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Preface

There is currently an extraordinary amount of interest in nanoma-
terials and nanotechnologies, terms now familiar not only to scien-
tists, engineers, architects, and product designers but also to the
general public. Nanomaterials and nanotechnologies have been
developed as a consequence of truly significant recent advances in
the material science community. Their use, in turn, is expected to
have enormous consequences on the design and engineering of
everything from common consumer products and buildings all the
way through sophisticated systems that support a wealth of appli-
cations in the automotive, aerospace, and other industries. Hopes
exist for being able to make things smaller, lighter, or work better
than is possible with conventional materials. Serious problems
facing society might also be positively addressed via the use of
nanomaterials and nanotechnologies. In the energy domain, for
example, nano-based fuel cells or photovoltaics can potentially
offer greater efficiencies than are possible with conventional mate-
rials. Developments in nanomaterials and nanotechnologies have
consequently aroused the interest of many individuals involved in
engineering, architecture, and product design, whether in the auto-
motive, building, or even the fashion industries.

In the excitement surrounding these new materials and technolo-
gies, however, their potential can, and has been, frequently over-
hyped. A mystique surrounds these words that can cloud
understanding of what nanomaterials and nanotechnologies really
are and what they can deliver. One of the purposes of this book is
to demystify the subject and distinguish what is real from what is
not. Though there is a need to better understand what benefits and
costs might be associated with using nanomaterials, in the design
fields little true understanding exists about what these new materi-
als and technologies actually are and how they might be used
effectively. In the science and engineering domain the situation is
often the converse. The fundamental science-based knowledge is
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there, but not necessarily an understanding of how these materials
and technologies might be used to address real societal needs or,
more simply, to provide a basis for useful applications—a situation
often best described by the classic phrase “a technology looking for
an application.” Relatively few applications in architecture and
product design exist at this point, so there are few role models or
case studies to explore. Still, the core belief reflected in this book
is that nanomaterials and nanotechnologies do offer new ways of
addressing many current needs as well as providing the basis for a
positive vision for future developments. The book explores these
kinds of forward-looking potential applications.

The field is clearly in an emerging state, but its potential is evident.
The question is one of how to move forward. The position reflected
in this book is that this can only be accomplished by designers,
engineers, and material scientists working together. Yet simply sug-
gesting that these groups “collaborate” is usually ineffective. There
needs to be a common basis for communication and idea exchange.
The language of understanding spoken by one group can be foreign
to the other. Within this context, a primary goal of this book is to
provide both a common ground and a common language for better
understanding how to use nanomaterials and nanotechnologies
effectively. It seeks to convey the necessary technical understanding
of the essential ideas underlying these new materials and technolo-
gies to designers so that they might better be able to understand
how to exploit their characteristics effectively within a design
context. At the same time it seeks to introduce material scientists
and engineers knowledgeable about nanomaterials to design issues
and design processes. What design problems need to be solved, and
how do designers think about solving them? Only with this mutual
understanding can they effectively become engaged in developing
meaningful applications.

To meet these aspirations, the scope of the book is inherently large,
seeking to explore what nanomaterials and nanotechnologies are
and how they might be applied in diverse industries. However,
though the scope is large, the approach followed in this book is
based on the well-explored premise that most effective design
applications occur when there is a true in-depth understanding of
the materials or technologies involved and not when an overly
simplified approach is taken wherein discussions of technological
issues are reduced to an almost meaningless state.

The book has many unique features. It summarizes discussions of
many different ideas and technologies normally found distributed



all across the literature. A case in point occurs in Chapter 8 of this
book, which presents coverage of the many different synthesis
processes used for making nanomaterials. There are many in-
depth discussions throughout the literature of specific synthesis
methods, such as soft lithography or sol-gel deposition methods,
but these same discussions do not comprehensively cover other
techniques. The approach here is to explore all primary methods
of nanosynthesis and the mechanical, thermal, optical, and electri-
cal properties they create—a comprehensive view that will be
welcomed by teachers of engineering and material scientists. A
broad knowledge of resulting properties is important, too, for any
designer or engineer trying to use nanomaterials. It can be difficult
to locate real values for properties of nanomaterials; a mechanical
property may be reported in one source, a thermal property in
another. In writing this book, considerable effort was put into
sifting through the literature to identify credible values for primary
properties.

Even once some of these properties are known, experience in the
design world suggests that these values have to be placed in com-
parison to more traditional materials before they will be used,
particularly given the higher costs of nano-based materials. A good
way to explore materials and to select them to meet specific design
objectives is to present their properties as “material property charts.”
These charts give a graphical overview of material attributes and
allow comparisons to be made between them, as well as serving as
a basis for more advanced material selection and related design
techniques. Critical properties of various nanomaterials have now
been incorporated into these kinds of charts, facilitating an under-
standing of where and how to effectively use nanomaterials within
a design context.

In a broader sense, another unique feature of the book is the overall
orientation to applications. Discussions are focused around think-
ing about products and buildings via the nature of the involved
physical environments, systems, and assemblies. Environments may
alternatively be considered either as an integral part of a design,
such spaces as within a building, or as defining the context within
which a product operates or is reflective of its salient mode of
operation. Systems are generally defined as physical components
or parts that work interactively to provide some particular type of
function. In both products and buildings, broad considerations of
thermal, sound, lighting, and mechanical environments and their
related functional systems are invariably important and invariably
influence the definition of needed material properties; consequently



they influence the role that nanomaterials and nanotechnologies
might or might not effectively play. This kind of perspective reflects
the way designers think about how and where to introduce new
materials or technologies—a perspective that would be well worth
scientists and engineers interested in applications of nanomaterials
knowing something about.

The book is organized in a direct way and makes extensive use of
illustrations. The first two chapters are self-contained nontechnical
overviews of the general characteristics of nanomaterials and
provide examples of ways in which nanomaterials can be found in
both nature and in an historical context. Chapter 3 sets the broad
design context and explores fundamental design processes. Chapter
4 then reviews basic technical properties of materials as a prelude
for focusing on nanomaterials. This is followed in Chapter 5 by an
introduction to material property charts, material indices, and their
use for optimized material selection. Formal material screening and
selection procedures are also presented, providing a methodology
for comparing the benefits of using nanomaterials to other kinds
of more traditional high-performance materials.

This introduction leads into an in-depth treatment of nanomateri-
als that begins in Chapter 6. A major contribution here is that of
clarifying ways that various nanomaterial types can be formally
classified. Size effects and other defining characteristics of nanoma-
terials are explored. Specific mechanical, thermal, and electrical
properties of common nanomaterial types are detailed in Chapter
7. Processes for synthesizing and characterizing nanomaterials are
next described and illustrated in Chapter 8. Several material prop-
erty charts illustrating various properties of nanomaterials are
included.

The book then turns to design or application-oriented considera-
tions. A discussion of specific applications in common design envi-
ronments—thermal, mechanical, electrical, and optical—follows
in Chapter 9. These sections broadly explore a range of nanomate-
rial and nanotechnology applications as they relate to these differ-
ent design environments. Chapter 10 looks at applications from
specific product or industry perspectives—nanotextiles, nanopaints,
nanosealants, nanotechnologies for self-cleaning, antimicrobial or
self-healing, and others. Chapter 11 briefly examines nanomateri-
als in relation to health and the environment. Chapter 12 con-
cludes with a whirlwind tour of the driving forces underlying
nanomaterial and nanotechnology developments in several
industries.



The target audience for this book includes students in engineering
and architecture, professional engineers, architects, and product
designers who are interested in exploring how these new materials
and technologies might result in better products or buildings. Firms
and industry groups who are planning to be intimately involved in
the nanotechnology field will find the broad perspective interest-
ing. Obviously, individuals in these fields have quite different back-
grounds, interests, and understanding of materials and their
properties as well as technologies. Having a single book address
these multiple audiences is inherently difficult. Designers have
primary goals of making products and buildings interesting, effi-
cient, and useful, with materials being an important enabling
design component. Their interests revolve more around final
design qualities and applications than on achieving a quantitative
understanding of materials and their properties. Many design-
oriented engineers have similar interests but are more focused on
the way material properties affect design, and they employ quanti-
tative methods to achieve these ends. Material engineers and scien-
tists are clearly interested in fundamental properties and how to
create new materials for broad usage. Therefore, depending on the
reader’s background, the following two paragraphs suggest general
guidelines on how to read this book.

In the field of engineering, second- or third-year undergraduate
students and first-year graduate students will find the book useful
as supplementary reading. These students should find familiar
ground in the more technically oriented discussions of basic mate-
rial properties in Chapter 4, as will engineers in firms. Chapter 5
on material selection processes based on material attribute charts
will be of great interest to any who have never been exposed to this
approach before and will provide a concise review for those who
have already used them. Chapters 6, 7, and 8 provide a good intro-
duction to classification systems, basic fundamentals, synthesis,
characterization methods, and properties of nanomaterials—infor-
mation that is currently scattered among many sources and difficult
to find in one place. Obviously, whole in-depth courses could be
built around many of the topics succinctly addressed in these chap-
ters. The intent, however, is to provide a solid conceptual under-
standing of these topics, not to go into depth. Individuals interested
in further depth should refer to the entries described in “Further
Readings.” The application-oriented sections in Chapters 9, 10, 11,
and 12 provide overviews of ways that nanomaterials and nanote-
chnologies are either used or poised to be used in practice. Engi-
neers and material scientists not actively engaged in design practices



will benefit from reviewing these chapters as a way of understand-
ing what material characteristics are needed and considered useful
by the design community. Some of the basic ways designers con-
ceptualize the use of materials in products and buildings are also
introduced in Chapter 3, which is useful reading for anyone who
does not have a design background.

Architects and product designers range widely in their interests and
need to understand material properties in depth. For typical archi-
tects in firms or students who have had basic courses in materials
and who have a general curiosity about nanomaterials and how
they might ultimately impact design, quantitative treatments are
rarely needed. Chapters 1, 2, and 3 provide an insight into what
nanomaterials are all about and are useful here. Chapter 5 on mate-
rial selection processes is highly relevant to designers. Chapters 9,
10, 11, and 12 contain discussions on nanomaterials that are par-
ticularly appropriate for the design community. These chapters
contain only qualitative technical descriptions and should be gen-
erally accessible to all interested readers. Many designers, however,
are indeed quite technically inclined and have focused interests on
materials and on technologically based innovations and are willing
to put in the time necessary to understand them in some depth.
This group would indeed find it useful to review the chapters on
basic nanomaterial types and processing methods mentioned pre-
viously. Indeed, it is to this group that the design focus in this book
is largely oriented, not to the casual reader.

We hope that you enjoy the book!

Mike Ashby

Engineering Design Centre
Engineering Department
Cambridge University

Paulo Ferreira
Materials Science and Engineering Program
University of Texas at Austin

Daniel Schodek
Graduate School of Design
Harvard University
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CHAPTER 1

Nanomaterials and Nanotechnologies:
An Overview

1.1 WHY NANOMATERIALS?

Imagine dissociating a human body into its most fundamental
building blocks. We would collect a considerable portion of gases,
namely hydrogen, oxygen, and nitrogen; sizable amounts of carbon
and calcium; small fractions of several metals such as iron, magne-
sium, and zinc; and tiny levels of many other chemical elements
(see Table 1.1). The total cost of these materials would be less than
the cost of a good pair of shoes. Are we humans worth so little?
Obviously not, mainly because it is the arrangement of these
elements and the way they are assembled that allow human beings
to eat, talk, think, and reproduce. In this context, we could ask
ourselves: What if we could follow nature and build whatever we
want, atom by atom and/or molecule by molecule?

