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CHAPTER 1

Nanochemistry Basics

|

“We are like dwarfs on the shoulders of giants, so that we can see more than they.”
Bernard of Chartres, 12th century

1.1 Materials Self-Assembly

When thinking about self-assembly of a targeted structure from the spontaneous
k| organization of building blocks with dimensions that are beyond the sub-nanometer
i scale of most molecules or macromolecules, there are five prominent principles that
need to be taken into consideration. These are: (i) building blocks, scale, shape,
surface structure, (ii) attractive and repulsive interactions between building blocks,
equilibrium separation, (iii) reversible association—dissociation and/or adaptable
motion of building blocks in assembly, lowest energy structure, (iv) building block
interactions with solvents, interfaces, templates, (v) building-blocks dynamics,
mass transport and agitation.

A challenge for perfecting structures made by this kind of self-assembly chem-
istry is to find ways of synthesizing (bottom-up) or fabricating (top-down) building
blocks not only with the right composition but also having the same size and shape.
No matter which way building blocks are made they are never truly monodisperse,
unless they happen to be single atoms or molecules. There always exists a degree of
polydispersity in their size and shape, which is manifest in the achievable degree of
structural perfection of the assembly and the nature and population of defects in the
assembled system. Equally demanding is to make building blocks with a particular
surface structure, charge and functionality. Surface properties will control the
interactions between building blocks as well as with their environment, which
ultimately determines the geometry and distances at which building blocks come to
equilibrium in a self-assembled system. Relative motion between building blocks
| facilitates collisions between them, whilst energetically allowed aggregation de-
| aggregation processes and corrective movements of the self-assembled structure
{ will allow it to attain the most stable form. Providing the building blocks are not too
strongly bound in the assembly it will be able to adjust to an orderly structure. If on
the other hand the building blocks in the assembly are too strongly interacting, they
will be unable to adjust their relative positions within the assembly and a less
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Figure 1.1 A flowchart delineating the factors that must be considered when approaching
the self-assembly of a nanoscale system

ordered structure will result. Dynamic effects involving building blocks and
assemblies can occur in the liquid phase, at an air/liquid or liquid/liquid interface,
on the surface of a substrate or within a template co-assembly.

As this text describes, building blocks can be made out of most known organic,
inorganic, polymeric, and hybrid materials. Creative ways of making spheres
and cubes, sheets and discs, wires and tubes, rings and spirals, with nm to cm
dimensions, abound in the materials self-assembly literature. They provide the
basic construction modules for materials self-assembly over all scales, a new way
of synthesizing electronic, optical, photonic, magnetic materials with hierarchical
structures and complex form, which is the central theme running throughout this
chapter. A flowchart describing these main ideas is shown in Figure 1.1.

1.2 Big Bang to the Universe

At the beginning it is said that nothing self-assembled into everything. An energetic
singularity, where all symmetry and forces were one, transformed in time to all that
we know today about our universe. This is the “ultimate in materials self-assembly
over ‘all’ scales”: From the smallest, densest most energetic form of matter to an
expanding and seemingly infinite universe built from a diversity of materials,
comprised of organic and inorganic molecules, polymers and networks, large and
small, cast through the construction tool kit of chemistry, physics and biology as
lifeless abiological and living biological systems.

1.3 Why Nano?

Nano-, a prefix denoting a factor of 10~? has its origin in the Greek nanos, meaning
dwarf. The term is often associated with the time interval of a nanosecond, a
billionth of a second, and the length scale of a nanometer, a billionth of a meter
or 10 A. In its broadest terms, nanoscience and nanotechnology congers up visions
of making, imaging, manipulating and utilizing things really small. Feynman’s

Nanochemistry Basics 3

prescient nanoworld “on the head of a pin” inspires scientists and technologists to
venture into this uncharted nano-terrain to do something big with something small.
It excites investors and corporations, governments and policy makers to gamble on
nanoscience breakthroughs and create new nanotechnologies.

While early theoretical concepts and experimental results for nano-size materials
and devices appeared five decades ago, it is rather recent scientific developments
that have inspired a resurgence of activity in the field. The stimulus for this-growth
can be traced to new and improved ways of making and assembling, positioning
and connecting, imaging and measuring the properties of nanomaterials with con-
trolled size and shape, composition and surface structure, charge and functionality,
for use in the macroscopic real world.

1.4 What do we Mean by Large
and Small Nanomaterials?

It was not so long ago in the world of molecules and materials that 1 nm
(1 nm = 10 A) was considered large in chemistry while 1 um (1 pm = 1000 nm =
10,000 A) was considered small in engineering physics. Matter residing in the “fuzzy
interface” between these large and small extremes of length scales emerged as the
science of nanoscale materials and has grown into one of the most exciting and vibrant
fields of endeavor, showing all the signs of having a revolutionary impact on materials
as we know them today.

In our time, “nano” has left the science reservation and entered the industrial
technology consciousness and public and political perception. Indeed, bulk materials
can be remodeled through bottom-up synthetic chemistry and top-down engineering
physics strategies as nanomaterials in two main ways, the first by reducing one or
more of their physical dimensions to the nanoscale and the second by providing them
with nanoscale porosity (Figure 1.2). When talking about finely divided and porous
forms of nanostructured matter, it is found that “nanomaterials characteristically
exhibits physical and chemical properties different from the bulk as a consequence of
having at least one spatial dimension in the size range of 1-1000 nm”.

It is the “synthesis, manipulation and imaging of materials having nano-
scale dimensions, the study and exploitation of the differences between bulk and

Figure 1.2 Dividing matter to the nanoparticle and nanoporous state
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nanoscale materials, and the understanding and utilization of nanomaterials scaling
laws by interdisciplinary scientists, that drive contemporary endeavors in
nanoscience and nanotechnology.” It is an astute awareness of the unique
attributes of nanoscale matter and the tremendous opportunities for discovery and
innovation that abound in the field of nanoscience, that provides much of the
inspiration for researchers working in the field of nanomaterials.

1.5 Do it Yourself Quantum Mechanics

The formalism underpinning the scaling laws of materials with size tunable
properties is couched in the physics language of “quantum size effects,” (QSE). The
Schrédinger wave equation is solved for an electron and hole in a box having either
1D, 2D or 3D and spatial dimensions of the order of the Bohr radius of the electron,
hole or exciton (electron—hole pair). In this intermediate size range between mole-
cular and bulk matter, called the nanoscale, individual energy states of molecules
and continuous energy bands of solids become discrete and their energy separations
display an analytic dependence on the spatial dimension of the material. This is
expressed in a scheme of the type shown in Figure 1.3, which represents the
“transformation of the electronic density of states (DOS) of valence and conduction
bands in metals and semiconductors from continuous to discrete to individual in
bulk, quantum-confined and molecular states of matter.”! As the dimensionality of
quantum-confined matter changes from that of a 2D quantum well, to a 1D quantum

A Metal Semiconductor

Bulk Nanocrystal Atom Bulk Nanocrystal Atom

)
)

4

Energy
"

g — "
*

Density of states

B

2D 10 “0D”

§l 7 o ol
Energy

Figure 1.3 Relation between bulk, quantum confined and molecular states of matter
(Reproduced with permission from Ref. 1)
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wire and finally a OD quantum box, the DOS correspondingly alters from the
parabolic shape of the 3D bulk material, first to a 2D stepped parabola, then to a 1D
inverse stepped parabola and eventually to a OD discrete form.,

The challenge in materials chemistry is to understand how the properties of
nanomaterials scale with physical dimension because different properties scale
in distinct ways with size. Thus, electronic band gaps scale differently to melting
points and magnetization and so forth. The point is that in chemical approaches to
the preparation and assembly of well-defined nanostructures into functional and
integrated systems of nanocomponents, it is vital to appreciate how the properties
of materials scale with size in order to target the right combination of materials
compositions and length scales to achieve a desired objective.

