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3.1
Introduction

Self-organization and directed assembly of biological macromolecules and inorganic
materials plays an important role in the creation of the nanostructured and nanocom-
posite materials so commonly found in biology. Over the past 10 years, materials scien-
tists and chemists have made considerable efforts to create synthetic analogs of bio-
logical materials by attempting to mimic biology and, importantly, to learn the design
rules of biological systems. Considerable efforts have also been made to use what has
been learned from biology to create new materials with properties not found in bio-
logical systems. All this effort has been made because natural materials unquestion-
ably have exquisite properties not found in synthetic materials. And additionally, bio-
logical systems can produce these exquisite materials at or near room temperature in
aqueous environments, whereas most synthetic schemes that produce materials often
inferior to natural biomaterials require elevated temperature and pressure and harsh
chemicals.

Biological nanocomposite materials can be entirely inorganic, entirely organic, or a
mixture of inorganic and organic materials. Even where the final material may be
entirely one class of material, multiple classes of materials may have been involved
in the synthetic process, which may or may not remain in the final structure. A
good example of a biological nanocomposite in which the organic material does
not remain in the final product is the enamel of the mature human tooth, which
is 95 % by weight hydroxyapatite. During tooth formation, enamel consists of a com-
posite of proteins (primarily amelogenin and enamelin) and hydroxyapatite; however,
the proteins are removed as the tooth develops. The presence of the proteins, and the
self-assembled structures they form with other biological macromolecules, do however
help generate the mineral cross-ply structure of the enamel, which plays a large partin
its observed toughness. The best known example of an inorganic/organic structural
composite for which both phases remain in the final product is the aragonitic nacreous
layer of the abalone shell, which is exceptionally strong because of its organic/inor-
ganic layered nanocomposite structure, in which crystalline ceramic layers are sepa-
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rated by highly elastic organic layers. However, there is much more to the exceptional
properties of the abalone shell than simply its layered structure, as many researchers
are discovering. Synthetic efforts have been made for about 10 years to create such a
structure in the laboratory, and although some synthetic structures resemble the aba-
lone shell, to date their properties have been inferior. Thus the practical value of the
synthetic structures is limited. With the many exciting scientific discoveries that have
been made, there is great potential for new materials in the not too distant future.

Many more examples of attempts to copy biology have not been as successful in
generating engineering materials as one would have hoped. In hindsight, this is
not surprising. Biological materials generally form over a period of days to years,
use a limited set of elements, and are designed to be used within a limited tempera-
ture range. Practical engineering materials must be made rapidly (hours or minutes)
and generally must operate over a wide range of temperature and other environmental
conditions. The disconnect between the needs of engineering materials and of biolo-
gical materials has led many scientists to conclude that, rather than attempting to
directly copy biology, a much better philosophy is to learn from biology and use
this knowledge to create synthetic materials. This may or may not involve the use
of some biological molecules, but no attempt is made to ‘copy’ specific biological pro-
cesses.

This chapter covers natural nanobiocomposites, biomimetic nanocomposites, and
biologically inspired synthetic nanocomposites. Natural nanobiocomposites are ex-
actly what the name implies, that is, natural composite materials with structure on
the nanoscale; biomimetic nanocomposites are synthetic nanocomposite materials
formed through processes that mimic biology as closely as possible; and biologically
inspired nanocomposites are composite materials with nanoscale order created
through processes that are inspired by a biological process or a biological material,
but without attempting to mimic, or directly copy, the mechanism of formation of
the biological material. There are many areas I do not attempt to cover, including
mixtures of two or more materials in which the materials form a homogeneous mix-
ture (and thus are not composites) or in which the organic molecule is simply dis-
persed in an organic host, such as organic molecules in a sol—gel matrix. I also
only minimally cover the widely publicized work on mesoporous silica and related
materials, because several very good reviews on this subject already exist [1-5].

The formation of solids containing defined nanometer-scale structures and features
is a challenging goal of great interest in the synthesis of novel materials. Significant
efforts have been made to generate nanostructured materials by techniques ranging
from scanning microscopy to molecular self assembly [6—14]. Through careful control
of molecular architecture, self-assembly can yield many different nanostructured or-
ganics. The potential for creating new materials by mineralizing, polymerizing, or
otherwise replicating these organized structures is very interesting. For example,
mineral growth within and on lipid aggregates has resulted in unusual morpholo-
gies, including mineralized tubules and disks [15, 16]. Another approach to control-
ling mineral growth through self-assembly involves the coassembly of molecular spe-
cies and mineral-phase precursors into mesoporous structures. This methodology has
been successful in the now widely studied formation of mesoporous oxides [17-23].
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3.2
Natural Nanocomposite Materials

In biology, examples abound of structures with nanoscale dimensions, and virtually all
the functionality provided by these materials is a direct consequence of the nanoscale
dimensions of the structure. A few examples of nanoscale materials in biology are lipid
cellular membranes, ion channels, proteins, DNA, actin, spider silk, and so forth. In all
these structures, the characteristic dimension, atleast in 1D, and often in 3D, is on the
order of a few nanometers. Although a materials scientist does not typically consider
such materials to be composites, in truth, the properties of many biological materials
are driven by structure on the nanoscale and, in the sense that the larger material is
composed of discrete nanoscale building blocks, most of these biological materials can
be considered nanocomposite materials. In their active form, that is, when folded,
proteins are composed of domains with varying hydrophilic and hydrophilicity, as
well as domains with such structural features as alpha helixes, beta sheets, and
turns. The assembly of proteins into these complex structures containing nan-
ometer-sized domains of varying chemical properties gives proteins, as well as
many other biomolecules, their intriguing properties. Because these chemically di-
verse regions can exhibit acidic, basic, hydrogen-bonding, hydrophilic, or hydropho-
bic behavior, they can interact in exceedingly diverse ways with precursors for mineral
compounds and the final mineral product. The inorganic/organic composite materials
formed by these exceedingly complex biomolecular structures are the primary focus of
the rest of this section.

However, before discussing inorganic/organic nanocomposites, a short discussion
of at least one completely organic nanocomposite with outstanding properties, namely
spider silk, is in order. Dragline spider silk, which makes up the spokes of a spider
web, is five times tougher than steel by weight and can stretch 30%-40% without
breaking. However, to be fair to steel, I should point out that, although the work-
to-failure is greater for silk than steel, the elastic modulus of silk is significantly
less than that of steel. For applications in which flexibility and toughness are the pri-
mary need, a synthetic route to creating a material with properties equivalent to spider
silk would be exceedingly valuable. The strong core of spider silk is composed primar-
ily of two protein components that self-assemble into crystalline and amorphous re-
gions. The crystalline regions consist of alternating alanine-rich crystalline forming
blocks, which impart hardness [24-26], and glycine-rich amorphous blocks, which
are believed to provide elasticity [27]. This nanocomposite structure of organic nano-
crystals in an amorphous organic matrix generates the exceptional properties of spider
silk. Spiders cannot be kept in close quarters and harvested, because they eat one
another; thus the only route to creating quantities of spider silk sufficient for applica-
tion will be synthetic.

Knowledge of the molecular structure of spider silk is not sufficient for creating a
synthetic material with its properties. Inside the spider, the silk precursor exists as a
lyotropic liquid crystal that is approximately 50 % silk. As the silk is excreted, the pro-
tein molecules that make up silk fold and are aligned as they approach and then pass
through the spinneret, forming a complex insoluble nanostructured fiber. In fact, not
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only is the spider silk made up of crystalline and amorphous regions, but the crystal-
line regions are in turn composed of both highly oriented crystals and less oriented,
but still crystalline, regions [28, 29]. These poorly oriented crystalline regions may
serve to mechanically couple the highly oriented crystalline structure with the amor-
phous domains. This three-phase morphology presumably has properties exceeding
those of a similar two-phase system because of better coupling between the phases,
due to the smaller mismatch in mechanical properties at the interface between the
various domains.

Recently, a synthetic spider silk-like material with properties approaching those of
natural spider silk has been created. Because of their high complexity, the silk precur-
sors could not be created by conventional organic synthesis and thus were created by
expressing two of the dragline silk genes in mammalian cells [30]. The resulting so-
luble recombinant dragline silk proteins were wet-spun into fibers of diameters ran-
ging from 10 to 40 micrometers. After a postspinning draw, fibers with mechanical
properties approaching those of natural spider silk were obtained. The fibers were
highly birefringent, indicating a high degree of chain orientation, but it is not yet
known if the internal nanostructure of the fibers was similar to that of natural spider
silk. Work is now ongoing to build up a herd of transgenic goats that express spider silk
proteins and excrete them in their milk, which should result in the production of
sufficient silk protein for manufacturing.

Much like the nanostructure of natural silk, which self-organizes in the biological
organism, natural organic/inorganic nanocomposites are also formed through self-
assembly. The two extremes of the mechanism for formation of natural nanocompo-
sites are when the organic matrix forms first, followed by mineralization, and when the
organic and inorganic materials coassemble into the nanostructured composite. There
do not appear to be any examples in which the inorganic structure forms first, followed
by organic structure formation. Most biological composites appear to form through the
first route; a process whereby an organic structure first forms, followed by the biolo-
gically directed nucleation and growth of a mineral phase. However, it is also clear that
the organic matrix restructures and reorganizes continuously as the mineral deposits,
which resembles the second mechanism. With both mechanisms, the organic material
is generally composed of an amazing diversity of macromolecules, including proteins
and other biopolymers. Considerable effort has been made to understand the mechan-
ism of formation of these composite materials, a process that requires an understand-
ing of both the structure and function of the organic matrix and the interactions be-
tween the organic matrix and the inorganic precursors and product.

The simplest examples of biological nanocomposites are those in which the mineral
phase is simply deposited onto or within an organic structure. The next level of com-
plexity is shown by examples in which the structure of the mineral phase is clearly
determined by the organic matrix. The greatest complexity is where the mineral is
intimately associated with the organic phase to create a structure with properties
that are superior to those of either the mineral or organic phase. In the first and sec-
ond examples, the organic phase forms first, but in the third, the organic and inorganic
phases almost certainly coassemble into the final structure.
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3.2.1
Biologically Synthesized Nanoparticles

For the simplest example of a biological nanocomposite, one needs to look no farther
than the grasses. Many species of grass precipitate SiO, nanoparticles within their
cellular structures. Perhaps due to some internal structure in their cells, the silica
nanoparticles generated within the cells can be found in sheet-like, globular, or
rod-like morphologies, with characteristic dimensions ranging from a few nan-
ometers to tens of nanometers (Figure 3.1) [31]. The exact reason for the silica deposi-
tion is not known, although it may simply be a way for the plant to sequester silica,
which it continuously takes in as dissolved silicic acid and other silica-containing so-
luble species. If the plant could not sequester silica, it would build up and potentially
limit growth. At high levels, silica may make the plant undesirable as food [32], for
example, the dry weight of horsetails consists of 20 % —25 % silica.

Another example of a biologically simple organism that can generate internal na-
nocomposite structures is bacteria, the most famous of which are magnetic bacteria,
which contain an internal chain of magnetite (Fe;0,) nanocrystals running down their
long axis (Figure 3.2). These nanocrystals are about 40 nm in diameter and give the
bacteria a net magnetic moment, which aligns them with respect to the earth’s mag-
netic field. The presence of this magnetic chain of nanocrystals plays a role in defining

Fig. 3.1 Transmission electron micrograph of rod-like
amorphous silica extracted from a grass. The rod-like nature
is due at least in part to the local environment inside the
plant cells. Adapted from [31]

Fig. 3.2 Transmission electron microscope
bright-field image of a single cell of Magnetospiril-
lum magnetotacticum strain MS-1. Off-axis electron
holography of the boxed region in the transmission
electron microscope showed that the magnetite
crystals were all single magnetic domains. Adapted
from [161]
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the direction of locomotion. Because an individual bacterium, on average, points in a
specific direction, as it moves it continuously explores fresh territory. In contrast, the
movement of a bacterium lacking a directing force follows a random walk, resulting in
a substantially lower probability for movement into fresh territory. Besides the Fe;O,-
containing bacteria, other bacteria deposit chains of nanoparticles of the magnetic
mineral greigite (Fe;S,) within themselves. This mineral chain appears to serve the
same function as the Fe;O, chain in the previous bacteria.

3.2.2
Biologically Synthesized Nanostructures

Biological organisms commonly synthesize nanostructured and nanocomposite ma-
terials of much greater complexity than nanoparticles. These structures can come in
many forms, ranging from needles and plates to complex 3D nanostructures, and can
exhibit many unique and interesting mechanical, chemical, and optical properties.
Although simplifying all biological nanostructure formation routes into a single me-
chanism is not possible, several general synthetic tenets tend to hold true. The first is
that the biological structure forms first, and then the inorganic phase begins to form.
Although truly cooperative assembly is possible, it is much more common that the
organic matrix forms first, regulating the growth of the inorganic material. We should
keep in mind, however, that the organic matrix is plastic and can deform or reshape in
response to the growing inorganic material.

