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Preface

Over the last forty years, good old-fashioned colloid chemistry has undergone
something of a revolution, transforming itself from little more than a collection
of qualitative observations of the macroscopic behaviour of some complex sys-
tems into a discipline with a solid theoretical foundation and a whole toolbox of
new chemical techniques. It can now boast a set of concepts which go a long way
towards providing an understanding of the many strange and interesting behav-
iour patterns exhibited by natural and artificial systems on the mesoscale.
In other words: colloid chemists have acquired a great deal of experience in the
generation and control of matter with tools that are specific on a scale of some
nanometers to micrometers. Modern concepts such as self-organisation, hierar-
chical set-up of materials, nanoparticles, functional surface engineering, inter-
facing and cross-talk of complex chemical objects, all of which are now in the
toolbox of this 9o-year old science.

It is the aim of the present issue of “Topics in Current Chemistry” to highlight
some of the most attractive recent developments in colloid chemistry which
are expected to have broader relevance and to be interesting to a more general
readership. The contributions focus both on tools and procedures as well as on
potential applications.

In this first volume, Stephan Forster opens with a quite general introduction
which exemplifies the thinking in the field: how to bridge the “nanogap” between
the largest structures organic chemistry can offer and the smallest structures
engineering can provide by encoding the self-assembly within the structure of
the primary element. Forster is an expert in employing amphiphilic block
copolymers as tectonic units, and the prospects dealt with indeed span from
advanced catalysis to biomedical applications.

Similar looking block-copolymers but also other self-organising templates
are used by Christine Goltner-Spickermann for her “nanocasting”, i.e. the repli-
cation of complex soft-matter structures into inorganic and metallic frame-
works. The resulting porous materials are, at all events, inverted “hard-copies” of
the primary structure with exciting potential applications for basic physical
chemistry (experiments under confined conditions), catalysis and chromato-
graphic separation.

The aspect of rationally designed catalysts on the basis of active metallic
nanoparticles supported by polymeric and nanoporous inorganic systems is
elaborated in the contribution by Lyudmila Bronstein. Here, colloid chemistry is
used to generate local environments which make a nanoparticle under reaction


Adobe Acrobat Distiller 5.0.x Joboption Datei
<<
     /ColorSettingsFile ()
     /LockDistillerParams false
     /DetectBlends false
     /DoThumbnails true
     /AntiAliasMonoImages false
     /MonoImageDownsampleType /Bicubic
     /GrayImageDownsampleType /Bicubic
     /MaxSubsetPct 100
     /MonoImageFilter /CCITTFaxEncode
     /ColorImageDownsampleThreshold 1.5
     /GrayImageFilter /DCTEncode
     /ColorConversionStrategy /sRGB
     /CalGrayProfile ()
     /ColorImageResolution 150
     /UsePrologue false
     /MonoImageResolution 600
     /ColorImageDepth -1
     /sRGBProfile (sRGB IEC61966-2.1)
     /PreserveOverprintSettings true
     /CompatibilityLevel 1.2
     /UCRandBGInfo /Preserve
     /EmitDSCWarnings false
     /CreateJobTicket false
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDict << /K -1 >>
     /ColorImageDownsampleType /Bicubic
     /GrayImageDict << /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.9 >>
     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)
     /ParseDSCComments false
     /PreserveEPSInfo false
     /MonoImageDepth -1
     /AutoFilterGrayImages true
     /SubsetFonts false
     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /HSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.76 /ColorTransform 1 >>
     /ColorImageFilter /DCTEncode
     /AutoRotatePages /None
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ASCII85EncodePages false
     /PreserveOPIComments false
     /NeverEmbed [ ]
     /ColorImageDict << /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.9 >>
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /CannotEmbedFontPolicy /Warning
     /EndPage -1
     /TransferFunctionInfo /Apply
     /CalRGBProfile (sRGB IEC61966-2.1)
     /EncodeColorImages true
     /EncodeGrayImages true
     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /HSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.76 /ColorTransform 1 >>
     /Optimize true
     /ParseDSCCommentsForDocInfo false
     /GrayImageDownsampleThreshold 1.5
     /MonoImageDownsampleThreshold 1.5
     /AutoPositionEPSFiles false
     /GrayImageResolution 150
     /AutoFilterColorImages true
     /AlwaysEmbed [ ]
     /ImageMemory 524288
     /OPM 1
     /DefaultRenderingIntent /Default
     /EmbedAllFonts true
     /StartPage 1
     /DownsampleGrayImages true
     /AntiAliasColorImages false
     /ConvertImagesToIndexed true
     /PreserveHalftoneInfo true
     /CompressPages true
     /Binding /Left
>> setdistillerparams
<<
     /PageSize [ 595.276 841.890 ]
     /HWResolution [ 1200 1200 ]
>> setpagedevice

Verwendete Mac Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.2
     Für schnelle Web-Anzeige optimieren: Ja
     Piktogramme einbetten: Ja
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 1200 1200 ] dpi
     Papierformat: [ 439 666 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 600 dpi
     Downsampling für Bilder über: 900 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Warnen und weiter
Einbetten:
     Immer einbetten: [ ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Alle Farben zu sRGB konvertieren
     Methode: Standard
Arbeitsbereiche:
     Graustufen ICC-Profil: 
     RGB ICC-Profil: sRGB IEC61966-2.1
     CMYK ICC-Profil: U.S. Web Coated (SWOP) v2
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Nein
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Nein
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Nein

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de


VIII Preface

more durable or the reaction more specific. The extension of nanocasting to
extended membrane-like and gel-like supports via “nanocoating”is presented in
the contribution by Rachel Caruso. Here, the organic template is reflected in a 3D
connectivity of oxidic, crystalline nanoparticles, a technique which has the
potential to revolutionize the way to construct photocatalysts, solar cells, and
nanostructured catalytic supports in general.