1.6 What is Nanochemistry?

With nanoscience being the discipline concerned with making, manipulating and
imaging materials having at least one spatial dimension in the size range
1-1000 nm and nanotechnology being a device or machine, product or process,
based upon individual or multiple integrated nanoscale components, then what is
nanochemistry? In its broadest terms, the defining feature of nanochemistry is the
utilization of synthetic chemistry to make nanoscale building blocks of different
size and shape, composition and surface structure, charge and functionality. These
building blocks may be useful in their own right. Or in a self-assembly construction
process, spontaneous, directed by templates or guided by chemically or litho-
graphically defined surface patterns, they may form architectures that perform an

intelligent function and portend a particular use.

1.7 Molecular vs. Materials Self-Assembly

The driving forces for molecule organization are quite varied and can be ionic,
covalent, hydrogen, non-covalent and metal-ligand bonding interactions, which
may result in structures and properties not found in the individual components.
This is Jean Marie Lehn’s supramolecular chemistry, the science of molecule-
based assemblies.

Materials self-assembly chemistry transcends that of molecular assembly. It is
distinct solid-state materials chemistry where building blocks and their assemblages
are unconstrained by scale and not restricted to just chemical bonding forces. The way
to view materials self-assembly over “all” scales, the subject of this text, is in terms
of a map of bonding forces that operate between building blocks and over different
length scales. The forces responsible for materials self-assembly at length scales
beyond the molecular include capillary, colloidal, elastic, electric, magnetic and
shear. In a self-organizing system of materials construction units like nanoclusters,
nanorods or nanosheets, a particular architecture forms spontaneously with a struc-
tural design, which is determined by the size and shape of individual nanocomponents
and map of bonding forces between them. The system proceeds towards a state of
lower free energy and greater structural stability.
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1.8 What is Hierarchical Assembly?

A feature of self-assembly is hierarchy, where primary building blocks associate
into more complex secondary structures that are integrated into the next size level
in the hierarchy. This organizational scheme continues until the highest level in the
hierarchy is reached, as illustrated hypothetically in Figure 1.4. These hierarchical
constructions may exhibit unique properties that are not found in the individual
components. Hierarchy is a characteristic of many self-assembling biological
structures and is beginning to emerge as a hallmark of materials self-assembly that
encompasses multiple length scales.

1.9 Directing Self-Assembly

Self-assembly of molecules and materials may be directed by templates. Directed
self-assembly of building blocks, which may involve structure-directing additives,
often molecular and organic, in addition to the constituent building units, is
considered to be distinct from spontaneous self-assembly. The template in this
building block auto-construction process can serve to fill space, balance charge and
direct the formation of a specific structure. For instance, microporous alumino-
silicates called zeolites are templated by single molecules while mesoporous silicas
are templated by assemblies of molecules like block copolymers or lyotropic liquid
crystals. In this definition, template assembly is synonymous with co-assembly and
distinct from self-assembly. Template directed assembly, may also involve the
intervention of a lithographically or otherwise patterned substrate planar or curved,
where spatially defined hydrophobic-hydrophilic, electrostatic, hydrogen bonding,
metal-ligand or acid-base interactions between substrate and building blocks guide
the assemblage into a predetermined architecture. A case in-point concerns patterns
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Figure 1.4 A hypothetical hierarchical system, exhibiting distinct building rules at different
length scales
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of hydrophobicity that have been used to organize non-polar polymers into
microlens arrays. A lithographically defined relief pattern carved in the surface of a
substrate may also be used to direct building block assembly within, an example
being the alignment and packing of nanorods in substrate nanowells. The direction
of the assembly process may also be driven by the involvement of a porous template
that has been patterned at the nanoscale. One such template is a nanochannel
membrane made of polymers, silicon and alumina used to replicate nanowires.

1.10 Supramolecular Vision

Jean Marie Lehn (Figure 1.5) had a vision of supramolecular chemistry, which
unveiled a world far beyond the molecule.”” It introduced to chemistry how mole-
cular recognition can lead to the self-assembly of supramolecular materials. Lehn’s
construction kit consisted of complementary organic and inorganic molecules that
recognize one another through lock and key types of intermolecular interactions to
spontaneously form molecular assemblies. The driving forces for this molecular
organization are quite varied and can be ionic, covalent, non-covalent, coordination
and hydrogen bonding interactions, which may result in structures and properties
not found in the individual components. Therefore, self-assembly as a route to
materials has its roots firmly in organic chemistry where the ability to make
molecules of almost any shape and functionality lends itself well to designing
complementary interactions. However, it was realized relatively quickly that self-
assembly is a very general principle, one which relies on reversible interactions and
a balance of attractive and repulsive forces. Self-assembly, therefore, encompasses

Figure 1.5 Jean-Marie Lehn, pioneer of supramolecular chemistry
(Reproduced with permission from research group website: www.isis.
u-strasbg.fr/supra/)
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all scales, with the possibility of a completely rational and predictable route to
materials.* The self-assembly approaches to materials we attempt to illustrate in

this book attest to this fact.

1.11 Genealogy of Self-Assembling ‘Materials

It is often interesting, and always valuable, to trace the genealogy of a new branch
of chemistry. One can argue that materials self-assembly had its beginnings with
the observation by Pieter Harting that organics are somehow involved in the
organization of inorganics in biomineral formation.” Harting found that the mixing
of calcium ions with carbonate and phosphate under quiescent conditions in organic
concoctions, such as albumen, blood, mucus and bile, produced calcareous con-
cretions with natural form. The synthetic morphologies of Harting were published
in 1873 and can be considered to predate biomimetic inorganic materials chemistry
by more than a century (Figure 1.6). Harting had stumbled into organic-mediated
mineralization without much knowledge of organic or inorganic chemistry, crystal
nucleation, growth and tectonics.

Harting made his breakthrough at a time when there was a revolt from
morphology and a movement to separate organic from inorganic chemistry, just at a
point in his work when they most needed to unify. The zeitgeist, or prevailing view,
of Harting’s time was not conducive to the emergence of biomimetic inorganic
chemistry as a field, or to templated materials synthesis for that matter, and it had to
await developments in molecular recognition, self-assembly, templating, biochem-
istry, solid-state chemistry and biomineralization. Harting hoped that his synthetic
morphology would lead to a new field just as important as Wéhler’s organic
chemistry.® Harting’s aspirations lay dormant until reawakened by the discovery
over a century later of inorganic liquid crystals and their mineralization to
inorganics. These could be produced with morphologies and surface patterns that
resembled self-made shapes and designs found in nature’s biominerals.’

