHAPTER 3

the heads of myosin), (2) closed state (able to weakly bind to cross-bridge) and
(3) open state (able to strongly bind to cross-bridge). In the blocked state,
the binding sites on the actin to the cross-bridge of myosin are blocked by a
protein called tropomyosin. The energy source comes from the free energy of
hydrolysis of ATP molecules. ATP contains three negatively charged phosphate
groups as the side chain. These highly charged side groups are not stable and
easily react with water (hydrolyze) to produce ADP, and an inorganic phosphate
(Pi). This chemical reaction produces the energy required for the muscle
contraction. In general, muscle contraction involves several chemical and physical
changes.® (1) When the nerve impulse reaches the muscle cells, the calcium
channels in the sarcomere membranes open, allowing calcium ions to enter from

(a) Muscle structure under a electron microscope

Myosin Myosin head (cross bridge)

{b) TEM image of muscle before contraction

FIGURE 3.10. Electron micrographs of muscle structures: (a) An electron microscopy image showing
the actin and the myosin filaments, as well as the cross-bridge heads. (b) A TEM image showing the
filament and band structure before contraction. (¢) The filament and the band structure after
contraction (TEM image). Reproduced from Ref. 47 with permission from Prof. John Heuser and
Dr. H. E. Huxley.
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the extracellular fluids. This causes an increase of calcium ion concentration in the
muscle cytoplasm from less than 1077 to about 10~ M. (2) The calcium ions bind
to a protein molecule on actin named troponin, and displaces the tropomyosin
that blocks the binding sites on actin, therefore opening the binding sites. At this
stage, binding sites on actin are open. (3) M—ADP-Pi (ADP is the hydrolysis
product of ATP, Pi is the inorganic phosphate produced from the same hydrolysis
reaction) formed during the precious contraction cycle binds to the binding sites
through the cross-bridge (the heads) on myosin. (4) The myosin heads bend to
pull the thin filament and perform the work, and at the same time release ADP
and Pi. (5) A small number of strongly attached cross-bridges activate additional
myosin binding and isomerization to form more strongly bound cross-bridges. (6)
New ATP attaches to the myosin head and the cross-bridge detaches. (7) ATP
hydrolyzes to ADP and Pi, providing the energy needed to return the myosin
heads to the upright high energy position, and readying the muscle for the next
contraction cycles. The end result of the cross-bridge sliding is the contraction of
muscles as shown in Fig. 3.10."
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Nanocrystal Self-Assembly

4.1. NANOCRYSTALS

A nanocrystal is a crystalline entity thatin some cases has specific shape and specific
number of atoms. The unique chemical and physical properties of nanocrystals are
determined not only by the large portion of surface atoms, but also by the
crystallographic structure of the particle surface. The former is determined by the
size of the particles, and the latter relies on particle shape. One typical example is that
the melting temperature of nanocrystals strongly depends on the crystal size and is
substantially lower than the bulk melting temperature. The melting point of Au
particles of core sizes 2.5 nm, for example, is ~40% lower than that of bulk gold
Similar behavior has been observed for sodium clusters® and CdS nanocrystals The
other interesting property is the quantum conflnement effect in small size metallic
and semiconductor quantum dots (QDs) The shift of electron energy levels as a
function of particle size gives rise to emission of photons with unique wavelengths.
In nanomaterials, the effect from the surface is comparable in some cases to
the chemical composition in influencing the chemical, electronic, magnetic, and
optical behaviors. A first-order approximation of a particle shape is spherical. The
ratio between the numbers of surface atoms (V) to the volume atoms (N,) is
Ne _ 30, (4.1)
Ny, rp,
where p; and p, are the densities of surface atoms and volume atoms, and r is the
particle radius. Figure 4.1 shows a plot of the Ny/N, as a function of particle
diameter calculated for Au. More than 30% of the atoms are on the surface when
the particle size is smaller than 3 nm.

4.2. SHAPES OF POLYHEDRAL NANOCRYSTALS

Surface energies associated with different crystallographic planes are usually
different, and a general sequence may hold, y{111} < y{100} < ¥{110}, for face
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FIGURE 4.1. Calculated surlace-to-volume atom ratio for a spherical gold nanoparticle as a function
of particle size, The calculation was made based on an assumption that 50% of the particle surface is
covered by {100} and the another 50% is by {111}, thus the density of the surface atom is p, = (1 + 2/
3'2)/4?, where a is the lattice constant, the result is NyN, = 1.616 afr.

centered cubic (fcc) structured metallic particles. For a spherical single-crystalline
particle, its surface must contain high index crystallography planes, which
possibly result in a higher surface energy. Facets tend to form on the particle
surface to increase the portion of the low index planes. Therefore, for particles
smaller than 10-20 nm, the surface is a polyhedron. Figure 4.2a shows a group of
cubo-octahedral shapes as a function of the ratio, R, of the growth rate in the
<100> to that of the <111>. The longest direction in a cube is the <111>
diagonal, the longest direction in the octahedron is the <100> diagonal, and the
longest direction in the cubo-octahedron (R = 0.87) is the <110> direction. The
particles with 0.87 < R< 1.73 have the {100} and {111} facets, which are named
the truncated octahedral (TO). The other group of particles has a fixed (111) base
with exposed {111} and {100} facets (Fig. 4.2b). An increase in the area ratio of
{111} to {100} results in the evolution of the particle shape from a triangle-based
pyramid to a tetrahedron.

Nanocrystals deposited on the surface of a substrate may have random
orientation. If the particle is oriented along a low index zone axis, the distribution of
atoms on the surface can be imaged in profile by high-resolution transmission
electron microscopy (HRTEM)®, which will be introduced in detail in Chapter 6.
This is a powerful technique for direct imaging of the projected shapes
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FIGURE 4.2. (a) Geometrical shapes of cubo-octahedral nanocrystals as a function of the ratio, R, of
the growth rate along the < 100> to that of the <111>. (b) Evolution in shapes of a scries of (111)
based nanoparticles as the ratio of {111} to {100} increases. The beginning particle is bounded by three
{100} facets and a (111) base, while the final one is a {111} bounded tetrahedron. (¢) Geometrical
shapes of multiply twinned decahedral and icosahedral particles.

of nanoparticles particularly when the particle size is small. We now use the results
provided by this technique to illustrate a few typical particle shapes.

4.2.1. Cubic-Like Nanocrystals

Cubic shape nanocrystals are formed for some of the metallic nanocrystals
under certain experimental conditions.” A TEM image given in Fig. 4.3 shows the
cubic-like shape of a Pt particle oriented along [100] and [HO].8 With the
resolution power of HRTEM, we are able to directly image the projection of atom
rows in each individual particle if it orients with a low index zone axes parallel to
the incident beam. The arrangement of the atoms on the surfaces parallel to the
beam is imaged edge-on. The missing or distortion of surface atoms can be seen
from the variation of image contrast provided the influence from the amorphous
carbon support could be suppressed.