In 1959, Physics Nobel Laureate Richard Feynman gave a talk at
Caltech on the occasion of the American Physical Society meeting.
The talk was entitled, “There’s Plenty of Room at the Bottom.” In
this lecture, Feynman said:

What I want to talk about is the problem of manipulating
and controlling things on a small scale ... What are the
limitations as to how small a thing has to be before you can
no longer mold it? How many times when you are working
on something frustratingly tiny like your wife’s wrist watch
have you said to yourself, “If I could only train an ant to

do this!” What I would like to suggest is the possibility of
training an ant to train a mite to do this ... A friend of mine
(Albert R. Hibbs) suggests a very interesting possibility

for relatively small machines. He says that, although it is

a very wild idea, it would be interesting in surgery if you

Nanomaterials, Nanotechnologies and Design
Copyright 2009 Elsevier Ltd. All rights of reproduction in any form reserved. 1



nCHAPTER 1 Nanomaterials and Nanotechnologies: An Overview

Table 1.1 Approximate Chemical Composition of a 70 Kg Human Body
______

Hydrogen H 4,22 x 107 Cadmium 3x 10%

Oxygen o] 1.61 x 107 Boron B 2x10%

Carbon C 8.03 x 10% Manganese Mn 1x10%°

Nitrogen N 3.9x10% Nickel Ni 1x10%°

Calcium Ca 1.6 x10% Lithium Li 1x10%
Phosphorous P 9.6 x 10% Barium Ba 8x 10"

Sulfur S 2.6x10* lodine I 5x10"

Sodium Na 2.5%x10* Tin Sn 4% 10"
Potassium K 2.2x10% Gold Au 2x 10"

Chlorine Cl 1.6 x 10 Zirconium Zr 2x10"
Magnesium Mg 4.7 x10% Cobalt Co 2x 10"

Silicon Si 3.9x10% Cesium Ce 7x10'®

Fluorine F 8.3 x 10% Mercury Hg 6x 108

Iron Fe 4.5x10% Arsenic As 6x10'®

zZinc Zn 2.1x10% Chromium Cr 6x 10"
Rubidium Rb 2.2x 10 Molybdenum Mo 3x10™
Strontium Sr 2.2x10% Selenium Se 3x10'®

Bromine Br 2 x 10% Beryllium Be 3x10"
Aluminum Al 1x10% Vanadium \Y 8x 10"

Copper Cu 7 x10% Uranium U 2x 10"

Lead Pb 3x10% Radium Ra 8x 10"

Total =6.71 x 107
?;japted from R. Freitas Jr., in Nanomedicine, Volume |: Basic Capabilities, Landes Bioscience, 1999, http.//www.nanomedicine.com/NMI.
m.

could swallow the surgeon. You put the mechanical surgeon
inside the blood vessel and it goes into the heart and
“looks” around. It finds out which valve is the faulty one
and takes a little knife and slices it out.

Although Feynman could not predict it, this lecture was to become
a central point in the field of nanotechnology, long before any-
thing related with the word nano had emerged. Feynman'’s vision
was amazing, particularly if we consider that a broad spectrum of
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currently mature scientific and engineering areas are based on con-
cepts described in Feynman'’s lecture 50 years ago.

The term nanotechnology was first used in 1974 by Norio Taniguchi
to refer to the precise and accurate tolerances required for machin-
ing and finishing materials. In 1981, K. E. Drexler, now at the Fore-
sight Nanotech Institute for Molecular Manufacturing, described
a new “bottom-up” approach, instead of the top-down approach
discussed earlier by Feynman and Taniguchi. The bottom-up
approach involved molecular manipulation and molecular
engineering to build molecular machines and molecular devices
with atomic precision. In 1986, Drexler published a book, Engines
of Creation, which finally popularized the term nanotechnology.

The term nano derives from the Greek word for dwarf. It is used as
a prefix for any unit such as a second or a meter, and it means a
billionth of that unit. Hence, a nanometer (nm) is a billionth of a
meter, or 10~ meters. To get a perspective of the scale of a nanom-
eter, observe the sequence of images shown in Figure 1.1. Despite
the wide use of the word nanotechnology, the term has been mislead-
ing in many instances. This is because some of the technology deals
with systems on the micrometer range and not on the nanometer
range (1-100 nm). Furthermore, the research frequently involves
basic and applied science of nanostructures and not basic or applied
technology. Nanomaterials are also not undiscovered materials, but
nanoscale forms of well-known materials such as gold, silver, plati-
num, iron and others. Finally, it is important to keep in mind that
some past technology such as, for example, nanoparticles of carbon
used to reinforce tires as well as nature’s photosynthesis would cur-
rently be considered a form of nanotechnology. Photosynthesis is
in fact an excellent example of the role of nanostructures in the
world’s daily life. Leaves contain millions of chloroplasts, which

Why Nanomaterials? _

FIGURE 1.1

Sequence of images showing the various levels of
scale. (Adapted from Interagency Working Group
on Nanoscience, Engineering and Technology,
National Science and Technology Council
Committee on Technology, “Nanotechnology:
Shaping the World Atom by Atom.” Sept. 1999.)
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FIGURE 1.2
A green leaf is composed of chloroplasts inside
which photosynthesis occurs.

make a green plant green (see Figure 1.2). Inside each chloroplast,
hundreds of thylakoids contain light-sensitive pigments. These
pigments are molecules with nanoscale dimensions that capture
light (photons) and direct them to the photo reaction centers. At
every reaction center, there are light-sensitive pigments that execute
the actual photon absorption. When this happens, electrons become
excited, which triggers a chain reaction in which water and carbon
dioxide are turned into oxygen and sugar.

What is so special about nanotechnology? First, it is an incredibly
broad, interdisciplinary field. It requires expertise in physics, chemis-
try, materials science, biology, mechanical and electrical engineering,
medicine, and their collective knowledge. Second, it is the bound-
ary between atoms and molecules and the macro world, where
ultimately the properties are dictated by the fundamental behavior
of atoms. Third, it is one of the final great challenges for humans, in
which the control of materials at the atomic level is possible. So, are
nanoscience and nanotechnology real, are they still fiction? During
the 1990s Drexler’s book Engines of Creation inspired many science
fiction writers to think about the prospects of nanotechnology. For
example, in the episode “Evolution” of Star Trek, a boy releases
“nanites,” which are robots at the nanoscale fabricated to work in
living cells. These machines end up evolving into intelligent beings
that gain control the starship Enterprise. In the book Queen of Angels,
humans with psychological problems can be treated by an injection
of nanodevices. These fictional ideas could become reality if in the
future we become able to control matter at the atomic or molecular
level. Yet, some skeptical questions may arise, such as:

Are molecular entities stable?
Are quantum effects an obstacle to atomic manipulation?
Is Brownian motion a significant effect in nanocomponents?

Are friction and wear relevant for nanocomponents?

The answer to the first question is yes. The human population is
the best living example. Each human being contains approximately
10%” atoms that are reasonably stable, and due to cellular multiplica-
tion, the human body is able to build itself using molecular mecha-
nisms. With respect to the quantum effects, the uncertain atomic
position (Ax) can be estimated from classical vibrational frequency
calculations. As discussed by R. Freitas in his book Nanomedicine,
for a carbon atom in a single C-C bond, Ax is approximately 5%
of the electron cloud diameter. Hence, the manipulation of nano-



structures should not be affected by quantum effects. In terms of
Brownian motion, we should consider the nanocomponents as har-
monic oscillators. In this context, molecular collisions are as likely
to absorb energy as to release it, and thus no net effect is expected.
Finally, in regard to friction and wear effects at the nanoscale, the
repulsive fields between the molecules should provide the necessary
lubrication. Products such as oil should be avoided because they
cause contamination. For example, a molecular bearing of 2 nm
rotating at 1 MHz dissipates about 107° picowatts due to friction,
whereas a micron-size mechanical component dissipates 1-1000
picowatts (R. Freitas, Nanomedicine). In general, the skeptical
questions we've posed can be disqualified because so far, nano-
technology does not seem to violate any physical law.

What are the possible approaches to making nanomaterials and
nanotechnologies? There are basically two routes: a top-down
approach and a bottom-up approach. The idea behind the top-
down approach is the following: An operator first designs and con-
trols a macroscale machine shop to produce an exact copy of itself,
but smaller in size. Subsequently, this downscaled machine shop
will make a replica of itself, but also a few times smaller in size. This
process of reducing the scale of the machine shop continues until a
nanosize machine shop is produced and is capable of manipulating
nanostructures. One of the emerging fields based on this top-down
approach is the field of nano- and micro-electromechanical systems
(NEMS and MEMS, respectively). MEMS research has already pro-
duced various micromechanical devices, smaller than 1 mm?
which are able to incorporate microsensors, cantilevers, microv-
alves, and micropumps. An interesting example is the microcar fab-
ricated by Nippondenso Co. (see Figure 1.3). The car is 4800 um
long, 1800 um wide, and 1800 pm high. Each tire is 690 um diam-
eter and 170 um wide, whereas the license plate is 10 um thick. The
car has 24 components, including tires, wheels, axles, bumpers, all
parts assembled by a micromechanical manipulator.

Which technologies can be used to produce nanostructures using a
top-down approach? At the moment, the most used is photolitho-
graphy. It has been used for a while to manufacture computer chips
and produce structures smaller than 100 nm. This process is dis-
cussed extensively in Chapter 8. Typically, an oxidized silicon (Si)
wafer is coated with a 1um thick photoresist layer. After exposure to
ultraviolet (UV) light, the photoresist undergoes a photochemical
reaction, which breaks down the polymer by rupturing the polymer
chains. Subsequently, when the wafer is rinsed in a developing
solution, the exposed areas are removed. In this fashion, a pattern
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FIGURE 1.3

Microcar produced by Nippondenso Co. The latest
model has a micromotor 1 mm in diameter. With
power supplied by a 25 micron copper wire, the
car runs smoothly at a speed of about 1 cn/s
with 3 V voltage and 20 mA current. (Courtesy of
Nippondenso.)
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is produced on the wafer surface. The system is then placed in an
acidic solution, which attacks the silica but not the photoresist and
the silicon. Once the silica has been removed, the photoresist can
be etched away in a different acidic solution. Though the concept
of photolithography is simple, the actual implementation is very
complex and expensive. This is because (1) nanostructures signifi-
cantly smaller than 100 nm are difficult to produce due to diffrac-
tion effects, (2) masks need to be perfectly aligned with the pattern
on the wafer, (3) the density of defects needs to be carefully control-
led, and (4) photolithographic tools are very costly, ranging in price
from tens to hundreds of millions of dollars.

As a response to these difficulties, electron-beam lithography and
X-ray lithography techniques have been developed as alternatives
to photolithography. In the case of electron beam lithography,
the pattern is written in a polymer film with a beam of electrons.
Since diffraction effects are largely reduced due to the wavelength
of electrons, there is no blurring of features, and thus the resolution
is greatly improved. However, the electron beam technique is very
expensive and very slow. In the case of X-ray lithography, diffraction
effects are also minimized due to the short wavelength of X-rays, but
conventional lenses are not capable of focusing X-rays and the radia-
tion damages most of the materials used for masks and lenses.

Due to these limitations, the most recent lithography methods,
such as printing, stamping, and molding, use mechanical proc-
esses instead of photons or electrons. These methods are normally
called soft lithography methods because they involve the use of
polymers. They are discussed in Chapter 8. The process starts with
the fabrication of a mold by photolithograpy or e-beam litho-
graphy. Subsequently, a chemical precursor to polydimethylfiloxane
(PDMS) is applied over the mold and cured. As a result, a solid
PDMS stamp that matches the pattern of the mold is produced.
The stamp can then be used in several ways to make structures at
the nanoscale. For example, in the case of microcontact printing
the stamp is coated with a solution consisting of organic molecules
(thiol ink) and compressed into a thin film of gold (Au) deposited
on a silicon (Si) wafer. In this fashion the thiol ink is transferred
from the stamp to the gold surface, reproducing the original pattern
of the stamp. In the case of micromolding, the PDMS stamp sits
on a flat, hard surface and a liquid polymer is injected into any
available cavity between the stamp and the surface. Subsequently,
the polymer cures into the patterns provided by the cavities. The
advantages of using soft lithography methods are (1) no special
equipment is required, and (2) versatility in the range of materials



and geometries produced. As for disadvantages, due to the inher-
ent presence of polymers, soft lithography processes often exhibit
significant strains that are not ideal for certain applications, such as
nanoelectronics.