While Harting was experimenting with biomimetics in the laboratory, Ernst
Haeckel was on a field trip with his friends aboard the H.M.S. Challenger during
which time he discovered thousands of different kinds of sculpted silica micro-
skeletons mineralized by single cell marine organisms known as the radiolaria.?
His personal etcher Nitsche documented in meticulous artistic detail a myriad of
filigree skeletal patterns produced by these simple organisms. Reproductions of
Haeckel’s exquisite drawings of radiolarian microskeletons continue to adorn the
walls of museums and homes (Figure 1.7). The growth, form and biological
function of the tiny lace-like radiolarian skeletons remains both an enigma and a
delight to scientists and artists alike. In MacKay’s recent translation of Crystal
Souls: Studies of Inorganic Life, the last book written by Haeckel, it seems that a
tenuous connection may have been made between the organic liquid crystals
discovered by Reinitzer and Lehmann, and the morphogenesis of the radiolarian
microskeletons.” Haeckel surmised that there was a relation between the
organization of liquid crystals and the way silica was ordered into spectacular
patterns by the radiolarian. The forethought of Haeckel in this century old work is
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Figure 1.6 Image of synthetic morphologies produced by Pieter Harting, hand-drawn by
himself in 1872
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Figure 1.7 Sketch of a radiolarian discovered by Ernst Haeckel
(Reproduced with permission from Ref, 11)

remarkable when placed in the context of supramolecular templating, especially
the polymerization of silicate and phosphate liquid crystals to create silica and
aluminophosphate “replica” materials with complex and natural form.'°

The connection of this early thinking about the importance of interfaces between
organics and inorganics is intriguing when placed in the light of the classic 1917 text
of D’ Arcy Thompson, On Growth and Form (Figure 1.8).!! He was the first to apply
physico-geometrical principles to explain the morphogenesis of biominerals. His
view of diatoms and radiolarians was that a contiguous assembly of close-packed
cells, alveoli or bubbles, functioned as a template to direct the deposition of silica.
By localizing the biosilicification process to spaces within the protoplasmic froth, a
mineralized copy of the templating interfaces could be formed. In retrospect, this
can be seen to be a paradigm for using organics to template microporous (small
molecule organics), mesoporous (micelles, liquid crystals, block-copolymers), and
macroporous (microemulsions, vesicles, colloidal crystals) materials.
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Figure 1.8 On growth and form, the groundbreaking text by D.W. Thompson
(Reproduced with permission on from Ref.11)

1.12 Unlocking the Key to Porous Solids

Emil Fischer’s 1894 lock-and-key principle, molecules recognizing one another
through site-selective binding, spawned fundamental studies of intermolecular
forces and cooperative interactions.'? The complementary hydrogen bonding,
electrostatic and hydrophobic interactions between organic molecules underpins
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recognition events, self-assembly, replication and catalytic processes in biology.
‘Nowhere is this more clear than in Watson—Crick hydrogen bonded base pairs in the
DNA double helix, the complementary nature of transfer RNA in protein synthesis,
and the exquisite substrate selectivity in enzyme action. In a similar vein, Richard
Barrer recognized that complementary interactions involving quaternary alky-
lammonium cations and silicates/aluminates were able to direct the assembly of
crystalline microporous alumino-silicates called zeolites (Figure 1.9)." These types
of minerals are also naturally occurring, and their name translates to “boiling
stones” since their large volume of adsorbed moisture can be released upon heating.
Such microporous materials could act as hosts to selectively recognize adsorbed
molecules or catalyze the reaction of organic guests based on their size and shape.’*
Barrer’s organic molecule templating of zeolites can be considered to have set the
stage for the development of template-based synthesis of inorganic materials, which
led to the emergence of materials self-assembly chemistry. In particular, Charles
Kresge showed that the length scale of templating porous solids can be increased far
beyond the small molecule.'>'® Moreover, Edith Flanigen and Robert Bedard
demonstrated that the compositions of porous solids may be extended from tradi-
tional aluminosilicate zeolites and silicate molecular sieves to encompass a large
portion of the periodic table."”'® Throughout much of this work, the underlying theme
of organics directing inorganics to create composite materials remains essentially
the same. '

Figure 1.9 A zeolite’s crystalline aluminosilicate framework assembles around an organic
template molecule providing pores after its removal. Some molecules, such as
linear para-xylene, can permeate through the small pores, while more bulky
molecules, such as meta-xylene, are excluded due to their size
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Self-assembly of specifically designed molecular and cluster building blocks often
under exceeding gentle conditions, called soft chemistry, has also led to a diversity
of open-framework solids, far beyond what is possible with microporous oxides like
the zeolites and molecular sieves.!*?° Open-framework materials (Figure 1.10)%!
now include metal phosphates, cyanides, halides, nitrides, sulfides and selenides, as
well as metal interconnected heterocyclic ligands like porphyrins® and bipyridyls.
The chemical and structural diversity of this class of materials is constantly
expanding. Their open structures are aesthetically appealing because of the chemical

Figure 1.10 The top of this figure shows a central tetra-zinc core used to build a
Sframework by connecting these clusters through dicarboxylate linkages. The
resulting porous solids can have very large accessible surface areas, shown
as the large white sphere
(Reproduced with permission from Ref. 21)
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and stereochemical control potentially attainable in their construction. The majority
use metal-ligand bonding to link the individual components into crystalline fra-
meworks containing spacious cavities and channels.>>** The internal voids can
account for greater than 50% of the volume of the crystal. Disordered template,
water or solvent molecules may occupy the void spaces. Spaces in one framework
may be filled by one or more independent framework. This creates crystalline
entangled structures known as self-interpenetrating networks,”>?® a phenomenon
which reduces expected surface areas. The frameworks can be cationic, anionic or
neutral, allowing size, shape and chemically selective ion exchange and adsorption.
Linking of modules may facilitate guest or temperature induced angular distortions
of the framework, which can have profound impacts on various properties such as
electronic coupling.?” As a result, open-framework materials display flexibility and
expand in size to accommodate adsorbed guests, thereby making the material
interesting for separation, catalysis and sensing applications.?®

Both oxide and non-oxide porous frameworks offer interesting opportunities
for host-guest inclusion chemistry aimed at creating composite materials. >3
Guests may be atomic, ionic, molecular, cluster or polymeric. The periodic array of

channels and cavities within these porous solids allows assembly of novel kinds

of materials, examples being metal and semiconductor clusters, wires and super-
lattices thereof, buckyminsterfullerene (buckyballs, a carbon allotrope with formula
Coeo) arrays, aligned chromophores, vectorial electron transport chains, and photo-
synthetic mimics.** Nanochemistry of this type is pointing the way to quantum
electronic, photonic and data storage materials for advanced devices.

1.13 Learning from Biominerals — Form is Function

Hientz Lowenstam is considered to be the father of biomineralization. He first
proposed his theory of organic matrix mediated mineralization in the 1970s.%%-%°
A personal account of the thinking behind his discovery involves a fascinating
encounter with a chiton (sea urchin) while he was sitting at a water pool in the
Grand Bahama Banks. Lowenstam noticed that the chiton created chevron marks in
the rocks as it fed by scraping off algae attached to the rock. He reasoned that the
radula (teeth on the tongue of the chiton) must be harder than the rock in order to
make marks in this hard mineral (Figure 1.11).