The image shown in Fig. 4.3a indicates that the particle is bounded by {100}
facets and there is no defect in the bulk of the particle. The distances between the
adjacent lattice fringes is the interplanar distance of Pt {200}, which is 0.196 nm,
and the bulk structure is fcc. Surface relaxation, if any, is probably restricted to
the first one or two atomic layers. The surface of the particle may have some steps
and ledges particularly at the regions near the corners of the cube. To precisely
image the defects and facets on the cubic particles, a group of particles oriented
along [110] are selected (Fig. 4.4). This is the optimum orientation for imaging
cubic structured materials. All these particles are single crystals without twinning
or defects. Atom-high surface steps are seen on {100} facets, and the {110} facets
are rather rough. {111} Facets are seen as well as some high index surfaces are
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FIGURE 4.3. HRTEM images of cubic Pt nanocrystals oriented along (a) [001] and (b) [110], showing
surface steps/ledges and the thermodynamically incquilibrium shapes.

FIGURE 4.4, HRTEM images of Pt nanocrystals oricnted along [110], showing the reconstructed
{100} surfaces and surfacc relaxation.

also observed. The shapes of these particles are not for particles at thermal
equilibrium since the specimen was prepared at room temperature. Thus, the
particles have many surface atoms with different degrees of unsaturated valences
and exhibiting different efficiencies and selectivity.

4.2.2. Tetrahedral Nanocrystals

Tetrahedral is a commonly observed particle shape for fcc structured metallic
particles, because it is enclosed by the densely packed {111} facets and is
energetically favorable. Here, we use Pt nanoparticles to illustrate the character-
istics of tetrahedral shape. Figure 4.5 shows HRTEM images of tetrahedral Pt
particles oriented along [110]. The particle is a truncated-tetrahedron showing a
{100} (top) and two {111} facets (bottom). The atomic scale roughness at the two
truncated {111} facets are apparent.

The general structural characteristics of a truncated tetrahedral particle is
illustrated in Fig. 4.6, where the edges and corners of the tetrahedron are cutoff,
resulting in the formation of {111} and {100} facets. If the area ratio of {100} to



NANOCRYSTAL SELF-ASSEMBLY 81

FIGURE 4.5. HRTEM images of truncated tetrahedral Pt nanocrystals oriented along [110]. The
surface steps and ledges at the truncated corners are clearly resolved.

{111} can be changed, particles with a variety of shapes can be generated (see
Fig. 4.2).

4.2.3. Octahedral and Truncated Octahedral Nanocrystals

Octahedral and TO shapes are likely to be the most popular metallic
nanocrystals. An octahedron has eight {111} facets (Fig. 4.7b), four {111} facets
are edge-on if viewed along [110] (Fig. 4.7b). If the particle is a truncated
octahedron, six {100} facets are created by cutting the corners of the octahedron,
two of which are edge-on while viewing along [110]. These expected results are well

FIGURE 4.6. A schematic diagram showing the shape of a truncated tetrahedral nanoparticle.
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FIGURE 4.7. HRTEM images of Pt nanocrystals (a) with a truncaled octahedral shape and oriented
along [110], and (b) with an octahedral shape and oriented along [110] and [001]. The inset in (a) is a
model of the particle shape.

reproduced experimentally, as shown in Fig. 4.7a, in which three truncated
octahedral particles are shown. The {111} and {100} facets are seen. The area ratio
of {100} to {111} can change, resulting in slight differences in particle shapes.

4.2.4. Twinning and Stacking Faults

Twinning is one of the most popular planar defects in nanocrystals, and it is
frequently observed for fcc structured metallic nanocrystals. Twinning is the result
of two subgrains sharing a common crystallographic plane, thus, the structure of
one subgrain is the mirror reflection of the other by the twin plane. The fcc
structured metallic nanocrystals usually have {111} twins. The easiest direction to
observe the twins is along the <110> direction so that the twin planes are
imaged edge-on. Shown in Fig. 4.8 is the twin structure observed in FePt
nanocrystals. The (111) twin plane is a common crystallographic plane of the two
twinned crystals, and it is also called “mirror plane,” although some displacement
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FIGURE 4.8. Twins obscrved in FePt nanocrystals.

at the twin plane is possible. If the orientation of one crystal is known and the twin
plane is defined, a rotation of 180° around the twin axis gives the orientation of the
other mirror crystal. In the diffraction pattern, the twin axis is parallel to the g
vector of the twin plane; a rotation of 180° about the twin axis gives the diffraction
pattern of the mirror crystal. The superposition of the two patterns gives the
experimental diffraction pattern.

Stacking faults are typical planar defects present in functional materials.
Stacking faults are produced by a distortion on the stacking sequence of atom
planes. The (111) plane stacking sequence of a fcc structure follows A-B-C-A-B—
C-A-B-C-. If the stacking sequence is changed to A-B-C-A-B-A-B-C-, a
stacking fault is created. The crystal lattices on the both sides of the stacking fault
is shifted by R = 1/3[110], which is defined as the displacement vector of the
stacking fault.

Figure 4.9a shows a Pt nanocrystals that has a single twin. The twin plane is
(111). Figure 4.9b is a particle that has a twin (T) and a stacking fault (S). Twining
is probably the most popular defect observed in nanocrystals, because nanocrystal
is too small to have dislocation in the volume.

4.2.5. Multiply Twinned Icosahedral and Decahedral Particles

The two typical examples of multiply-twinned particles (MTP) are
decahedron and icosahedron.”'® Theoretical calculation shows that the particle
energy is minimized by forming miltiple twins when their sizes are smaller than a
critical value’, assuming bulk values for the cohesive, surface, twin boundary and
elastic strain energies and for the adhesive energy to the surface. Mainly due to the
balance between energy gained by having low-surface-energy, external facets and
energy spent in creating twin boundaries and also due to the increasing influence
of elastic strain energy with size, Ino found that below a certain critical size the
icosahedral is the most stable, while the decahedral particle is quasi-stable. In
reality, both decahedral and icosahedral particles have been observed.
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FIGURE 4.9. HRTEM image rccorded from Pt nanocrystals showing twin and stacking fault planar
defects.