Besides forming nanoparticles, bacteria can form more complex nanostructures.
Bacteria in general are responsible for a vast amount of mineral deposition and in
fact can contribute greatly to mineral deposits on the bottoms of lakes and other aqua-
tic environments. Mineral formation in the vicinity of bacteria is generally driven by a
biologically induced change in the pH or ionic strength around individual bacteria.
This change in the local environment reduces the solubility of certain mineral com-
pounds, leading to precipitation of minerals. Generally, this results in an unfeatured
mineral, so is not of interest here. However, in specific cases, the structure of the
precipitated mineral is highly regulated by proteins on the surface of the bacteria,
resulting in the formation of complex nanostructures. Specifically, some bacteria
have on their exterior a layer of proteins called an S-layer. As these bacteria re-
spire, the local pH and ionic strength change, driving, for example, the mineralization
of gypsum (CaSO,). Rather than being deposited as an unfeatured solid on the exterior
of the bacteria, the growing gypsum is templated by the organic S-layer into a complex
nanostructured form that very closely replicates the structure of the protein S-layer
(Figure 3.3) [33, 34]. The exact mechanism of the mineral templating is not
known, but clearly preferred sites must exist on the S-layer for heterogeneous nuclea-
tion of mineral, or a regular structure would not form. As these mineral nuclei grow,
they impinge on one another, forming a thin, periodically structured film of gypsum.
One reason for the complexity of this structure is that the resulting pores in the in-
organic layer may allow the bacterium to exchange nutrients with its surroundings
even after the mineral phase forms. If the gypsum had formed as a dense solid
film, it would rapidly stop the bacterium’s respiration, thus killing it.
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protein template mineralized membrane
Fig. 3.3 Transmission electron micrograph of (left) bacterial S-layer, which

serves as a protein template for the formation of (right) a thin film of me-
sostructured gypsum. Adapted from [33]

Although this specific S-layer templated structure as yet has no known applications,
inorganic nanostructures of these length scales are of great interest for many high-
technology applications. Patterning on these length scales is exceedingly difficult,
so if bacteria could be genetically engineered to express proteins that result in S-layers
having technologically significant nanostructures, there would be the potential to bio-
mineralize materials for advanced applications. In fact, initial strides have been made
in this regard and are covered later in this chapter.

Higher organisms also generate inorganic/organic composite structures. An excel-
lent example is the sea urchin. The sea urchin spine is a single crystal essentially
composed of calcite, containing only about 0.02% glycoproteins trapped within the
crystal lattice of the spine [35]. However, this very small amount of organic matter
leads to the extraordinarily high toughness and unique fracture properties of the
spine. The spine is much tougher than a synthetic equivalent composed of polycrystal-
line or single-crystalline calcite. Most surprising is the fracture mode of the spine.
Rather than fracturing along a specific crystallographic direction, as occurs for
most single crystals, it fractures with conchoidal cleavage, that is, with a smooth
rounded fracture surface, similar to that observed for glassy materials (Figure 3.4).
The fact that it is a single crystal but does not fracture along any specific crystallo-
graphic direction is quite unlike almost all other crystalline ceramic materials. The
mechanism for the toughening is still unknown but is clearly due at least in part
to the nanoscale dispersion of protein molecules in the crystal lattice.

Fig. 3.4 Scanning electron micrograph of the fracture
surface of a single-crystal spine from a sea urchin, demon-
strating conchoidal cleavage. Adapted from [35]
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Fig. 3.5 Scanning electron micrograph of a fracture surface of the nacre of the
red abalone, showing a side view of the aragonite tablets. Adapted from [162]

Another sea creature that creates an organic/inorganic composite that is vital to the
creature’s survival is the abalone, as already mentioned. The nacreous (mother-of-
pearl) layer of the abalone shell consists of alternating layers of 500-nm-thick arago-
nite platelets and ~30-nm-thick sheets of an organic matrix (Figure 3.5). The matrix
forms first, then the mineral plates develop between the layers. The matrix defines the
thickness of the crystals, and certainly also adds to the strength of the composite struc-
ture by forcing fractures to dissipate their energy as they travel a tortuous path through
this elastic structure. The matrix also controls the crystallographic orientation of the
mineral plates, which must also be important for strength. The resulting composite
structure has a fracture toughness that is about 3000 times greater than that of inor-
ganic aragonite [32]. Along with defining the size and shape of the aragonite plates, the
organic matrix also likely serves to define their crystallographic orientation. The me-
chanism for formation of nacreous aragonite is not entirely clear, although it is known
that the organic matrix forms first into a hollow layered structure, and then the voids in
this structure are mineralized.

Another excellent example of a biological nanocomposite with complex structure
and function is bone. Bone must perform multiple functions. It must have high
strength, yet low weight; it must support remodeling in response to applied stres-
ses, yet not deform under applied stress; it must contain pores to allow oxygen
and nutrients to reach the cells within the bone, yet these same pores cannot lead
to fractures; finally, it must act as a reservoir for minerals, but not allow itself to de-
mineralize and thus weaken. Bone exists in several forms; lamellar bone provides the
structural properties of long bones in mammals and other species and is the subject of
the following discussion, adapted from [36, 37] (Figure 3.6). The basic structure of
bone is a mineralized collagen fibril consisting of on average 65% mineral, the re-
mainder being organic material and water. The collagen phase of bone is composed
of individual fibrils about 80 —100 nm in diameter. These fibrils are in turn composed
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of assemblies of a triple helix of polypeptide chains with an average diameter of 1.5 nm
and length around 300 nm. The internal arrangement of this triple helix structure in
the collagen fibril is not random: the helix aligns with its long axis parallel to the long
axis of the bone and has additional fine structure. The mineral phase of the bone,

Level 4: Fibril Array Patterns

Level 3: Fibril Array

.

200nm
Level 2: Mineralized Collagen Fibril |

Level 1: Major Components

Fig. 3.6 The 7 hierarchical levels of organization of the bone family of ma-
terials, according to Weiner [37]. Level 1: Transmission electron micrographs of
individual mineral crystals from human bone (left side) and an unmineralized,
unstained collagen fibril from turkey tendon embedded in vitreous ice (right
side). Level 2: Transmission electron micrograph of a mineralized collagen fibril
from turkey tendon. Level 3: Transmission electron micrograph of a thin section
of mineralized turkey tendon composed of multiple fibrils. Level 4: Four fibril
packing motifs found in the bone. Level 5: Scanning electron micrograph of a
single osteon from human bone. Level 6: Light micrograph of a fractured
section through a 5500 year old fossilized human femur. Level 7: Whole bovine
bone (scale: 10 cm). Adapted from [37]
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carbonated apatite (Ca;(PO,,COs);(OH)), forms as 50-nm-long, 25-nm-wide platelets
that are on average 1.5—4 nm thick (Figure 3.7). These platelets lie within the collagen
fibrils, with only a small number of polypeptide chains between each platelet. The long
axis of the platelets is generally parallel to the outer surface of the bone, most likely to
maximize the compressive strength of the bone.

The mineral structure forms in bone after the collagen fibrils form. However, as the
mineral forms, the collagen structure may reorganize to some extent. Thermodyna-
mically, the carbonated apatite platelets should coarsen into larger single crystals over
time (Ostwald ripening), but clearly this is prevented by the collagen matrix. Thus,
although the collagen matrix reorganizes to some extent, it clearly cannot be comple-
tely pushed out of the way by the growing mineral. This level of control by biology over
structural development during mineralization currently exceeds that found in syn-
thetic materials. Additionally, after a bone is broken, new structures form which gen-
erate material that is as strong as the original bone; yet, the mineralization process
stops when the healing process is complete. Bone thus is an excellent example of
a self-healing biological nanocomposite in which an organic host phase is formed,
followed by highly regulated mineralization processes. The mechanism for this pro-
cess is not entirely clear, but substantial strides in understanding it are being made.

Clearly, biological systems can create a tremendous diversity of inorganic materials;
however, biological systems are also very limited in terms of material selection. Metals,
as well as many polymers, semiconductors, and ceramics cannot be synthesized by
biological processes, because the precursors are not available in the natural environ-
ment, the materials or precursors are toxic, and/or the product is not stable in the

Fig. 3.7 Transmission electron micrograph of a fractured piece of mineralized
bone from a 50-year-old human male femur. (a) Many mineral crystals are
oriented edge-on and are parallel to the long direction of the collagen fibrils. (b)
Higher magnification view of the bone fragment at the location in (a) marked
with an arrowhead. Here, crystals are oriented face-on. The flat, plate-like nature
of the mineral crystals in bone can be observed in these figures. Adapted from
[163]
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presence of water and/or oxygen. Because of this, there is serious interest in using
elements of biological systems to create synthetic nanocomposites from materials
not found in biology, thus achieving the best of both the biological and synthetic
worlds.

33
Biologically Derived Synthetic Nanocomposites

Because of the limited variety of materials available by purely biological routes, there is
great interest in utilizing the sophistication offered by biological systems in concert
with synthetic procedures to create materials with otherwise unobtainable nanostruc-
tures and thus, potentially, unique properties. Biology offers a unique selection of
building blocks that would be difficult or impossible to synthesize in the labora-
tory. These include proteins, DNA, RNA, and small but highly functional molecules.

3.3.1
Protein-Based Nanostructure Formation

As already mentioned, protein S-layers on the surface of bacteria create complex na-
nostructures. The protein S-layer present on the surface of some bacteria has now also
been used to create entirely synthetic nanostructures. The diversity of S-layer struc-
tures, coupled with the potential for chemical functionalization, make them ideal start-
ing points for nanostructure synthesis. To review, S-layers are 2D protein crystals that
have oblique, square, or hexagonal lattice symmetry with lattice constants between 3
and 30 nm. Interesting for potential nanostructure formation, and to enable bacterial
respiration, S-layers almost universally contain pores of identical size and identical
surface chemistry — properties that make S-layers useful for nanostructure and na-
nocomposite fabrication. In an early example [38, 39], an S-layer was used to template
a periodic structure into a thin metal film. Specifically, a 1-nm-thick metal (Ta/W) film
containing 15-nm holes periodically arranged in a triangular lattice with a lattice con-
stant of 22 nm was created by S-layer templating. This was accomplished by first de-
positing a suspension of S-layer fragments onto an amorphous carbon support film.
After S-layer deposition, a 1.2-nm thick film of Ta/W was evaporated onto the S-layer at
an angle of 40° from the normal of the substrate surface. When examined in the trans-
mission electron microscope (TEM), the resulting film shows contrast indicating some
thickness variation in the metal, but the contrast is not significant. To improve the
contrast and to open up holes in the metal film, the film was argon-ion-milled for
a short time. The result was a metal film that contained a periodic array of holes
with the same symmetry as in the S-layer template [38, 39]. This work was done
more than 15 years ago, yet creating such a nanostructure today would still be a chal-
lenge, even with a modern e-beam lithography system.

Much more recently [13], an S-layer was used to create nanostructured semiconduc-
tor films. The S-layer in this study had an oblique 2D lattice (space group p;; a = 9.8
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nm, b=7.5nm, 6 =80°). Depending on the mechanism of S-layer deposition, either its
negatively charged inner face or its charge-neutral outer face was exposed to a 10 mM
CdCl, solution. After drying, the cadmium-ion-doped S-layer was exposed to H,S gas,
resulting in formation of a nanocrystalline film of the semiconductor CdS on the S-
layer. In the TEM, the CdS film exhibited a superlattice structure that was a direct copy
of the structure of the S-layer [13]. The S-layer may have survived the entire process,
and thus the actual mineral structure formed may be a nanocomposite of CdS and
protein. It is still unclear what applications might be found for such materials,
although robust metal or semiconductor nanoporous structures may find application
as filter membranes, sensors, and optoelectronic devices.

Another protein assembly that has been used to form nanocomposite materials is
ferritin (Figure 3.8). In its native form, ferritin consists of a supramolecular arrange-
ment of proteins around an iron oxide core. The iron oxide core can be selectively
dissolved without damaging the structure of the protein shell, yielding a hollow
ball of protein about 10 nm in diameter. The demineralized protein (apoferritin)
can be refilled with iron oxide, demonstrating that its structure was not greatly af-
fected by the demineralization process. Interestingly, apoferritin can also be filled
with other mineral nanoparticles. In one example [32], the iron oxide core of ferritin
was converted to FeS by treating the ferritin with H,S. Nanoparticles of MnOOH, UQO;,
Fe;0,, and CdS can also be formed inside apoferritin through the appropriate chemi-

Fig. 3.8 Transmission electron
micrographs of magnetite
(Fe304)- and maghemite (y-
Fe,05)-filled ferritins. (a) 260 Fe
atoms/molecule, unstained;
only the discrete electron-dense
inorganic cores can be seen. (b)
260 Fe atoms/molecule, after
staining with uranyl acetate,
showing encapsulation of inor-
ganic cores by intact protein
shell (white halo around each
particle). (c) 530 Fe atoms/mo-
lecule, unstained. (d) 1000 Fe
atoms/molecule, unstained. (e)
2040 Fe atoms/molecule, un-
stained. (f) 3150 Fe atoms/mo-
lecule, unstained. Scale bars in
all figures = 50 nm. Adapted
from [164]



3.3 Biologically Derived Synthetic Nanocomposites

cal treatment. Because the protein shell is not disrupted by the mineralization process,
the final product is truly a nanocomposite of protein and inorganic material. See [32]
for an extended discussion of the use of apoferritin as a template for synthesizing
nanocomposite materials.
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DNA-Templated Nanostructure Formation

DNA offers great potential as a building block for nanocomposite materials. It can be
tethered to a wide range of substrates, can direct assembly with specificities that greatly
exceed that of any synthetic molecule, is relatively robust, can be synthesized in re-
latively large quantities, and can be functionalized with tags such as fluorescent mo-
lecules to enable rapid detection of binding events.