Returning to the laboratory, he found that the radula were comprised of
magnetite, which proved the mineralization process that created them occurred
intracellularly. Although it took a decade for his proposal to be accepted, it is now
the basis for all mineralization processes in biological systems. In a classic 1981
Science magazine article, Lowenstam documented about 60 minerals that are
formed biologically and classified the phyla amongst which they are distributed.
Most biominerals are composed of calcium carbonate, phosphate and oxalate, silica
and iron oxides and much has been reported on the biorganic and bioinorganic
chemistry responsible for nucleation, growth and form of biominerals.

Pioneering biomineralization and biomimetic research from the groups of Steve
Wiener and Lia Addadi,‘“)_44 Robert Williams,* 7 Stephen Mamn,48_53 Galen
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Figure 1.11  The chiton, left, a primivite marine mollusk. Chiton radula, right, composed of
biomineralized iron oxide, are hard enough to scrape algae-covered rocks
(Left image reproduced with permission from Jon Gross photography.
Right image reproduced with permission from www.personal.dundee.ac.
uk/~amjones/chitintr.htm)

Stucky and Daniel Morse®*>” have provided a wealth of information on the role of
the organic matrix in biological and abiological mineralization processes. Proteins
have been extracted from biominerals, and amino-acid sequencing and site-
selective mutagenesis have identified nucleation sites on the protein that may be
responsible for mineralization.’®>® The use of many of these extracted proteins in
synthetic systems can lead to unusual crystal forms and morphologies resembling
those in natural systems,%%%° giving further indication of their role in the
biomineral matrix. The picture emerging from these studies is that complementary
interactions between the organic matrix and the mineralizing inorganic, involving
matching of charge, stereochemistry and geometry, establish the site of nucleation,
growth and generation of mineral shape.**"*”~%° In essence, the organic functions as
a blueprint that carries programmed information for the synthesis of materials with
natural form and a biological function.

It has been said that the outstanding problem in biology is the form problem.”®”!
In biomineralization and biomimetic chemistry, the form problem is morphogen-
esis, the origin and control of a shape. Biomineralization centers on the idea
that organics control the nucleation, growth and form of inorganics, and it is
this process that creates hierarchical composite structures with unique chemical
and physical properties. Conversely, biomimetic chemistry aims to exploit the
principles of biomineralization in order to synthesize novel materials where form
controls function and utility (Figure 1.12).”>7> As mentioned before, nature is
frugal in her choice of inorganic materials, however, the mineralized designs and
diversity of naturally occurring forms have only recently been seriously challenged
by synthesis. The chemical bonding of biominerals is not unusual, and varies from
amorphous covalent networks found in silica forms to multi-crystalline ionic
lattices in calcareous shapes. In molecular terms, it is relatively easy to comprehend
the early stages of self-organization, molecular recognition, and nucleation that
precede the morphogenesis of biomineral form, however, it is not obvious how
complex shapes emerge and how, in turn, they can be copied synthetically.
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Figure 1.12 Synthetic morphology resembling biomineralized systems

Biological materials display hierarchical organization of structure.”* At each
level of this hierarchy, distinctive building rules are apparent. Some of these levels
do not demand periodicity in the strict definition of ideal crystals, and their
description requires a break from standard crystallography. The traits of biological
minerals are manifested in an astonishing array of curved shapes, surface patterns
and hierarchical order. These are not the characteristics of conventional crystals
with their limited range of polyhedral habits and similar rules of construction from
atoms to bulk.”> Nature has learned how to replace the Platonic concept of
arranging atoms in a pre-existing framework of planar symmetry elements, by the
idea that local interactions between atoms can introduce long-range order and
curvature into materials. It is all a matter of balance: it is energetically favorable for
atoms to lay in a classical crystal unless other interactions bring the non-classical
shapes to a lower free energy.

1.14 Can You Curve a Crystal?

Bernal showed how a shift from the theory of exact équivalence and long-range
order in the perfect crystal, to quasi-equivalence and short-range order in biological
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Figure 1.13 Introducing curvature into crystals allows a break from traditional
crystallography. The concept of minimal surfaces has been used quite
famously by the architect Antoni Gaudi, who used a model built of hanging
strings with weights (upside down on the left) to calculate the exact
curvatures needed to support the weight of the massive Sagrada Familia
church in Barcelona, right
(Left image reproduced with permission from http://www.hawbaker.org/1/
public Right image reproduced with permission from wikipedia, the free
encyclopedia, http://en.wikipedia.org)

crystals is necessary for curved shapes to emerge.”® To expand upon the idea, the
symmetry elements of the 230 space groups determine the number of ways that
identical atoms can be arranged in an infinite array. Here the underlying space
pattern of the primitive unit cell dictates the shape of a crystal. To deal with a
system whose shape does not conform to this stereotype, it is necessary to abandon
the idea that the environment of every lattice site has to be identical for order to
emerge, and to consider ways of introducing curvature into crystallography and
rounded form into solid-state chemistry. MacKay’s “flexicrystallography” is a
mathematical construct founded upoﬂ minimal surfaces with which to formalize
these topological ideas.”” The concept of minimal surfaces has also been used in'
architecture, and made famous by Antoni Gaudi’s Sagrada Familia church in
Barcelona (Figure 1.13).

1.15 Patterns, Patterns Everywhere

In 1952, stimulated by the visual imagery of natural shapes, Alan Turing developed
a theory of how patterns can appear spontaneously in chemical reaction—diffusion
systems far from equilibrium.”® Turing’s contributions proved relevant to the
understanding of morphogenesis, and suggested to developmental biologists that
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Figure 1.14 Pattern formation in nature: seashell stripes
(Reproduced with permission from Daniel Guerin Photography)

these kinds of chemical processes might be responsible for the appearance of
complex patterns in nature. The appearance of regular stripes in clouds is an
example of non-equilibrium pattern formation, demonstrating that order might also
arise from more than well understood, chemical interactions. Since the publication
of Turing’s influential work there has been intense activity on the mathematical
modeling of patterns in a diversity of biological and non-biological systems.”®
Excellent examples can be found in Meinhardt’s book on The Algorithmic Beauty
of Sea Shells, in which the pigment patterns found on mollusk shells are
mathematically modeled using differential equations that describe various kinds of
activator—inhibitor reaction-diffusion systems (Figure 1.14).59 Ball’s recent text,
The Self-Made Tapestry,®! is a scholarly exploration of pattern formation in the
natural world, from bubbles, waves, bodies and branches to breakdown, fluids,
grains and communities. Ball’s obsession with materials and patterns can be
considered to represent a 21st century revival of D’ Arcy Thompson’s classic text
On Growth and Form."!

1.16 Synthetic Creations with Natural Form

As mentioned earlier, about a century ago Haeckel in his book Crystal Souls wrote
that the properties of organic liquid crystals were somehow connected with
radiolarian microskeletal forms. A century later it has been found that the
polymerization of silicate and phosphate liquid crystals can produce silica and
aluminophosphate morphologies with natural form.®> By natural form, we imply
the visual perception of a class of objects that share particular features typically
associated with biological shapes. Features such as curvature, hierarchy and
complexity are not exclusive to biological shapes, but the fact that they are
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observed in so many biological systems makes the synthetic systems interesting,
potentially from a fundamental point of view. However, form is not sufficient. Just
as an understanding of the evolution of organic soft-matter in living systems
depended on a molecular level understanding of DNA and its interaction with
proteins, the biomineral problem demanded at least the same level of comprehen-
sion of the involvement of inorganic jons and solids in biological systems.