Starting from an fcc structured tetrahedron, a decahedron is assembled from
five tetrahedral sharing an edge (Fig. 4.10a). If the observation direction is along
the fivefold axis and in an ideal situation, each tetrahedron shares an angle of
70.5°, five of them can only occupy a total of 352.6°, leaving a 74° gap.
Therefore, strain must be induced in the particle to fill the gap."" Therefore, a
decahedral particle has high strain and there is lattice distortion. An icosahedron

FIGURE 4.10. Atomic models of (a) decahedral, (b) and (c) icosahedral nanocrystals.
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is assembled using 20 tetrahedra via sharing apexes (Fig. 4.10b). The icosahedral
and decahedral particles are the most extensively studied twinned nanocrys-
tals.'>!® The easiest orientation for identifying the MTPs is along the fivefold
symmetry axis.

Figure 4.11 shows two MTP Au particles, where the fivefold axis is clearly
seen. The particle given in Fig. 4.11a is a single decahedral particle, while the one
given in Fig. 4.11b is a particle constituted of two decahedra. Twinning is the
mechanism for forming these particles. The multiply twinning is the favorable
structural configurations when the particles are small, possibly because of the
smaller surface and volume energies.

The decahedral and icosahedral particles are “quasicrystals,” which means
that they have the fivefold symmetric axis and cannot exist in bulk crystals. These
structures are most commonly observed for small size particles. Gold clusters of
sizes ~2 nm are dominated by decahedral.'*

4.2.6. Faceted Shape of Rod-Like Nanocrystals

Gold nanorods have been synthesized using an electrochemical technique.'’
A gold metal plate is used as the anode and a platinum plate is used as the
cathode. Both electrodes were immersed in an electrolytic solution consisting of a
cationic surfactant, hexadecyltrimethylammonium bromide (C;sTAB), and a rod-
inducing surfactant. The C;¢TAB serves not only as the supporting electrolyte,
but also as the stabilizer for nanoparticles to prevent their further growth. An
appropriate amount of acetone was added into the electrolytic solution, which
may facilitate the incorporation of cylindrical-shape-inducing surfactant into the
CsTAB micelle framework and inducing the cylindrical growth to form the Au-
C¢TAB-TC4AB system.

An Au rod is bounded by facets, and it is a thermodynamically unstable
crystal growth. Almost all of the Au nanorods are single crystalline and contain no
twins or dislocations.'® When dispersing in liquid drop onto a flat carbon
substrate, the nanorods are preferentially aligned and oriented along [110]

FIGURE 4.11. TEM images of decahedral Au nanocrystals when the incident electron beam is
parallel or nearly parallel to the fivefold symmetry axis.
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FIGURE 4.12. (A) Bright-field TEM image of Au nanorods and the corresponding clectron diflraction
pattern recorded [rom the first three rods aligned on the left, proving the unified [110] orientation of the
rods. (b) Bright-field TEM image of individually dispersed au nanorods, showing the [110] orientation
perpendicular to the substrate. (c) Dark-field TEM image of an Au rod oriented nearly parallel to [110].
These images unambiguously suggest the formation of {110} facets on the nanorods.

perpendicular to the substrate (Fig. 4.12a). The single Au nanorods also prefer to
orient along [110] (Fig. 4.12b). This is possible only if the nanorods have {110}
facets. A dark-field TEM image recorded using a {111} reflected beam when the
rod is oriented nearly parallel to the [110] direction gives the thickness fringes
(Fig. 4.12c) owing to thickness variation across the specimen. The intervals
between the fringes would have an equal distance if the nanorods were bound only
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FIGURE 4.13. Geometrical and erystallographic structure of an Au nanorod.

FIGURE 4.14. HRTEM image recorded in profile from Pt nanocrystals, showing surface defects, as
indicated by arrowheads.

by four {100} facets. The finite width of the band at the center and its uniformity in
intensity indicate that the thickness at the center region is nearly constant with a
width of ~5 nm, strongly supporting the presence of {110} facets. A model for the
geometrical and crystallographic structure of an Au nanorod is given in Fig. 4.13.

4.2.7. Surface Defects

Nanocrystal surfaces usually have point defects, such as vacancies and
adsorbed atoms, and the rounded corners, edges, and apexes. Surfaces are most
active for atom diffusion, mass transport, and chemical reaction. Defects on
surfaces also include surface steps, ledges, and kinks, which are introduced by
the growth process of the surface. Observation of surface defects is carried out using
TEM. Scanning Tunneling microscope (STM) can also be used to image
nanoparticles, but achieving atomic resolution for a single nanoparticle is very
challenging. Figure 4.14a shows HRTEM images recorded from a Pt nanocrystals
oriented along [110]. The surface atoms are clearly resolved, but some rows of
surface atoms are missing, indicating the presence of point defects and missing-row
of atoms on the surface. This type of defects is often observed for nanocrystals,
especially the as-synthesized nanocrystals.
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FIGURE 4.15. (a) HRTEM images recorded from an Au nanorod oriented along [110] and the
corresponding positions of the projected atom rows, showing the rearrangement of the surface atoms. (b)
Atomic models of (a) an ideal (110) surface and (b) the rcconstructed (110) surface with missing-rows.

4.2.8. Surface Reconstruction of Nanocrystals

Simply speaking, surface atoms have less number of bonds in comparison to
the atoms in the bulk because of the loss in nearest neighbors. Surface atoms tend
to find new equilibrium positions to balance the forces, resulting in surface
reconstruction. Surface reconstruction has been extensively studied for large area
surfaces in the literature, but the reconstruction of nanocrystal surfaces remain to
be investigated. The {110} surface of an Au nanorod, for example, has been found
to reconstruct so that the surface is composed of zigzag stripes of {111} facets, for
example, the Au atoms are missing every other row parallel to the [110] direction,
as shown in Fig. 4.15a, where the teeth type structure is the result of surface
reconstruction'’ Figure 4.15b shows a schematic model for the perfect (110)
surface built from the fcc lattice. If a row of atoms is missing along [110], the (110)
surface transforms into strips of {111} facets. It is known that the {111} surface is
the most densely packed surface for fcc structure and is thus the most stable
surface.

4.2.9. Ultra-Small Particles and the Magic Number

Gold nanocrystals are likely to be the most extensively studied structures.
Systematic theoretical calculation and experimental studies show that Au
nanocrystals of truncated octahedral shapes with numbers of atoms 116, 140,
225, 314, and 459 are energetically favorable and are stable in practice.'® Some of
the Au clusters with 79, 38, or even 28 atoms have been observed.'”?* The number
of atoms in each nanocrystal is fixed, and the geometrical shape of the nanocrystal
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is specific. These numbers are frequently observed in mass spectra and are thus
called magic numbers. The most powerful technique for verifying the magic
numbers is through mass spectrometry. Figure 4.16 shows a series of mass spectra
from the dominant separated Au nanocrystals, corresponding to the mass of the
specific shapes of nanocrystals predicted theoretically. The second peak arises from
aggregation occurring in the mass spectrometer. In the conventional lower-
resolution spectra (solid lines), the widths of the peaks arise from an undetermined
influence of instrumental factors and mass dispersion resulting, for example, from
a variable desorption of the surfactant monolayer. Enhanced-resolution spectra
(dotted lines) exhibit a significant narrowing of the main peaks. The nanocrystals
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have specific shape and size and they are a molecular matter and can be used as
building blocks for self-assembly.