From the discussion so far, it is obvious that the top-down approach
is not a friendly, inexpensive, and rapid way of producing nanos-
tructures. Therefore, a bottom-up approach needs to be considered.
The concept of the bottom-up approach is that one starts with
atoms or molecules, which build up to form larger structures. In
this context, there are three important enabling bottom-up tech-
nologies, namely (1) supramolecular and molecular chemistry, (2)
scanning probes, and (3) biotechnology. The supramolecular and
molecular chemistry route is based on the concept of self-
assembly. This is a strategy for nanofabrication that involves
designing molecules so that they aggregate into desired structures.
The advantages of self-assembly are that (1) it solves the most
difficult steps in nanofabrication, which involve creating small
structures; (2) it can directly incorporate and bond biological
structures with inorganic structures to act as components in a
system, and (3) it produces structures that are relatively defect-free.

One of the best examples of self-assembly is the fabrication of
carbon nanotubes. These nanostructures are composed of C atoms
that assemble into cylinders of approximately 1.4 nm in diameter
(see Figure 1.4). In the last decade, the idea of using carbon nano-
tubes to fabricate simple gears evolved by bonding ligands onto the
external surfaces of carbon nanotubes to produce “gear teeth” (see
Figure 1.5). The efficiency of these gears depends on placing the gear
teeth just right in atomically precise positions. Researchers at the
National Aeronautics and Space Administration (NASA) performed
a molecular dynamics simulation to investigate the properties of
molecular gears made from carbon nanotubes. Each gear is made
of a 1.1 nm diameter nanotube with seven benzene teeth. The dis-
tance between two nanotubes is 1.8 nm. The simulations show that
the gears can operate up to 70 GHz without overheating. As speed
increases above 150 GHz, the gears overheat and begin to stall.

Another very important bottom-up approach using molecular
chemistry is employed in the fabrication of quantum dots. Quantum
dots are crystals composed of a few hundred atoms. Because elec-
trons in a quantum dot are confined to widely separated energy
levels, the dots emit only one type of wavelength of light when
they are excited (see Figure 1.6). A typical procedure used to
make quantum dots involves a chemical reaction between a metal
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FIGURE 1.4

Computer simulation of a single-wall carbon
nanotube with a diameter of 1.4 nm. Carbon
nanotubes can be thought of as wrapped sheets
of graphene.

FIGURE 1.5 Computer simulation of
nanogears made of carbon nanotubes with teeth
added via a benzine reaction. (Courtesy of NASA.)
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FIGURE 1.6

Cadmium selenide (CdSe) quantum dots of
different sizes and shapes in solution emit light at
different wavelengths. (Courtesy of M. J. Bawendi,
MIT)

FIGURE 1.7 Xenon atoms arranged on a Ni
substrate by a scanning tunneling probe, forming
the word IBM. (Courtesy of IBM.)

ion—cadium (Cd), for example—and a molecule that is able to
donate a selenium ion. This reaction generates crystals of cadmium
selenide (CdSe). The shape and size of quantum dots can be con-
trolled by tuning the ratio of the molecules and by adding sur-
factants. Their size and shape are important because they determine
their electronic, magnetic, and optical properties.

The second important bottom-up method is the use of scanning
probes. One of the biggest steps toward nanoscale control occurred
in 1981 when researchers at the IBM research center in Switzerland,
led by Gerd Binning and Heinrich Rohre, developed the scanning
tunneling microscope (STM). The STM is, essentially, a fine tip that
scans over a material’s surface. Since the tip is only a few atoms
wide, electrons “tunnel” across the gap between the surface and
the tip as the tip sweeps over the surface (see Chapter 8). In this
way scientists developed several related instruments, now known as
scanning probe microscopes (SPMs), to collect images and analyze the
identities of atoms on a material’s surface. At the moment, SPMs
can do more than simply look at atoms. They can also be used to
move atoms. At IBM, Donald Eigler and Erhard Schweizer were able
to displace 35 xenon atoms onto a crystal of Ni and write the word
IBM (see Figure 1.7). These tools have opened up many new doors
for further scientific discovery.

The third relevant route for producing nanostructures using a
bottom-up approach is the use of biotechnology. By 1998, biotech-
nologists were able to make DNA sequences and assemble artificial
viruses, which are examples of molecular engineering. In addition,
several devices, which looked like biomolecular motors, sensors,
and actuators, could be integrated into systems made of mole-
cular machines. One of the best biological examples of a molecular
machine is the ribosome, which is a remarkable nanoscale assembler.
The role of the ribosome is to act as a factory of proteins by com-
bining amino acids in a very specific order. Section 2.2 discusses
ribosome self-assembly methods in more detail.



Another good example of self-assembly is the abalone (see Figure
1.8), an expensive appetizer in fine restaurants. This mollusk
builds a strong shell by secreting proteins, which self-assemble
into a configuration that resembles walls surrounding a room.
Inside each room there is seawater saturated with calcium (Ca)
ions and carbonate ions, which will eventually form crystals of
CaCO; (calcium carbonate). Therefore the abalone shell is a com-
posite material composed of alternating layers of calcium carbon-
ate and proteins.

As we have seen so far, both the top-down and the bottom-up
approaches are capable of producing nanostructures, which will
soon be applied in many of the engineering fields. One area of great
interest for the application of nanostructures is the area of nanoelec-
tronics. In 1985, Konstantin K. Likharev, a professor at Moscow State
University, postulated that it would be possible to control the flow
of single electrons in and out of a coulomb island. This would
form the groundwork for the single-electron transistor, which was
first built successfully in 1987 by researchers at Bell Labs. This phe-
nomenon can be very useful in situations where electrical currents
are passed through molecules that can act like coulomb islands, for
example, if they are weakly coupled to electrodes, which will trans-
fer the signal to the macro world. It has also been proposed that
organic molecules could make good transistors. It has already been
demonstrated that clusters of molecules can carry electrons from
one metal electrode to another. Each molecule is about 0.5 nm wide
and 1 to 2 nanometers long. The switching mechanism that allows
the molecules to act as transistors seems to involve a chemical
reaction, where electrons move among the various atoms within
the molecule. Under certain conditions, the chemical reaction twists
the molecule, preventing the flow of the electrons. On the other
hand, in the absence of the reaction, the molecule will conduct
electrons.

One other area of increasing interest for the application of nano-
materials is the field of nanomedicine. All of biology, even the most
complicated creature, is made up of small cells that are constructed
of building blocks at the nanoscale, such as proteins, lipids, and
nucleic acids. There is, for example, the story of some bacteria that
live in swampy waters. These bacteria can only survive in specific
depths. Very close to the surface, oxygen is too abundant; too deep,
oxygen is limited. So, how can the bacteria know their position?
The answer lies on a string of about 20 ferromagnetic crystals, each
35-120 nm in diameter (see Figure 1.9), which act together as a
compass needle influenced by the Earth’s magnetic field. Why are

Why Nanomaterials? _
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FIGURE 1.8

The abalone, a marine mollusk whose shell is
composed of calcium carbonate layers separated
by a protein.

scale bar = 500 nm

FIGURE 1.9

A magnetotactic bacteria containing a chain

of magnetic crystals 35—120 nm in diameter

is capable of orienting itself along Earth’s magnetic
field lines. (Courtesy of Prozorov et al., Physical
Review B, 76, 054406, 2007.)
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Second Assessment and Recommendations of
National Advisory Panel, April 2008.)
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the particles so small? Because below a critical dimension, typically
at the nanoscale, ferromagnetic crystals become single domain (see
section 7.4) which helps increase the effectiveness of the bacteria
as a compass.

Following a similar approach, magnetic nanoparticles are now
being employed to detect particular biological species, such as
microorganisms that cause disease. Magnetic nanoparticles are
coupled with antibodies that bind to their target. In this case the
magnetization vector of all nanoparticles becomes parallel, which
results in a strong magnetic signal. On the other hand, if the illness
is not present, the antibodies do not recognize the target and do
not bind. Thus, all magnetization vectors will remain randomly
oriented, leading to a weak magnetic signal. Another interesting
application in nanomedicine is related to the use of gold parti-
cles for bio-identification. One set of gold particles carries DNA
that binds to one half of the target sequence. A second set carries
DNA that binds to the other half. The DNA with the complete
target sequence will couple to both sets of particles, binding them
together. As gold nanoparticles aggregate, there is a shift in the
wavelength of light from red to blue. Thus, the red and blue lights
can be used to probe whether a certain DNA corresponds to a par-
ticular individual.

These examples are only a small fraction of what will become pos-
sible in the future. Though still in their infancy, nanoscience and
nanotechnology have already demonstrated that they will have
a tremendous impact on various aspects of human life, such as
health, environment, energy, transportation, information technol-
ogy, and space exploration. This fact has been recognized by most
of the industrial world, as confirmed by government funding allo-
cated for the study of this area (see Figure 1.10). Nanoscience
and nanotechnology hold great promise for future innovation and
transformation. If the field’s expectations are fulfilled, it will create
sought-after sensors with improved detection sensitivity and selec-
tivity; strong, lightweight bullet-stopping armor; energetic nano-
particles for fast-release explosives; miniaturization of aircraft to
reduce payload; materials that perform under extreme temper-
atures and pressures; radiation-tolerant materials; nanostructures
that lower waste disposal costs; self-healing systems for extended
space missions, self-assembly, and processing in space; implants
to replace worn or damaged body parts; nanomotors; and cellu-
lar implants. In the wake of these innovations, nanoscience and
nanotechnology will transform and revolutionize life as we now
know it.
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1.2 SCALE, STRUCTURE, AND BEHAVIOR

As discussed in the previous section, nano stands for nanometer, one
billionth (107°) of a meter. This defines a length scale that is, for
these materials, important in some way, influencing their mechani-
cal, thermal, electrical, magnetic, optical, and aesthetic properties.
Before embarking on a discussion of these, it is useful to have an
idea of where nano lies in the broader scale of things.

If you ask: What is the smallest particle in matter? Most people
would reply: an atom. Atoms have a diameter of about one tenth of
ananometer. Atoms are themselves made up of units that can some-
times be thought of as particles: electrons, neutrons, and protons.
They are much smaller, about 107" meters (a femtometer) in dia-
meter, but when things get this small quantum-mechanical effects
make them fuzzy, their size ill defined, so we shall stop there. What
is the other extreme? It used to be of global scale (“the ends of the
Earth,” “poles apart”), but space exploration has changed all that,
enlarging the concept of scale to intergalactic dimensions: light-years,
just under 10,000,000 million km (10'® meters, 10 pentameters).

Figure 1.11 shows this wide range, from a femtometer at the bottom
to 100 light-years on the top. Its utility is much like that of the time
scale used by geologists in classifying rocks (5 billion years ago to
the present) or of archeologists in charting human history (500,000
BC to 2000 AD): It is a ladder on which things can be hung. Start at
the human scale. It is the one from which perception expands, one
that is built into our language. At the lower end, the diameter of a
hair (“it missed by a hair’s breadth”). The inch, originally the ell,
is the length of the lower joint of the thumb. The foot is, well, the
foot. A yard is a pace. A furlong is the length of a furrow, a league
(about 5 km) is the distance a man or a horse can walk in an hour;
thus 7-league boots take you a day’s journey at one step. Perhaps
that is why these are called Imperial units. You would not design
anything using units like these (although NASA apparently still
does). It was France, a nation that has contributed so much to
rational thinking, that gave us a system with some sense in it. The
National Assembly of the First Republic, by decree in 1790, created
the standards of length, volume, and weight that we know today as
the metric system.

The original proposal was that the meter should be some fraction
of the circumference of the Earth at the equator, but this was not
seen as sufficiently Gallic. The decisive vote went for a fraction of
the length of the meridian that passes through Paris and both poles.
The meter, then, is one ten millionth (1077) of the length of the
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FIGURE 1.11

Length scales ranging from the subatomic through

molecular, human, and terrestrial to astronomic.
The nano range is shown on the lower right.

quadrant (a quarter) of the circumference of the Earth along this
particular trajectory. A liter is the volume of a cube with an edge of
one tenth of a meter. A kilogram is the weight of one liter of water
at 4°C. Once the reformers of the First Republic got started, there
was no way of stopping them. Imperial units may have charm, but
metric units are logical, comprehensible, and (as Figure 1.11 shows)
extendable.