Kresge’s discovery of supramolecular templating of mesoporous silica materials
and the authors’” work on synthetic shape and patterns based upon the mineraliza-
tion of inorganic liquid crystals has stimulated interest in morphosynthesis in
materials chemistry,>-67-83-85 Inorganic liquid crystals, especially the unique kind
of self-organization and mineralization they exhibit, provide a new tool for
enhancing the understanding of the form problem. While morphogenesis was ori-
ginally motivated by Darwinian theories of evolution, morphosynthesis is driven by
the evolution of a materials society. The control of morphology through biomimetic
inorganic chemistry is expected to play a central role in the development of new
materials, products and processes, where form controls function and utility.
Motivation derives from the notion that the control of morphology is the mainstay
of materials science, particularly for tuning mechanical, thermal acoustical,
magnetic, electronic, optical, and catalytic properties of materials. By evaluating
the multiplicity of forms we can self-assemble synthetically, we can catalog an
array of parts which could be used in the designs of future nano-devices. A syn-
thetic seashell is shown in Figure 1.15, and is one of a myriad shapes achievabie
through chemical means.

Kresge’s synthesis of mesostructured inorganics (2-10 nm length scale) involves
the polymerization of an inorganic liquid crystal formed from a templating
mesophase, creating its inorganic replica. This represents a new approach to
materials synthesis, a paradigm shift in materials chemistry, and ushers in an exciting
new era of materials research. The synthetic methodology has been generalized to

Figure 1.15  Synthetic seashell from a liquid crystal templated aluminosilicate
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include diverse kinds of supramolecular86 (surfactant) and macromolecular®’ (block-
copolymer) templates.88 In addition, purely inorganic liquid crystals such as niobate
nanotubules can also be used as templates.*>*° This approach has provided silica and
organosilica materials with structural features in the range of 2-35 nm, modular
mesostructures that assemble from cluster building blocks, compositions that
pervade a good part of the periodic table, electrical properties that can be insulating,
semiconducting or metallic, and morphologies and surface patterns that may span
three spatial dimensions.

1.17 Two-Dimensional Assemblies

If we pass from materials self-assembly in three dimensions to that in two
dimensions, we find there is also a natural progression of concepts and methods
behind its development, using layer-by-layer deposition of mono- and multilayer
films. This research direction can be traced through seminal work of Langmuir
and Blodgett,”! Sagiv, Nuzzo, Whitesides, Decher, Mallouk and Marks on self-
assembly of controlled architecture films at air, liquid and solid interfaces. Irving
Langmuir, while working at General Electric Schenectady, developed a generalized
theory of adsorption for solid and liquid surfaces based on the idea of satisfying
unsaturated surface valency forces.”? Following up on the lead provided by Lord
Rayleigh’s theory of wave motion®® and Agnes Pockels’ “kitchen sink” surface
tension measurements of oil on water,”* he developed the Langmuir film balance to
measure the properties of monolayer surface films at the boundary between air and
water. He confirmed the films were one molecule thick, recorded pressure—area
isotherms, and obtained the sizes and shapes of organic molecules even before the
advent of X-ray diffraction. Katherine Blodgett in 1935 working with Langmuir at
GE developed monolayer film transfer to different supports and built multilayer
assemblies. The Langmuir-Blodgett (LB) technique lay dormant until after the
Second World War, at which point a surge of interest developed as the commercial
potential of all types of thin films in electronics and optics became apparent.
This coincided with the advent of transistors, integrated circuits, the computer-
communication revolution, and the thrust towards nanotechnology and ultimately
molecular electronics.®> One of those chiefly responsible for arousing worldwide
interest in the uses of Langmuir—Blodgett assemblies was Hans Kuhn, starting in
the late 1960s at the University of Marburg. He confirmed several important aspects
of these films such as their stability, defect levels, and ability to make them with
molecular scale patterning.96

Repetitive transfer of LB surfactant monolayers provided a rational approach to
known thickness of LB multilayer films. Through judicious selection of the structure
of the surfactant and due cognizance of interactions between surfactants, it proved
possible to create a wide variety of LB multilayer film architectures with structure
and composition designed for a particular function. A surfactant is an amphiphile,
bearing two chemically distinct termini, and understanding the chemical composi-
tion of the substrate permits one to know both how the surfactant will orient with
respect to it, as well as which end the surfactant will expose to further bind with a
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properly chosen counterpart. Two-dimensional supramolecular chemistry of this
genre has provided access to ferromagnetic,®’ ferroelectric,® semiconducting,”
dielectric,100 non-linear optical,lol’lo2 electroactive!®? and photosensitive104 multi-
layers, in which the spacing between active centers in the film can be controlled
with angstrom precision. Such control over the separation of chemical species was
of pivotal importance for understanding certain details of the surface enhanced
Raman effect'® as well as aspects of energy and electron transfer. %5197

The thermal fragility inherent in organic-based LB films could be circumvented
by directly anchoring organic moieties to a substrate. Pioneering experiments by
Sagiv'®® demonstrated that alkoxysilanes bearing long-alkane chains were able to
anchor to surface hydroxyls and spontaneously self-assemble into close-packed
well-ordered films. This methodology provided a rational approach to the synthesis
of mono and multilayer functional organic surfaces. Marks and others expanded
upon this lead to create designer organic surfaces, noteworthy being aligned
chromophoric assemblies for second harmonic generation.!”® Mallouk devised
a synthetic approach to inorganic LB-like films''® (Figure 1.16). The method
involved initial attachment of «,w-alkanehydroxyphosphonate to glass or an o,w-
alkanethiophosphonate to gold surfaces. This was followed by the sequential
assembly of Zr*™ and a,w-bis-alkanephosphonates to give well-ordered zirconium
organophosphonate multilayer films.

Self-assembled LB films of this type display higher thermal and mechanical
stability than their purely organic LB counterparts. The methodology allows precise
control of film thickness and porosity, substituents on the alkane, nature of the
metal ion connector and distance between active sites. Numerous device concepts
based on inorganic LB films have been brought to practice, including chiral

separation, second harmonic generation, vectorial electron transport and chemical
sensing.

LB Multilayer : Inorganic
LB-Like Film

Figure 1.16 Langmuir——Blodgett films are formed through the repetitive transfer of
amphiphile monolayers, left. Inorganic LB-like films can be synthesized
from diphosphonates and metal ions, right
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Decher developed a simple and elegant yet extremely powerful approach to
the formation of controlled architecture multilayer polymer films based upon the
layer-by-layer self-assembly of oppositely charged polyelectrolytes to create
an electrostatically bound superlattice''=''* (Figure 1.17). The method begins with
the anchoring of a primer layer such as 3-aminopropyltrimethoxysilane to hydroxyl
groups on the surface of glass or silicon. In aqueous solution, the aming groups
are protonated and the primer layer develops an overall positive charge. This facili-
tates the adsorption from solution of a monolayer of a polyanion, such as poly-
(styrenesulfonate). The process of polyanion adsorption on the primer layer, anq as
a consequence the formation of an electrical double layer due to dissociation 1.nto
the aqueous phase of some fraction of countercations, serves to create a sufficient
excess of surface negative charge'!® to allow the subsequent adsorption of a
monolayer of a polycation such as poly(allylaminehydrochloride). This method of
depositing single layers of polyelectrolytes of alternating charge can be repeated
several times to produce multilayer polymer films that exhibit an impressive degree
of regularity in the interlayer repeat distance.'!® Decher’s technique allows the
construction of functional polyelectrolyte electrostatic superlattices one layer ata
time in which the individual polymer layers can be electrically insulating,
semiconducting or metallic and may contain photo-, redox or optically active
components. In fact, further investigations have shown that this method is even
more versatile than previously thought. The materials to be layered are not limited
to polymer electrolytes, but effectively to any species bearing several ?lllglrged
groups such as colloids of various types,'!” viruses!'® and large proteins.''® The
versatility of the method for building designer multilayers is proving to be of
considerable scientific and technological interest.'”