The contrast of a small particle in TEM is greatly influenced by the substrate
used to support the particle. Therefore, a question is how small a particle can be
before HRTEM becomes ineffective in identifying its shape? There seems not to be
a definite answer for this question depending on the performance of the instrument.
Here, we take an example from a JEOL 4000EX (400 kV, point-to-point resolution
0.17 nm) to illustrate this question. We have tried to image the Pt atom clusters that
were nucleated at the beginning of the growth. A lower magnification image of the
particles dispersed on a carbon substrate shows the co-existence of large size as well
as small size particles (Fig. 4.17a), where the smaller particles are dominated
by tetrahedra and truncated octahedra, while the large particles are dominated
by cubic. This shape transformation from tetrahedral-to-octahedral-to-cubic is
the result of the kinetically controlled growth.”' Small size clusters of truncated
octahedra can be imaged (Fig. 4.17b). The number of atoms presented in these
particles may be 225 and 79 provided the particle shapes are perfect.

4.3. SELF-ASSEMBLY OF NANOCRYSTALS

The physical and chemical functional specificity and selectivity of
nanoparticles suggest them as ideal building blocks for 2D and 3D cluster self-
assembled superlattice structures (in forms of powder, thin film, and solid bulk),
in which the particles behave as well-defined molecular matter and are arranged
with long-range translation and even orientation order.”’ Well-defined ordered
solids prepared from tailored nanocrystalline building blocks provide new
opportunities for optimizing, tuning, and/or enhancing the properties and
performance of the materials. Tuning particle size and interparticle distance
could effectively tune the properties of the nanocrystal system. This is a new
initiative of research on cluster engineered materials.

Research has successfully fabricated self-assembly passivated nanocrystal
superlattices (NCSs) or nanocrystal arrays (NCA) of metal, semiconductor, and
oxide clusters, which are a new form of materials with fundamental interests and
technological importance. There are four key steps in developing these materials:
preparation of size and shape selected and controlled nanoparticles, controlling
the self-assembling process to produce large size well-ordered NCSs, structural
characterization, and modeling the dynamic behavior of the system. Indeed,
understanding and optimizing the structures of the NCSs is an important step
towards a systematic exploration of the nature of patterned superstructures
assembled from such building units, and formulation and implementation of
methods for designing and controlling such novel assembled materials and their
operational characteristics.

Self-assembled arrays involve self-organization into monolayers, thin films,
and superlattices of size-selected nanoclusters encapsulated in protective compact
organic coatings. A key step in this process is the fabrication of size and shape
controlled NCAs that have the potential to grow into large sizes for technological
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FIGURE 4,17. HRTEM image of Pt nanocrystals whose shapes were dominated by tetrahedra when
they are small, but a transformation to cubic shape occurred as they grow larger. (b) The possible
“smallest” nanocrystals whose shape still can be identified by HRTEM. The numbers represents the
possible of numbers of atoms in the particles if they are perfect truncated octahedra without point defects.

applications. Colloidal chemistry or wet chemistry has played a powerful role in
this process. Self-organization of nanoparticles is a new route for synthesis of
superlattice materials—solid, periodic arrays built using nanocrystals as building
blocks,'®*** achieved by preparing the size and shape selected nanocrystals using

91
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FIGURE 4.18. Schematic illustration of the self-assembled nanocrystals. To form ordered self-
assembly, several conditions need to be met: the nanocrystals should be monodispersive; the surfactant
molecules should be strong enough to separate the individual nanocrystal; and the drying rate should
be so slow that the nanocrystals can move to the suitable positions. The above plot is 2D assembly of
faceted nanocrystals and the bottom one is assembly of non-faceted nanocrystals,

colloidal chemistry and then using self-assembly as a way of joining them
together® (Fig. 4.18). The macroscopic properties of the NCS is determined not
only by the properties of each individual particle, but also by the coupling/
interaction between nanocrystals interconnected and isolated by a monolayer of
thin organic molecules. By changing the length of the molecular chains, quantum
transitions and insulator to conductor transition could be introduced.

NCSs are characterized by unprecedented size-uniformity and translation
and even orientation order, created through a multistage processing strategy
involving self-assembly, annealing, etching of defects, reversible passivation by
self-assembled monolayers, and macroscopic separation by size of the resulting
assemblies. Particles that can be self-assembled usually have sizes smaller than
10 nm, it is in this size range that many exciting and unusual physical and/or
chemical properties are enhanced. The nanocrystal thin films reported here are
formed primarily on a solid substrate via a self-assembling process of
nanocrystals. An alternative technique for forming monolayer nanocrystal thin
films is at the liquid surface using the Langmuir—Blodgett films, which has shown
great potential in synthesis and assembling nanocrystals.

Self-assembled nanostructure is a new form of materials with fundamental
interest and potential technological applications.”®>* In nanocrystal self-
assembled structures, each individual nanocrytal passivated with surfactants is
the fundamental building unit, and it serves as an “artificial atom” for
constructing the ordered structure. The analogy of a nanocrystal with an atom
is obvious. If the size of nanocrystals is below 10 nm, the energy levels of each
individual nanocrystal are discrete, as in the case of atoms. The energy level
spacing and other “atomic” properties can be adjusted by changing the size of the
nanocrystals, in contrast to those of the atoms. Size and shape controlled
nanocrystals can be viewed as molecular matter with specific shape and electronic
structure, and a self-assembly of the nanocrystals can form “nanocrystal solids”
with translation and even orientation order. Based on this approach, several types
of nanocrystal self-assembled structures have been synthesized, including
CdSe,?3 InP,35 CdS, % Au,'33738 Ag 3940 pt 41 o 424 Fept %5 Ni %47 Ti0,, %
C00,** Fe,0,° and Ag,S™™ etc.
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FIGURE 4.19. Ordered array of Co nanocrystals.