The use of DNA to assemble and create nanostructures and nanocomposite materi-
als is only in its infancy, but even the preliminary work done so far indicates the great
potential of DNA-based assembly techniques. A few of the approaches that have been
studied to date include the mineralization of DNA, the use of DNA to assemble na-
noparticles, and the use of DNA to assemble much larger colloidal particles. These
three approaches are outlined in this chapter; however, the number of possibilities
is vast, and significant work on DNA-mediated assembly of nanostructures is cur-
rently being done.

The possibility of using plasmid DNA as a template for mineralization was first
explored in 1996 [40]. In this work, single strands of a 3455-basepair circular plasmid
DNA were mineralized with CdS nanoparticles, by mixing the plasmid and cadmium
perchlorate in solution, followed by spin coating this solution onto a polylysine-coated
glass slide. The DNA/cadmium perchlorate-coated glass slide was then exposed to
H,S, converting the cadmium perchlorate to CdS, which preferentially mineralized
the DNA. This procedure results in ring-like structures consisting of DNA embedded
within a 5-10-nm-thick CdS strand that can be directly observed in the TEM (Figure
3.9). The diameter of the ring formed by the CdS-encrusted DNA is directly related to
the diameter of the DNA plasmid, and the thickness of the CdS/DNA composite
strand is about 10 nm. This represents the first example of DNA templating of semi-

Fig. 3.9 Transmission electron micrograph of a
nanostructure obtained by mineralization of a cir-
cular plasmid DNA with CdS nanoparticles. The iy ot
ring diameter closely matches the predicted dia- . / 100 nm
meter of the plasmid DNA. Adapted from [40]
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conductors but, given the vast array of structures that can be formed from DNA,
should not be the last.

Another example of DNA-based nanostructure development can be seen in the work
on DNA-based nanoparticle assembly. Several approaches have been explored, with
the majority based on the Watson—Crick base-pairing of DNA strands attached to
various nanoparticles. The first approach involved the functionalization of gold nano-
particles with multiple strands of thiol-terminated type-A or -C DNA in separate reac-
tions [41] (where ‘type’ is used as a label for different nucleotide sequences). The thiol
terminal group is important, because it enables covalent attachment of the DNA strand
to the gold nanoparticles. Importantly, the A and C strands were designed so that they
would not hybridize. The result, after mixing the solutions of each kind of DNA-func-
tionalized nanoparticles, is a simple mixture of DNA-functionalized gold of type A and
DNA-functionalized gold of type C. Then a single strand of DNA with one end com-
plimentary to the type-A DNA and the other end complimentary to the type-C DNA
was added. We label this strand B-D. Upon hybridization of the B-D strand with both
nanoparticles of type A and nanoparticles of type C, a DNA-linked aggregate of na-
noparticles was formed. Aggregate formation is thermally reversible by increasing
the temperature above the melting point of the DNA, at which point the strands de-
hybridize. The assembly could be monitored by UV/visible spectroscopy, because the
UV/visible absorption of gold nanoparticles changes greatly when they are close to-
gether, due to changes in the surface plasmon.

The formation of controlled aggregates, although interesting, is really a starting
point for the creation of much more complex structure through a marriage of biolo-
gical macromolecules and synthetic materials. In addition to placing multiple DNA
molecules on a nanoparticle, it is possible to place a single or a finite number of
DNA molecules on a nanoparticle. However, this requires a significant degree of syn-
thetic effort, because one usually starts with a population of nanoparticles with various
numbers of attached DNA molecules. Through careful separation, nanoparticles with
exactly one or exactly two single-stranded DNA molecules on their surface can be
recovered. These DNA-functionalized particles can then be assembled in highly con-
trolled fashions through DNA hybridization reactions, by adding single-stranded DNA
that is complimentary to the single-stranded DNA on the nanoparticles (Figure 3.10).
This is similar to the approach used to make DNA-linked aggregates; however, because
each nanoparticle contains only one DNA strand, not multiple strands, the result after
hybridization is not the formation of an aggregated structure, but rather, individual
dimers of gold nanoparticles. Trimers of gold nanoparticles were also created by a
similar approach, except that nanoparticles with one strand of DNA of three different
sequences was mixed with a strand of DNA complimentary to all three of the DNA
strands on the surface of the nanoparticles [42, 43].

Recently, it was demonstrated that DNA can assemble much larger colloidal parti-
cles into 3D assemblies of controlled shape. The basic approach is very similar to the
assembly of nanoparticles; however, here the results after hybridization are assemblies
of colloidal particles with defined connectivity [44].

The overall power of DNA-based assembly of nanostructures is based on several
powerful aspects of DNA hybridization. First, hybridization is reversible with tempera-
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to hybridize or react with a single site on the DNA

ture; thus it is possible to anneal structures that at least partially eliminate kinetic traps
that may be present in the assembly process. For example, if during nanostructure
assembly, a particle does not hybridize in the correct location, the structure can be
gently heated, releasing the particle, and then the particle can be retrapped by cooling
below the melting point of the DNA. Second, DNA hybridization is very specific. Un-
like most organic linking chemistries, which cannot distinguish small changes in
molecular structure, DNA can be designed to hybridize only to its exact complimen-
tary strand. Thus it may be possible to combine many DNA-functionalized nanopar-
ticles into very specific arrays by hybridizing to a long strand of DNA that is encoded so
as to react with each DNA functionalized nanoparticle at only a very specific location.

333
Protein Assembly

To achieve a level of complexity similar to what can be obtained by DNA-based assem-
bly, one can engineer or select biological organisms that recognize and bind with high
specificity to specific minerals, semiconductors, and metals. In the first example [45],
Escherichia coli containing genetic sequences specific for recognizing and binding iron
oxide but not other metal surfaces was identified and multiplied. Bacteria that would
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specifically adhere to iron oxide were identified via serial enrichment from a popula-
tion of bacteria. The experimental procedure was as follows: A population of geneti-
cally diverse E. coli was exposed to iron oxide particles. The bacteria that bound to the
iron oxide were collected, and the remainder were discarded. After repeating this pro-
cedure for several generations, bacteria with high degrees of specificity for iron oxide
were obtained. The reason only some of the bacteria bind iron oxide is that E. coli, like
many other bacteria, express proteins on their outer surface whose sequences are a
function of the unique genetic makeup of the bacteria. By starting with a library of
~10’ E. coli that express surface proteins of slightly different sequences, the probabil-
ity that at least one of the E. coli has a highly specific protein is reasonable. Through
enrichment, it is possible to extract and multiply just those bacteria that bind to the
surface of interest.

It is also possible to select for protein sequences that attach to specific metal sur-
faces, and presumably also to metal nanoparticles. Through such biological experi-
ments, a library of ~10’ different polypeptides 14 or 28 amino acids long was cre-
ated. Then, the polypeptides that adhere to the metal surface were isolated, and their
sequences were determined [46]. This approach is exceedingly powerful because of the
vast number of different molecular sequences that can be studied in parallel in a single
experiment.

From a technological standpoint, it is interesting to consider the possibility of re-
cognizing semiconductor surfaces and semiconductor nanoparticles with this proce-
dure. If an appropriate genetic sequence can be identified, it would be possible to
assemble nanoparticles via biological organisms that are designed to present the ap-
propriate biological macromolecules on their surface. Phage display enables the simul-
taneous testing of many peptide sequences for specificity to a given surface. A phage
library containing 10° polypeptide sequences was exposed to a surface, and all the
phages that did not bind to the surface were washed away. The phages that stuck
were then removed from the surface by lowering the pH and were amplified by in-
fecting E. coli bacteria with them. This process was repeated until only phages that
stuck strongly to the surface were present. The DNA of these phages was then se-
quenced to determine the specific peptide sequence(s) that bind with such high affi-
nities to the specific surface of interest [47].

A phage that identifies and binds to a surface of a specific material also binds
strongly to nanoparticles of this material. The result of mixing a nanoparticle-binding
phage with nanoparticles is ‘decoration’ of the phage with nanoparticles, which occurs
only at the end of the phage that contains the specific binding polypeptide, and no-
where else on the phage [48]. Depending on the experimental conditions and phage
design, it may even be possible to bind single nanoparticles to an individual phage or to
assemble the nanoparticles into defined structures, although in the present state of the
art, multiple nanoparticle are bound in a fairly random fashion to each phage.



3.4 Biologically Inspired Nanocomposites

3.4
Biologically Inspired Nanocomposites

The properties of biocomposites and synthetic pathways for their formation have in-
spired wide ranging research. However, early on it was recognized that it is not always
necessary or even desirable to use biologically derived materials for many applications
and that it may be possible simply to use biology as an inspiration for totally synthetic
nanocomposite systems. It is interesting to consider biological systems as an inspira-
tion for nanocomposite materials, because biological systems exhibit many character-
istics that would be attractive in synthetic materials, but it is also clear that direct mi-
micking of biology will be limited to a specific small subset of materials and to specific
nanostructures. However, many lessons can be learned from biology on how to form
complicated nanostructures and on the potential properties of these synthetic nanos-
tructured materials, should one be successful in synthesizing them. Of course, just
because a synthetic material resembles a natural process and the process of forming
that material resembles a natural synthesis does not always mean that the scientists
and engineers who performed the work were inspired by biology. Often it is not stated
whether biology was an inspiration for the work, and thus some care must be taken
before assuming that, just because something appears biologically inspired, it is bio-
logically inspired. In this chapter, I do not attempt to make this distinction and by
necessity assume that, if the work has a biological analog, then it can be considered
‘biologically inspired’, although certainly in some cases this assumption may be
wrong. In this chapter I take the liberty to lump such work under the heading of
‘Biologically Inspired Nanocomposites’.

Much can be learned from biological systems to further the development of syn-
thetic approaches to the formation of complex inorganic structures. Each of the routes
to nanostructure formation that is discussed in this section — liquid crystal templating,
colloidal particle templating, block copolymer templating, and surfactant-inorganic
self-assembly (mesoporous silica being the most famous of this approach to nanos-
tructure formation) — invokes many of the tenets of biologically directed mineral
growth. As already discussed, biological systems rely on self assembly and mineraliza-
tion in the synthesis of hard inorganic structures such as shells, teeth, and bone [11],
and their approaches to materials fabrication can provide guidance and direction to
synthetic systems. Often, the term ‘biomimetic’ has been applied to any approach
using self assembly in the synthesis of nanocomposite materials. As mentioned
above, biological systems do indeed use self-assembling molecules, and high levels
of molecular organization are a very important part of an organism’s inorganic struc-
ture development. However, it would be naive to expect to simulate this process in the
laboratory except on the most basic level. Biological processes are extremely dynamic,
involving huge numbers of very specific proteins and other molecules being generated
and transported to very specific locations, with temporal control. The best synthetic
systems are indeed very simple approximations of living systems and generally are
much too simple to be considered to be truly mimicking biology. Although the syn-
thetic systems are only simple approximations of life, still much can be learned by
attempting to mimic living systems [8], even if biomimetic is perhaps not the best
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term. For example, many attempts centered around the synthesis of mineral phases in
a self-organized matrix have indeed mimicked the mineralization processes of many
biological systems. Examples of matrix-mediated biological mineralization processes
include the reliance of bacteria, plants, shells, and even mammals on organically
mediated growth of mineral phases to eliminate byproducts (bacteria and plants)
[31, 33, 34], create exoskeletons (shells) [49], and grow teeth (mammals) [35]. If during
the synthetic process, organic molecules are incorporated into the mineral phase, the
resulting material may resemble the spicule of a sea urchin, which contains much less
than 1% protein intercalated into the crystal lattice [35].

Despite the low degree of sophistication of synthetic systems, they do have very
distinct advantages over biologically based schemes. Biological systems operate
with only a limited subset of elements and compounds, but synthetic systems can
be designed to use a wider range of elements and compounds, many of which would
be toxic to most living organisms. Biological systems form and operate near room
temperature in the presence of water and oxygen (for the most part), but synthetic
systems can be formed and operate under a wide range of temperature and condi-
tions. Finally, biological materials generally take days to years to form, but synthetic
systems may be formed rapidly. For biology, systems that form slowly in response to
external stimuli have significant advantages, for example, bone remodels to meet the
demands of applied loads. However, in general, the long time scales required for for-
mation of biological nanocomposites limit the application of direct biological synthesis
of engineering materials to a few very specific cases.

Through self-assembly of organic molecules, biological systems have succeeded in
synthesizing a wide range of composite and inorganic nanostructures. Biological sys-
tems contain large quantities of lipids, or soap-like molecules, which self-assemble
(along with many other biological macromolecules, including proteins) to form the
external membranes of cells, as well as smaller vesicles within the cell. These mem-
branes serve to protect the interior contents, as well as to provide synthetic microreac-
tors for biological processes. The concept of performing syntheses in self-assembled
microreactors is in this sense biologically inspired, has been exploited by many re-
searchers to create nanoparticles and composite nanostructures, and is the topic of
this section.