Another way to organise inorganic particulate matter is delineated in the
contribution of Jean Christophe Gabriel. Here, the classical self-organization
principle of lyotropic liquid crystals is extended to inorganic colloids with a dis-
tinct shape and mutual interactions. Such organised arrays with high order are
more durable and carry a potential inorganic functionality (electronic and mag-
netic properties) which can stimulate fresh ideas in nanotechnology.

Philippe Poulin uses liquid crystals in an unconventional fashion to generate
highly organized arrays of droplets by demixing where defects control ripening
and further growth. Besides providing beauty, this might give rise to a number
of new matrix-assisted structuring processes, as also used indirectly in the con-
tribution by Eric Kaler. Here, organised high-concentration surfactant phases
are used as templates for organic polymerisation reactions and the Poulin-
mechanism is nicely trapped by the polymer structures produced which are not
copies of the original template (as in case of nanocasting), but nanostructures
organised by the controlled demixing process.

This volume is closed by a contribution by Paul Mulvaney and Luis Liz-
Marzén who used the nanocoating of Au-nanoparticles as a first step in the
rational design of nanohybrids with very special optical and photonic proper-
ties. The ability to hybridise metals and inorganic oxides on the colloidal scale
while there is no direct bond on a molecular level nicely underlines the poten-
tial of modern colloid chemistry to employ and merge very different building
blocks on the mesoscale and to realise hybrid situations and high performance
systems which are otherwise not accessible.

Beside introducing the diverse nano-specific instruments, it is the special
elegance of the field that the structures are getting large enough to reveal their
beauty. In this sense, I wish all the readers an interesting but also entertaining
time reading this material.

Markus Antonietti, Potsdam February 2003
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Amphiphilic block copolymers self-assemble into a variety of supramolecular structures that
can be used as templates for the preparation of nanoparticles and mesoporous materials. Size
and shape of nanoparticles and mesopores can be controlled via block lengths and polymer
concentration. Templates can be used for the preparation of noble metals, semiconductors,
and ceramic nanostructures. Concepts of consecutive and hierarchical templating allow one
to prepare complex nanostructures for applications in catalysis, electro-optics, and particle
separation.
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2 S. Forster

List of Abbreviations and Symbols

[A] Concentration of monomer A
[B] Concentration of monomer B

[1] Initiator concentration

A Insoluble polymer block

B Soluble polymer block

BCC Body-centered cubic lattice

d Long period, unit cell dimension
FCC Face-centered cubic lattice

HEX Hexagonally packed cylinders

LAM Lamellae

MLAM Modulated lamellae

N, Degree of polymerization of the A-block
Ng Degree of polymerization of the B-block
P2VP  Poly-2-vinylpyridine

P4VP  Poly-4-vinylpyridine

PB Polybutadiene
PEO Polyethyleneoxide
PI Polyisoprene

PLAM  Perforated lamellae
PMAc  Polymethacrylic acid
PPO Polypropyleneoxide

PS Polystyrene

VA Aggregation number

X Flory-Huggins interaction parameter
1

Introduction

The template-directed synthesis of nano- and micromaterials has considerably
evolved in recent years. Efforts were driven by the demand to produce in a con-
trolled and reproducible way nano- and microstructures with applications in
materials science, catalysis, and pharmacy. The idea to use templates is an old
idea of mankind to produce reliably and reproducibly household goods and art-
works needed in everyday life. The requirements for the template can easily be
seen in the production of pottery. A template is filled or covered with a soft pre-
cursor material to bring the material into the desired form. Through a chemical
reaction or a physical process the precursor material hardens and the template
can be removed to obtain the desired product. The template has the advantage
that its size and shape can be reproducibly controlled, in contrast to the desired
material, where such control is more difficult.

Many of the requirements that are so obvious in pottery production are much
more subtle when thinking of templating in nano- and microdimensions. Tem-
plates can be as small as single molecules, e.g., in zeolite formation and molecu-
lar imprinting, or very large such as bioceramics with micron-size pores for the
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templated formation of bone tissue. The templates are often produced by con-
trolled self-assembly or controlled growth kinetics. In any case, nano- and micro
templates have also to be filled or coated. This is done by making use of specific
chemical and physical interactions that act on appropriate length scales to put
the precursor material into the desired place. The precursor material then has to
be converted to a mechanically stable form, which survives the removal of the
template. For this either physical reactions like crystallization or chemical reac-
tions that cross-link molecules into networks are used.

In recent years there has been considerable progress in the use of block
copolymers as templates for the controlled synthesis of nano particles and
mesoporous inorganic materials. Fresh impetus has been given by the progress
made in controlling the self-assembly of block copolymers to engineer a variety
of templates of different size and topology. At the same time, versatile synthetic
routes have been developed to produce nanoparticles and ceramics in polymer
microdomains. Today this field has advanced very rapidly. Ingenious concepts
making use of consecutive and hierarchical templating to produce an astonish-
ing variety of nano- and microstructures have been developed.

Many reviews and feature articles covering different aspects of this field have
already appeared and the interested reader is encouraged for further reading to
examine [1-5]. This review article will present recent developments in using
block copolymers as templates for the synthesis of nanostructured materials.
After an outline of the basic concepts of templating and the self-assembly of
block copolymers, we will cover the synthesis of nanoparticles and mesoporous
structures. At the end strategies for multiple templating and other future devel-
opments will be discussed.

2
Templating

Many concepts of templating have their direct analogy in the centuries-old
process of bell-manufacturing. Bell-manufacture is a many-step templating
process (Fig. 1):

1. A solid core is coated with clay to form the “wrong” bell. In this step the core
acts as an exo-template.

2. The “wrong” bell is again used as an exo-template - it is coated with clay to
form the “cope”. Both “wrong” bell and “cope” are then solidified by heating.
The “wrong” bell is then extracted to form the mold.