In a creative extension of this research, Mallou and others'?* applied
Decher’s technique, layer-by-layer deposition of polyelectrolyte films of alternating
charge, to the self-assembly of electrostatic superlattices comprised of exfoliated
charged lamellae of layered metal phosphonates, oxides or sulfides in combination
with for example, polymers, clusters, coordination compounds and bioinorganics.

-123
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Figure 1.17 Iterative formation of layer-by-layer electrostatic multilayers by alternately
dipping in solutions of polycations and polyanions
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This bricks-and-mortar, materials self-assembly chemistry provides a simple and
elegant way to assemble inorganic and organic components into controlled
thickness multilayer composite films for a range of perceived device applications.
For instance, by assembling monodispersed gold nanoclusters between thin oxide
layers, single electron transistor (SET) and coulomb blockade behavior have been
demonstrated.'® The method may also provide access to high dielectric constant
oxide thin films for the gate electrode in next generation, smaller and faster field
effect transistors. Another intriguing application of designer electrostatic super-
lattices involves control over the abrasion resistance of surfaces. This has been
achieved by coating a surface with an ultra-hard composite nanolaminate that is
constructed of alternating monolayers of colloidal zirconium oxide and poly-
allylaminehydrochloride.'® These tough organic-inorganic composite films are
assembled in a slow “serial” process, one layer at a time, but with the ultimate
control in composition.

1.18 SAMs and Soft Lithography

Nuzzo noticed how long chain alkanethiolates could self-assemble on gold surfaces
to give well-ordered monolayer films, self-assembled monolayers, now affectio-
nately known as SAMs. 2”12 Whitesides effectively expanded upon the SAM
methodology to develop soft lithography.'® This. technique makes use of a
patterned elastomer made of polydimethylsiloxane (PDMS), as a mask, stamp or
mold. With this simple process, high quality patterns and structures can be created
with lateral dimensions from about 5 nm to 500 mm, in two- and three-dimensions,
that cannot easily be achieved by photolithography. Figure 1.18 shows square drops
of colored water held in this shape by hydrophobic lines surrounding them.!*°
Whitesides’ strategy for patterning and shaping materials over different length
scales and dimensions embraces chemical concepts of self-assembly, templating
and crystal engineering, together with soft lithographic techniques of microcontact
printing and micromolding. It is an alternative non-photolithographic microfabrica-
tion method to complement photolithography, where feature size is limited by
optical diffraction. As well, the short wavelength radiation required for photo-
lithographically defining smaller and smaller designs necessitates prohibitively
expensive and complex facilities and technologies.

While soft lithography circumvents in theory the diffraction limits of 2D
photolithography, in practice the PDMS structures need to be templated upon
some fabricated pattern. Usually the pattern is cast from a photolithographically
patterned master, thereby imposing onto soft lithography the same size constraints
as photolithography, but smaller features can be accessed by fabricating a master
through e-beam, UV or X-ray lithography. Even though very fine lithography may
be expensive, the master can be repeatedly used and the cost per PDMS replica
becomes quite small. Soft lithography provides access to topologically complex 3D
objects for building micromachines and electrical circuits, accommodates a wide
range of materials, and enables a rational surface chemistry. Soft lithography is
easily accessible to chemists interested in experimenting with reliable, convenient
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Figure 1.18 Square drops of water through soft lithography
(Reproduced with permission from Ref. 130)

and inexpensive methods for patterning planar or curved surfaces with organic,
inorganic, polymer, liquid crystal, ceramic or biological structures. Whitesides’
research illustrates the potential of soft lithographic procedures in a wide range of
areas, from microelectronics to optics, microanalysis to sensors, microelectro-
mechanical systems to cell biology. It is abundantly clear that the utility of
soft lithography in diverse areas of chemistry, for rapid and low cost patterning
and shaping of materials, will definitely increase in the near future. It is an
indispensable component of the new materials self-assembly chemistry for the next
millennium.

1.19 Clever Clusters

The self-assembly of organic monolayer films on planar substrates is analogous to
their assembly on a monodisperse nanocluster, the curved cousin of the plane.
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In these systems nanocluster nucleation, growth and stabilization is achieved
through capping with organic ligands, surfactants and polymers. The idea of
capping clusters with organics can be traced to synthetic work of Steigerwald and
Brus that concerned the formation of narrow size distribution metal chalcogenide
clusters in reverse micelles, and their stabilization by capping with surface
thiolates.'*! Also Bentzon showed that the thermal decarbonylation of iron
pentacarbonyl in the presence of oleic acid led to surfactant-capped iron oxide
nanoclusters,'** that had such a narrow size distribution that they spontaneously
assembled into 2D and 3D capped cluster superlattices. The magnetic properties of
periodic arrays of superparamagnetic and ferromagnetic, capped nanocluster films
are expected to be most interesting especially in the context of high density,
magnetic data storage media. In principle, every cluster in a perfect array could be
individually addressed, leading to a storage density approaching the theoretical
limits of magnetism.'*?

These breakthroughs set the stage for an elegant series of experiments by Bawendi
and Alivisatos on the nucleation and growth of monodispersed zinc and cadmium
chalcogenide nanoclusters, capped with a phosphine oxide surfactant.'** Extra-
ordinary control over cluster size and width of the distribution, often better than
a single atomic layer, was feasible by controlling the cluster nucleation and
growth using the phosphineoxide as a dual-purpose solvent and capping agent
(Figure 1.19). It was also found that polydisperse samples could be size selected to
an extremely narrow distribution by several cycles of precipitation from a good
solvent by addition of a non-solvent. Cluster films supported on SAMs'>® and cluster
supercrystals'>® could be obtained using this synthetic technique. Access to size

Figure 1.19 Solutions of CdSe nanoparticles of different sizes under UV light, showing
size-dependent emission properties
(Courtesy of Prof. G.D. Scholes)
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tunable and monodispersed capped semiconductor clusters opened up a myriad
of exciting opportunities in cluster science. These include establishment of
scaling laws for cluster physical prope:rtie:s,137’138 such as melting points,139 phase
transitions,'*® phonon and electronic energies,"*" and magnetic relaxation times. It
also enabled the development of electroluminescent cluster-based devices,MZ’143
SETs,'**!%5 and the study of single clusters using near field optical'*® and laser
scanning confocal spectroscopy'.m’148 Significantly, a biological rather than an
optoelectronic application may emerge from this kind of research. It centers on the
selective fluorescent labeling of biological materials with brightly emissive and
appropriately end-functionalized capped II-VI semiconductor clusters of different
size.'* Specific sites in biological specimens have been tagged with this new class
of “inorganic dyes.” They have the benefit of narrower emission, higher
luminescent yield and greater photochemical stability than currently used organic
dye labels.