4.3.1. Surface Passivation

At nanoscale, both the physical and chemical properties of the materials have
been profoundly changed. The relative large surface area of each bare nanocrystal
suggests that nanocrystals are very reactive, thus, surfactant molecules are needed
to cap and stabilize the surfaces of nanocrystals. In the evaporation processing
method, for instance, if no surfactant is applied, the freshly made gold nano-
crystals coalescence with one another to form heavily twinned larger nanocrystals,
but if the surfactant molecules are applied into the reaction chamber, gold
nanocrystals can keep the size and shape. After an inorganic nanocrystal is coated
with a densely packed monolayer of surfactant molecules, the surface of
nanocrystals becomes hydrophobic, and this kind of nanocrystal-surfactant
combination is soluble in non-polar solvents and suspend in the solution, forming
stable colloids. After the solvent is evaporated or removed, the passivated
nanocrystals rearrange themselves to form assemblies instead of fusing together,
because they are separated by a thin layer of molecules. Ifthe size of nanocrystals is
monodispersive, ordered self-assembly of nanocrystals will be formed. Figure 4.19
shows an ordered array of Co nanocrystals, which are dominated by an anisotropic
shape as determined elsewhere.™*

Among all of the systems, gold particles are probably the most advanced
molecular crystal system that has been widely studied. Gold nanocrystals are
usually passivated by the alkanelthiolate surfactant (SR, where R =n-C,Ha, +1,
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n =4, 6, 8, 12,...). The surfactant specifies a compact and ordered monolayer
passivation of the thiolate over the nanocrystal surface. The thiolate serves not
only as the protection layer for the particles to avoid direct contact between the
particles with a consequence of collapsing, but the interparticle bonding. The
strength of this bond characterizes the structural stability and the maximum
operation temperature up to which the materials can sustain. The core size of the
particles can be controlled by changing the gold-to-thiolate ratio.” Recent studies
have shown that the size of the Au core and the length of the thiolate are the two
parameters, which determine the 3D crystallography of the nanocrystal
assembling (i.e., phase diagram). The studies of Andres ef al.”” have demonstrated
that the alkanelthiolate can be replaced by arenedithiol or arenediisonitrile
molecules for forming covalently bonded NCAs to enhance the structural stability
and mechanical strength.

The choice of passivation surfactant is a key in forming the NCS as well as
controlling their properties. For magnetic nanocrystals, such as cobalt, three
major steps were introduced.*” Dioctylether solution of superhydride (LiBEt;H) is
prepared by mixing the tetrahydrofuren (THF) superhydride solution with
dioctylether and evaporating THF under vacuum. The particle synthesis began
with the injection of 2 M dioctylether superhydride solution into a hot (200° C)
CoCl, dioctylether solution in the presence of oleic acid (octadec-9-ene-I-
carboxylic acid, CH3 (CH,);CH=CH(CH,);COOH) and trialkylphosphine (PR3,
R = n-C4Hy, or n-CgH 7). Continued heating at 200°C allowed steady growth of
these clusters into nanometer sized, single crystals of cobalt. Average particle size
was coarsely controlled by selecting the type of alkylphosphine used in
combination with oleic acid during the growth. Bulky P(CgH,4); limited growth
to produce particles (2-6 nm) and less bulky P(C4Hy); led to larger (7-11 nm)
particles. Fine tuning of the particle size was done by fractionating the coarsely
adjusted samples and selecting the desired size fraction.

The strength of the chain molecule is in the order of 0.1 eV, comparable to
the kinetic energy of atom thermal vibration. A key question here is about the
stability and the phase transformation behavior of the weakly bonded NCA since
the melting point of nanoparticles is much lower than that of the bulk. With
consideration of the even lower melting point of the passivating organic
molecules, the stability of the superlattices (not only the structure of nanocrystals,
but also the “crystallinity” of the superlattice) above ambient temperature is a
serious concern because the NCS is likely to be used in the areas such as
microelectronics and data storage. The in situ behavior of monolayer self-
assembled NCAs of cobalt oxide nanoparticles has been observed using TEM™.
The results proved the high stability of a monolayer assembling to temperatures
as high as 600°C, whereas the multilayer assembly coalesced at 250°C. The
substrate exhibited strong adhesive effect on the stability of the nanocrystals.

4.3.2. Interparticle Bonds

Due to the capping monolayer of molecules, nanocrystals are held together
mainly by van der Waals forces. Three requirements need to be met to make
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ordered self-assemblies of nanocrystals: (1) building blocks (monodispersive size
and shape controlled nanocrystals); (2) passivation layers (suitable surfactants
and solutions); and (3) a controllable and slow drying process to allow diffusion of
the passivated nanocrystals in solution to find their equilibrium position. If the
drying rate is too high, the disordered arrangement of nanocrystal self-assembly
will form, just like a rapid quenching can lead to amorphous phase during
solidification.

Of these, the interparticle interactions appear to be sensitive to the chemical
properties of the particle protecting monolayers. For instance, for particles that
are stabilized by neutral alkanethiolate monolayers, it is found by TEM
measurements that the interparticle (edge-to-edge) distance is only slightly longer
than the length of a single protecting molecule, which is due to ligand
intercalation.’” However, in the case that charge groups are introduced into the
particle protecting monolayers, the closest particle gap is equal to two molecular
lengths of the protecting ligands.”® This is attributed to the electrostatic
interactions between the peripheral charged groups. It is, therefore, anticipated
that the former will exhibit stronger mechanical stability than the latter, despite
the fact that in both cases ordered self-assembled structures can be obtained.

In addition, the dynamics of self-assembling will also play an important role
in governing the particle structures, where slow evaporation of the solvent tends
to favor the formation of long-range ordered assemblies of particle molecules.
Thus, one can see that the resulting particle assemblies can be manipulated by
using solvents of varied volatility. Alternatively, allowing the evaporation process
in an atmosphere of the identical solvent provides another route in controlling the
solvent evaporation rate.

4.4. SOLUTION-PHASE SELF-ASSEMBLY OF PARTICLES

The controlled fabrication of very small structures at scales beyond the
current limits of lithographic techniques is a technological goal of great practical
and fundamental interest. Important progress has been made over the past few
years in the preparation of ordered ensembles of metal and semiconductor
nanocrystals. Many methods have been developed to process different kinds of
nanocrystals, single phase or compounds. Here, only the methods based on
solution chemistry that can produce or have the potential to produce
monodispersive nanocrystals or quasi-monodispersive nanocrystals, which have
been used for making self-assembled structures, will be discussed.

4.4.1. Metallic Nanocrystals

Synthesis of metallic nanocrystals, such as gold, can be tracked as early as
Faraday’s days. Gold nanocrystals have been taken as a model system for
theoretical and experimental investigations of the properties of nanocrystal
materials, such as size effect on color, size induced quantum effect, light
absorption and many more. Experimentally, gold is an ideal choice because of no
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impurity, no oxidation, and possibly no by-reaction. Theoretically, gold is easier
to be described using quantum theory because all of its inner shells are filled
orbitals and its most outer shell only has one electron; thus, the hydrogen-like
model may be adopted for theoretical calculation. Therefore, gold nanocrystals
are likely to be most extensively studied and well understood systems, although
there are still many exciting research activities being carried out.