The simplest examples of nanomaterials are zero-dimensional materials, known as
‘nanoparticles’. The study of small semiconductor particles in general is of significant
interest, because the electronic and optical properties of semiconductor nanoparticles
change drastically as the characteristic dimension of a particle is reduced to the na-
noscale regime, largely due to the quantum confinement of electrons within the par-
ticle, although surface-area effects may also play a role (Figures 3.11, 3.12) [50-52].
The most popular nanoparticles for basic studies have been II-VI semiconductor
particles, because of their scientifically interesting and technologically important prop-
erties. In this context, synthetic methodologies for the formation of metal sulfide and
selenide quantum dots and their assembly into higher-order structures have been
widely studied [53—57]. For nanostructuring to dominate the properties of metal sul-
fides and other semiconductors, it is generally necessary for the characteristic dimen-
sion of the nanoparticle to be <10 nm [58]. Semiconducting nanoparticles are gener-
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ally synthesized through one of three routes. The first, grinding of large chunks is
rarely done for nanoparticle preparation, because the grinding process is poorly regu-
lated, generally generating a very polydisperse population of particles, and grinding
introduces too many contaminates for most applications. The other two methods,
gas-phase and solution-phase synthesis, are much more common. Gas-phase synth-
esis is essentially a vaporization and condensation process — a crucible containing the
desired semiconductor (or other material) is heated until it starts to sublime, and then
an inert carrier gas is flowed over the material. The carrier gas then heads into a cool
region where the gaseous semiconductor atoms or molecules condense into nanopar-
ticles and are collected [59]. Although this method is fairly versatile, it operates only
under conditions of high temperature and vacuum and generally produces solid sphe-
rical particles.

Solution-based synthetic routes for nanoparticle formation have ranged from simple
precipitation reactions to much more complex self-assembly-based routes. In general,
simple precipitation results in agglomerates of nanoparticles, and the size distribution
generally varies widely. These problems led to research into synthetic procedures that
would result in nanoparticles that are stable against aggregation and have narrow size
distributions. A primary route to preventing both these problems is to use self-assem-
bly-based techniques, which in many respects resemble nanostructure development in
biological systems, including biomineralization, cell membrane development, and
other biological structure formation. Solution-phase synthesis of semiconductors is
often preferred over other techniques, because it is generally mild (even being carried
out at room temperature and pressures) and can be used to create reasonable volumes
of materials. Solution-phase synthesis has been widely used to grow semiconductor

T 1 I {] I
5.0 N
4.5~ -
..
4.0+ A .
> 35 \ — Zn0 =
o
)'5 3.0 -
€ 2.5+ \ — Cds -
\
= b3
W ol \ -
1.5\ —GaAs
\
1.0 b 1
Fig. 3.11 Theoretical calcula- 0.5r- \ InSh |
tion of band-gap energy as a o | ! 1 1 ] L
function of particle diameter for 30 50 100 200 300 500

several different semiconduc-

tors. Adapted from [58] DIAMETER U.H

173



174

3 Natural Nanobiocomposites, Biomimetic Nanocomposites, and Biologically Inspired Nanocomposites

%

Fig. 3.12 Cd;P, quantum dots. Particle size increases in the direction of the
arrows. The white particles are about 1.5 nm, and the black particles are larger
than 5 nm. Adapted from [50]

quantum dots, yielding particles with low polydispersities and novel optical properties
[50, 51, 56, 57, 60]. Solution-based chemical syntheses are very attractive because they
allow for direct control over the actual concentrations of the chemical precursors. De-
pending on actual conditions, it is even possible to cap the surface of the particles with
organic molecules, which allows for further solution-based processing [53, 55].

The more conventional route to creating nanostructured materials is of course
through top-down lithographic methods. Some examples of top-down techniques
for generating very small features are extreme UV (1 << 200 nm) lithography [61,
62], electron beam writing [63], focused ion-beam lithography [64], x-ray-lithography
[65], scanning probe lithography [66], and microcontact printing [67]. In general, all
these techniques can form structures on the scale of tens to hundreds of nanometers,
although generally only on very flat substrates, and they can be quite slow and often
very expensive. The self-assembly-based route to nanostructure formation has the sig-
nificant advantage that it is not limited to feature generation on flat surfaces, and it can
be massively parallel. Of course, the general problem with self-assembly is that it is not
possible to highly regulate the exact spatial position of the nanostructure, and thus we
are still many years away from creating highly functional self-assembled electronic
circuits.

In the micellar routes to nanoparticle formation, micelles are self-assembled from
surfactant molecules and a solvent that contains at least one of the precursors for the
inorganic nanoparticles in solution. The result is a solution that contains vast numbers
of discrete nanoreactors which individually contain only a finite number of precursor
species for the inorganic phase. When these ions are converted to mineral, generally by
reduction or oxidation, the result can be one nanoparticle per micelle. The polydisper-
sity in nanoparticle diameter is thus directly related to the polydispersity in the initial
micelle size. If it were possible to create a suspension of monodisperse micelles, it
would be a straightforward process to create nanoparticles with a very narrow size
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distribution. Taking a lesson from biology, this might be possible through the use of
complex macromolecules that organize into particles of only a specific size. A very
good biological example of a potential nanoreactor with a tight size distribution is
a virus particle. It may be possible to use virus particles to synthesize nanoparticles
with tight size distributions if a way to load the interior of the virus particles with
precursors for nanoparticles can be developed.

Most of the early nanoparticle synthesis routes produced solid semiconductor par-
ticles with morphologies never far from spherical. The creation of nanoparticles with
complex morphologies is most interesting, because even such sophisticated patterning
techniques as e-beam lithography are limited to ~10-nm features, which are often too
large to result in the desired quantum confinement and other properties [63]. Nano-
particles having certain complex morphologies cannot be created through e-beam pat-
terning or other top-down processing routes. The possibility of generating complicated

Fig. 3.13 Transmission electron micrograph of nanocrystalline CdS structure
grown under an arachidic acid monolayer at room temperature. Scale bar = 200
nm. Adapted from [165]
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Fig. 3.14 Examples of CdSe nanoparticles with complex shape and form that
can be created by solution synthesis from a mixture of surface passivating
agents. Adapted from [70]

morphologies was examined in studies of CdS synthesized under Langmuir mono-
layers, in which dendritic structures were generated (Figure 3.13) [68]. Subse-
quently, a range of strategies have resulted in rod-like and even complex nanoparticles
with complex morphologies that are based on self-assembly regulating the growth of
semiconductor particles.

As examples of self-assembly processes which create nanoparticles with complex
shapes, Alivisatos and coworkers [69, 70] demonstrated the formation of CdSe nanor-
ods with aspect ratios of 30:1, as well as arrow-, teardrop-, tetrapod-, and branched
tetrapod-shaped nanocrystals of CdSe (Figure 3.14). These highly shaped nanoparti-
cles result from using a mixture of hexylphosphonic acid and trioctylphosphine oxide
as passivating agents in the synthesis. Apparently, it is possible to block the growth of
specific crystallographic faces while encouraging the growth of other faces. Thus, par-
ticles that have one crystallographic direction as their long axis, and their short axis as
another crystallographic direction can be formed. The advantage of high aspect ratio
particles over normal, spherical particles has not yet been proven, but the electronic or
physical properties of the particles might be impacted by the change in shape. In
addition, the particles might be able to self-assemble into higher-order structures be-
cause of their high aspect ratios; for example, they may form liquid crystalline phases,
much like molecules with high aspect ratios [69, 70].

Semiconductor nanostructures may also have potential nonquantum confinement-
based properties not found in the bulk equivalent. Besides quantum confinement, one
way to greatly modify the properties of nanostructured semiconductors may be to
design synthetic methodologies that result in dispersion of organic molecules within
the inorganic phase at the molecular level. These composite materials could exhibit
novel properties significantly enhanced over those of either the inorganic or organic
phase alone, as has actually been observed in a wide range of materials. Composite
materials that are tougher [71-73], have increased thermal stability [74], are electro-
nically more sophisticated [75,76], or have enhanced chemical selectivity [77] than
either of the constituent parts have been created. Even without the incorporation
of organic material, periodically nanostructured semiconductors have great potential
in solid-state science and technology, for example because of their potential for both
electronic and catalytic activity. For example, a periodically nanostructured semicon-
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ductor might behave as an array of antidots (a material with a regular array of scattering
centers spaced closer than the mean free path of electrons traveling through them) [78,
79]. A nanostructural material is necessary because, if the mean free path of the elec-
trons is shorter than the spacing between the scattering centers, the antidot lattice does
not operate. At high magnetic fields (>2 Tesla), quantum steps in the conductivity as a
function of electric field may be observed if the lattice spacing of the antidots is on the
order of the cyclotron diameter of the electrons. In contrast to forming a solid of quan-
tum dots, the formation of an antidot lattice requires the semiconducting structures to
be continuous, with a periodic array of nanocavities.

Early on, the greatest emphasis was on creating nanoparticles with narrow size dis-
tributions, not on creating superlattice structures. However, through careful control of
size distribution and chemical functionality, CdSe nanocrystals, and now many other
nanocrystals, have been observed to order into superlattice structures [55]. These struc-
tures may present properties beyond simple quantum effects. The individual crystal-
lites in this system do not form a continuous mineral structure, but are actually se-
parated by thin layers of organic molecules, which are composed of the self-assem-
bling molecules used in the synthesis to regulate the diameter and polydispersity
of the particles. During synthesis, the organic self-assembles into a shell around
the nanoparticles, imparting organic solubility to the nanoparticles, which enables
them to be processed similar to organic compounds. Because of the high degree
of regularity in size and shape, these organically coated nanoparticles assemble
into a crystal of nanoparticles with long range periodicity, much in the way that or-
ganic molecules and atoms can crystallize.

The next level of complexity in nanostructure formation is the creation of nanos-
tructures with complex, predefined morphologies. Here, the biological concepts of
self-assembly and nanostructure formation become most applicable. For example,
in biology, it is common to have complex predefined structures on the nanometer
scale, yet this length scale is exceedingly difficult to regulate in synthetic materials.
However, if the power of self-assembly is coupled with the materials synthesis stra-
tegies known today, there is great potential for the formation of complex composite
nanostructures.

Liquid-crystal templating of inorganic nanostructures, an approach in which the
periodic structure of liquid crystals is imparted to a mineral phase, is one such
route. Liquid crystals present an ideal matrix for the creation of nanoscale composite
materials, because the characteristic 1-10 nm length scales most often expressed in
liquid crystals are similar to the size scale of interest for semiconductor nanostruc-
tures. Furthermore, the periodic structure in liquid crystals can be quite long-
range, and thus the periodic nanostructure also has the potential for long-range or-
der, which is of exceptional interest for many applications. A very important goal
of several research groups is in fact the creation of long-range nanoperiodic order
in materials such as semiconductors through liquid-crystal templating.

Semiconductors with long-range periodic composite structures could come in sev-
eral forms, for example as a particle containing a periodic array of embedded second-
phase material, as a thin film with a periodic topography, or as a periodically porous
material. Highly porous, periodically nanostructured semiconductor particles could be
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quite interesting for solution-based chemistry. For example, the photochemical nature
of their semiconducting phase and zeolite-like pore structure could make them highly
applicable for photochemical degradation of toxic compounds or for performing
shape-selective chemistry, that is, chemistry that operates only on molecules of spe-
cific shape and size. Thin films may be even more technologically important, given the
wide range of potential uses for both supported and freestanding thin films. The ability
to predefine a nanoperiodic array of features in semiconductor thin films may open up
many applications, including electronic devices, sensors, and filter membranes.
Three-dimensional semiconductor structures may have unique optical or electronic
properties, depending on the characteristic length scale of the structure. As the length
approaches hundreds of nanometers, the materials may even exhibit photonic band-
gap effects. Because direct top-down patterning of <10-nm-long nanostructures is
difficult or impossible, and the patterning of 3D nanostructures of almost any length
scale is difficult, templating of nanostructures through self-assembly processes has
significant promise. Essentially, self-assembly-based templating can take place in
either 2 or 3D, and the templating agent may or may not be removed, as desired.
Here, we discuss several templating methodologies with potential for nanocomposite
formation, the properties of such templated materials, and their potential applications.

3.4.1
Lyotropic Liquid-Crystal Templating

Lyotropic liquid-crystal templating is an approach for nanostructure and nanocompo-
site formation that utilizes the self-assembled structure of a liquid crystal to regulate
the structure of a growing inorganic material. When processed correctly, the structure
of the inorganic phase directly replicates the structure of the liquid crystal; thus the
liquid crystal is a ‘template’ for the inorganic. The most important aspect of liquid-
crystal templating of inorganic material is the lyotropic liquid crystal; thus, we should
to review some of the basics of lyotropic liquid crystals. Lyotropic liquid crystals are
composed of at least two covalently linked components, one of which is usually an
amphiphile, which is a molecule that has two or more physically distinct compo-
nents, and the other a solvent. Typically, one of the components making up the am-
phiphile is hydrophobic, and the other component is hydrophilic, as in common soaps,
although this is not the necessary distinction. The dual solvent properties of an am-
phiphile lead to the interesting self-assembly of these molecules in solution by means
that include surface segregation, formation of micelles [80,81] and vesicles [82,83], as
well as the formation of a wide range of LC structures [84,85].