3. The mold represents an endo-template,i.e., it is filled with molten metal (usu-
ally bronze) which solidifies upon cooling. After removal of the mold the final
bell is obtained.

Bell-manufacturing is a consecutive templating procedure where the casts are
again used as templates in a subsequent templating step. It makes use of exo- and
endo-templates. The concepts of exo- and endo-templates were first discussed in
[1]. Endo-templates are filled, whereas exo-templates are covered to produce the
desired form (see Table 1). In the case of bicontinuous templates this distinction
is not possible. Between consecutive templating steps there is usually a solidifi-
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A -

Core + “Wrong” bell + “Cope”
1. exo-template 2. exo-template core/shell-hybrid

2. Extraction

1. Solidification
l i &

1. Solidification
2. Extractfon

Bell . Mold
cast core/shell-hybrid 3. endo-template

Fig.1. Scheme of the classical bell-manufacturing process

Table 1. Different topologies that can be prepared from endo- and exo-templates

Dimensionality Cast from endo- and exo-templates

of the template

0-D Particle Spherical pore

1-D Fiber Cylindrical pore

2-D Sheet Slit pore

3-D Bicontinous structure Bicontinous pore structure

cation/extraction process to prepare the next template. The solidification steps
have to be carefully controlled in order to prevent faults and the built-up of
mechanical tension.

For the preparation of nano- and microstructures there are numerous exam-
ples of endo- and exo-templates that have been used for the synthesis of parti-
cle- and pore structures from the nanometer to the micrometer scale. Templates
can be inorganic, organic, or biological materials as are the materials or casts
produced therefrom. The hardening process can be physical (crystallization
from the melt, glass formation) or chemical (cross-linking, polycondensation).
Templates usually have to be extracted in order to obtain the desired material.

Figure 2 gives an overview of commonly used templates arranged according
to their size. They cover length scales from several Angstréms to several hun-
dred micrometers. Many of these templates are formed by self-assembly or by
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Fig.2. Templates used for the preparation of nano- and microstructures

specific control of particle growth kinetics. This applies for nanotubes as well as
for micelles, microemulsions, or latex particles. The “price” to pay for the use of
self-assembled templates is a certain size-distribution. However, the relative
standard deviation is in many cases only a few percent and fractionation meth-
ods allow a further decrease in this value, so that in some cases only one species
is obtained, e.g., in the case of the Cy,-fullerenes.

3
Amphiphilic Block Copolymers

Self-assembling macromolecules are particularly well suited for applications as
nano- and micro-templates. Macromolecules allow control of the size and topol-
ogy of the template over many decades in length scale. The simplest primary
macromolecular structure which permits one to carry out these functions are
diblock copolymers. The last few years have seen considerable progress in the
development of methods to synthesize block polymers, some of them applicable
on an industrial scale.

3.1
Synthesis

During the last decade, more and more advanced techniques of “living” or con-
trolled polymerization to prepare block copolymers have become available. It
has become possible to prepare block copolymers of various architectures, sol-
ubility, and functionality [6]. Architectures comprise diblock, triblock, and
multiblock copolymers arranged linearly, as stars or grafts. The solubilities vary
from polar solvents such as water to media with very low cohesion energies such
as silicon oil or fluorinated solvents. Control of functionality has become impor-
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tant, motivated by the necessity to stabilize metallic, semiconductor, ceramic, or
biological interfaces. The different synthetic routes to block copolymers com-
prise living anionic, living cationic, and living radical polymerization. Combin-
ing different polymerization techniques provides a large variety of block
copolymers [7]. This is done by attaching functional groups which start the
polymerization of the next polymer block (macroinitiators).

There has long been a large number of strategies to prepare block copolymers
by living anionic polymerization [8]. Recent years have seen the development of
new methods of polymerization, the living cationic [9] and the living radical
polymerization [10] (e.g., RAFT technique [11-14]). New monomers have be-
come accessible to controlled polymerization giving rise to the preparation of
new classes of amphiphilic or functional polymers. The lower reactivity of the
living chain ends enables polymerization to be accomplished with less technical
effort (inert gas, high vacuum, rigorous exclusion of air and humidity). There-
fore these polymerization techniques are of considerable interest from the tech-
nical point of view. At present the preparation of block copolymers by means of
controlled radical polymerization in aqueous emulsions is being investigated.
Some block copolymers such as the well-known Pluronic (BASF Wyandotte)
and Kraton (Shell) block copolymers serving as emulsifiers or as thermoplastic
elastomers are already being prepared on an industrial scale.

Living polymerization techniques allow one to prepare block copolymers with
exactly predetermined degrees of polymerization and low polydispersities. The
degree of polymerization N of the polymer blocks depends on the molar ratio
of initiator [I] to monomer [A], [B] concentration, N,=[A]/[I] and Nyz=[B]/[I].
The polydispersities are mostly in the range M,,/M,<1.1, which corresponds to a
relative standard deviation in the degree of polymerization of less than 30%.

3.2
Self-Assembly

In the following we will describe the self-organization of block copolymers in
dilute solution, concentrated solution, and bulk. All these structures have been
or can be used as templates for the preparation of nano particles and porous
structures.

3.2.1
Micelles and Vesicles

Surfactants as well as block copolymers form micelles [15-20] in dilute solu-
tions. Due to the chemical structure of the blocks, block copolymers form
micelles not only in polar solvents such as water, but also in very nonpolar media
such as fluorinated hydrocarbons or supercritical CO,. Block copolymer
micelles have a core consisting of the insoluble A-blocks and a shell or corona of
the soluble B-blocks (Fig. 3).