The reduction of metal ions in solution is the most popular and economic
technique for preparing metallic particles, though evaporation of metals at high
temperature can also yield metal nanoclusters. Faraday % first used the two-phase
method to prepare stable colloidal metal nanocrystals, in which he reduced an
aqueous gold salt with phosphorus in carbon disulfide and obtained a ruby
colored aqueous solution of dispersed gold nanoparticles. In a typical process, the
gold nanoparticles growing from metal ions AuCly are reduced at the oil-water
interface in the presence of an alkanethiolate surfactant (SR, where R =
n-C,Hy, .1, n=4, 6, 8 12,..) and a reducing agent such as sodium
borohydridf:.60’61 AuCly was transferred from aqueous solution to toluene using
tetra-n-octylammonium bromide as the phase-transfer reagent and reduced with
aqueous sodium borohydride in the presence of dodecanethiol. On addition of the
reducing agent, the organic phase changes color from orange to deep brown
within a few seconds. The overall reaction is summarized as

AuCl; (aq) + N(CsHy7); (CsHsMe) — N(CgH7)y AuCly (CsHsMe)
mAuCly (CsHsMe) + nC\,HysSH(CgHsMe) + 3me™
— 4mCl” (aq) + (Au,)(Ci2HzsSH), (CoHsMe)

where the source of electrons is BHz . The strategy used here is to finish processing
of gold nanocrystals and attaching surfactant molecules in one step. By an
extended exposure to excess reducing agent defective structures initially formed
can be etched away.

Platinum nanocrystals can also be processed by reduction of platinum ions
with the presence of capping materials.” For example, the shapes and sizes of
platinum nanoparticles are controlled by changes in the ratio of the concentration
of the capping polymer material (sodium polyacrylate) to the concentration of the
platinum ions (from K,PtCl,) used in the reductive synthesis of colloidal particles
in solution at room temperature. In this method, hydrogen gas is bubbled at a
high flow rate through the solution. Tetrahedral, cubic, irregular-prismatic,
icosahedral, and cubo-octahedral particle shapes were observed,® whose distribu-
tion was dependent on the concentration ratio of the capping polymer material to
the platinum cation.

Pileni’s group has extensively carried out studies of metallic nanocrystals
and they have focused on the collective properties of self-assembly of magnetic
nanocrystals. More details can be found in their recent papf:rs.62’63 Ag particles
coated with silica shell can also be self-assembled.**

The aerosol method can also be used to process monodispersive metal
nanocrystals.37’40 Gold atoms are evaporated first from a carbon crucible in a
resistively heated carbon tube, which are entrained in He and induced to condense



NANOCRYSTAL SELF-ASSEMBLY 97

FIGURE 4.20. (a) Ordered self-assemblies of silver nanocrystals. The inset is an electron diffraction
pattern, showing the ordered self-asscmbly. (b,c) Structural models of the self-assembly.

into nanoclusters by mixing the hot flow from the oven with a room temperature
stream of He. Controlling conditions in the oven and the flow downstream from
the oven controls the mean cluster size. The clusters are molten and recrystallized
while still in the gas phase. They are scrubbed from the gas phase by contact with
a mist of organic solvent containing 1-dodecanethiol and collected as a stable
colloidal suspension. In order to assure that all of the clusters are single
crystalline, a dilute aerosol stream of clusters suspended in inert gas is passed
through 1-m long tube in which the clusters are first heated above their melting
temperature and then cooled to room temperature. Figure 4.20a is NCS of Ag
nanocrystals produced be aerosol, which have a rather uniform size distribution
after size selection. The Ag nanocrystals are dominated by tetrahedral and their
assembly is affected by the shape. Figure 4.20b and c represents two possible
structural models.”

4.4.2. Semiconductor Nanocrystals

The band structure of semiconductor nanocrystals is quite different from
that of the bulk material (Fig. 4.21). Nanocrystals have discrete excited electronic
states and an increased band gap in comparison to the bulk semiconductor
materials. The smaller the size, the larger is the difference. The difference can be
easily differentiated by optical absorption spectroscopy. But for indirect band gap
semiconductors like silicon and rocksalt CdSe, the optical spectra are continuous,
though the individual valence and conduction band eigenstates are discrete. The
bandgap is tunable via controlling nanocrystal size, providing an effective way in
adjusting the electronic structure in addition to controlling of particle chemistry.
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FIGURE 4.21. Schematic comparison of the band structure and clectronic states of semiconductor
nanocrystals and bulk semiconductor.

The most typical example is silicon nanocrystals. The dynamics and
spectroscopy of silicon nanocrystals that emit at visible wavelengths were
analyzed.®® Size-selective precipitation and size-exclusion chromatography clearly
separate the silicon nanocrystals from larger crystallites and aggregates and
provide direct evidence for quantum confinement in luminescence. Measured
quantum yields are as high as 50% at low temperature, principally as a result of
efficient oxide passivation. Despite a 0.9 eV shift of the band gap to higher energy,
the nanocrystals behave fundamentally as indirect band gap materials with low
oscillator strength.

Due to the oxidation on the surface of silicon nanocrystals, intensive
research focuses on compound (VI-II and V-III type) semiconductor nanocrys-
tals. In 1988, Bras’ group reported a process for synthesis of pure and stable
organic capped CdSe nanocrystals using an inverse micelle method.%” And up to
now, CdSe is still the most intensively studied semiconductor nanocrystals.®~7
CdSe nanocrystals are synthesized by co-dissolving dimethylcadmium and
selenium powder in a tri-alkyle phosphine (-butyl or -octyl), and the solution is
injected into hot (340-360°C) trioctyl phosphine oxide (TOPO); nucleation occurs
rapidly, followed by growth (280-300° C)"'7? By separating the nucleation stage
from the growth stage and the following precipitation process, the CdSe
nanocrystals are nearly monodispersive. A control over the kinetics results in
the formation of CdSe nanorods.”