Gold colloids are not new. Nearly two centuries ago, Michael Faraday was
generating deeply colored gold colloids using gold tetrachloroaurate and white
phosphorus.15 O The use of citric acid as a reductant was successfully applied in the
1950s,'519% and is still used by researchers today. However, Whyman’s phase-
transfer reductive synthesis153 and Whetten’s aerosol cluster beam synthf:sis154 of
alkanethiolate capped gold nanoclusters opened the way to a rational surface
chemistry of gold nanocrystals with the study of 3D versions of SAMs on metal
surfaces. This work spawned refined synthetic methods for improving the dispersity
of the system to the point that alkanethiolate gold clusters are sufficiently single
sized to allow them to be crystallized into well-ordered ensembles, such as cluster
wires, rings, mono and multilayer films and crystals,155 and inverse colloidal
crystals using a variety of templating and patterning techniques.156 Numerous
studies have detailed the size-scaling physical propertie5157 and behavior of these
gold “designer molecules.”'*® Some interesting properties include preferred
(magic) cluster sizes and shapes, faceting of the clusters, interdigitated-bunching of
the chains of the capping alkanethiolates, defects and order—disorder transitions of
capped cluster supercrystals, QSEs on optical and electrochemical properties,
charge-transport through a single cluster, and SET behavior.'>

1.20 Extending the Prospects of Nanowires

Lieber, Yang and Xia, amongst others, have made great strides with the synthesis of
semiconductor and metal nanowires using vapor and solution phase preparative
strategies.mo A wide range of nanowire compositions with controlled length,
diameter, doping and surface structure, charge and functionality, have been reported.
These nanowires are often found to grow as oriented single crystals. Diameter
dependent QSEs on the electronic band gap have been observed for single crystal
silicon nanowires. Interesting new chemistry and physics is beginning to emerge on
prototype semiconductor nanowire devices based on single and crossed nanowire
architectures. Demonstration nanowire devices like diodes, transistors, light
emitting diodes, logic circuits, lasers and sensors, have been described.
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Figure 1.20 Ultra-small pitch wire arrays made by superlattice templating
(Reproduced with permission from Ref. 161)

A grand challenge with nanowire building blocks is self-assembly into functional
architectures that can form the basis for the development of nanoscale electronic,
optoelectronic and photonic circuitry with exceedingly high densities of nanowires.
These densities can only be achieved if the pitch between nanowires is also
nanoscale, a feat that has recently been achieved by Heath, Lieber, Rogers, and
Williams using bottom-up directed self-assembly and top-down microfabrication
techniques investigated in Chapter 5. A crossed nanowire array made by Heath et al.
using a creative directed self-assembly technique is shown in Figure 1.20.'¢!

1.21 Coercing Colloids

Self-assembled materials have moved well beyond the 10 nm length scale with the
advent of synthetic microspheres having extraordinarily narrow size distributions
(less than about 2-3% polydispersity).'®? The ability to synthesize monodispersed
latex and silica microspheres by heterogeneous emulsion polymerization'®® and
sol-gel chemistry,'® respectively, with diameters in the 50 nm-3 gm range
provides a new class of materials with a range of exciting applications in chemistry
and physics (Figure 1.21).'%° They can be crystallized into structurally well-ordered
colloidal crystals, films and patterns, which can serve as templates to make inverted
replica colloidal crystals with a wide range of compositions. One of the most
appealing properties is that these periodic dielectric lattices are 3D photonic
crystals, the optical analog of the electronic semiconductor.'®® This realization has
spawned tremendous interest in them as miniature optical devices for all-optical
circuits in telecommunications. Many other exciting opportunities are emerging
for colloidal and inverted colloidal crystals, which take advantage of their
ordered porosity and the “structural colors” that emerge from the interference of
light with a microstructure, rather than absorption of light by a chromophore. Some
of these opportunities include solar cells which amplify light absorption, batteries
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Figure 1.21 “Inverse opal” photonic crystal made of titania, templated by an array of
polystyrene spheres
(Reproduced with permission from Ref. 165)

which change color as they discharge, chemical sensors with a multiple color-based
readout, and paper-thin full color video displays.

Preparing colloidal crystals and films can be achieved using Stokes sedimenta-
tion,'®’ electrophoresis168 or evaporation induced self-assembly.!®® Microsphere
epitaxy with a lithographically micropatterned substrate has been used to direct the
crystallization of close-packed as well as non-close-packed colloidal crystal
films.'® Crystallization of microspheres as monolayer films has been exploited for
lithographic patterning of surfaces'’® and for projection lithography,'”’ while
micromolds'”? and surface relief patterns'’> enable microsphere assembly and
control over the size, morphology and orientation of colloidal crystals.

SAM and micromolding in capillary (MIMIC) soft lithographic patterning
techniques have been combined with surfactant-based supramolecular templating to
synthesize periodic mesoporous silica materials with micron scale designs.'”
Materials of this type exhibit hierarchical order with structural organization over
nanometer and micrometer length scales.

Hierarchical synthesis of this genre has been elevated to an even higher level of
structural complexity by utilizing a creative combination of micromolding together
with colloidal crystal and triblock-copolymer templating (Figure 1.22).'76'77
Microchannels are used to template microspheres, the voids between them
in turn template an ordered microphase separated triblock-c:opolyrner,178 and
this polymer finally templates the formation of an ordered oxide. This strategy
provides access to inorganic materials with micron scale designs of periodic
macroporous crystals having walls composed of ordered mesoporous oxides such
as silica, titania and niobia with nanometer scale pores. Here we have an inorganic
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sol-gel-block-copolymer mesophase (10 nm length scale)'” that is infiltrated into

the interstitial spaces of an organized array of latex spheres (100 nm length scale)
in a decorated mold (1000 nm length scale) which yields after polymerization a
composite organic—inorganic material with hierarchical construction and ordering
over three distinct length scales.

Soft lithographic patterning and colloidal crystal templating over multiple length
scales is producing structures with complex texturing of a type that have never been
seen before in materials chemistry. Yet we cannot think too highly of ourselves, for
hierarchy of this genre is the hallmark of Nature’s biomineral constructions. This
can be seen in the delicate ornate microskeletons of the single-cell marine
organisms known as the diatoms. Nature in this case also makes use of organic
molds and templates to shape and decorate silica over many length scales in a
single body. In a microscopy image of the diatom Cymbela Mexicana, the
hierarchical assembly is clearly visible (Figure 1.23). Silica frustules are sculpted in
the 1000 nm size range, and these are permeated with 100 nm dimension ordered
macropores and 10 nm scale periodic mesopores. Seeing these beautiful con-
structions is quite humbling, for it shows us our crude, albeit impressive, imitations
for what they truly are. At the same time, they do show us the prospects of what we
may achieve one day, and while this is not always heartening it invariably presses
us to even greater scientific heights.'8°

Figure 1.22 Hierarchically ordered oxide through a combination of microchannel,
microsphere, and block-copolymer templating
(Reproduced with permission from Ref. 176)
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Figure 1.23

Chapter 1

Microstructure of siliceous diatom, Cymbela Mexicana, observed by
microscopy
(Reproduced with permission from www.diatom.acnatsci.org/Algaelmage)
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1.22 Mesoscale Self-Assembly