Block copolymers micelles have a well-defined, controllable size and shape.
The size of the micelle depends on the aggregation number, which is determined
by the length of the polymer blocks. Figure 4 shows the systematic dependence
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Fig.3. Formation of a micelle (aggregation number Z=8) of AB-block copolymers
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Fig. 4. Aggregation numbers Z as functions of the degree of polymerization N, of the inso-
luble block. Open circles, open squares: diblock copolymers (PS-P4VP, PS-PMAc), open tri-
angles: triblock copolymers (PMAc-PS-PMAc), inverted open triangles: graft copolymers
(PSMSA-g-PEO), open stars: PS-P2VP heteroarm star polymers, open diamonds: PS-PAAc
heteroarm star polymers filled circles: nonionic surfactants (C,E,), filled squares: cationic sur-
factants (RNMe;Br), filled triangles, filled inverted triangles: anionic surfactants (ROSO;Na,
RSO;Na) (according to [5])
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Fig.5. A,B Electron micrographs. C optical micrographs of the three most frequent forms of
self-organization of block copolymers. A - spherical micelles (PS-PI/DMF) [26], B - cylindri-
cal micelles (PB-PEO/water) [27], C - vesicles (P2VP-PEO/water) [30]. C (above right) shows
a single vesicle in which the solution of a fluorescent dye was encapsulated

between the aggregation number Z, i.e., the number of block copolymers in a
micelle, and the degree of polymerization of the soluble block, N, [21].

The experimental results can be described by a scaling law Z = Z,N#Nz#
where a=2 and =0.8. Z, mainly depends on the enthalpy of mixing between the
insoluble polymer block A and the solvent. Scaling laws with broken exponents
such as 0.8 can often be found in polymer systems. The above equation describes
the formation of micelles for diblock- [21,22], triblock- [22], graft- [23],and het-
eroarmstar copolymers [24, 25] as well as for low molecular weight cationic,
anionic, and non-ionic surfactants over a range of three orders of magnitude in
block length N. Z; is tabulated for many block copolymers, being Z,=1 for most
systems which allows the aggregation numbers and diameter of the micelle to be
calculated and controlled via the degrees of polymerization of the blocks. This
is of relevance to the preparation of nanocolloids and porous ceramics via tem-
plating procedures.

The compartmentalization of micelles into a core/shell structure can well be
observed in the electron micrographs in Fig. 5A [26]. The micelles have a total
diameter of 30 nm, the core diameter being 10 nm.

Variation of block lengths further allows one to control the shape of the
micelles. Block copolymers with large soluble B-blocks form spherical micelles,
whereas cylindrical micelles and vesicles result from block copolymers with
continuously smaller soluble blocks. Cylindrical micelles, e.g., of poly(butadi-
ene-b-ethyleneoxide) (Fig. 5B) may have lengths of several micrometers [27].
Block copolymer vesicles were observed with diameters from 100 nm up to
several micrometers. Compared to lipid vesicles, block copolymer vesicles
are mechanically and thermodynamically much more stable [28, 29] and are
well suited as templates. Figure 5C shows vesicles of poly(2-vinylpyridine-b-
ethylene oxide) (P2VP-PEO) with diameters of more than 10 pm (giant vesicles)
[30].
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A

Fig. 6A-C. Electron micrographs of a: A cubic; B hexagonal; C lamellar superlattice of block
copolymers in lyotropic liquid-crystalline phases. The structure of the lyotropic phases was
fixed by y-irradiation [27]

3.2.2
Lyotropic Phases

At higher concentrations block copolymers form lyotropic liquid-crystalline
phases. Their range of stability can depend strongly on temperature. In aqueous
solutions polyethylene oxide (PEO) is usually the soluble block. An increase of
temperature reduces the solubility of the PEO block which can result in phase
transitions into different phases. Most of the present knowledge on lyotropic
phase behavior of block copolymers was obtained from studies of Pluronics, i.e.,
poly(ethyleneoxide-b-propyleneoxide-b-ethyleneoxide) (PEO-PPO-PEO) [31].
Phase diagrams of block copolymers with shorter chains resemble those of low-
molecular surfactants.

Figure 6 shows electron micrographs of lyotropic block copolymer phases of
poly(butadiene-b-ethylene oxide) (PB-PEO) in water. The dark regions are the
hydrophobic PB domains. There are cubic phases of spherical micelles on a bcc-
lattice, hexagonally arranged cylindrical micelles, and lamellar phases. The size
of the unit cell lies between 30 and 100 nm and can be controlled via the water
content. Homogeneously oriented domains have dimensions of up to several
micrometers. Lyotropic phases can be applied for the preparation of porous
materials (Sect. 5). For templating purposes it is possible to control the mor-
phology and the periodic length via block lengths and polymer concentration.

3.2.3
Bulk Phases

Also in bulk block copolymers microphase-separate into ordered liquid crys-
talline phases. A variety of phase morphologies such as lamellae (LAM), hexag-
onally ordered cylinders (HEX), arrays of spherical microdomains (BCC, FCC),
modulated (MLAM) and perforated layers (PLAM), ordered bicontinuous struc-
tures such as the gyroid, as well as the related inverse structures have been doc-
umented. The morphology mainly depends on the relative block length. If, for
instance, both blocks are of identical length, lamellar structures are preferred.
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Fig. 7. Experimentally determined phase diagram of poly(styrene-b-isoprene) [32, 33]. By
adjusting the volume ratio fp; of the block copolymers, the total degree of polymerization N,
and the temperature (y~1/T), the individual superlattices can be specifically prepared. The
structures of the individual phases are depicted in Fig. 9

The stability ranges of the different structures can be represented in a phase dia-
gram as shown in Fig. 7 for the system poly(styrene-b-isoprene) (PS-PI) [32,33].