CdS nanocrystals are prepared by injection of sodium polyphosphate as the
stabilizing agent and Cd(ClOy), into deionized water. Introduction of H,S and an
adjustment of the pH by NaOH results in the formation of CdS nanocrystals.”
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FIGURE 4.22. The cmission spectra of several surfactant-coated monedispersive semiconductor
nanocrystals. The bluc scries represents different sizes of CdSe nanocrystals with diameters ol 2.1, 2.4,
3.1, 3.6, and 4.6 nm (from right to left). The green serics is of InP nanoerystals with diameters of 3.0,
3.5, and 4.6 nm. The red scries is of InAs nanocrystals with diamcters of 2.8, 3.6, 4.6, and
6.0 nm.nanocrystal probes in aqueous buffer, all illuminated simultancously with a handheld
ultraviolet lamp (Courtsey of Dr. A, P, Alivisatos).®’

Semiconductor nanocrystals have discrete excited electronic states and an
increased band gap in comparison to bulk materials. The size-dependant emission
peaks collected from several monodispersive semiconductor nanocrystals are
shown in Fig. 4.22. For the indirect band-gap semiconductors such as silicon and
rock-salt CdSe nanocrystals the optical absorption spectrum is continuous, even
though the band gap increases and the conduction band eigen states are discrete.
This is because many overlapping discrete transitions appear to be present with
roughly equal intensity via electron—phonon interaction.

The self-organization of CdSe nanocrystailites into 3D semiconductor
quantum dot superlattices (colloidal crystals) has been demonstrated.” The size
and spacing of the dots within the superlattice are controlled with near atomic
precision. This control is a result of synthetic advances that produces CdSe
nanocrystallites exhibiting monodisperse within the limit of atomic roughness.
The methodology is not limited to semiconductor QDs but provides general
procedures for the preparation and characterization of ordered structures of
nanocrystallites from a variety of materials.

4.4.3. Metallic Magnetic Nanocrystals

Patterned magnetic nanocrystals are of vital interests both scientifically and
technologically because of their potential applications in information storage,
color imaging, bioprocessing, magnetic refrigeration, and ferrofluids. In ultra-
compact information storage, for example, the size of the domain determines the
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FIGURE 4.23. Self-assembly ordered array of FePt nanocrystals (Courtesy of Dr. S. Sun).

limit of storage density while the sharpness of the domain boundaries is closely
related to the media noise. This issue is critically important in the 300 Gb/in.?
information storage predicted for the twenty-first century.76 The noise reduction
can be achieved by the segregation of a non-magnetic phase at the grain
boundaries, thus, the media are composed of at least two materials. The self-
assembly passivated nanocrystal superlattice is a potential candidate for solving
this problem, in which the passivated surfactant serves not only as an isolation
layer but also as a protection layer for the nanomagnets.

The magnetic nanocrystals like iron, cobalt, and nickel can be processed by
the decomposition of metal carbonyl in organic solution. It was noticed that
thermal decomposition of metal carbonyl in organic solution (with surfactant)
often led to metal nanocrystals with a very narrow size distribution.”””® Thermal
decomposition of cobalt carbonyl in different kinds of solution (toluene, xylene,
etc.) with different kinds of long C-H chains and strong ionic group (sulfonate)
surfactant have been systematically studied.

Ordered magnetic nanocrystal self-assembly was processed using the
traditional reverse micelle technique.42 Choosing the cationic surfactant,
didodecryl ammonium bromide (DDAB) with toluene as a binary system,
DDBA as the reducing agent, the Co®>* from CoCl, can be reduced to form
cobalt nanocrystals with the assistance of PR3 (R=n-C4Hy, n-CgH;7) as the
capping material. Dioctylether solution of superhydride (LiBEtsH) is prepared
by mixing the THF superhydride solution with dioctylether and evaporating
THF under vacuum. The particle synthesis began with the injection of
dioctylether superhydride solution into a hot (200°C) CoCl, dioctyether
solution in the presence of oleic acid (octadec-9-ene-1-carboxylic acid,
CH;(CH,);CH=CH(CH,);COOH) and PR;. Figure 4.23 shows a self-assembled
structure of FePt nanocrystals.45 These particles have interesting collective
magnetic properties and they can be used for magnetoresistance data storage.
This self-assembled approach has been recommended by IBM as a potential
approach for achieving ultrahigh density data storage. This is also a model system
for understanding the interparticle magnetic interaction.
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4.4.4. Oxide Nanocrystals

Oxide nanocrystals have many interesting applications in the area such as
sensors, catalysis and surface coating. Among the self-assembled structures,
synthesis of shape and size controlled nanocrystals is a challenging task. Among
a few reported systems, self-assembling of a-Fe,O; was first achieved by
accident.”' After the ferrofluid of iron nanocrystals was exposed to air for about
one month (processed by thermal decomposition of iron carbonyl in the mixture
of decalin with oleic acid as the surfactant), it was found that the iron
nanocrystals have been transformed into iron oxide. After drying the colloidal
solution, a hexagonal close packing of hematite (o-Fe,0O3;) nanoparticles
(antiferromagnet) formed on the carbon substrate. The nanocrystals had a very
narrow size distribution (in the case of mean particle size 6.9 nm, the standard
deviation is 0.4 nm). Dispersive e-FesN fine particles synthesized by a vapor-
liquid chemical reaction between Fe(CO)s and ammonia have shown a narrow
size distribution and they can form nicely locally ordered monolayer array.

A simple method to control the growth of TiO, nanocrystallites and the
formation of nanostructured TiO»-based materials has also been developed. The
method used to form these materials is based on controlling the hydrolysis and
polycondensation of titanium alcoxide using organic ligands in order to build and
stabilize intermediate building units (slabs). Anatase structured TiO, particles
with different sizes and shapes are obtained simply by changing the titanium/
cation ratio. The small clusters agglomerate into condensed ‘“‘snow-ball”
structure, which in turn self-assemble into superlattices.

Cobalt oxide nanocrystals were processed by thermal decomposition of
Co,(CO);g in toluene with the presence of oxygen. Homogenous nucleation and
growth were maintained to grow monodispersive nanocrystals. To avoid
agglomeration of the freshly nucleated nanocrystals, sodium bis(2-ethylhexyl)
sulfosuccinate (in short, Na(AOT)) was added as a surface active agent at the
beginning of the growth, forming a monolayer passivation over the nanocrystal
surface. Following the systematic study of Papiper et al.,”® the average size of
nanocrystals was optimized by controlling the temperature and concentration.
Then, the mixed solution was diluted by adding three volume parts of toluene into
one part of the solution. The as-prepared solution may contain some impurities
and oxides. A size and phase selection was required to obtain Co nanocrystals
with specific size and even shape.49 Since cobalt oxides (CoO and Co104) are anti-
ferromagnetic, a small magnetic field, generated by a horse-shoe permanent
magnet, was applied in the vertical direction to make the phase selection of Co
from its oxides. The cobalt nanoparticles floated to the top surface of the liquid
under the driving force of the magnetic field, while the oxide particles were left in
the solution. Though there was gravity force, the smaller size particles could still
suspend in the liquid because of the Brownian motion, while the larger ones sank
to the bottom. By selecting the particles suspended at the surface of the solution
after 24 h in the magnetic field, the pure cobalt nanoparticles were obtained.
Figure 4.24 shows a monolayer assembly of CoO nanocrystals. The CoO particles
have a tetrahedral shape, as seen in the inserted image and display a triangle
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FIGURE 4.24. Monolayer self-assembly of CoO nanocrystals, which are dominated by tetrahedral
shape,

contrast in the TEM image. We found that by size selection, it is possible to
achieve shape selection in some cases, because certain shape of nanocrystals are
stable only in specific size range.