The tools of science allow the study of materials over this immense
range. Of the many ways in which they can be probed, the most
revealing has been the interaction with radiation. Electromagnetic
(e-m) radiation permeates the entire universe. Observe the sky with
your eye and you see the visible spectrum, the range of wavelengths
we call “light” (400-770 mm). Observe it with a detector of X-rays
or y-rays and you see radiation with far shorter wavelengths (as short
as 10~ nm, one thousandth the size of an atom). Observe it instead
with a radio telescope and you pick up radiation with wavelengths
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measured in millimeters, meters, or even kilometers, known as radio
waves and microwaves. The range of wavelengths of radiation is vast, 10
spanning 18 orders of magnitude (Figure 1.12). The visible part of
this spectrum is only a tiny part of it—but even that has entrancing
variety, giving us colors ranging from deep purple through blue,
green, and yellow to deep red.

Wavelength (m)

Objects interact strongly with radiation that has a wavelength compa- 10
rable to their size or, if they have internal structure, with the scale of
that structure. They interact in much less interesting ways with radia-
tion that has wavelengths that differ much from their structural scale.
The strong interaction gives diffraction and scattering. The analysis
of these phenomena has proved to be a tool of extraordinary power, -9
revealing the structure of the atom, the organization of atoms and
crystals and glasses, and complex organic molecules such as DNA. At
the other end of the spectrum, microwaves (radar) and waves of radio L1072
frequencies give us information about the thickness of the Arctic ice
sheet and even insight into the structure of deep space.

<—— Increasing frequency, decreasing wavelength

FIGURE 1.12
The spectrum of electromagnetic radiation, from

E-m waves are not the only way of probing materials. Acoustic 92mma to radio waves, a range of 10°. The visible
waves, too, give information about structure that is comparable portion isat/ny ‘s//verof this range. The nanoscale
to the acoustic wavelength. Here the range is narrower (see Figure overiaps z"he visible, the ultraviolet, and the long
1.13). At the lower end is extreme ultrasonic, used to probe surface X-ray regimes.

structures and to detect and image cracks and defects in castings.

Medical CT scanners use the range 1-20 MHz, giving a resolution

of a few millimeters. Bats, dolphins, and whales communicate and

locate prey using ultrasonics, 20-100 kHz. Sonar spans much of the

audible range, extending down to frequencies as low as 1 Hz, typical

of seismic waves. Nano, on the scale of Figure 1.11, lies near the

bottom. The wavelengths of the visible spectrum (Figure 1.12) lie at

the upper end of this range, so we anticipate the potential for strong

interaction of light with nanomaterials; indeed, it is this interaction

that gives opals their elusive and shifting colors, imparts hues to

butterfly wings, and allows paints that change color as you walk

past them. The ultraviolet spectrum overlaps the central part of the

range, X-rays the lower part, so these, too, interact strongly with nano-

materials, are used to study their structure, and can be exploited in

devices to manipulate them. Acoustic waves, with wavelengths that

are large compared with the nanoscale, are less useful.

This strong interaction when length scales are comparable extends
to other properties. Electric currents are carried by electrons; heat
is carried by both electrons and phonons. The resistance to both
depends on the electron or phonon mean-free path, meaning
the distance between scattering events. It is the structural length
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The acoustic spectrum from the extreme ultrasonic
fo the seismic, a range of 10°. The audible part is
a thick slice of this. The figure is based on acoustic
waves in air, velocity 350 m/s. For water, shift the
wavelength scale up relative to the frequency scale
by a factor of 3; for rock, shift it up by a factor of
10.

of the material that determines this: the finer the structure, the
shorter is the mean-free path and the higher the resistance. Mag-
netism involves domains of locally aligned magnetic moments;
the domain boundaries have a characteristic thickness, again
of atomic or nanodimensions. Optical properties, particularly,
involve scattering or diffraction, both with specific length scales.
Strength, too, is influenced by structural scale. When materials
deform—bend, twist, or stretch permanently—it is because sheets
of the atoms that make them up ratchet over each other. The
ratchet steps are fixed by the atomic size. The lower end of the
nanoscale approaches this in scale, giving, as the structural length
approaches it, increasingly strong interaction, meaning greater
strength. Brittleness (and its opposite, toughness) has a character-
istic length—that of the flaw that will just propagate at the yield
strength. The flaw size is itself related to the scale of the structure.
This intrinsic dimensionality, so to speak, of material properties
is one of the reasons for the great interest in nanomaterials. If we
can engineer the structural scale of a material (as particles, thin
layers, or the crystal size in bulk materials) in the right way, we
can influence or interact with the property length scale and thus
manipulate the property itself.

We live in a world in which everyday objects have a size—we shall call
it scale and give it the symbol L, for length—in the range of millim-
eters to meters. Scale has a profound effect on the behavior of struc-
tures made from materials. A steel tuning fork 80 mm long with arms
that are 3 mm thick oscillates with a frequency of middle C, 256 Hz.
Vibration frequencies scale as 1/L. So change the millimeters of the
tuning fork to microns and the frequency rises to 256 kHz. Change
it to nanometers and it becomes 256 MHz. This is comparable to the
clock speed of computers, stimulating the novel idea of mechani-
cal computers (not such a new idea: think of the abacus). This is an
example of scale-dependent mechanical response. Response time—
the time it takes a mechanical latch to close or a switch to switch—
scale in the same way, as 1/L; it is this that allows automobile airbag
triggers to react fast enough to save lives. Thermal response scales even
faster. The time for an object to reach thermal equilibrium when the
temperature is changed scales as 1/L? so the thermal response time
that, for mm-scale objects, is seconds or minutes becomes micro-
seconds at the micron scale and picoseconds at the nanoscale. (There
is, in reality, a limit set by the acoustic velocity that cuts in, prevent-
ing the response becoming quite that short.)

That's the big picture. Focus now for a moment on the small one:
the nano. What is so different and special about it? There is more



than one answer to that question of which the most obvious is
that of surface area. Almost all properties of the thin layer of atoms
that lie in the surface or interface of things behave in a different
way than those in the interior. Surfaces, you could say, have their
own properties. We experience this in their propensity to corrode,
to stick (or not stick) to things, or to release electrons in plasma
displays. But most of the useful properties—stiffness, strength,
thermal and electrical conductivities, magnetism—come from the
inside of atoms. At the familiar macroscale, the fraction of atoms
that lie in the surface is minuscule. At the micron scale it is still
tiny. But approach the nanoscale and it takes off (see Figure 1.14).
The combination of small scale and a large fraction of “surface”
atoms gives a property set that can be very different from that of the
bulk. It is only now being unveiled. Nanomaterials have different
mechanical, thermal, electrical, magnetic, optical, and, above all,
chemical properties than those of the bulk. They can offer strong,
wear-resistant coatings; they can change the ways in which heat
and electricity are conducted; they have the ability, through their
electrical and magnetic behavior, to store information and via their
chemical behavior to catalyze chemical reactions, distribute drugs
in the human body, and much more.

Some of this “science fiction” is already real. Much more is a
promise, but one in which considerable confidence can be placed.
As with most major innovations, there are two principle obstacles
to be overcome. The first: to develop a sufficiently deep understand-
ing of behavior to establish both the good and the bad, the benefits
and the hazards, of the nanoscale. The second is that of economics.
Nanomaterials are expensive and will remain so, at least for some
time. Finding ways to cushion the transition to economic viability
needs thought.
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CHAPTER 2

An Evolutionary Perspective

2.1 A BRIEF HISTORY OF MATERIALS

Our species, Homo sapiens, differs from others most significantly,
perhaps, in its ability to design and make things. Making implies
the use of materials. Materials have enabled the advance of mankind
from its earliest beginnings; indeed, the ages of man are named
after the dominant material of the day: the Stone Age, the Copper
Age, the Bronze Age, the Iron Age (Figure 2.1). If you have seen the
movie 2001: A Space Odyssey, you might remember one of the first
scenes, in which prehistoric humans fight using animal bones. It is
known that the tools and weapons of prehistory, 300,000 or more
years ago, were bone and stone. Stones, particularly flint and quartz,
could be shaped for tools; these materials could be flaked to
produce a cutting edge that was harder, sharper, and more durable
than any other material that could be found in nature.

Gold, silver, and copper, the only metals that occur in native form,
must have been known from the earliest times, but the realization
that they were ductile, could be beaten into complex shapes, and,
once beaten, could be hardened seems to have occurred around
5500 BC—almost 300,000 years after the time stone and bone were
first used. By 4000 BC there is evidence that technology to melt
and cast these metals had developed, allowing more intricate
shapes. However, metals in native form, such as copper, are not
abundant. Copper occurs in far greater quantities as the minerals
azurite and malachite. By 3500 BC, kiln furnaces, developed for
pottery, could reach the temperature required for the reduction of
these minerals, making copper sufficiently plentiful to usher in the
Copper Age. But even in the deformed state, copper is not all that
hard. Poor hardness means poor wear resistance; therefore copper
weapons and tools were easily blunted.

Nanomaterials, Nanotechnologies and Design
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FIGURE 2.1

The materials timeline. The scale is nonlinear, with big steps at the bottom, small ones at the top. A star (%) indicates the date at which an
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element was first identified. Labels with no stars give the date at which the material became of practical importance.



Sometime around 3000 BC the probably accidental inclusion of a
tin-based mineral, cassiterite, in the copper ores provided the next
step in technology: the production of the alloy bronze, a mixture
of tin and copper. Tin gives bronze an additional hardness that pure
copper cannot match, allowing the production of superior tools
and weapons. This discovery of alloying and solid solution strength-
ening—the hardening of one metal by adding another—was of
such importance that it, too, became the name of a new era: the
Bronze Age.

“Old-fashioned” sounds like 20" century vocabulary, but the phe-
nomenon is as old as technology itself. The discovery, around 1450
BC, of ways to reduce ferrous oxides to make iron, a material with
greater stiffness, strength, and hardness than any other then avail-
able, rendered bronze old-fashioned. Iron was not entirely new;
tiny quantities existed as the cores of meteors that had impacted
the Earth. The oxides of iron, by contrast, are widely available,
particularly hematite, Fe,O;. Hematite is easily reduced by carbon,
although it takes high temperatures, close to 1100°C, to do it. This
temperature is insufficient to melt iron, so the material produced
was a spongy mass of solid iron intermixed with slag; this was
reheated and hammered to expel the slag and then forged into the
desired shape.

Iron revolutionized warfare and agriculture; indeed, it was so desir-
able that at one time it was worth more than gold. The casting of
iron, however, was a more difficult challenge, requiring temper-
atures around 1600°C. Two millennia passed before, in 1500 AD,
the blast furnace was developed, enabling the widespread use of
cast iron. Cast iron allowed structures of a new type; the great
bridges, railway terminals, and civic buildings of the early 19*
century are testimony to it.

But it was steel, made possible in industrial quantities by the
Bessemer process of 1856, which gave iron its dominant role in
structural design that it still holds today. The demands of the
expanding aircraft industry in the 1950s, with the development of
the jet engine, shifted emphasis to light alloys (those of aluminum,
magnesium, and titanium) and to materials that could withstand
the extreme temperatures of the jet combustion chamber. The
development of superalloys—heavily alloyed iron- and nickel-
based materials—became the focus of research, delivering an
extraordinary range of alloys able to carry loads at temperatures
above 1200°C. The range of their applications expanded into other
fields, particularly those of chemical and petroleum engineering.

A Brief History of Materialsa



mCHAPTER 2 An Evolutionary Perspective

Though the evolution of metals is interesting, the history of poly-
mers is rather different. Wood, of course, is a polymeric composite,
one used for construction from the earliest times. The beauty of
amber (petrified resin) and of horn and tortoise shell (the polymer
keratin) attracted designers as early as 80 BC and remained attrac-
tive into the 19" century. (In London there is still a Horners’ Guild,
the trade association of artisans who worked horn and shell.)
Rubber, brought to Europe in 1550, was already used in Mexico for
the Mayan ball game Pok-a-Tok. Rubber grew in importance in the
19" century, partly because of the wide spectrum of properties
made possible by vulcanization—cross-linking with sulfur that
produced materials as elastic as latex and as rigid as ebonite.