By varying the degree of polymerization, the periodic length scale of the
superlattice can be adjusted over a range from some nanometers up to several
hundred nanometers. Figure 8 shows with the example of PB-PEO how the
lamellar long period d is connected with the degree of polymerization N. The

103 |
? 102 | "
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d/nm /D/D/D/Er
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Fig. 8. Long period d as a function of the degree of polymerization degree (N) of PB-PEO
(open squares) and nonionic surfactants (open circles) [27]. Via the degree of polymerization
the periodic length of the nanostructure can be specifically adjusted from 1 to 100 nm
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Fig.9. Self-organization structures of block copolymers and surfactants: spherical micelles,
cylindrical micelles, vesicles, fcc- and bec-packed spheres (FCC, BCC), hexagonally packed
cylinders (HEX), various minimal surfaces (gyroid, F-surface, P-surface), simple lamellae
(LAM), as well as modulated and perforated lamellae (MLAM, PLAM) (with permission
from [5])

data points at the lower end of the length scale result from short-chain non-ion-
ic surfactants. This demonstrates the common universal behavior of surfactants
and amphiphilic block copolymers. In accordance with theoretical predictions
it can be described by a scaling law d=d,N?”® (dy=0.9 nm) over three orders of
magnitude of N. This allows one to choose a superlattice of tailor-made size via
the degree of polymerization of the macromolecule.

The broad variety of self-organized structures of block copolymers is
shown in Fig. 9. Particulate structures such as spherical and cylindrical micelles
as well as vesicles form in dilute solution. Spherical micelles with cubic pack-
ing (FCC, BCC), hexagonally packed cylindrical micelles (HEX), and lamellar
phases (LAM) form in substance, in lyotropic phases as well as in ternary sys-
tems. Besides, there are modulated (MLAM) and perforated layer phases
(PLAM) as well as cubic bicontinuous structures like the gyroid [34]. Using
the phase diagrams one can specifically adjust the morphology of these
structures via block lengths and polymer concentration. Thus it is possible to
prepare tailor-made nanostructured templates of certain domain size and

topology.
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3.3
Filling and Coating of Microdomains

Templating involves - in the first step - filling or coating of the template. This can
be achieved by solubilization of a compound into the template interior or distrib-
uting it around the template. For the desired distribution of the precursor it is
advantageous to use secondary valence forces to partition the substance in the
desired microdomain or at the desired interface. Commonly used forces comprise:

Cohesion energy density, solubility, e.g., toluene/polybutadiene

Acid-base interaction, e.g., HAuCl,/polyvinylpyridine, ZnO/polymethacrylic
acid

Complex formation, e.g., Au/thiole, Pd/polybutadiene

- H-bridges, e.g., SiOH/polyethylene oxide

and thus the classical repertoire of physi- and chemisorption.

If solubilization takes place mainly via differences in the cohesion energy
density, the solubilization capacity ¢,,,, can be derived from thermodynamic
arguments to be ¢,,.,~Y", where y is the Flory-Huggins interaction parameter
and b a positive empiric constant. Cohesion energy densities and their relative
x-values have been tabulated in standard works. Nagarajan et al. found this rela-
tion when investigating the solubilization of aliphatic and aromatic hydro-
carbons [35], alcohols, ethylene esters, ketones, and aldehydes all of which are
typical components present in food flavoring [36]. Since the thermodynamic
driving forces involving cohesion energy densities are relatively weak, it is
advantageous to use additionally specific interaction to place the precursor into
or at the desired microdomain.

Block copolymers can be made to solubilize or adhere to inorganic materials.
This is of special relevance to the template synthesis of inorganic colloids or the
controlled distribution of precursor materials. The incorporation of inorganic
materials into polymeric domains can be achieved through ligands. These lig-
ands are able to stabilize the contact surface between metals and inorganic
materials. The ligands can be chosen according to Pearson’s hard-soft acid-base
(HSAB) principle. In the HSAB sense, most metals are soft and acidic and are
therefore well-stabilized by soft bases such as thiols and phosphines, known as
“capping agents” from the synthesis of small metal clusters. Many semiconduc-
tors and metal oxides are fairly soft and most of them are bases, therefore fairly
soft acidic ligands such as alcohols, phosphates, and carboxylates provide good
stabilization effects [37]. The stabilization of inorganic polyacids, which are of
relevance as intermediates in sol/gel processes, can proceed via H-bridges, e.g.,
polyethylene oxide. The solubilization of polymers [38, 39] and biopolymers
[40] can be achieved via Coulomb interactions.

The specific interface in materials with nanodomains being very large, it is
indispensable to stabilize it sufficiently in order to achieve thermodynamically
stable systems. The interface per volume is given by A,=D¢/R where D is the
dimensionality of the domains (D=3 for spheres, D=2 for cylinders, D=1 for
lamellae), ¢ is the volume fraction of the nanodomains, and R is the radius or
half diameter of the domain. Thus a material with spherical domains (D=3) of
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1 nm diameter (R=0.5 nm) at a volume fraction of 50% (¢=0.5) has an interface
of 3000 m?*/cm?, which is nearly the size of a football field that has to be stabi-
lized. The following example of the adhesion between natural rubber and brass-
plated steel for the steel cord tire application is an illustration of successful inter-
face stabilization. Because of their difference in hardness (in the HSAB sense),
there is only poor adhesion between natural rubber and steel. Interestingly,
brass-plated steel was found to bind much more effectively to natural rubber.
Sulfur, the crosslinking or vulcanizing agent, actually also functions as a chem-
ical adhesive between natural rubber and brass to form the Cu,S/ZnS interphas-
es [41]. Alkylsulfides are soft bases which preferably bind to soft acids like Cu.
The binding of rubber to metallic cord fibers in this manner is responsible for
the performance of the present generation of tires. This is a good example of the
challenges one has to meet when constructing stable nanostructured materials.