Continuing the theme of length scales it is interesting to look at a recent and
fascinating example of 3D materials self-assembly of millimeter scale geodesic
objects and examine why this type of research is scientifically very important and
where it is likely to find utility in the future. Currently, microfabrication based
on photolithography is inherently a 2D technology. New architectures envisaged
for future microelectronic, optoelectronic, photonic and microelectro-mechanical
devices such as photonic band-gap crystals, biomimetic structures and neural-type
computers, necessitate 3D microfabrication schemes. A primitive yet pivotal 3D
self-assembly demonstration experiment has amalgamated a creative combination
of three elements, namely: (a) spherical templating by a drop of liquid dispersed in
a non-miscible liquid (b) capillary-based self-assembly at the interface of the
spherical droplet and surrounding liquid of hexagonally shaped gold platelets with
a central hole having surfaces that are made selectively hydrophobic and
hydrophilic by coating with alkanethiols or silica, respectively, and finally
(c) welding together of the gold hexagons into a mechanically robust “micro-
geodesic” dome by microelectrodeposition of silver (Figure 1.24). While the open
spherical lattice generated by this strategy is comprised of structural objects with no
particular function, the demonstration provides compelling proof of concept for

O

Figure 1.24 Micron-sized self-assembled geodesic dome assembled onto a drop of water in
heptane, the scale bar showing 1 pm
(Reproduced with permission from Ref. 181)
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the feasibility of constructing topologically complex 3D microstructures through
self-assembly.'®! The future success of this approach necessitates the use of
individual or collections of functional objects that spontaneously organize and make
connections with themselves and the outside world to generate fully integrated and
practical electronic, optical, chemical or mechanical systems. Exciting demonstra-
tions from Whitesides’ group, which show convincingly that this can be done, have
appeared in droves in the literature and will be explored further in later chapters.

Clearly, the toolbox of materials self-assembly chemistry has been greatly
expanded since the work of Harting, Haeckel and Thompson. The newly acquired
ability to synthesize hierarchical materials built of individual parts with tunable
compositions and dimensions with designed surface structure, charge and functio-
nality suggests that it should be possible in the near future to self-assemble
components and interconnects of fully integrated and functional electronic, optical,
mechanical, fluidic and chemical systems in a parallel procedure and over all
length scales. .

1.23 Materials Self-Assembly of Integrated Systems

Simple, elegant and robust attributes of self-assembly are now being combined with
powerful methods of inorganic and solid-state chemistry to create materials with
unprecedented structures, compositions and morphologies. This is facilitating
purely synthetic approaches to hierarchical systems with components integrated
over multiple length scales. By combining self-assembly and microfabrication,
it has become feasible to organize and connect organic, inorganic and polymeric
chemical components with well-defined functions into integrated electronic,
photonic, mechanical, analytical and chemical systems for a future nanotechno-
logy.'®* Motivation is being driven by the notion that complex systems in biology,
physics, engineering and chemistry are generally based on hierarchical building
principles, that is, smaller units are assembled into larger ones, which in turn are
organized at a higher dimension. This construction process is continued until the
highest level of structural complexity in the hierarchy has been attained.

The hallmark of an integrated system is the assembly of components into an
architecture that performs a certain functional task. In the cell of a higher green plant
the photosynthetic chloroplast (a hierarchical solar cell) and the ATP-producing
mitochondrion (a hierarchical energy converter) are perhaps two of the most impres-
sive examples of integrated chemical systems. Within the body of a computer,
atoms are assembled into insulators, semiconductors, metals, and dopants. These
form gates, active layers, sources, drains, junctions, metal leads and contacts. These
in turn are the building blocks that constitute the transistors, diodes and capacitors
of the integrated circuits, millions of which comprise circuit boards and sub-
assemblies of an integrated microelectronic system. Familiar integrated chemical
systems include heterogeneous catalysts, photoelectrochemical cells, solid-state
lithium batteries, hydrogen—oxygen fuel cells, instant color photographic film,
sensors and chromatographic stationary phases.

The ability to self-assemble organic, inorganic and polymeric materials over all
length scales and spatial dimensions has taken synthetic chemistry to a level of
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Figure 1.25 Layer-by-layer self-assembled lithium battery
(Reproduced with permission from Ref. 187)

structural complexity that approaches biology and engineering physics. Synthetic
strategies can now be devised for organizing, patterning and connecting functional
chemical components into architectures that were not previously possible.
Demonstrated examples include layer-by-layer assembly of a thin film Zener
diode from conducting polymers and semiconductor nanoclusters,'®® Metal-
Insulator-Metal Nanocluster-Insulator-Metal (MINIM) SET,'®* a multicolor pixel
voltage-controllable semiconductor nanocluster-luminescent polymer light emitting
diode,'® an all-plastic field effect transistor driven light emitting diode,'®® and a
high density rechargeable graphite oxide nanoplatelet-polyelectrolyte lithium ion
battery'®” (Figure 1.25). These few early examples demonstrate the power and
versatility of a materials self-assembly approach to integrated systems.

In the chapters that follow, the materials self-assembly theme will be expanded
upon by introducing various classes of nanoscale building blocks, and referring to
pioneering case studies in the literature where building block chemistry over
multiple length scales has led to new and interesting architectures. These novel
architectures, often unachievable by any other means, have novel and exciting
structure—property—function relations, which may lead to utility and a niche in the
materials world of this new millennium.
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Nanofood for Thought —
Nanochemistry, Genealogy,
Materials Self-Assembly,
Length Scales

o @

10.

11.

. Discuss connections between D’Arcy Wentworth Thomson’s ideas on

morphogenesis of porous siliceous microskeletons of radiolaria in biology
and template directed self-assembly of periodic nanoporous forms of silica in
the materials chemistry laboratory.

In the context of nanochemistry briefly explain with examples what is meant
by (a) self-assembly, (b) co-assembly, (c) template directed self-assembly,
(d) colloidal assembly, (e) inverse colloidal assembly, (f) soft lithography,
(g) cluster superlattice, (h) electrostatic superlattice, (i) hierarchical
structure, (j) nanocomposite, (k) periodic mesostructure and (1) topotactic
metamorphosis. :

Amplify upon the statement: “Self-assembly enables the diversity of
chemistry to be combined with the complexity of biology to create materials
that auto-construct over ‘all’ length scales and this represents a new frontier in
solid-state chemistry”.

In a few sentences delineate the key scientific developments in the 20th
century that enabled solid-state chemistry, as we know it today.

What were the key breakthroughs that enabled today’s nanoscience?

Where did the term “self-assembly” first appear in the scientific literature?

Why is it important to realize that not all nanomaterials are small? Describe
such a “large” nanomaterial with size-tunable properties in the micron range.
Which seminal contributions of Pieter Harting and Heinz Lowenstam can be
cited to support the consensus that they are, respectively, the fathers of
biomimetic inorganic chemistry and biomineralization?

. Why is curvature an important concept in materials chemistry and biology?

Why is curvature becoming particularly relevant in materials self-assembly
chemistry?

What can you accomplish with inorganic Langmuir-Blodgett multilayer film
that would be impossible with the organic analog?

Discuss the different classes of nanostructures that can be synthesized. How
could each of these classes of structures be useful in nano-devices?
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