The real polymer revolution, however, had its beginnings in the
early 20" century with the development of Bakelite, a phenolic, in
1909 and synthetic butyl rubber in 1922. This was followed in
mid-century by a period of rapid development of polymer science.
Almost all the polymers we use so widely today were developed in
a 20-year span from 1940 to 1960, among them the bulk commod-
ity polymers polypropylene (PP), used for food containers; poly-
ethylene (PE), used for children’s toys; polyvinyl chloride (PVC),
used for pipes and fittings; and popyurethane (PU), used for foams
and car dashboards, the combined annual tonnage of which now
approaches that of steel. Designers seized on these attributes—
cheap and easily molded to complex shapes—to produce a spec-
trum of brightly colored, cheerfully ephemeral products. Design
with polymers has since matured; they are now as important as
metals in household products, automobiles, and, most recently, in
aerospace. The polymers of transport and aerospace are, however,
more complex than “pure” polymers because they do not have the
stiffness and strength these applications demand. They are polymer-
matrix composites, reinforced with fillers and fibers.

Composite technology is not new. Straw-reinforced mud brick is
one of the earliest of the materials of architecture and remains one
of the traditional materials for building in parts of Africa and Asia
even today. Steel-reinforced concrete—the material of shopping
centers, road bridges, and apartment blocks—appeared just before
1850. Reinforcing concrete with steel to enhance the tensile strength
where previously it had none was easy. Reinforcing metals, already
strong, took much longer, and even today metal matrix composites
are few. But polymers, with many attractive properties but lamen-
table stiffness, got scientists thinking. The technology for making
glass fibers had existed since 1880, when it was used to make “glass
wool” insulation. Glass wool, or better, woven or layered glass



fibers, could be incorporated into thermosetting polyesters or
epoxies, giving them the stiffness and strength of aluminum alloys.
By the mid-1940s glass fiber reinforced polymer (GFRP) compo-
nents were in use in the aircraft industry. The real transformation
of polymers into high-performance structural materials came with
the development of aramid and carbon fibers in the 1960s. Incor-
porated as reinforcements, they give materials with performance
(meaning stiffness and strength per unit weight) that exceeded that
of all other bulk materials, earning their now-dominant position
in the creation of sports equipment and in aerospace.

The period in which we now live might have been named the Poly-
mers and Composites Era had it not coincided with a second revo-
lution: that of silicon technology. Silicon was first identified as an
element in 1823 but found few uses until the 1947 discovery that,
when doped with tiny levels of impurity, it could act as a transistor.
The discovery created the fields of electronics, mechatronics, and
modern computer science, revolutionizing information storage,
access, and transmission; imaging; sensing and actuation; numeri-
cal modeling; and much more. So we live in what is rightly called
the Information Age, enabled by the development of transistor-
grade silicon.

The 20" century saw other striking developments in materials tech-
nology. Superconduction, discovered in mercury and lead when
cooled to 4.2°K (-269°C) in 1911, found no applications outside
scientific research. But in the mid-1980s, two physicists at the IBM
research center in Zurich discovered a complex oxide containing
barium, lanthanum, and copper that was superconducting at 30°K.
This triggered a search for superconductors with yet higher transi-
tion temperatures, leading, in 1987, to a material with a transition
temperature above 98°K, the temperature of readily available liquid
nitrogen, making applications practical.

In the last two decades, the area of biomaterials has developed
rapidly. Implanting materials in or on the human body was not
practical until an aseptic surgical technique was discovered in the
late 1800s. In addition, when nontoxic metal alloys were intro-
duced, they tended to fracture in service. It was not until the develop-
ment of polymer-based systems and, subsequently, with a new
wave of discoveries in cell biology, chemistry, and materials science,
that synthetic biomaterials became a reality.

During the late 20™ century it was realized that the behavior of
materials depended on scale and that the dependence was most
evident when the scale was that of nanometers. Although the term

A Brief History of Materialsﬂ
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FIGURE 2.2

The coming of the Nano Age. Image of a
nanoparticle composed of platinum and cobalt and
obtained from an aberration-corrected scanning-
transmission electron microscope. Note the scale
bar and the small dimensions of the nanoparticle.
Each dot on the nanoparticle corresponds to an
atomic column imaged in projection. (Courtesy of
P. J. Ferreira, University of Texas at Austin; L. F.
Allard, Oak Ridge National Laboratory; Y. Shao-
Homn, MIT)

nanoscience is new, some of the technology is not. For example,
nanoparticles of carbon have been used for the reinforcement of
tires for over 100 years, nanoscale proteins have been part of vac-
cines since the early 20th century, and nature’s own nanotechnol-
ogy, such as photosynthesis, has been around for millions of years.
The ruby-red color of stained glass, known and used in the Middle
Ages, is due to the presence of gold nanoparticles trapped in the
glass matrix (see the next section). The decorative glaze known as
luster, also found on medieval pottery, is the result of special optical
properties provided by the gold nanoparticles. However, modern
nanotechnology gained prominence with the discovery of various
forms of carbon, such as the Cq, molecule and carbon nanotubes.
Simultaneously, with the advance of analytical tools capable of
resolving and manipulating matter at the atomic level, scientists
started asking: What if we could build things the way nature does,
atom by atom and molecule by molecule? This approach involves
molecular manipulation and molecular engineering in the context
of building molecular machines and molecular devices with atomic
precision.

We are now entering a new era—that of the nano (see Figure 2.2).
The rate of development of new metallic alloys and new polymers
is slowing. Much research is now focused on making the ones we
have already got more reliably, more cheaply, and particularly with
less damage to the environment. However, the drive for ever better
and more exciting properties remains. The nanoroute appears, to
many to be the most promising way forward.

If we now step back and view the timeline of Figure 2.1 as a whole,
clusters of activity are apparent; there is one in Roman times, one
around the end of the 18" century, one around 1940. What was it
that triggered the clusters? Scientific advances, certainly. The late 18™
and early 19™ centuries were a time of rapid development of inor-
ganic chemistry, particularly electrochemistry, and it was this surge
that allowed new elements to be isolated and identified. The mid-
20" century saw the birth of polymer chemistry, an understanding
that enabled the development of the polymers we use today.

But there might be more to it than that. Conflict stimulates science.
The first of these two periods coincides with that of the Napoleonic
Wars (1796-1815), a time in which technology, particularly in
France, developed rapidly. And the second was that of the Second
World War (1939-1945), in which technology played a greater part
than in any previous conflict. One hopes that scientific progress and
advances in materials are possible without conflict. The competitive
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drive of free markets appears to be an equally strong driver. It is
interesting to reflect that more than half of all the materials scientists
and engineers who have ever lived are alive today, and all of them
are pursuing better materials and better ways to use them. Of one
thing we can be certain: There are many more advances to come.

2.2 NANOMATERIALS AND
NANOSTRUCTURES IN NATURE

The timing of life arising on Earth was around 3.8 billion years ago
(see Figure 2.3). Since then life has learned to reproduce, live under
extreme toxic conditions, transform sunlight into oxygen, live
underwater, fly, and eventually think, talk, and show emotions. As
humans, we have constantly tried to supersede and control nature.
However, so far we have spent little time trying to do things the
way nature does. In other words, humans have not shown interest
or been too proud to mimic or at least have not been motivated
by nature’s millions of years of evolution. This is somewhat strange,
because nature is undoubtedly the most experienced and tested
laboratory ever available to us and capable of making sophisticated
materials, capturing energy, self-healing, and storing information
with incredible efficiency. Interestingly, most of what nature does
takes place at the nanoscale.

Perhaps the best-known biological example of such molecular
machinery is the ribosome, which is a remarkable nanoscale assem-
bler. The role of the ribosome is to act as a factory of proteins by
combining amino acids together in a very specific order. A typical
ribosome is located in an aqueous solution surrounded by thou-
sands of solutes. The work is difficult. The ribosome must identify
among 60 possible options a specific transfer RNA, a task that
demands precision at the nanoscale (Figure 2.4). In this fashion, the
ribosome machine can assemble proteins at a frequency of 20 Hz
and an error rate of 107, Thus, ribosomes can manufacture, with an
accuracy greater than 99.9%, linear strings of aminoacids of great
length, which then produce three-dimensional protein structures.

Another beautiful example of the role of nanostructures in the
world'’s daily routine is photosynthesis. Every green plant and pho-
tosynthetic bacteria can take carbon dioxide, water, and sunlight
(the fuel) and transform them into oxygen and sugar, a process that
is accomplished with an amazing efficiency of around 95%. In the
case of green plants, everything happens inside the so-called chlo-
roplasts. These units, which are responsible for the green color of

(Billions of years)
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Oxygen rises in
atmosphere

Age of plants and
animals
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lost to space?

FIGURE 2.3

Earth’s clock of life. (Adapted from Peter D. Ward
and Donald Brownlee, The Life and Death of
Planet Earth: How the New Science of Astrobiology
Charts the Ultimate Fate of Qur World, Times Book
Publisher, 2003,)
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The ribosome assembler first selects from among
60 possible transfer RNAs (tRNA) one that allows
a particular amino acid to bind into the key
(Condon) of the messenger RNA (mRNA). The
ribosome continues to assemble in this fashion
until a particular protein is produced. (Adapted
from P. Ball, Designing the Molecular World:
Chemistry the Frontier, Princeton University Press,
1994.)
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Structure of a chloroplast. The thylakoid disks
contain nanoscale pigments that convert light
energy into chemical energy. (Adapted from
Interagency Working Group on Nanoscience,
Engineering and Technology, National Science and
Technology Council Committee on Technology,
“Nanotechnology: Shaping the World Atom by
Atom,” Sept. 1999.)

FIGURE 2.6 An abalone shell consists of
platelets of calcium carbonate forming a layered
structure and separated by a protein sheet 20 nm
thick. (Courtesy of Nan Yao, Princeton Materials
Institute.)

plants, exist by the millions in the leaves. Inside each chloroplast are
many disks, called thylakoids, which are stacked on top of each other
(see Figure 2.5). These thylakoids are fluid-filled sacs containing in
their skin light-sensitive pigments. Hence, when sunlight reaches
these chloroplasts, the light-sensitive pigments collect the photons
and direct them to the photosynthetic reaction centers, which are
also embedded in the thylakoid's skin. Each reaction center is com-
posed of approximately 10,000 atoms and 200 pigments. Further-
more, at every reaction center, there are two highly light-sensitive
pigments that execute the actual photon absorption.

Within the pigments, electrons become excited when they absorb
the energy of the sun. This initiates a chain reaction whereby water
is dissociated, oxygen and hydrogen ions are released, and carbon
dioxide is turned into sugar. Although difficult to believe, the
process of photosynthesis produces approximately 300 billion tons
of sugar per year, a massive industrial operation. So why is it so
difficult to reproduce the photosynthesis process? Because the
10,000 atoms in the reaction center are configured in such a way
that excited electrons can jump from molecule to molecule without
decaying to the old orbital. As a result, photosynthesis moves elec-
trons to the outside of the thylakoid membrane, leaving positively
charged ions inside. In other words, a battery powered by the sun
is formed, generated by the membrane potential, which is then
used to drive chemical reactions. Mimicking this configuration is
still an immense challenge.

Another good example of natural nanostructures is the abalone, a
marine mollusk, which is served in upscale restaurants. The mollusk
builds the shell from traditional materials, namely calcium carbon-
ate (CaCO;) and a protein, forming a layered nanocomposite that
is strong and resilient. Looking at the shell under an electron micro-
scope at high magnifications, the shell looks like a brick wall, with
calcium carbonate “bricks” separated by the protein “mortar,”
which acts as the “glue” (see Figure 2.6). The formation of the
abalone shell starts with the secretion of proteins, which self-
assemble into “room walls” with a distribution of negatively
charged sites.. Inside each “room” there is seawater filled with
calcium and carbonate ions, which are attracted to the walls and
eventually form crystals of CaCO;. The end result is a shell that
exhibits twice the toughness of our best high-tech ceramics.

The reason behind these outstanding mechanical properties is
the layered architecture composed of the protein material, with
nanoscale thickness, and the ceramic calcium carbonate. Under
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applied stress, any crack in the shell can readily propagate through
the ceramic material, but it will be deflected on contact with the
protein material. Therefore, instead of a brittle material in which
cracks can rapidly move without stopping, the shell of the abalone
behaves as a ductile material.