Most amphiphilic molecules contain two or occasionally three segments, of which at
least one is water soluble. Clearly, if half a molecule dissolves in a solvent and the other
half does not, interesting self-assembled structures may result. Within the general
class of amphiphilic molecules are four distinct subclasses: cationic, anionic, zwitter-
ionic, and nonionic. Cationic, anionic, and zwitterionic amphiphiles all contain a for-
mally charged polar moiety, typically called the head group, and a nonpolar moiety,
typically termed the tail. As the names imply, cationic amphiphiles contain a cationic
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head group, such as a quaternary ammonium salt, and anionic amphiphiles, an an-
ionic head group such as a sulfonate salt. Zwitterionic amphiphiles contain a head
group having both positive and negative charge, for example trimethylammonium
phosphonate. Nonionic amphiphiles do not contain charged functional groups, but
instead contain polar segments such as oligo(ethylene oxide) or oligo(vinyl alco-
hol). Examples of anionic and nonionic amphiphiles, sodium octanoate and oli-
go(ethylene oxide) oleyl ether, respectively, are shown below.
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Amphiphiles exhibit very rich, complex phase behavior as a function of solvent con-
centration. In the dilute amphiphile limit, structures such as micelles form, and in the
concentrated amphiphile limit (even solvent free), some amphiphiles show liquid crys-
talline or crystalline phases. Between these endpoints, a wide range of phases and
structures can form. A typical nonionic amphiphile, oligoethylene oxide (10) oleyl
ether [(EO) 15 oleyl], forms micelles, micellar rods, and hexagonal, cubic, and lamellar
liquid crystals as the amphiphile:water ratio increases. This rich self assembling be-
havior occurs because the polar segment is readily solubilized by water, and the non-
polar tail is not. For a single molecule in solution, other than curling up on its self
(which is entropically very unfavorable), there is no physical way to reduce the unfa-
vorable interactions, but if multiple molecules are allowed to associate, or self-assem-
ble, the unfavorable interactions can be reduced. Determination of the structure of this
minimum-energy aggregate is beyond the scope of this book, but essentially one can
calculate the free energies of each possible phase for a particular concentration and
temperature and then select the lowest-energy phase [86].

The three most common phases observed in mixtures of water and amphiphile are
hexagonal, lamellar and cubic. Correctly stated, the cubic phase encompasses a wide
range of potential phases, all exhibiting cubic symmetry but with differing degrees of
continuity in the hydrophilic or hydrophobic phases. Similar to the structures ob-
served for block copolymers [87], the structures observed in lyotropic liquid crystals
can be rationalized as a function of the volume fraction of the various components.
Figure 3.15 shows representative phase diagrams for two nonionic amphiphiles: the
first liquid crystalline phase observed as the amphiphile concentration is increased is
the hexagonal phase, which is in essence the hexagonal close packing of rod-like mi-
celles (Figure 3.16). These rod-like micelles develop in solution as the concentration of
the amphiphile increases, but below a critical concentration do not pack closely. As the
concentration of amphiphile is increased further, the spacing between the rod centers
decreases, and eventually a critical point is reached where a bicontinuous cubic phase
is formed (Figure 3.17). Finally, at high enough concentration of amphiphile, a lamel-
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lar phase forms (Figure 3.18). In some systems, especially those composed of nonionic
triblock amphiphiles, a close-packed cubic phase is observed, usually at lower concen-
trations of amphiphile than the hexagonal phase (Figure 3.19) [88, 89].

Rather then relying on coassembly, which is the process by which nanostructures
develop in many mesoporous oxide systems, many biological processes utilize the
order present in a preformed structure to form nanostructured inorganics. Substan-
tial efforts have been made to utilize the order present in an organic mesophase to
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Fig. 3.15 Phase diagrams for nonionic amphiphile/water systems. (a) C;,E¢ (C;, repre-

sents the number of carbons in the tail, and Eg4 represents the number of ethylene oxide
groups in the head), (b) N-Methyl-N-dodecanoylglucamine. Adapted from [84]
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Fig. 3.16 Schematic illustra-

tion of the hexagonal phase. The
polar head group of the surfac-
tant points out into the water

phase, and the hydrophobic tail
inserts into the center of the rod-
like micelles. Adapted from [166]

Surfactant

directly template the growth of an inorganic phase; liquid crystal templating has been
one of the most successful of these approaches. Early efforts in this area resulted only
in oblong or cubic crystallites or microporous reticulated structures [90—92]. More
recently, through liquid-crystal templating, the successful synthesis of periodically
nanostructured semiconductors that copied directly the symmetry and dimensionality
of the precursor liquid crystal was demonstrated [11, 93 —96]. Liquid-crystal templating
appears to be a general route to the synthesis of semiconductor nanostructures. The
general concept of liquid-crystal templating is to first form a liquid crystal that contains
atleast one of the precursors of the mineral phase, and then to induce a mineral phase
to precipitate in only one chemical region of the liquid crystal by applying an outside

Fig. 3.17 Schematic illustration of a bicontinuous
phase. The light gray region in the center of each
circle indicates the hydrophobic segments, and the
dark gray, the hydrophilic segments
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/.J——’ Surfactant Fig. 3.18 Schematic illustra-
tion of the lamellar phase.
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perturbation. Obviously, it is very important to select the correct synthetic conditions,
mesophase, and mineral phase to be successful in this process. The versatility of this
process has been demonstrated by the fact that materials have been formed in liquid-
crystal phases, including the hexagonal, lamellar, and cubic phases, and the materials
have included the already mentioned I1-VI semiconductors; periodically nanostruc-
tured metals, both as thin films and in bulk [97-102]; as well as films of the chaco-
genides selenium and tellurium [103, 104]. Not only are the characteristic dimensions
of the materials synthesized by liquid-crystal templating smaller than those obtainable

Fig. 3.19 Schematic illustra-
tion of the simple cubic phase.
Adapted from [166].
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by lithographic techniques, but they are often attainable through bulk synthesis, which
is obviously not possible via lithography.

The direct templating of materials in the preordered environment of a nonionic
amphiphilic mesophase generates semiconductor/organic superlattices containing
both the symmetry and the long-range order of the precursor liquid crystal. In the
templated growth of II-VI semiconductors, the semiconductor is grown in a
water-containing liquid crystal by reaction of H,S or H,Se with a dissolved salt
such as Cd(NO;),. Both the chemical nature and the structure of the amphiphile
are important for direct templating. For example, the order obtained in the nanostruc-
tured systems was even observed to be dependent on the counterion for the metal [95].

One advantage of direct templating with liquid crystals as a route to nanostructure
formation, as was already discussed, is that there are a large number of amphiphilic
liquid crystals, with lattice constants ranging from a few nanometers to tens of nan-
ometers, and which include lamellar, hexagonal, cubic, and bicontinuous phases [84,
105, 106]. Potentially, many of these systems can be mineralized, generating materials
with an array of novel structures and properties.

Specifically, IT-VI semiconductors have been directly templated by hexagonal liquid
crystals based on (EO) g5 oleyl [11, 93, 95], and a lamellar liquid crystal formed from
oligo(vinyl alcohol) (23) oleyl ester [93]. As expected, the hexagonal liquid crystal

Fig. 3.20 The structure on the left in the transmission electron micrograph (bottom) is
nanostructured CdS viewed with the hexagonally packed cylindrical templated pores
parallel to the electron beam; the one on the right has the cylindrical structures per-
pendicular to the electron beam. Top: model of the nanostructure as a hexagonal ar-

rangement of cylindrical pores of low electron density, corresponding to organic material
in a solid matrix of semiconductor. The left and right schematic representations corre-
spond to the adjacent micrographs; the central view shows the cylindrical assemblies in an
intermediate state of rotation
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yielded product with a hexagonal nanostructure, and the lamellar liquid crystal yielded
alamellar structure. (EO) 15 oleyl can also form a lamellar liquid crystal, which also was
successful in templating a lamellar CdS product. Other lyotropic phases, such as a
variety of bicontinuous and cubic liquid crystals [84, 105, 107], may also yield inter-
esting mineral nanostructures. In this regard, CdS has been grown in a body-centered
cubic phase by using a triblock copolymer of poly(oxyethylene)-poly(oxypropylene)-
poly(oxyethylene) [(EO) 15¢ (PO) 55 (EO) 1g¢] as the amphiphile. When mixed with
water, the PO segment is only weakly solvated, but the EO is highly solvated.
Thus, when this molecule is hydrated it forms micelles which pack closely, forming
a cubic phase [106]. The result of precipitation in this cubic phase was the formation of
hollow nanospheres of CdS, which are covered later in this chapter.

It is remarkable that a soft organic liquid crystal can directly template a hard covalent
mineral phase. As a specific example, a hexagonal mesophase consisting of 50 vol. %
aqueous 0.1 M Cd(OAc), and 50 vol. % (EO) 15 oleyl templated an inorganic/organic
nanocomposite of CdS and amphiphile when exposed to H,S gas (Figure 3.20) [93].
The composite material contained an internal nanostructure that replicated the sym-
metry and dimensions of the liquid crystal in which it was grown. Interestingly, CdS
and ZnS exhibited a superlattice morphology when formed in a liquid crystal from
their respective nitrate salts and H,S, but Ag,S, CuS, HgS, and PbS did not (Figure
3.21). CdSe is also nanostructured by this method (Figure 3.22). An additional virtue of
the (EO) 15 oleyl system is that, when combined with H,0, it forms a hexagonal me-
sophase at 25°C over the range of ~35 to ~65 vol. % amphiphile and a lamellar me-

Fig. 3.21 Transmission electron micrographs of mineralized structures grown in hexagonal mesophases
from their respective nitrate salt and H,S (bar = 50 nm, except for PbS where the bar is 250 nm)
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Fig. 3.22 Transmission electron micrographs of a)
CdSe mineralized in hexagonal mesophases doped ! B0nm
with (a) cadmium nitrate and (b) cadmium acetate .

sophase from ~70 to ~85 vol. % amphiphile [108, 109], and it can directly template the
growth of mineral over almost this entire range.

As shown in Figure 3.21, the nanostructures of the semiconductors CdS and ZnS
synthesized by precipitation in hexagonal mesophases doped with their respective
nitrate salts have hexagonal symmetry with a periodicity and dimensionality commen-
surate with that of the template. The hexagonal nanostructure is not always evident in
TEM micrographs, due to random orientation of particles in the field of view. Presum-
ably, if properly oriented, all the particles would show hexagonal symmetry. This was
partially observed by tilting the samples on the TEM stage, revealing many more par-
ticles with hexagonal nanostructures.

CdsS is also templated when grown from its acetate salt, although the order of its
nanostructures is not nearly as well defined as in the nitrate systems (Figure 3.23)
[95]. When ZnS is generated from its acetate salt, only spherical polycrystalline par-
ticles with a porous appearance are formed. Another difference between the product
obtained from the acetate and nitrate salts is the average particle diameters of the
semiconductor product: both CdS and ZnS grown from their respective nitrate salts
are approximately five times larger than when grown from their acetate salts. This size
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CA(NOy), + HS =

CdS +2 HNOg

d(OAc]z-l- “23 -
CdS + 2 HOAc

Fig. 3.23 Transmission electron micrographs of CdS grown in identical hexagonal mesophases except for
precursor salt. Note the significantly improved order when cadmium nitrate is used as the precursor over the
order obtained with cadmium acetate

difference can be clearly observed in low magnification electron micrographs. As con-
trols, CdS was also grown in aqueous environments from both the nitrate and acetate
precursors, and as expected, no nanostructure was generated. The counterion of the
metal did not affect the templating of the other mineral systems studied: Ag,S, CuS,
HgS, and PbS were not generated with a superlattice morphology when grown in a
hexagonal mesophase, irrespective of whether the acetate or nitrate salts were used.
The reason may be that the byproduct of the synthesis from the nitrate salt is nitric
acid, whereas the byproduct of the synthesis from the acetate salt is acetic acid. Nitric
acid is a much stronger acid, and apparently enables the mineral phase to reform
around the template during growth so as to remove any structural defects.

As already mentioned, in addition to the hexagonal mesophase, a lamellar meso-
phase of (EO) 15 oleyl also can template a precipitated mineral (Figure 3.24). The la-

mineralized product

organic template

S‘ wl 5‘1 *+— hydrophobic
% —N

50 nm

I 4 efreAl

Fig. 3.24 Schematic representation of the lamellar organic template and transmission
electron micrograph of the resulting product after mineralization. The dark bands are CdS
that mineralized in the hydrophilic region of the template liquid crystal; mineral growth is
prohibited in the hydrophobic regions
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mellar periodicity in the resulting CdS is ~7 nm, which agrees very well with the
periodicity of the lamellar template. The lamellar morphology can be confirmed by
careful tilting of particles within the TEM. If a particle is tilted about an axis perpen-
dicular to the stripes, no change is observed in the pattern. However, if it is tilted on an
axis parallel to the stripes (and perpendicular to the electron beam), the pattern quickly
disappears. These observations constitute strong evidence for a lamellar morphology
within the particles and agree closely with results obtained from lamellar nanocom-
posites formed in a poly(vinyl alcohol)-based liquid crystal [94]. As shown in Figure
3.24, the mineralized product consists of disk-like particles with a long axis in the plane
of the layers that is ~1.5 times the maximum width perpendicular to the layers. Very
interestingly, particles having lamellar morphology do not disperse, even with re-
peated ultrasonication, perhaps due to mineral or organic bridging between the
CdsS layers. Presumably, CdS nucleates within a hydrophilic layer of the mesophase
and grows rapidly in the plane, but concurrently an occasional finger forms perpen-
dicular to this layer, piercing the hydrophobic region. This finger then nucleates an-
other layer of CdS, resulting in a mineral bridge between layers. Another possibility is
tethering of organic molecules in the mineral phase, tying the layers together. Of
course, growth in the plane of the layers is faster than growth perpendicular to the
layers, generating the disk-like habit observed. Not surprisingly, since it seems to en-
hance the templating effect, lamellar-nanostructured CdS was seen only when the
nitrate salt was used, while the acetate salt afforded only small particles.