3.4
Solidification

In templating procedures it is necessary to cast the template and the desired
material into a mechanically stable form. Chemical and physical processes can be
used for solidification. The increase of the molecular weight resulting from cross-
linking can in many cases destabilize the template structure. This represents a
problem mainly with templates of low molecular weight surfactants. Only in very
few cases it was possible to stabilize lyotropic phases by using cross-linkable low
molecular weight surfactants [42,43]. Block copolymer superlattices are thermo-
dynamically more stable and are easier to stabilize. An overview of the most com-
mon cross-linking reactions for block copolymers is given in Table 2 [27, 44-62].

Table 2. Various cross-linking reactions that can be used to stabilize templates and casts

Cross linking Reaction Example
Photochemical [2+2]-Addition Anthracene, cinnamic acid, diacetylene
[44-47]
Radical recombination  Photoinitiator, e.g., irgacure
Chemical Polycondensation Epoxy resin [48, 49], polyester [54]
Sol/gel-process Silicic acid
Quaternization 1,4-Dibromobutane, p-dibromoxylylene
[50-52]
Thermal Radical recombination ~ Redox initiator, e.g., Ce** [53, 54]
fragmentation, e.g. AIBN, dibenzoyl peroxide
[55-59]
Radiochemical %0Co [27,60]
Secondary valence H-bonds Cytosine/guanine
bond
Ligands Chelates
Coulomb Simplex formation [61, 62]
Physical Supercooling, freezing Cooling below glass transition temperature

(“frozen micelles”), fast crystallization
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A simple fixation of lyotropic polymer phases is achieved by means of y-irra-
diation [27, 60]. Cross-linking by y-irradiation is possible when the rate of
depolymerization is lower than that of cross-linking. If this condition is met for
both blocks of a block copolymer, this method is very efficient in combining high
cross-linking efficiency with high penetration depth and minimum change of the
thermodynamic state. It is, for example, well suited for fixation of the superlat-
tices of lyotropic block copolymer phases so that the obtained gels can be swollen
or dried maintaining their structure. With this method it was possible to carry
out the electron microscopy investigation of the lyotropic phases in Fig. 6.

OCH, OH
|

K, , k
H.CO- 8i-OCH, ——» HO-Si-OH — » Si0,
|
OCH3 -4 MeOH OH -2H,0

Scheme 1. Hydrolysis and condensation of a silicious acid precursor (tetramethoxysilane,
TMOS)

A particular versatile method to prepare stable templates and casts is the
sol-gel process. In this process an inorganic ester is hydrolyzed to form the free
acid. Afterwards the acid condenses to form a three-dimensional network or gel
(Scheme 1). Usually it is desirable to have a fast hydrolysis which has a large reac-
tion constant k, followed by a slower polycondensation with a smaller constant
k,. This allows one to homogenize the solution and cast it into the desired form
before it solidifies. The values of k, and k, can in many cases be adjusted by
changing pH and temperature of the solution.

At the beginning of the sol-gel process single acid molecules with some par-
tially condensed oligomers or clusters are present in the solution, which at this
stage is called a sol. During the polycondensation reaction the size of the clusters
increase until they span the whole sample to form a mechanically stable gel. This
point is called the gel-point. Further cross-linking and cluster formation
mechanically stabilizes the gel. The development from sol to gel can be
described as a percolation process as schematically shown in Fig. 10. The growth
of the clusters is shown as a function of the extent of the cross-linking reaction.
For this example of a two-dimensional percolation on a square lattice the gel-

Fig. 10A-D. Percolation model of the sol-gel process at different extent of cross-linking: A 10%;
B 30%; C 57%; D 70%. The cluster spanning the whole sample at the gel point is indicated in C
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point occurs at 59.27% for very large, macroscopic systems. Percolation models
provide a good description of different stages during a sol-gel or solidification
process. There are numerous examples of sol-gel chemistry that can be used to
prepare a variety of interesting materials.

4
Nanoparticles

Nanostructures represent the transition from atom to solid. Their special opti-
cal, electronic, magnetic, and chemical properties are the result of size quanti-
zation effects as well as of the high number of surface atoms and the subsequent
special surface states. These properties favor nanostructures to be applied on the
sectors of signal transmission, data and energy storage, as well as catalysis.

An important goal of materials science is the controlled and specific synthe-
sis of well-defined nanoparticles. It is essential to obtain particles with uniform
diameters and shapes and - for the purpose of particular applications - to func-
tionalize the surface and embed the particles in a superstructure. To produce
inorganic nanoparticles, bulk materials are mechanically crushed or the par-
ticles are synthesized from precursor compounds by controlling the crystal
growth kinetics. In order to stabilize the extremely large specific surface, appro-
priate ligands have to be added.

Nanoparticles can also be template-synthesized in the microcompartments
of self-organized systems. This offers the advantage to restrict the size growth of
the particles to a definite diameter and to prevent the particles from aggregat-
ing into larger sizes. If the microcompartments are arranged on a superlattice,
this kind of synthesis also leads the nanoparticles to become integrated into the
lattice. This gives rise to the formation of nanostructured inorganic/polymer
hybrid materials. The extremely large inorganic/polymer interface can be stabi-
lized by binding appropriate ligands to the polymer blocks.

The endo-template pathway in Fig. 11 shows schematically how to proceed
when preparing nanocolloids in block copolymer microdomains. The synthesis
is similar to that in usual reaction flasks. The precursor material is brought into
the template by solubilization. Adequate sorption provided, this can be achieved
by simple stirring, impregnation, or swelling. The next step is the chemical con-
version to the desired material. For this purpose in some cases an additional
reagent has to be added, a sufficient permeability through the material being
necessary which is directly connected with the solubilization and the diffusivity

e

Fig.11. Endo-templating scheme for the preparation of nanoparticles within block copolymer
micelles




16 S. Forster

of the matrix. Both factors are prerequisite for an optimized synthesis. For
high diffusivities gaseous reagents are often used which quickly diffuse into the
compartment. Alternatively the compartment material itself can be used as
reagent [63].