One other quite talented mollusk is the mussel (see Figure 2.7).
When these animals want to feed or reproduce, they move to tidal
waves. Due to the inherent turbulence of ocean waves, mussels need
to use a waterproof adhesive to anchor themselves to a solid surface,
to overcome the forces created by the waves. Clearly, this is not an
easy task, since we know how difficult it is to have an adhesive or
glue that sticks under water. So, how do mussels do it?

A closer look at an anchored mussel reveals the presence of trans-
lucent filaments extending from the soft body toward the solid
surface (see Figure 2.8). These filaments, called byssus, exhibit at
their ends a foamy plaque, which is used to attach the mussel to
the solid surface. The mussel starts the anchoring process by press-
ing the end of its foot on a solid surface to push the water away.
Because it cannot repel all the water, the mussel attaches itself to a FIGURE 2.7

single point, then builds a loose structure, enclosing the water. In  Mussel anchored to a surface by filaments called
fact, it secretes a protein and forms a long vertical groove, which is  byssus. (Courtesy of Mieke C. van der Leeden, TU Delft)
under vacuum and acts as a mold for the following step. Next, the

mussel sends out a series of proteins that self-assemble and harden, Mussel
forming the plaque and the thread. Still in the vacuum space, the T
mussel then secretes liquid proteins that harden into a very strong

adhesive, gluing the plaque to the solid surface. From a structure
point of view, the filaments are quite interesting. The thread exhib-
its a concentration gradient of various proteins along its length,
showing a rubbery-type behavior near the mussel and stiffer prop-
erties close by the plaque. The plaque itself is a solid foam that can
easily expand and contract during tidal cycles without breaking.

As with mussels, geckos (a type of lizard) have an extraordinary
ability to adhere to a surface. They can stick to walls or ceilings,
even on a single toe (see Figure 2.9). This behavior is due to keratin
hairs, 200 nm in diameter, that cover their feet. Each hair produces
a very small force of 107 N (due to Van Der Waals interactions).
However, half a million of these tiny hairs produce an extremely
strong adhesive force, as high as 10 N/cm?. The hairs can readily
bend to conform to the topography of a surface, which allows gicuRE 2.8
geckos to stick to even flat surfaces such as glass. The connection  gonematic view of the byssus structure. The
breaks when the gecko shifts its foot enough to change the angle  irgaq is rubbery-like near the mussel and stiffer
between the hairs and the surface. This discovery has launched ¢jose by the plague. The plaque is a solid foam.
(Adapted from Mieke C. van der Leeden, TU Delft,)

Adhesive



mCHAPTER 2 An Evolutionary Perspective

FIGURE 2.9

The base of geckos’ feet is covered by half a
million keratin hairs, 200 nm in diameter. (Daniel
Heuclin, above and middle; Andrew Syrea/Photo
Researchers Inc, top.)

several research groups into developing tapes based on the
gecko adhesive force. In one example, the tape is made by micro-
fabrication of dense arrays of flexible plastic pillars, the geometry
of which is optimized to ensure their collective adhesion (see
Section 10.4).

Now imagine a material capable of catching an airplane traveling
at cruise speed. Although at a very different scale, a spider web (see
Figure 2.10) has such energy-absorbing properties, enabling the
capture of flying insects at high speeds. It turns out that the secret
behind the combined strength and flexibility of a spider web lies
in the arrangement of nanocrystalline reinforcements embedded in
a polymer matrix. A closer look at the spider web microstructure
reveals the existence of strongly oriented nanocrystals, which adhere
to the stretchy protein that composes their surrounding polymeric
matrix. In other words, the spider web is a nanocomposite material
composed of relatively stiff nanocrystals dispersed within a stretchy
matrix that is now stronger and tougher.

The spider web starts as raw silk (a liquid protein) secreted by a
gland. The protein is then pushed through channels at the spider’s
back end. What emerges is a water-insoluble, highly ordered fiber
with outstanding mechanical properties. Although this process is
not fully understood, it is believed that the raw silk transforms into
a liquid crystal phase just before entering the channels, whereas the
passage through the channels aligns the molecules, which are
anisotropic in nature.

Following the properties exhibited by spider webs, several research
groups have been trying to develop materials capable of emulating
this nature’s marvel. Recently, a group at MIT has focused on
developing a commercial polyurethane elastomer (a rubbery sub-
stance) reinforced with nano-sized clay platelets. These molecular
nanocomposites are likely to be good candidates for lightweight
membranes and gas barriers due to the fact that the nano-sized
clay platelets enhance the mechanical and thermal properties. In
addition, materials based on the characteristics of spider webs are
suitable for body-armor components, thin and strong packaging
films, and biomedical devices.

If you've ever observed two rhinos fighting with each other, you
were probably impressed by the properties exhibited by their horns.
Despite the enormous forces involved when the animals clash, the
horns remain intact without fracturing. The reason for this is the
presence of keratin, a fibrous protein that is also present in hair and
fingernails and that is self-assembled into a very specific structure.
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The horn is a composite made of two types of keratin. One type is
in the form of tubules that are densely packed (see Figures 2.11 and
2.12). These tubules, which range from 300 to 500 pm, comprise
around 40 layers of cells. Surrounding these tubules is another type
of keratin that is continuous and acts as a matrix. Because the
matrix and the tubules are the same material, the interfacial strength
is very good, which leads to a rigid material that is very tough to
break. Following this concept, there is now great interest in emulat-
ing these horn structures at the nanoscale by designing materials
with nanotubules embedded in a matrix. In other words, this
approach is not very different from dispersing nanowires or nano-
tubes in a polymer matrix.

Another remarkable property of natural materials is their ability to
self-repair and adapt to the environment. This is crucial for
efficiency and, ultimately, survival of the fittest. By contrast syn-
thetic materials rarely exhibit this property. Therefore, producing
materials capable of repairing cracks, restoring functions, or self-
producing is still a challenge that nanotechnology can help meet.
Two interesting examples of natural materials that exhibit self-
healing properties are bone and skin.

Bone is essentially a composite material formed by an organic matrix
(collagen) and reinforced by mineral particles (apatite). The collagen
is in the form of fibrils of about 100 nm in diameter and 5-10 um
long that consist of an assembly of 300 nm long and around 1.5 nm
thick. The apatite are platelike crystals with a thickness around 1.5-
4.5 nm that fill the collagen fibrils. The collagen fibrils are separated
by extrafibrillar material, which consists of extrafibrillar collagen and
apatite that coats the fibrils (see Figure 2.13).

The remarkable result of this hierarchical configuration is that the
bone can hold weight and toughness to absorb energy and not
break into small fragments (see Figure 2.14). When subjected to a
load, the whole bone deforms to different degrees. In fact, the
tissue, fibrils, and mineral particles absorb successively lower levels
of strain, in a ratio of 12:5:2. Although the mechanisms of defor-
mation are not fully understood, it seems that the interface between
the extrafibrillar matrix and the collagen fibrils breaks and reforms
under load, providing a way for damage repair at the molecular
scale. On the other hand, the hard nanoparticles of apatite are
shielded from excessive loads, although they can achieve strains of
0.15-0.2%, which is twice the fracture strain of bulk apatite.

Bone is also capable of constant remodeling, eliminating
damaged bone and replacing it with new material. Strain sensor
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FIGURE 2.11

Microstructure of a white rhinoceros horn. The
horn tubules, surrounded by the intertubular
matrix, act as a composite material. (Courtesy of
Tobin Hieronymus et al., Ohio University.)
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FIGURE 2.12

Schematic three-dimensional view of a white
rhinoceros horn, where the various components of
the composite material forming one horn lamina
are indicated. Each horn tubule is composed of the
cortex and meaullary cavity, which is surrounded
by melanized and non-melanized intertubular
matrix. (Courtesy of Tobin Hieronymus et al. Ohio
University.)
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Hierarchical structure of bone. The yellow
regions are the collagen fibrils and the red plates
are the apatite crystals. The multidimensional
configuration of the various bone components

is crucial for efficient load transfer. Typically,

the strain decreases from the tissue level to the
mineral particle level by a factor of 6. (Courtesy
of Himadri Gupta et al. Max Planck Institute of

Colloids and Interfaces.)
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cells (osteocytes) associated with the bone tissue first detect mate-
rial that has been subjected to large deformations and damaged.
Subsequently, these sensors send information to a group of cells
that will remodel the old bone and form a new one. However, by
far the most striking property of bone is its capacity to self-heal a
fracture. Typically, a broken bone starts by experiencing a cut in the
blood supply, and cells die. This process cleans up the area of dead
material before reinitiating the blood supply and sending stem
cells. These cells are a precursor to cells that eventually will produce
cartilage, fibrous tissue, and new bone (Figure 2.14).

The skin is also an outstanding self-healing system. How many
times through life have you had your wounds completely regener-
ated? The wound-healing process starts with the formation of a
blood clot on the wound to avoid unwanted chemicals from
penetrating healthy tissue. Subsequently, a network of capillaries
forms, with diameters around 8-10 pm, to supply nutrients through
the blood and accomplish cell division and cellular growth.

Inspired by these ideas, researchers at the University of Illinois have
recently developed self-healing materials that consist of a micro-
encapsulated healing agent and a catalyst distributed throughout a
composite matrix. If the material cracks, microcapsules will break
and release a healing agent. The healing agent will react with the
catalyst to repair the damage. This is similar to the case in which a
cut in the skin triggers blood flow to promote healing.

To create these materials, the researchers begin by building a scaf-
fold, which consists of polymeric ink in the form of continuous
filaments in three dimensions. Once the scaffold has been pro-
duced, the ink filaments are embedded with a resin. After curing,
the resin is heated, turning the ink into a liquid. The ink is then
removed, leaving behind a substrate with a network of micro-
channels. Finally, an epoxy coating is deposited on the substrate
while the network of microchannels is filled with a liquid healing
agent. Under these conditions, when a crack forms, it propagates
until it finds one of the fluid-filled microchannels. At this point,
the healing agent moves from the capillary into the crack, where it
interacts with the catalyst particles and repairs the damage.

Last but not least, we ought to discuss the human brain. It is defi-
nitely the most incredible piece of machinery we have encountered
so far. It allows us to think and even dream. We have tried to
emulate or surpass the human brain with the development of
computers. However, we now know that computers are nothing like
our brains. Brains are essentially carbon; computers are mainly
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silicon. The brain’s neurons have thousands of connections (see
Figure 2.15); a computer’s transistors have a few. The brain expends
107"° Joules per operation, whereas a computer expends 107" Joules
per operation.

But the major difference is that brains compute with molecules that
“work” together and produce a result, instead of the “on” and “off”
switches used by computers. And the reason for this distinct behav-
ior is that carbon can establish a large variety of bonds with other
atoms and thus can form many molecules of different shapes. On
the other hand, silicon tends to be less flexible in bonding and thus
cannot assume many shapes, as carbon does. The shape of mole-
cules is crucial in identifying other species and deciding what to
do, whether joining, separating, or passing messages across. In
other words, each neuron is a computer controlled by nanoscale
components.

2.3 NANOMATERIALS IN ART AND
CULTURAL HERITAGE

Examples Found in Art

In the opening of this chapter, we noted that the ruby-red color of
many stained-glass windows from the Medieval era was a conse-
quence of embedded nanoscale metallic particles within the glass
(see Figure 2.16). These rich colors in stained glass, like the metallic
sheens associated with naturally embedded nanoparticles in many
ceramics, were appreciated and highly valued by artisans, patrons,
and laymen alike. Stained-glass artisans sometimes treasured small
vials of materials that we know were metallic oxides, obtained from
special mines and handed down within their families with careful
instructions on how to work with them. As we will see later in this
chapter and in Section 7.5, when the size of material particles is
reduced to the nanoscale, optical properties—particularly color—
can be dramatically affected. In such cases, the wavelength of light
is very close to the size of the particles themselves, which causes
the way that color is reflected, scattered, or absorbed to be depen-
dent on the size and shape of the nanoparticles themselves.

There was no scientific understanding of these phenomena at the
time, nor were there deliberate attempts to produce what we now
know as nanomaterials. Early knowledge relied on craft-based trial
and error to achieve effects. It was known, for example, that the
introduction of certain materials from specific mines and according
to empirically understood methods did indeed produce rich colors
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FIGURE 2.14

Different phases in bone fracture healing. Upon
fracture, the broken bone is initially restored by a
blood clot. After removal of dead bone fragments,
the healing process sets in with the formation of
primitive bone tissue ordered by precursor cells.
Finally, the cells that produce cartilage and fibrous
tissue take over and produce new bone.