The layered structure formed by templating with a lamellar liquid crystal is in fact
reminiscent of the layered abalone shell structure; however, in the templated material
the characteristic dimension is just a few nanometers, not hundreds of nanometers to
micrometers. It still remains to be seen if the properties of the layered material are
significantly improved over those of the solid equivalent, but if the abalone shell is any
guide, advanced mechanical properties are a possibility.

As described, mineral growth in the hexagonal and lamellar phases yields interest-
ing, controlled nanostructures. Mineral growth in the cubic phase formed from (EO)
106 (PO) 55 (EO) 15¢ Was also done, using cadmium acetate and H,S as precursors [110].
Although the mechanism is not entirely understood, the result was hollow spheres
20-200 nm in diameter (Figure 3.25), which can be observed by both TEM and
SEM. When the sample is tilted in the stage, the shape and observed structure do
not change, as expected for a hollow sphere (Figure 3.26). If the particles had been
corpuscular in shape, their appearance would change as a function of sample tilt.
The strongest evidence for their hollow nature is the dark edges of the spheres ob-
served in TEM micrographs. If each sphere were solid, TEM would show greater scat-
tering from the center than the edges, making the center appear darker. In the SEM,
the spheres also scatter the most electrons from their edges and appear somewhat
transparent in their centers, providing further proof of their hollow nature (Figure
3.25). Unlike materials produced by direct templating in hexagonal and lamellar li-
quid crystals, the hollow spheres are not of a size commensurate with the structure
of the liquid crystal, but are rather 110 times the size of the characteristic dimension
of the liquid crystal in which they were formed.
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Fig. 3.25 Scanning electron micrograph of hollow
spheres of CdS mineralized within a cubic meso-
phase

100 nm

Because the characteristic dimension (diameter) for hollow CdS spheres obtained
from the Cd(CH;CO,),-doped cubic phase is 20-200 nm, (1-10 times the diameter of
the micelles making up the cubic phase), it does not appear that the mineral nanos-
tructure is directly templated by the liquid crystal. In addition, this nanostructure is
entirely absent from the CdS when the cubic phase is doped with Cd(NO;), as the
precursor salt. This result is important when taken in the context of previous results
in which the use of the nitrate salt led to a nanostructure with enhanced order [95]. In
essence, the nitrate salt allowed the growing mineral to access a thermodynamically
lower-energy morphology, which was a nanostructure commensurate with the struc-
ture of the liquid crystalline matrix. The inability of the nitrate salt to ‘sharpen’ the
order in the cubic system is not surprising, because, as observed in previous stu-
dies, the nitrate salt only improves the registry between the nanostructure and the
liquid crystal and does not result in a new nanostructure. In the cubic system, the
spheres are not a copy of the liquid crystal, so there is no registry to improve. The
mineralization of the cubic phase must lead to local rearrangements of the liquid
crystal, leading to the hollow-sphere morphology observed; however, the detailed me-
chanism is still not understood.

Fig. 3.26 Transmission electron microscope tilt ning from upper left to lower right of each micro-
series of hollow CdS spheres grown in an acetate-  graph. (a) —45°, (b) 0%, (c) 45°
doped cubic phase. The tilt axis was diagonal run-
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A potentially significant difference between the cubic phase and the other phases
studied (hexagonal and lamellar) is the connectivity of the hydrophilic and hydropho-
bic portions of the liquid crystal. In the lamellar and hexagonal phases, both these
regions are continuous in at least one direction. In the cubic phase, however, the hy-
drophobic regions are confined to discrete micelles. This confinement may cause a
difference in templating ability relative to the other phases. For all templating
phases, as the mineral nucleates and grows, it is necessary to expel some molecules
from the volume occupied by the mineral. For both the lamellar and hexagonal phases,
a molecule can diffuse away from the growing mineral without ever exposing its hy-
drophobic (oleyl) or hydrophilic (EO) segments to domains of the opposite nature. In
contrast, in the cubic phase, when a molecule is forced away from the growing mineral
it must leave its micelle and expose its hydrophobic (PO) segment to the polar sur-
roundings (EO + H,0), a high-energy situation. As already stated, the nitrate salt al-
lows the mineral phase to access a lower-energy configuration, which in the lamellar
and hexagonal systems results in a high degree of fidelity between the template and the
semiconductor nanostructure. That a hollow-sphere morphology is not observed in the
cubic system when the nitrate salt is used is not surprising, given that the hollow
morphology is not directly templated by the liquid crystal and that formation of
the spheres requires the mesophase to go through a high-energy intermediate
state. The full reason for the spherical morphology when Cd(CH;CO,), is used as
the semiconductor precursor must be due to a subtle kinetic balance that is not
yet understood. At the very least, the energy difference between the lamellar, hexago-
nal, and cubic systems is rather small, and thus the fact that templating is successful in
the first two systems but unsuccessful in the last indicates that some fairly specific
interactions are necessary for direct templating. This is similar to the action of
many biological systems, in which very specific interactions between proteins and
other macromolecules and growing inorganic phases are exceedingly important for
structural development.

In addition to simple one-component systems, it is interesting to consider the result
of templating binary mixtures of the precursor salts within a liquid crystal. In one
system, a hexagonal mesophase containing 0.05 M Cd(NOj3), and 0.05 M Zn(NO;),
was mineralized. The resulting semiconductor (Cd,Zn,.,S; x ~0.5) product’s nanos-

Fig. 3.27 Transmission electron micrograph of the product
obtained from precipitation in a hexagonal mesophase
doped with 0.05 M Cd(NO5), and 0.05 M Zn(NO),. The
templated product is a solid solution of CdS and ZnS
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Fig. 3.28 Transmission electron micrograph of a
composite product of PbS and ZnS grown in a
hexagonal mesophase doped with 0.05 M
Pb(NO3), and 0.05 M Zn(NOs),. The single crystal
cube at the core of the particle is PbS, and the shell
is a periodically nanostructured solid consisting of
ZnS

tructure exactly matched that of the template (Figure 3.27). In a system of 0.05 M
Pb(NOs3), and 0.05 M Zn(NOjs),, the result was a very different nanostructure, which
consisted of a single-crystal core of PbS surrounded by a shell of nanostructured ZnS
(Figure 3.28). From this it appears that, when mixed metal products are synthesized,
there is a direct correspondence between the behavior of the constituent solids and the
mixed solid. Cd,Zn;_,S was nanostructured (as were CdS and ZnS, Figure 3.21), but
precipitation from Pb*" and Zn** ions resulted in a single crystal of PbS surrounded by
nanostructured polycrystalline ZnS, corresponding with the result seen for PbS and
ZnS when grown discretely (Figure 3.21). The formation of mixed metal precipitates
gives an insight into the growth processes and also opens the possibility of engineering
a property. The system of Cd,Zn,,S offers the possibility of band-gap engineering,
although, due to the somewhat lower solubility of CdS than ZnS in water, the particles
may be cadmium-rich in their center and zinc-rich on their exterior. The differing
solubilities of PbS and ZnS in water play a very important role in the structure of
the particles formed from this mixed system. PbS has a much lower solubility
than ZnS and, as a result, upon exposure of the doped mesophase to H,S, single-crys-
tal PbS cubes nucleate and grow. Then, after most of the Pb** ions are locally ex-
hausted, ZnS heterogeneously nucleates on the PbS particles. As expected, because
ZnS is templated by liquid crystals, the shell of ZnS around the PbS single crystal
contains a periodic superlattice structure.

Direct templating of an inorganic by an organic liquid crystal may depend on many
factors, the most important of which is probably the thermodynamic stability of the
mesophase throughout the mineral growth process. The mesophase must be stable to
the addition of mineral precursors, and the mineral precipitation process must not
disrupt the order of the liquid crystal. In studying direct templating, researchers
have observed that the textures observed by polarized optical microscopy are the
same for the pure mesophase and for a mesophase that contains the precursor
salt, indicating that the doping did not lead to radical disruption of the order in
the mesophase. Nuclear magnetic resonance (NMR) can also be utilized to verify
the structure of liquid crystalline mesophases. To verify that the characteristic mole-
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cular order of the mesophase was not disrupted by ion doping, broadline 2H NMR
spectra were obtained from both cadmium ion-doped and undoped mesophases
[96]. For both mesophases, the same quadrupole splitting was observed (Figure
3.29). If ionic doping had perturbed the structure of the mesophase, the splitting
would have decreased [111, 112]. As additional proof of molecular order in the me-
sophase, x-ray diffractograms were collected to characterize both the mesophase’s
long period and symmetry. For systems containing 35%, 40%, 50%, and 60% am-
phiphile, the 100, 110, and 200 reflections are clearly observed, indicating that the
liquid crystalline structure is hexagonal (Figure 3.30). A mesophase containing
78% amphiphile forms a lamellar liquid crystal, as indicated by the presence of
100 and 200 reflections and the absence of a 110 reflection (Figure 3.31). As ex-
pected, a strong correlation was found between the phase diagrams as determined
by optical analyses and the x-ray data. Similar experiments have been performed

a)

b)

|
200 0 —-200 =400 Hz

Fig. 3.29 Quadrupole splitting for a hexagonal mesophase (a) doped with 0.1
M cadmium acetate and (b) undoped. The splitting indicated by an arrow is the
same for both samples
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Fig. 3.30 Small-angle x-ray
(100) scattering of hexagonal aqueous
(110) mesophases containing (a)
35%, (b) 40%, (c) 50%, and (d)
60% amphiphile by volume
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for other liquid-crystal templating systems, as well as for the formation of mesoporous
silica.

In addition to the metal sulfides, which can be successfully templated as already
mentioned, several sulfide materials, including Ag,S, CuS, HgS, and PbS, were
not templated by the liquid crystal in which they were grown, irrespective of the coun-
terion. Design of amphiphiles with proper structures and binding constants for both
the inorganic precursors and the inorganic product may enable a wide variety of in-
organic and organic compounds to be templated in the future.

To better understand the scientific underpinnings of liquid-crystal templating, it is
instructive to consider a few additional experiments. For example, liquid-crystal tem-
plating at elevated temperature sheds some light on the mesophase—ion—product
interactions. As already mentioned, it appears the periodically nanostructured materi-
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Fig. 3.31 Small-angle x-ray scattering of a lamellar mesophase containing
78 % amphiphile and 22 % water by volume

als are thermodynamically stable with respect to their solid equivalent. This implies
that there is a critical energy balance between the energy gained by reducing the sur-
face area of the mineral phase and the energy lost due to disruption of the mesophase
structure. To study this further, CdS was precipitated in mesophases at both 35 °C and
50°C. These temperatures are both below the isotropization temperature of the doped
mesophases, so the reactions were carried out in a self-assembled medium. The CdS
produced from the reaction at 35°C did express the order of the mesophase, albeit
poorly when compared with the order obtained at room temperature (22 °C). Precipi-
tation at 50 °C resulted in mineral with no periodic order, clearly indicating that the
energetic difference between periodically nanostructured and disordered product is
small and that it only takes a small perturbation to result in nonnanostructured pro-
duct.

As additional evidence for the direct templating mechanism, samples composed of
35%, 40%, 50%, and 60% by weight (EO) 1 oleyl were mineralized with CdS. By
varying the amphiphile content of the mesophase, the spacing between the cylindrical
aggregates of amphiphilic molecules making up the hexagonal mesophase was varied.
Assuming that CdS is directly templated by the liquid crystal in which it is grown, the
hexagonal symmetry and associated length scale should be nearly identical to that
found in the precursor hexagonal mesophase, which is what indeed happened.
The result (Figure 3.32), demonstrating that the superlattice dimension in the preci-
pitate can be varied by changing the lattice constant of the mesophase, is very strong
evidence for direct templating. If the nanostructure present in the templated inorganic
phase had been the result of a cooperative self-assembly process, much as occurs for
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Fig. 3.32 Center-to-center spacing in a cylindrical assembly of amphiphilic
molecules of hexagonal mesophases as determined by x-ray diffraction (e), and
center-to-center pore spacing in templated CdS as measured by transmission

electron microscopy (). Both are plotted as a function of the water content in
the mesophase

most mesoporous silica systems, the result would have been that the periodicity of the
nanostructure would not have changed with varying water content.

342
Liquid-Crystal Templating of Thin Films

The templating of thin films by self-organized organic structures should find signifi-
cant application in both technology and scientific study. Thin-film templating is struc-
turally related to the bulk templating of inorganic materials, which generally results in
periodically structured particles; however, because the result is a periodically struc-
tured thin film, the potential for application is clearer. Templating with organic struc-
tures is especially intriguing because of the potential to create features much smaller
than those feasible by almost any top-down technique, because it utilizes the nanoscale
molecular order inherent in self-assembled organic structures to define the structure
of the resulting thin film. A few key points must hold true for successful thin-film
templating by liquid crystals. First, clearly, for templating to be successful, the self-
assembled matrix must be compatible with the substrate. Then, via some process,
the inorganic material must be deposited or grown on the substrate. Realistically,
only chemical and electrochemical routes for materials deposition can meet these



3.4 Biologically Inspired Nanocomposites

requirements. Other conventional methods of thin-film deposition require high va-
cuum, which is incompatible with lyotropic liquid crystals and furthermore cannot
operate through a thick overlying layer of liquid crystal.