After a chemical reaction has taken place, small inorganic primary particles
are formed which are homogeneously distributed in the microdomain. Depend-
ing on the strength of the ligands, the primary particles can be stabilized at this
stage or they can further grow inside the microdomain. The size of the resulting
inorganic particles depends on the conditions of nucleation and growth (con-
centration, size of domain, viscosity of the matrix, stabilization of the interface).
Thus nano single crystals of uniform size can be prepared in the microdomains
under appropriate conditions. Via the quantity of inorganic precursor material
per microdomain the particle size can exactly be adjusted. For many applica-
tions, e.g., electro-optics and catalysis, the material can remain in the compart-
ment or in the matrix.

4.1
Metal Nanoparticles

Small metal clusters represent the transition from metal atom to solid. The clus-
ter size determines the optical, electronic, and chemical properties of the metal.
Thus the standard potential of the silver atom (Ag), increases via n-atomic sil-
ver cluster (Ag),, up to solids (Ag).. from -1.8 V to +0.8 V. Collective oscillations
of the electrons lead to plasmon resonances which in the case of metal clusters
belonging to the Ib-group (Cu, Ag, Au) cause strong absorptions in the optical
range (400 nm<A,,, <600 nm). As the refractive index takes on high values near
a strong absorption band, such systems are being investigated for applications
in non-linear optics. Most of the atoms of small metal clusters are surface atoms.
Special surface states combined with the large specific surface area lead to extra-
ordinary catalytic properties.

In order to prepare metal clusters in polymer templates, the interface between
both materials has to be stabilized sufficiently. According to the HSAB concept,
metals mostly are soft acids and it should therefore be possible to stabilize them
well with soft bases. Thus polymer blocks functionalized with N-, S-, or P-lig-
ands are applied. Labile metal complexes with hard bases (chlorides, acetates)
serve as precursor materials which, by complexing with softer ligands, can be
solubilized into the polymer templates. There must not be too strong complex-
ing between the precursor and the ligand as otherwise there will be no further
reaction to the elementary metal.

Figure 12 shows electron microscopy images of micelles of poly(styrene-b-4-
vinylpyridine) (PS-P4VP). For the preparation of Au nanocolloids, HAuCl, was
solubilized as precursor into the P4VP micelle core (Fig. 12A). After reaction
with a strong reducing agent (LiAlH,) has taken place, small primary Au parti-
cles with a diameter of about 1 nm originate in the micelle core (Fig. 12B). Upon
slow reduction with Et;SiH as a reducing agent one single crystal with a diame-
ter of 3 nm arises per micelle core (Fig. 12C). The micelle shells prevent further
growth to colloidal aggregates [71]. In this way a number of metal colloids such
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Fig. 12A-C. Preparation of gold nanocolloids in micellar block copolymer systems [4]:
A micelles loaded with the precursor (HAuCl,); B Au-nanocolloids after fast reduction;
C Au-nanocolloids after slow reduction

as Au [64-74],Ag [64,65,73],Pd [65,73,75-78],Pt [65,74,75,77,79], Cu [65], Ni
[65],Pb [65],Rh [73,79],and Co [80] can be prepared. Co-cluster with a diame-
ter below 20 nm consist of a magnetic single domain (Weif3 region). Solutions of
such clusters are called magnetic liquids or ferrofluids. They show superpara-
magnetic behavior. Ferrofluids are being investigated with regard to their suit-
ability as sealing liquids and magnetic inks for printers as well as with regard to
medical applications (artificial muscles, tumor diagnostics,and cancer therapy).
Being fixed in a matrix, the clusters keep the direction of magnetization and
store magnetic information.

Of special significance are the catalytic properties of small metal clusters. At
their surface such clusters have a large number of atoms with a low coordination
number to which substrates bind. Catalytic reactions are being studied in hydro-
genation, hydrosilylation, hydration, and the Heck reaction. Metal clusters are
also of importance with regard to redox and electron transfer processes such
as the photochemical decomposition of water (fuel cells) and photocatalytic
hydrogenation.

The outstanding features of metal clusters prepared in block copolymer
micelles [81] are their high catalytic activity combined with high stability. Such
micellar catalyst systems can be recovered after reaction by precipitation or
ultrafiltration. In many cases high selectivity and stability have been observed.
Cyclohexadiene, for instance, is selectively hydrogenated by Pd colloids just to
cyclo-octene [69]. High activity and stability of such catalyst particles have been
reported for the Heck-reaction with unusually high turnover numbers of
70,000 mol product per mol catalyst.

4.2
Semiconductor and Ceramic Nanoparticles

Reducing the diameter of semiconductor particles to a few nanometers results
in a change of their electronic properties. Confinement to the nanometer range
is possible in one, two, and three dimensions, i.e., in the form of quantum wells,
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quantum wires, and quantum dots. These quantum structures serve as control
and storage elements which can be switched with one single electron or its spin
which enables very high computing speeds to be achieved. Diminishing semi-
conductor nanoparticles to the nanometer scale results among other things in
an:

- Increase of the band gap by several eV (size quantization effect) which leads
to a blue shift of the absorption and of the photo- and electroluminescence

- An increased energy of photogenerated electrons which is utilized, e.g., in
photovoltaics

- An increase of the optical absorption coefficient significant for applications
related to UV protection

Usually semiconductor structures are prepared by means of top-down tech-
nologies such as photolithography or molecular beam epitaxy. Recently bottom-
up methods have been successfully studied and have reached a high standard in
the preparation of quantum dots or nanoparticles by using self-organization
processes and by controlling growth kinetics. Monodisperse nanoparticles of
CdS, CdSe, CdTe, InP, and InAs which are able to organize in superlattices have
been prepared. It is also possible to synthesize semiconductor nanoparticles in
the microdomains of block copolymers that are used as templates [71]. Semi-
conductor clusters are mainly generated by sulfidic precipitation with H,S.
These comprise CdS [82-84], ZnS [83, 85, 86], PbS [83, 87], ZnF [86], CuS [83],
CoS [83], FeS [83],and ZnO [88].