FIGURE 2.15

Network of neurons. It is estimated that a human
brain contains around 100 billion neurons, each
one with thousands of connections.
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FIGURE 2.16

Window from Chartres Cathedral. The intense
colors of many Medieval stained-glass windows
resulted from nanosized metal oxide particles
added to the glass during the fusion process.

in glass. Metallic compounds (which we now know were cobalt
oxide) from mines in Bohemia were added during the fusion
process to achieve the deep blues so widely admired in the glass at
Chartres Cathedral. Likewise, the intense ruby-colored stained glass
is now known to have been obtained from the dispersion of solid
silica particles or of nanosized gold particles within the glass. We
must keep in mind, however, that not all interesting color pheno-
mena are a result of embedded nanomaterials.

One of the most interesting specimens is the Roman-era Lycurgus
cup. Roman glassware has often been used to characterize the
material cultural achievements of the late Roman Empire. Glass-
producing techniques were highly developed, and workmanship
was superb. In the Lycurgus cup, now housed in the British Museum,
the 324 AD victory of Constantine over Licinius in Thrace was
represented through the death of an enemy of Dionysius, Lycurgus,
who is shown being overcome by vines. The most remarkable char-
acteristic of this goblet is that under normal external lighting condi-
tions the glass appears green, but when lighted from within, it
assumes a strong red color (see Figure 2.17).

The Lycurgus cup has now assumed an almost iconic status in
the nanomaterial field as an early example of the surface plasmon
phenomenon, in which waves of electrons move along the surface
of metal particles when light is incident onto them (see Section
7.5 for a detailed description of the surface plasmon phenome-
non). Analyses have demonstrated that the glass in the Lycurgus
cup contains rather small amounts of gold powder embedded
within it (on the order of 40 parts per million). These tiny metal-
lic particles suspended within the glass matrix have diameters
comparable to the wavelengths of visible light. As a consequence,
a form of plasmonic excitation (an oscillation of the free elec-
trons at the surface of a metal particle at a certain frequency) can
occur. Light reflections are enhanced as the waves are highly
absorbed and scattered, reducing transmission. This absorption
has an orientational dependence. Interestingly, other colors aside
from the red and green seen in the Lycurgus cup could be
achieved by altering metal particle sizes. In the cup, however,
color properties depend primarily on reflection when the light is
external to the cup and on absorption and transmission when
the light source is internal.

Many Medieval and Renaissance ceramics have surfaces char-
acterized by a remarkable iridescent metallic shine (see Figure 2.18).
This form of ceramic decoration, a type of luster, appeared in the



Nanomaterials in Art and Cultural Heritagea

Middle East in the ninth century or before and subsequently spread
through Egypt, Spain, and other countries. A particularly fine period
of development occurred in Spain with Hispano-Moresque ware, a
glazed ceramic made by Moorish potters largely at Mdlaga in the
15" century and later at Manises near Valencia in the 16" century.
To produce this type of lusterware, a glaze was first applied over a
design and the piece fired to produce a thin, hard coating. Glazes
were based on dry powdered minerals or oxides, which commonly
included tin and copper. After the first firing, the luster coating,
consisting of metallic pigments (normally copper or silver com-
pounds) mixed with clays, was brushed on over the glaze. Then the
piece was fired again but at a lower temperature and within a reduc-
ing atmosphere (a condition whereby a reducing agent chemically
causes a change in a material with metallic compounds to a metal-
lic state by removing nonmetallic constituents as it is itself oxidized
by donating free electrons). Afterward the piece was cleaned and
polished to reveal the resulting metallic sheen.

Later examples include the “tin-glazed” pottery of 15" and 16™
century Italy and the “copper glazed” lusterware porcelains of
Wedgwood in early 19" century England. Several studies of medi-
eval lusterware via transmission electron microscopy (TEM) have
been undertaken to understand the composition and microstruc-
ture of luster. Results have clearly indicated that various luster
characteristics can be described in terms of the presence of dif-
ferent levels of silver or copper nanoparticles within the glassy
matrix. The associated surface plasmon effects (described previ-
ously) cause the appealing metallic sheen to develop. Again,
though the artisans producing lusterware lacked an understand-
ing of the chemical processes that achieved the optical effects and
were unaware that their empirical processes led to the creation
of nanoparticles, the craft-based development of the requisite
knowledge was remarkable.

Similarly intriguing was the development of the beautiful blue
paint found in the murals and pottery of the ancient Mayan world
(see Figures 2.19 and 2.20). The Mayan blue has long been admired
for its marvelous color qualities as well as its inherent resistance to
deterioration and wear over long periods of time. Various natural
alkalis, oxidants, mineral acids, and other agents seem to have little
effect on the blue paint of the Maya. Unlike the blues of Europe
and Asia, largely based on ground lapis lazuli, the origin of the
Mayan blue was likely a dye known as anil, which is found in pre-
Columbian textiles and is obtained from a local plant to produce
indigo. Normal indigo, however, is not acid resistant and its use

FIGURE 2.17 The Lycurgus cup looks green
when light shines on it but red when a light shines
inside it. The cup contains gold nanoparticles.
(Courtesy of the British Museum.)
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FIGURE 2.18
Medieval lusterware, circa 16" century, Manises,

Spain. The glaze was made by firing metal oxides.

FIGURE 2.19

Detail of Feathered Serpent from a wall painting
at Cacaxtla, Mexico. (Courtesy of Barbara Fash,
Peabody Museum, Harvard University.)

would not in itself account for the many interesting properties of
Mayan blue. A predominant presence of palygorskite clays in the
paint that were found to have a plate- or needle-shaped internal
structure have been identified.

Within these clays very small amounts of impurities (iron -Fe,
manganese -Mn, chromium -Cr) were also found. The host clays
appear to have originated in a mine near Merida (and were subse-
quently heated to high temperatures), whereas the embedded
impurities came from the anil plant used to make the indigo. Most
of these impurities were in metallic states. Some oxidized elements
were near the surface. Detailed studies have been made of these
materials (see Figures 2.21 and 2.22). Interestingly, even minor
amounts of nanosized particles in the impurities can be expected
to have significant effects on optical properties due to the surface
plasmon excitation effects.

The particular blue color thus results from the exact type of absorp-
tion curve present, which is in turn influenced by the exact size,
shape, and dispersion of the nanoparticles. These effects, along
with those from the oxide metals, appear to help account for the
strong blue color. Meanwhile, it is the intercalation (insertion of
foreign atoms into the crystalline lattice of another material) of
indigo molecules within the clay that may account for the corrosion
resistance exhibited by the paint. Thus, the interesting properties
of the final product result from a complex sequence of circum-
stances involving naturally occurring nanomaterials. Like the glass
and ceramics examples described earlier, the process developed by
Mayan artisans did not involve an understanding of chemistry or
nanomaterials as we know them today but rather a persistent search
in visual effects in the service of fine art.

Conservation

Conservation and restoration of works of art and other forms of
cultural heritage have been a constantly evolving pursuit in which
nano-based techniques play increasingly valuable roles (see Figures
2.23 and 2.24). A great number of factors can play a role in the
degradation of artworks. For instance, microbial growth can have a
range of detrimental effects on various media. Significant damages
can be inflicted on both paintings and sculptures by the many pol-
lutants in the atmosphere. The problem of nitric oxides in polluted
atmospheres slowly degrading the surfaces of marble statues and
marble buildings from ancient times is well known. In wood arti-
facts, acids can cause degradation of the cellulose structure present.
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Paintings that are exposed to air and elements can become covered
with foreign particles that change visual appearances and begin to
act mechanically on the artifact. The paint itself as well as the sub-
strate that has been painted on can begin to crack. There can be a
loss of cohesion between paint layers on various media. Particles
can flake off.

Among the greatest of our cultural treasures are Medieval wall paint-
ings done in the fresco technique. They adorn many Medieval build-
ings, particularly in Italy. In the buon fresco method, pigments mixed
with water were applied to freshly placed and still-wet lime mortar
after initial carbonation, thus embedding the pigments well into
mortar (or, more precisely, into the crystalline structure of the newly
formed calcium carbonate). Paintings not only had marvelous color
and visual qualities, they were quite stable as well. With time,
however, salts can begin migrating through pore structures in the
mortar due to dampness and other reasons, and salt crystallization
can occur. The consequence is that severe degradation can occur in
the form of flaking of paint layers or powdering of colors. Deeper
damage can occur to the overall porous structures as well. Damaging
salts or particulates can also come from wind-blown sources.

FIGURE 2.20

Mayan wall painting from Cacaxtla, Mexico. The
intense blue results from an amorphous Silicate
substrate with embedded metal nanoparticles
and oxide nanoparticles on the surface. (Courtesy
of Barbara Fash, Peabody Museum, Harvard
University.)

FIGURE 2.21
(Left) Metallic and oxide particles on SiO, support
and (right) an atomic resolution image of a particle
showing its cubo-octahedral shape. (Courtesy of J.
Yacaman, et al,)

FIGURE 2.22
Showing a superlattice period of about 1.4 nm.
(Courtesy of J. Yacaman, et al.)

Image of a palygorskite crystal
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Conservation work was carried out in the 1970s
using the Ferroni-Dini method for cleaning from
sulfatation and consolidation of frescoes. Pre-
and post-restoration images under raking light.

According to undocumented tradition, the face of
the saint is a self-portrait of the artist, Beato
Angelico. Pre- and post-restoration under glazing
light.
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FIGURE 2.23

Fra Angelico, Saint Dominic in Adoration Before the Crucifix, Convento di San Marco, Florence, Italy, c. 1438. (Conservation images courtesy of
Piero Baglioni, Center for Colloid and Interface Science, CGSI, University of Florence.)

Prerestoration image.

Post-restoration image; nanostructured
systems were used for conservation.

FIGURE 2.24  Santi di Tito, The Musician Angels, 15" century. (Courtesy of Piero Baglioni, Center for Colloid and Interface Science, CGSI,
University of Florence.)
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These and other sources and types of damage have long plagued
curators and owners of these delicate frescoes. Many early attempts
to conserve artworks ultimately did more damage than good. At
one time, for example, varnishes were used over paintings in a
misguided attempt to protect them. These now-darkened varnishes
are a major problem in restoration efforts today. In more recent
years, less problematic acrylic polymers such as ethyl methacrylate
(paraloid) as well as others have been used to consolidate wall
paintings. Even the best of current techniques, however, can still
result in some type of change, not be very effective, or simply be
short lived.

Methods of conservation have come a long way since the use of
varnishes, but the many inherent challenges have not been entirely
overcome and the process remains painstaking. Current restoration
and conservation standards demand that any conservation or res-
toration technique be reversible and should in no way alter the
fundamental chemical or physical composition of the original arti-
fact or otherwise affect its properties. New techniques were devel-
oped as a consequence of the terrible floods in Florence and Venice
in 1966 that caused widespread damage to the art and architecture
of these cities. One important method developed shortly thereafter,
the barium or Ferroni-Dini technique, used chemical methods
for consolidation and restoration of wall paintings suffering from
salt crystallization. The method seeks to reconstitute the calcium
carbonate layer. Surface applications of aluminum and barium
hydroxides are applied so that harmful calcium sulfates are ulti-
mately converted into inert barium sulfates. These, in turn, ulti-
mately act to consolidate the substrate and to create a fresh binder.
This technique has been widely used throughout the world and
has led to the development of other sophisticated techniques as
well.

Researchers at the Center for Colloid and Interface Science (CSGI)
at the University of Florence have extended the Ferroni-Dini method
using nanomaterial technologies. Calcium hydroxide would be
especially desirable for conservation use with carbonate-based
materials because of compatibility. A saturated calcium hydroxide
water solution, known as lime water, has been used, but its low
solubility has presented problems. The use of calcium hydroxide
suspensions has been explored, but these are not stable enough
and create surface effects. Researchers at the Center explored the
use of dispersions of nanosized calcium hydroxide in nonaqueous
solvents. Nanoparticles of this type can be obtained from a simple
homogeneous phase reaction in hot water. Going to smaller sizes
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FIGURE 2.25
Acid paper. (Courtesy of Piero Baglion.)