The synthetic routes for liquid-crystal templating of thin films are relatively straight-
forward. To date, most studies have used electrochemical techniques to drive the ma-
terial deposition. First, a precursor containing lyotropic liquid crystal is interfaced with
the substrate. Then, under an applied potential, material is electrochemically depos-
ited at the liquid-crystal/substrate interface. Nanostructured materials that have been
created through this process include a variety of metals, selenium, and tellurium [97,
99-104, 113]. It may also be possible to electrodeposit other interesting materials
including semiconductors; however, no publications have yet appeared demonstrat-
ing success.

Throughout, it is quite interesting that all the successful templating experiments
have relied on liquid crystals formed of nonionic amphiphiles. However, in biol-
ogy, most preformed matrices are formed via ionic macromolecules. In part, this
is likely because biology makes use of very specific interactions to create mineral struc-
tures, but synthetic systems do not have this degree of sophistication. Thus, the fact
that nonionic amphiphiles are much more stable to varying concentrations of soluble
salts is actually an advantage. lonic amphiphiles (as well as biomolecules) are affected
much more strongly by salts, because a single salt ion can bind to one or more of the
polar amphiphile headgroups, greatly reducing their polarity. This was indeed ob-
served for several of the anionic amphiphiles studied, and most likely was the reason
that ionic systems were not successful in templating the growth of a mineral phase. In
biology, where the molecular structures are designed to interact specifically with one
salt under very specific conditions, the strong interaction of ionic groups with dis-
solved species is an advantage. However, for generalized synthetic systems, this
may not be an advantage.

343
Block-Copolymer Templating

Block copolymers are a widely studied class of materials that organize into both 2D and
3D structures at slightly longer length scales than observed for liquid crystals. Similar
phase behavior is observed, with systems transitioning between lamellar, hexagonal
and cubic phases as the relative volume fraction of the two blocks changes [87]. Much
more complex morphologies can form in triblock systems. The characteristic periodi-
city in block copolymer systems ranges from ~5 nm to hundreds of nanometers and
primarily depends on the molecular weight of the block copolymer. As expected, as the
molecular weight of the block copolymer increases, the characteristic length scale in-
creases. It was realized that if there was a way to impart this nanoscale order into a
substrate, one might have a powerful technique for patterning materials with a per-
iodic array of nanometer-sized structures. Unlike lyotropic liquid crystals, block copo-
lymers are generally solvent-free and can be taken to elevated temperatures and under
vacuum without destabilizing the self-assembled structure; thus high-vacuum mate-
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rial deposition and processing approaches can be used. Usually the chemistry of the
block copolymer is designed so that one of the two bocks can be removed via a dry etch
with ozone or other reactive compound to generate the porous structure, which will
subsequently serve as a template for nanostructure formation.

The procedure for block copolymer templating of nanostructures usually is as fol-
lows. A thin film of some block copolymer is spun-coated from solvent onto a substrate
and allowed to self-assemble. After this, one of the blocks of the polymer is removed by
ozone etching. The result of this etching procedure is a substrate coated with a thin
polymer film containing a periodic nanoscale void structure. After removal of any solid
polymer film that overlies the void structure, the polymer film is used as a mask.
Material can be evaporated through the polymer film onto the substrate, material
can be electrochemically grown from the substrate up through the polymer film,
or the polymer film can be used as an etch mask. In all cases, the result is material
structured to be a replica of either the polymer film (when the polymer is used as an
etch mask) or the pore structure of the polymer film (when material is deposited in the
pores). Usually, at the end, the polymer film is removed with solvent or reactive ion
etch, leaving behind nanostructured templated features on a substrate. With this ap-
proach it is possible to create features as small as ~20 nm holes or dots in a periodic
array on a substrate of a wide range of materials, including oxides, semiconductors,
magnetic materials, and of course the polymer itself (Figure 3.33) [114—121]. The
power of block copolymer templating is further enhanced due to the facts that
both the size and spacing of the feature can be modulated simply by varying the mo-
lecular weight and composition of the polymer and that the lattice structure can be
modulated by varying the relative length of the two blocks. For example, both the
lamellar and hexagonal phases can template nanometer-scale lines if they are oriented

Fig. 3.33  (a) Scanning electron micrograph of a polystyrene/polyisoprene
block copolymer template after it has been partially etched with ozone and the
continuous polystyrene layer on the top has been removed. The now empty PI
domains are now holes and are darker in the micrograph. (b) Scanning electron
micrograph of hexagonally ordered arrays of holes in silicon nitride on a thick
silicon wafer. This pattern is formed by using as a template a copolymer film
such shown in (a). The darker regions are ~20-nm-deep holes in the silicon
nitride layer, which are formed by etching through the overlying template.
Adapted from [114]
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properly on the substrate. I should point out that the periodic arrays of dots have at-
tracted the greatest attention for applications such as magnetic storage media.

344
Colloidal Templating

In any discussion of biologically inspired nanocomposite materials, one must include
recent developments on colloidal crystal templating of photonic materials. The basic
premise behind this approach is to use the 3D periodic structure of synthetic opals to
direct the structure of a second phase material. This approach is not biologically in-
spired, but should more accurately be described as ‘naturally inspired’, because opals,
although natural, are geological, not biological, in origin. Furthermore, although the
lower limit to the characteristic length scale of the material generated is 10— 20 nm, the
characteristic dimension is often relatively large, on the order of 500 nm. This is in fact
intentional, since most of the applications for these materials are optical, and thus the
characteristic length should not be much smaller than the wavelength of the light that
one desires to modulate. Commonly, however, much smaller features are embedded
within the templated structure, and these features may be as small as a few nan-
ometers. Because of the clear natural inspiration for the colloidal templating of ma-
terials and the relationship of the templating process to many biological processes, I
cover this approach in this chapter.

The interest in microperiodic 3D structures has grown tremendously due to the
exciting potential of such materials, particularly in the area of photonics [122].
Such 3D structures, often termed photonic crystals, are the extension of the well-
known dielectric stack into three dimensions. Although the colors that occur in
opals, which stem from diffraction of white light by planes of highly ordered submic-
rometer silica spheres, are our inspiration; for practical application, synthetic ap-
proaches are needed to create materials and structures with the necessary refractive
index and periodicity to meet the requirements for most optical applications, which
opals simply do not have.

A particularly interesting class of optical structures are the so-called photonic band-
gap materials. For example, a microperiodic material consisting of low-refractive-index
spheres arranged in a face-centered-cubic array in a matrix with a high index of re-
fraction, and having a lattice constant on the order of the wavelength of light (visible
or infrared), could be such a photonic band-gap material [123]. Similar to how a di-
electric stack has a stop-band for light in a given frequency range, this material would
not allow light in a given frequency range to travel through it in any direction. In es-
sence, it would be an omnidirectional, perfectly lossless, mirror.

The synthesis of these structures however is exceedingly difficult. Layer-by-layer
fabrication of photonic crystals using state-of-the-art VLSI tools, e.g., deep UV photo-
lithography, chemical vapor deposition (CVD), chemical-mechanical polishing, has
been demonstrated [3], but formidable processing difficulties limit the formation
of large area and truly 3D structures.

When appropriately formed, self-assembled colloidal crystals are natural candidates
for the construction of photonic crystals. Good crystal quality is achieved only with
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colloids that have very low size polydispersity (<5 %), which currently limits the choice
of materials to SiO, or polymers, both of which have a fairly low index of refraction
around 1.5, which is much smaller than that required for most optical applications.
This has led researchers to take a two-stage templating approach. In a first step the
desired microperiodic structure is assembled by using colloids. In a second step this
structure is used as a template to build a complementary structure with a material
having a higher index of refraction [124].

Colloidal crystal templating is a very promising approach for production of high-
resolution, micrometer-scale, 3D periodic photonic crystals, but as conventionally ap-
plied to the fabrication of photonic band gap structures it has serious optical limita-
tions, unless materials with the necessary optical properties can be used. Typically, the
most important point is to infill with a material with a sufficiently high refractive index
to generate an optically interesting material. A range of approaches have been sug-
gested to maximize the index contrast, including sol—gel [125-127], chemical vapor
deposition [128 —131], imbibing of nanoparticles [132—134], reduction of GeO, to Ge
[135], electroless [136] and electrochemical deposition [137], and melt imbibing [138].
In addition, polymers have been used to infill colloidal crystals, and in one report, the
colloidal particles were less than 100 nm in diameter, which, although perhaps not
interesting from an optical standpoint, may have potential for separation membranes
and confined chemical reactor spaces [139]. Although they are not the focus of the
following discussion, the colloidal templates used in these attempts are commonly
polycrystalline and can contain unacceptably high numbers of defects; thus, substan-
tial effort has also gone into creating colloidal crystals with low defect densities. Each of
these infilling techniques has various advantages and disadvantages, which are dis-
cussed below. In general, they all consist of approaches to infill the interstitial space
of the colloidal template, after which the colloidal template is generally removed.

The sol—gel infilling of colloidal crystal templates is intriguing to consider as a route
to 3D porous materials [125-127], although it is somewhat limited in application for
photonic materials for several reasons. First, the refractive index of most materials that
can be formed via sol—gel is < 2 (with the exception of TiO,, which can have a re-
fractive index of ~2.5), second, there is considerable reduction in volume during
the conversion of the sol to solid material, and third, the refractive index of most
sol—gel-derived material is substantially less than that of a single crystal of the
same material. The net effect is that most sol-gel-derived macroporous materials
have relatively low refractive index contrast, and their long-range order is somewhat
disrupted due to the uneven contraction of the matrix. However, if one is not interested
in photonic materials, but rather is attempting to make a ceramic macroporous ma-
terial, sol —gel infilling of colloidal crystals may be a very good route. The contraction of
the matrix may in fact be an advantage, in that it may be possible to make structures
with pore diameters on the order of 50 % of the diameter of the template. Because it is
difficult to make colloidal crystal templates from spheres smaller than a few hundred
nanometers, this may be valuable for creating nanoperiodic structures.

Another pathway to macroporous materials is to fill the interstitial space of a col-
loidal crystal with nanoparticles, followed by removal of the colloidal template. This
has some advantages over sol—gel infilling, in that the contraction of the structure
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Fig. 3.34 Left, transmission electron micrographs by imbibing these nanoparticles into a colloidal
of 3% erbium-doped hydrothermally synthesized template formed from 466 nm polystyrene colloidal
titania nanoparticles. Right, scanning electron mi-  particles. The colloidal template was removed by
crographs of macroporous titania structure formed  calcination at 300°C for one hour in air

upon removal of the template from a nanoparticle filled colloidal crystal is significantly
less than that seen upon removal of the template from a sol-gel filled system, and a
much larger subset of materials can be prepared as nanoparticles, including semicon-
ductors, metals, and ceramics. The first example of semiconductor nanoparticle in-
filling of colloidal template used II-VI semiconductor nanoparticles [132]; since
then, Er-doped TiO, nanoparticles, for example, have been filled into a colloidal tem-
plate, followed by removal of the template to generate a macroporous solid (Figure
3.34) [140].

The use of CVD as a pathway to filling colloidal crystals at first may seem counter-
intuitive. After all, CVD generally is most efficient at coating planar surfaces, and it
would seem almost impossible to fill structures with deep pores, such as the interstitial
space of a 3D colloidal crystal. However, significant strides have been made in the past
few years, and now virtually complete infilling of colloidal structures with both Si and
Ge via CVD has been demonstrated [128 —131]. After dissolution of the colloidal tem-
plate, the result is an inverse structure with the necessary refractive index and struc-
tural conditions to exhibit a complete photonic band gap.

Electrodeposition-based infilling is intriguing for several reasons and has the poten-
tial to be general with respect to both characteristic lattice constant and material (Fig-
ure 3.35). The potential for high-refractive-index materials, large area structures, and
the complete infilling of thick 3D colloidal templates, as well as the low cost of elec-
trodeposition have led to interest in this area. To date, three different classes of ma-
terials that have been electrodeposited into self-assembled colloidal crystals, namely
semiconductors, polymers, and metals.

Semiconductors are interesting candidates for photonic crystals, primarily because
of their high refractive indices and generally robust nature. For example, CdS has a
refractive index of 2.5, and materials such as GaP, Si, and Ge have indices of 3.4, 3.5,
and 4.0, respectively. However, routes to creating periodic macroporous structures
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Fig. 3.35 Generalized procedure for creating 3D
periodic macroporous materials by colloidal tem-
plating and electrodeposition. Monodisperse col-

loids sediment onto a conducting substrate, self-

assembling into a crystal. The sample may be dried
and sintered before electrolyte is added. A coun-

terelectrode allows electrodeposition of the desired
material (semiconductor, polymer, metal) into the
interstitial spaces. In a final step the electrolyte and
the templating colloid are removed. For polymeric
colloids this can be done by treatment at elevated
temperature or by dissolution with a solvent. For
silica colloids, aqueous HF is effective for dissol-

ving the template



Fig. 3.36 Schematic representation of the ex-
perimental setup for potentiostatic deposition of
CdSe through the interstitial space of a colloidal
crystal

Fig. 3.37 Scanning electron micrographs of po-
tentiostatically deposited CdSe (a) and galvanos-
tatically deposited CdS (b, c) after removal of the
polystyrene colloidal template. In the overdeposited
system (b), the overlying solid CdS film can be
clearly seen on the right. The apparent lack of
periodic pore structure in the underdeposited
system is not due to disorder in the colloid, but
occurs because the nodular surface of the semi-
conductor cuts through multiple lattice planes of
the template
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from such materials are limited because of their very high melting points and low
solubility in common solvents.