Shape controlled BaCrOy4 nanocrystals have been synthesized by fusing
reverse micelles and microemulsion droplets containing fixed concentrations of
barium and chromate ions. Bariumbis(2-ethylhexyl)sulphosuccinate (Ba(AOT),)
reverse micelles were added to sodium chromate (Na;CrO,)- containing NaAOT
microemulsiopn droplets.”” The precipitation of the solution at a fixed ration of
molar ratios for Ba and Cr results in the formation of rod-like nanocrystals. Self-
assembled TiO, nanocrystals have been prepared by adding titanium isoprop-
oxide to an aqueous solution of tetramethylammonium hydroxide, and the
particles show hexagonal close-packed structure.*® PbS nanocrystals have been
synthesized by hydrolysis of TiCly at low temperature and the cubic-like shape of
the nanocrystals can form self-assembly.®’

4.5. TECHNICAL ASPECTS OF SELF-ASSEMBLING

4.5.1. Size Selection of Monodispersive Nanocrystals

Whatever processing methods to be used, the nanocrystal sizes usually have a
broad distribution even if the processing conditions can be strictly controlled. Thus,
size selection and possibly shape selection are critical for ordered self-assembly.
Lyophobic colloidal nanocrystals attract each other via the van der Waals force.
The attraction is strong because of the near linear addivity of forces between pairs
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of unit cells in different nanoparticles. The efficiency of the steric stabilization is
strongly dependant on the interaction of the alkyl groups with the solvent. Gradual
addition of the nonsolvent can produce size-dependant flocculation of the nano-
crystal dispersion.

Several of solvent/nonsolvent systems can be used to make size selection, for
example, hexane/ethanol, chloroform/methanol, pyridine/hexane, etc. The addi-
tion of the nonsolvent increases the average polarity of the solvent and reduces the
energy barrier to flocculation. The large nanoparticles have a higher probability
to overcome the reduced energy barrier and precipitate. With more nonsolvent
added, the size distribution becomes narrower and narrower. After the addition of
methanol, the light absorption peak becomes sharper and the position shifts
towards lower energy. From the quantum theory, the smaller the nanocrystals,
the wider the energy gap than that of the bulk. The shift of the peak means that
more and more larger sized nanocrystals have precipitated from the colloidal
solution. In addition to CdSe semiconductor nanocrystals, this method has also
been successfully applied to gold nanocrystal separation. One point that needs to
be addressed is that this method can only be applied to nanoparticles with
relatively small polydispersity.

Photocorrosion is also a very useful method to narrow the size distribution
of some nanocrystal systems. For example, polydispersive CdS nanocrystals can
be selected to have an average diameter of 4.2 nm with a standard deviation of
1.9 nm by a sequential irradiation with a monochromatic light whose wavelength
was changed step by step from 490 to 430 nm in air-saturated sodium
hexametaphosphate solution. Analysis of the amount of sulfate ions produced
by photocorrosion of quantum-CdS colloids revealed that the number of CdS
particles in the colloid decreased with promotion of photocorrosion, suggesting
that during the course of photocorrosion process photocorroded CdS particles
were agglomerated to give larger particles which were further photocorroded. The
molar absorption coefficient of CdS particles at the first exciton peak was found to
be independent of the particle size.*?

4.5.2. Assembling of Nanoparticles with Mixed Sizes/Phases

A key requirement in self-assembly is the size selection of the nanocrystals. If
the solution contains two distinctly different sizes of nanocrystals, and in a general
case, can the mixture of nanocrystals with different sizes form self-assembling
packing? Several recent papers addressed this question.38’83 First take the simplest
situation: the mixture of two monodispersive nanocrystals (A and B) with particle
size Rpand Rp.On micrometer scale, when 0.482 < Ra/Rp < 0.624,the mixture
can form stable structure, and when Rs/Rp ~ 0.58, stable AB, structure will be
formed. For 0.458 < Ra/Rp < 0.482, phase separation occurs. Can these theories
be applied to self-assembling of nanocrystals? The self-assembly of nanoscale
bimodal packing was observed (Fig. 4.25), which agrees well with the micrometric
scale colloidal crystals. So if the polydispersive gold nanocrystals to examine the
mechanism of self-assembling.83 It was found that self-assembling is an entropy-
driven crystallization process.
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FIGURE 4.25. A monolayer ordered superlattice of thiol-stabilized gold nanocrystals with two
distinctive sizes and the particle diameter ratio about 0.58 (Courtesey of Dr. D. J. Schiffrin).*®

FIGURE 4.26. Seclf-assembly of Ag nanocrystals have two distinct sizes, showing the segregation of
particles of the same size.

In a general case, particles of different sizes tend to segregate via size
distribution during self-assembly. Shown in Fig. 4.26 is a TEM image illustrating
the self-assembling of 5 and 3 nm Ag nanocrystals. It is apparent that the same size
of nanocrystals tend to form self-assembly with them. This might be driven by
energy minimization.

4.5.3. Growth Mechanism of Nanocrystal Self-Assembly

Although NCS has been grown for several different types of materials, its
growth mechanism is still an open question. In most TEM observations,



NANOCRYSTAL SELF-ASSEMBLY 105

nanocrystals are uniformly adhered on the substrate surface and there is no
“piling up” effect among pieces of NCSs, suggesting that the NCSs are formed
on the liquid surface during the slow drying process. For TEM observation, a
droplet of diluted solution is deposited on a carbon film, a slow drying process is
critical for forming large size, ordered NCSs. Nanocrystals are believed to be
uniformly suspended in the solution at first. If the diffusion speed of the
nanoparticles in the liquid is slower than the evaporation speed of the liquid
surface, the particle concentration is expected to increase locally right under-
neath the liquid surface, possibly resulting in the self-assembling of a 2D
monolayer at the liquid surface, and the surface tension might be a force to hold
on the assembling. As the evaporation continues, the second layer can be formed
on the top of the first layer if there are enough particles in the solution. Finally,
when the evaporation reaches the substrate, the 2D assembled NCS layer(s) may
be broken due to the unmatched curvature between the liquid droplet and the
flat substrate surface, but no overlap between the large size NCSs would be
possible.

Figure 4.27 shows such a process for Ag NCS. From the structural point of
view, most of the NCSs comprised spherical nanopart