FIGURE 2.26
Nanoparticles of calcium hydroxide on paper—
deacidification. (Courtesy of Piero Baglion.)

100 nm

FIGURE 2.27
Calcium hydroxide nanoparticle.

changed the physical and chemical features of the calcium hydro-
xide particles. Nanoparticle sizes ranged from 10 nm to 200 nm
and were found to be able to penetrate within pore structures of
wall paintings and limestone and without leaving surface effects.
The particles increased cohesion to the painted layers. After a short
period of time, the calcium hydroxide particles were found to react
with carbon dioxide in the air and create a greatly improved binder
in the host material, thus consolidating it. The process essentially
replaces calcium hydroxide lost during degradation. The same
methods have been applied to many fresco paintings, including at
the Maya archeological site of Calakmul. Interestingly, this consoli-
dation method can be applied to other materials, including ancient
brick mortar.

Using approaches similar to that just described, nanoparticles can
also be used for conserving or restoring old textiles, paper, and
wooden objects (see Figure 2.25). It is well known that paper made
from wood pulp in the last few centuries is extremely prone to
deterioration. With rising demand for paper, older medieval tech-
niques of producing paper from rags (which yield quite good and
long-lasting paper) were replaced with approaches that extracted
cellulose from wood. Acid sizings, such as alum, were often used
on the papers as well. The unfortunate combination results in acid-
catalyzed degradation of the cellulose in papers that is hastened by
the high reactivity of cellulose obtained from wood pulp. As a
consequence, the failure of papers has become all too familiar in
our archives and libraries—and even to the amateur old book col-
lector. Deacidification processes can be used to stabilize documents
and increase the life of these papers, but these methods are expen-
sive and slow. Nanoparticle-based paper treatments have been sug-
gested for use to achieve more efficient and long-lasting deacidifica-
tion. Smaller particles allow easier penetration and more complete
dispersion (see Figures 2.26 and 2.27). The approach generally
suggests an improved way of dealing with one of our most delicate
preservation problems.

The work on cellulose structures described previously has led to
other applications. In the 17" century the royal battle galleon Vasa
was built on the order of King Gustavus Adolphus of Sweden (see
Figure 2.28). The ship was built of large oak, and its two gun decks
held 64 bronze cannons. On its maiden voyage on August 10,
1628, the Vasa fired a farewell. A sudden squall caused it to list,
and water poured through still open gun ports. The vessel capsized
and sank with great loss of life. Amazingly, the ship’s largely intact
hull was salvaged in 1961. To prevent the hull from drying out,
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shrinking, and decaying, preservationists immediately treated it
with polyetheylene glycol (PEG) by intermittent spraying and slow
drying. It was moved to the Vasa Museum in Stockholm, where
alarming rates of acidity increases in the wood were observed and
again threatened the hull by acid wood hydrolysis. Sulfuric acids
were proving especially harmful. The development of sulfurs was
traced back to metabolic actions of bacteria in the harbor water
and was subsequently oxidized by the iron released from long-
corroded bolts as well as from more recent ones put in during
salvaging. Preservation efforts focused on removing iron and sulfur
compounds. Neutralization treatments using alkali solutions
helped in only outer wood layers and can potentially cause cellu-
lose degradation itself.

A new method of neutralizing the acids by the use of nano-
particles has recently been explored by the group from the Univer-
sity of Florence, mentioned previously. The immediate preservation
focus was to slow the production of acids inside the wood and,
if possible, remove the iron (or render it inactive) and sulfur.
Prior treatments and conditions further complicated the problem.
The Florence group focused on deacidification. Wood samples
were obtained from the Vasa and then treated with an alkaline
solution was used to remove the PEG, which would prevent
nanoparticles from penetrating the wood and provide neutraliza-
tion. Nanoparticles of calcium hydroxide were synthesized and
samples soaked in an alkaline nanoparticle dispersion (see Figure
2.29). Progress of the penetration of the nanoparticles through
the wood was tracked with the aid of scanning electron micro-
scopes (SEM analysis—see Chapter 7). The nanoparticles were
found to adhere to wall fibers and the dispersion medium vola-
tized, leaving an alkaline presence. The application led to a
marked decrease in the pH levels present (reduced acidity). Other
benefits were noted as well.

Work with nanotechnology has only recently been emerging in the
conservation area, but initial results look very promising. Later
chapters will look at other nano-based techniques that may prove
beneficial in conserving our cultural heritage. For instance, the air-
borne pollutants from traffic or smog, which are known to attack
the surface of sculptures and architectural monuments made of
marble and other stones that form part of the cultural experience
of our finest urban environments, might be combated with the
self-cleaning actions of certain kinds of nanomaterials described in
Chapter 10. Indeed, the potential value of inert self-cleaning surface
treatments would be literally enormous, but considerable gaps

FIGURE 2.28

The Viasa sank in 1628 and was salvaged in
1961. Originally treated with PEG, the hull was
still threatened by acidification.

FIGURE 2.29

Experiments have been conducted with
embedding nanoparticles of calcium hydroxide to
stabilize wood. Ca(OH), nanoparticles on the wall
fibers of wood are shown in this scanning electron
microscopy (SEM) image. (Courtesy of Piero
Baglioni, Center for Colloid and Interface Science,
CGSI, University of Florence.)



mCHAPTER 2 An Evolutionary Perspective

must still be bridged before we can safely benefit from these new
nanotechnologies.
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CHAPTER 3

The Design Context

3.1 MATERIALS IN DESIGN

In this chapter we begin to look more directly at the use of new
nanomaterials and nanotechnologies in design. There are already
many applications of nanomaterials in design, and more are
expected soon (see Figure 3.1). We look at these topics from the
perspective of designers and within the larger cultural-socioeco-
nomic context in which designers operate.

Making effective design application use of new scientific findings
that seemingly appear every day within the nanomaterial field is
not as easy as might first appear. History is replete with examples
of seemingly fabulous scientific discoveries that surely seemed to
the discoverers to have huge potential applications in many areas,
only to have them lie idle for many years or not be developed at
all. Reams of studies in fields such as technology transfer have
looked into why this is so. Reasons vary widely but are rarely of
any surprise to individuals working in a real-world development
context. Design ideas may often be simply naive, or design objec-
tives can be confused or unclear. Target markets or user audiences
may be undefined or unclear, nonexistent, or simply not large
enough to be of commercial interest. Other existing products may
already accomplish similar desired ends better or in a more cost-
effective way than the proposed product. Proposed products may
never have been benchmarked against existing products. There
might not be adequate test results to convince anyone of the effi-
cacy of the product. Actual manufacturing processes for converting
a science-based finding into implemental technology suitable for
use in a commercial environment may either not be actually feasi-
ble or be cost-prohibitive (or not yet explored enough to know).
There may be legal or institutional barriers that would prevent

Nanomaterials, Nanotechnologies and Design
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FIGURE 3.1

The Kurakuen house in Nishinomya City, Japan,
designed by Akira Sakamoto Architect and
Associates, uses a photocatalytic self-cleaning
paint—one of the many architectural products
based on nanomaterials. (Courtesy of Japan
Architect,)

active consideration of a new product or cause an interested devel-
oper to think twice before proceeding. There can be user resistance
from sources that should have perhaps been anticipated but
perhaps were not (e.g., environmental health hazards in using new
materials) or come from sources that simply could not have been
easily anticipated a priori. The list can go on and on.

In thinking about how we might use nanomaterials in design, it is
useful to step back considerably and not define the issue simply as
a technology-transfer problem—a self-limiting approach—but
rather to think about it first in more fundamental terms. What is
the role of materials in design? How do material properties influ-
ence the shape or form of objects and environments? What are we
trying to do when we are using a specific material? On what basis
do we compare nanomaterials to other high-performance materi-
als? Do we really expect new products to be made of just nano-
materials, or if not, what specific role do we expect them to play?
In what kind of product or building system might they be best
used? What can we hope to accomplish?

The first of these questions is by no means new. Questions sur-
rounding the way an artifact or environment has been conceived,
how it was made, and the materials of which it has been made
have been a particular preoccupation of designers, engineers, and
builders for ages. An understanding of the potential benefits and



limitations of various materials is clearly evident in early works of
art, architecture, and engineering (see Figure 3.2). Examples abound.
Medieval builders, for example, are often said to have clearly under-
stood the properties of stone, and they used this knowledge to help
shape the arches and vaults of history’s great Romanesque and
Gothic cathedrals. But what is exactly meant here by this kind of
reference? Is it that the knowledge of certain properties of stone—
that it is quite strong when carrying forces that cause compression
within it and relatively weak when subjected to forces that cause
tension to develop—somehow led directly to the creation of these
complex cathedrals as we now see them? Clearly this direct line of
thinking—a form of technical determinism—is highly suspect in
this example, to say the very least. We do know that the use of arches
and vaults, which we now know to naturally carry internal forces by
a compression action, has been known since antiquity to be a good
way of spanning large spaces with stone and would sensibly have
been used by Medieval builders, and that this knowledge was clearly
fundamental in the development of history’s great cathedrals, but it
was obviously only one of many contributing factors in a landscape
of complex reasons that range from the symbolic to the societal and
cultural. We thus need to keep in mind that the nature of our world
of designed objects and environments is not dictated by a consid-
eration of the technical properties of a material alone, no matter
how fascinating they might be; but it is equally important to
acknowledge their fundamental role—we know that the intro-
duction of new materials with improved technical properties has
also led to innovative new designs (see Figure 3.3).

From the point of view of this book, the best approach to under-
standing the use of materials in design remains through an exami-
nation of the benefits and limitations associated with the specific
properties of materials. For this initial discussion, material attri-
butes can be very broadly thought of in terms of their technical
properties that stem from the intrinsic characteristics of the material
itself (its density and its mechanical, thermal, optical, and chemical
properties); their perceptual qualities that stem from our senses
(sight, touch, hearing, taste, smell); and those culturally dependent
qualities that fundamentally stem from the way our society or
culture views materials.

The intrinsic characteristics of materials are dependent primarily on
the fundamental atomic structure of the materials and are discussed
extensively in Chapter 4. Typical technical properties include failure
strengths, elastic moduli values that relate deformations to stress
levels, electrical conductivities, thermal conductivities, and a host of
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FIGURE 3.2

The evolution of arches that act primarily in
compression only was related to the inherent
material properties of masonry, which can carry
large stresses in compression but little in tension.

FIGURE 3.3

The introduction of materials such as steel that
can carry bending stresses involving both tension
and compressive stresses has allowed designers
to explore new shapes.
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INTRINSIC TECHNICAL QUALITIES
Strength, elastic moduli, thermal
and electrical conductivity, other

VISUAL QUALITIES
Transparency, opaqueness,
reflectivity, texture, other

TACTILE QUALITIES
Smooth/rough, hard/soft,
warm/cool

SOUND/SMELL QUALITIES
Sharp, ringing, dull, muffled, other

ASSOCIATIVE QUALITIES
Memory/understanding transference

HEALTH QUALITIES
Odors, outgassing, other

ENVIRONMENTAL QUALITIES
Embodied energy, outgassing, other

FIGURE 3.4
Primary material characteristics.

other measures related to the mechanical, optical, thermal, and
chemical qualities of materials (see Figure 3.4). Clearly, these kinds
of properties are of fundamental importance to an engineering per-
spective on the use of materials in the context of designing products
or buildings, and we can expect that work in the nanomaterials field
can lead to dramatic improvements in these kinds of properties. At
the moment, the important point here is simply that they intrinsi-
cally result from a material’s internal structure and are not dependent
on any kind of societal or cultural view of the material.

The perceptual qualities of a material relate to the way humans
perceive them in terms of our basic senses. Visual qualities stem
from a combination of specific characteristics such as transparency,
translucency, opaqueness, reflectivity, and the texture of the surface
(which in turn produces glossy, matte, or other appearances). Tactile
qualities related to the sense of touch stem the texture of the
surface—whether it is rough or smooth, its relative hardness or soft-
ness, and the feeling of warmth or coldness experienced. The quali-
ties of materials that relate to our sense of hearing have to do with
the kind of sounds—dull, sharp, ringing, muffled, low or high pitch—
produced when the material is set in a vibrational mode, including
by simply strikin