To date, the IT-VI semiconductors CdS and CdSe [137, 141], and ZnO [142], have
been electrochemically grown through colloidal templates, resulting, after dissolution
of the template, in macroporous semiconductor films. For all systems, a conducting
oxide film on glass was used as the substrate. Macroporous CdS films were generated
by galvanostatic deposition through the interstitial spaces of a colloidal crystal formed
from 1 um SiO, spheres, and CdS and CdSe macroporous films were generated by
potentiostatic deposition through a colloidal template generated from 466 nm polystyr-
ene spheres (Figure 3.36). After electrodeposition, the SiO, and polystyrene colloidal
templates were removed with aqueous HF and toluene, respectively. Because of the
high rigidity of the semiconductor network, contraction upon removal of the template
was limited to a few percent at most. The fine and gross morphologies of the electro-
deposited semiconductors are shown in Figure 3.37.

Macroporous ZnO films were formed by potentiostatic deposition through a colloi-
dal crystal formed from 368 nm polystyrene spheres, and the spheres were removed
with toluene. Careful control of the electrodeposition conditions was necessary: if
electrodeposition was done at a potential less negative than —1.0 V vs. Ag/AgCl, large
crystalline grains of ZnO formed, which disrupted the structure of the colloidal tem-
plate. Using a deposition potential more negative than —1.0 V suppressed the forma-
tion of large-grain ZnO, and the colloidal template was not disrupted.

All the electrodeposited semiconductor films are reported to be opalescent; however,
detailed optical spectroscopy has yet to be performed. Real progress in optically inter-
esting materials may await the electrochemical deposition of materials such as GaP,
Ge, and Si, which, because they have refractive indices >3, may result in materials
with 3D photonic band gaps. Routes to the electrodeposition of such materials
have been demonstrated [143], but problems, such as hydrogen gas evolution and
generally harsh conditions, need to be solved before success in these areas is likely.

Electrodeposition of conducting polymers (electropolymerization) through self-as-
sembled colloidal crystals, followed by removal of the colloidal template, is a promising
route to achieving active macroporous materials. Several significant advancements
over the past few years have begun to demonstrate the potential of conducting poly-
mer-based microperiodic photonic structures. Inherently, because of the low refractive
index of polymeric materials, it is quite unlikely that a 3D photonic band-gap material
will result from a polymer-based photonic crystal; however, conducting polymers have
advantageous properties as compared to conventional polymers or inorganic materi-
als: their optical properties can be electrochemically modulated, fine control over prop-
erties can be obtained through organic chemistry, and they are often mechanically
flexible.

Electrochemical growth of conducting polymers is a fairly well developed field, and
many procedures for growing solid films have been published [144]. There are, how-
ever, only a few reports on the growth of porous conducting polymer films. Fibers of
polypyrrole, poly(3-methylthiophene), and polyaniline were formed in the early 1990s
by electrodeposition from the appropriate monomer solution through a porous mem-
brane [145]. The first example of electrochemical deposition of a conducting polymer
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around a colloidal template was in 1992, when polypyrrole was grown around latex
particles [146]. However, no attempt was made to remove the colloidal particles,
and the optical properties of the resulting films were not measured. Only in the
past few years have researchers been exploring the possibility of the templated growth
of conducting polymers for photonic applications.

To date, three reports on colloidal templating of conducting polymers have ap-
peared, all of which followed the general procedure of (1) colloidal crystal formation
on a conducting substrate, (2) electrochemical deposition from solution, and (3) dis-
solution of the colloidal template with an appropriate solvent. In the first example,
polypyrrole was grown potentiostatically from a solution of pyrrole in acetonitrile
through a colloidal crystal composed of SiO, spheres with a mean diameter of
238 nm assembled on F-doped SnO,-coated glass, followed by removal of the colloidal
template with aqueous HF [147]. Macroporous polypyrrole, polyaniline, and poly-
bithiophene films have been potentiostatically polymerized through a colloidal crystal
assembled from 500 nm and 750 nm polystyrene spheres, on a substrate of gold-
coated glass. The polystyrene template was then removed with toluene [148]. In
the most recent example, polypyrrole and polythiophene macroporous films were po-
tentiostatically grown through colloidal crystals assembled from 150 nm and 925 nm
polystyrene spheres, respectively, on glass coated with indium tin oxide; the polystyr-
ene was removed with tetrahydrofuran [149]. A preliminary optical characterization
[149] showed a weak dip in transmittance that appeared to be correlated with the per-
iodic structure.

One significant issue is the contraction of the period structure upon removal of
solvent for electrodeposited macroporous polymers. This was most clearly observed
in polystyrene-templated systems, in which significant contraction, ranging from
13 % to 409, was observed for the macroporous polypyrrole and polyaniline. How-
ever, very little contraction was observed in polystyrene-templated macroporous poly-
bithiophene or when SiO, spheres were used as the template. For example,
poly(ethylenedioxythiophene) was templated by silica colloidal particles (Figure
3.38). The primary difference is that organic solvents are used to remove the polystyr-
ene spheres and an aqueous HF solution is used to remove the SiO, spheres. This
suggests that the organic solvent softens the electrodeposited polymer, allowing it
to contract; however, there may be other systems similar to polybithiophene, in which
contraction of the macroporous matrix does not occur. This is less of a problem for
macroporous metals and semiconductors.

Metallic macroporous ordered replicas of colloidal assemblies are of potential inter-
est for a wide range of applications including filtration, separation, and catalysis. In
addition, they might have interesting electrical, magnetic, or optical properties. The
tools and techniques for electrochemically plating metals have been well established
for thin films and even bulk materials. It is thus fairly straightforward to develop re-
cipes to backfill the interstitial space of a colloidal self-assembled crystal with almost
any metal.

From a photonic standpoint, the properties of bulk metals are very poor, although of
course templated structures may have many other applications. The imaginary com-
ponents of the dielectric constants of bulk metals are large, hence they readily absorb
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Fig. 3.38 Scanning electron micrograph of poly(ethylenedioxythiophene)
electrodeposited around a colloidal crystal template, after dissolution of the
template

light. When the metallic structures become small enough, however, strong optical
resonances associated with plasmon frequencies of the conduction electron in the
metals can lead to qualitatively new phenomena. A well-known example of this is
the red color of a nanosized dispersion of gold colloid. A more recent manifestation
of unexpected behavior is the anomalously high light transmission through small
holes (<200 nm) in thin metallic films [150].

Theoretical calculations [151—153] on ordered 3D arrays of metallo-dielectric spheres
show that these are promising for the construction of materials with full photonic band-
gap in the visible part of the optical spectrum. The advantage of metallo-dielectric
structures over purely dielectric structures is that it should be easier to achieve a
full band-gap in the visible. A full band-gap in the visible is exceedingly difficult, if
not impossible, to create with purely dielectric structures, because very few dielectric
materialshaveanindexofrefraction >3 andverylowabsorptionin thevisible. Thishasled
to the development of synthesis routes to produce metallo-dielectric colloidal core-shell
particles with sizes in the submicrometer range [154, 155] and metallic shell thicknesses
or cores that are small enough to show resonance effects.

Vos et al. [156] made gold replicas of colloidal crystals made of silica (radius 113 nm)
and polystyrene (radius 322 nm). Prior to electrodeposition of the gold, the silica
spheres were sintered by heat treatment at 600°C. After electrodeposition of the
gold, the silica template was removed by etching with aqueous HF, and the polystyr-
ene spheres were removed by combustion at 450 °C (Figure 3.39). There are no dimen-
sional changes between the dried, sintered colloid and the final replica, although some
cracking is observed during the original drying and sintering process, indicating that
the electrochemically formed gold is dense and structurally robust. This is a definite
improvement over other methods of infilling macroporous structures with high-di-
electric materials, e.g., liquid-phase or sol—gel chemistry [126, 127], and infiltration
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with nanosized particles [132], in which considerable contraction of the matrix is ob-
served, which leads to serious crack formation and warping of the colloidal structure.
Other electrodeposited materials include Ni, Pt, and a SnCo alloy [157, 158], Pd, Pt, and
Co [159]; electroless deposition has also been attempted [136].

As just described, recent work has demonstrated that templating of the interstitial
space of highly ordered colloidal crystals has promise for creating macroporous photo-
nic crystals from a diverse set of materials including oxides, semiconductors, metals,
polymers, and glasses. The resulting 3D macroperiodic materials have been formed
with close-packed macropores ranging in diameter from 100 nm to a few micrometers,
giving the potential to modulate light ranging from deep UV to the infrared. However,
problems with the infilling process still need to be overcome before this approach to
photonic structures comes to fruition. As outlined, filling the 3D interstitial space of a
colloidal crystal with a high-index material has been problematic, because many tech-
niques either only deposit material in the top few layers of a colloidal crystal or do not
fully fill the colloidal crystal with a material of high enough refractive index.

Another route to infilling of colloidal crystals to generate a high-refractive-index
structure is melt-imbibing of a chalcogenide glass such as selenium, followed by dis-
solution of the silica template. Selenium was selected because it has a high refractive
index of 2.5, and thus can provide a nearly complete 3D photonic gap (Figure 3.40), a
very low optical loss coefficient between 1 and 10 um [160], low melting point (217 °C),
and relatively low surface tension (~100 dynes cm™), which reduces the force neces-
sary to infill the structure. Importantly, selenium vitrifies easily, forming an optically
isotropic glass [160]. Other chalcogenide glasses certainly could be used to infill col-
loidal crystals; however, they have higher softening points and thus are not suitable for
initial investigation. Through melt imbibing, essentially complete infilling of a colloi-
dal crystal was demonstrated (Figure 3.41).

Fig. 3.39 (a) Scanning electron micrograph of a
crystal of air spheres (radius 111 nm) in gold, made
with a silica template. The inset is a Fourier
transform of the image. (b) Scanning electron
micrograph of macropores (radius 322 nm) in gold,
made with a latex template. The structure has short-
range order, but no long-range order. Adapted from
[156]
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Fig. 3.40 Photonic density of states for inverse fcc structure for refractive index
contrasts of (a) 1.45, (b) 2.5, and (c) 2.95; 1.45 corresponds to filling with a
simple oxide such as silica, 2.5 to filling with selenium, and 2.95 to filling with a
high-index chalcogenide glass such as Ge,s,As,(Se;sTeso. Note the deep photonic
band gap for an index contrast of 2.5 at 2 um and a complete gap at 2.3 um for
the system with an index contrast of 2.95. Adapted from [138].
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Fig. 3.41 Scanning electron micrographs of a
selenium photonic crystal cut and polished to ex-
pose specific crystallographic faces. (a) Polished
(001) facet, which is perpendicular to the settling
direction. The contact points between the spheres
on adjacent layers are clearly visible as pores, but
within the (007) plane the voids do not appear to be
interconnected. This pore morphology is the result
of a 2% mismatch between the sphere diameter
and the template size. (b) (110) face, proof that the
selenium photonic crystal is indeed fcc. Again, the
voids are generally not interconnected within the
(001) plane, but are interconnected between (001)
planes. (c) Low-magnification scanning electron
micrograph of the (110) face, presenting a cross
section of the entire thickness of the selenium
photonic crystal. The sample was mounted in epoxy
prior to polishing, which is seen below the photonic
crystal; solid selenium is present above the
photonic crystal. Importantly, the structure is highly
ordered throughout the entire crystal, including the
top layer. Because of an ~1.5° misorientation of the
polished sample with respect to the (110) face, the
size of the pores appears to change from left to
right across the sample. Adapted from [138]

Infilling was accomplished by imbibing molten selenium under high pressure into
the colloidal crystal, followed by quenching to vitrify the selenium. Subsequently, the
colloidal crystal template was removed with HF, resulting in a macroporous selenium/
air structure with a high contrast in refractive index.

3.5
Summary

The confluence of nanoscience, biotechnology, and materials chemistry offers great
potential for discovery and fabrication of advanced composite materials. Great
amounts of information still need to be gleaned from the study of biological sys-
tems, but we have now reached a point where the current body of knowledge on
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how biological systems can create highly functional nanocomposites is starting to en-
able the creation of advanced materials. For example, natural systems widely exploit
self-assembly to create a great diversity of interesting and highly functional materials,
and today we are beginning to also create synthetic systems by similar processes. We
must always remember that biological organisms work with a limited subset of ma-
terials and take up to years to create nanocomposite structures, so, rather than attempt-
ing to create materials by direct mimicking of biology, it will likely be much more
productive to create materials by exploiting the design rules expressed by biological
systems and applying them to synthetic systems. The dividends for research into bio-
logically inspired nanocomposite materials are great, and much progress is expected in
the near future.
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