Size control is an important goal when preparing semiconductor nanoparti-
cles. This can be achieved by varying the size of the block copolymer domains
and using them as templates. In smaller domains we obtain smaller semicon-
ductor particles which, owing to the size quantization effect, have absorption
edges with smaller wavelengths. Figure 13 exhibits this blue shift of the absorp-
tion band with decreasing particle size of CdS clusters. A CdS solid has an
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Fig. 13. Blue shift of the absorption edge of CdS with decreasing particle size (“size quantiza-
tion effect”) [82]. The particle size was adjusted via the degree of polymerization x of the poly-
methacrylic acid block
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Fig.14. Silica nanoparticles of spherical, fibrous and platelet shape (after [93])

absorption edge at 1=480 nm. Small CdS nanoparticles have an absorption edge
shifted below 400 nm. Synthesis was made in polymethacrylic acid domains of
poly(styrene-b-methacrylic acid) (PS-PMAc).

Semiconductor particles with tunable optical properties are well-suited for
applications in optoelectronics and communication technology where with
higher transfer frequencies and by a more efficient use of the optical spectrum
larger band widths for data transfer can be achieved. Quantum dots have recent-
ly been used as fluorescent labels for biological tagging experiments in diagnos-
tics and for visualizing molecular processes in living cells [89,90]. TiO, particles
with diameters of 10-30 nm are studied with regard to their application in pho-
tovoltaics (Graetzel cells) or as photocatalysts for the photooxidation of waste
water contaminations [91].

When the sol-gel process is carried out in the microdomains of nanostruc-
tured polymer matrices, this reaction leads to silica/polymer hybrid materials.
By calcination the polymer matrix can be removed and the pure silica nanopar-
ticles are obtained. In this way spherical, cylindrical, and pellet-shaped silica
particles can be prepared in a controlled way [92, 93] as shown in Fig. 14.

Polymer nanocomposites are being investigated with regard to their applica-
tion as substitute of metals in motor industry, for the reinforcement of polymer
fibers and tires, as scratch-resistant and inflammable coatings, and as biocom-
patible materials for prosthetic use.

5
Mesoporous Structures

According to their pore size, one distinguishes between microporous (d<2 nm),
mesoporous (2<d<50 nm), and macroporous (d>50 nm) materials (see Fig. 15).
Among microporous inorganic materials zeolites belong to the most important
ones. These are crystalline aluminosilicates with a framework structure consist-
ing of cavities and channel systems of defined size and shape. According to the
kind of zeolite the pore diameter is between 0.4 and 1.5 nm. Owing to this struc-
ture, zeolites have particular properties like the ability to exchange ions and to
desorb reversibly water, properties profited by when employing zeolites as ion
exchangers and molecular sieves. Above all zeolites are applied as catalysts. In
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Fig. 15. Typical length scales of three-dimensional porous structures (with permission
from [5])

the sector of petrochemistry (ZSM-5, zeolite Y) there is an annual turnover of
more than 30 billions of US$. The catalytic properties of the zeolites result from
Bronsted acid centers at the inner surface and from the electrostatic field inside
the cavities and the channels.

Mesoporous materials with pore diameters of more than 2 nm were devel-
oped by Mobil Co. in 1992 and were called MCM materials [94, 95]. They are
amorphous silicates or aluminosilicates with pore sizes between 1.6 and 10 nm,
which represents a considerable advantage compared with zeolites because
much bigger molecules can be received and made to react.

Similar to some zeolite syntheses, short-chain surfactants are used as tem-
plates in order to synthesize MCM. In aqueous solutions these surfactants form
micellar phases, where the dissolved silicate species is made to condense. This
way amorphous silicate walls, about 1 nm thick, originate between the micelles.
Depending on the concentration of the surfactant, lyotropic, lamellar, hexago-
nal, and cubic phases develop which leads to varying silicate structures. After
thermal removal of the surfactant by calcination, materials with free pore sys-
tems are obtained.

Lyotropic phases of block copolymers are well-suited as templates for the
preparation of mesoporous inorganic materials with still larger pore diameters.
Size and shape of the pores are predetermined by the hydrophobic templating
domains in the lyotropic phase. Figure 16A shows an electron micrograph of a
hexagonal H;-phase of PB-PEO in water. The morphology has been stabilized by
y-irradiation. The diameter of the hydrophobic, hexagonally packed PB-cylin-
ders is 28 nm. The sol-gel process carried out in the aqueous phase followed by
calcination leads to the mesoporous silica structure shown in Fig. 16B [60]. The
cylindrical, hexagonally arranged pores have diameters of 29 nm which demon-
strates the good control of the templating procedure.



Amphiphilic Block Copolymers for Templating Applications 21

Fig. 16. A Lyotropic phase of hexagonally packed cylinders. B Mesoporous silica prepared
therefrom (B) [60]

Fig. 17A-C. Silicates with: A spherical pores of cubic order; B hexagonally ordered cylindrical
pores; C lamellar pores, prepared from lyotropic phases of block copolymers [5, 60]

Using this procedure pore diameters and a wall thickness of more than 50 nm
can be prepared which leads to mechanically stable monolithic materials.
According to the structure of the lyotropic phases, porous cubic, hexagonal, and
lamellar structures can be prepared (see Fig. 17) [60,96]. By means of the sol/gel
process it is possible to prepare mesoporous SiO, [97-108], TiO, [108, 109], NiO,
[109], ZrO, [109], AL,O; [109], Nb,Os [109], Ta,05 [109], WO, [109], HfO, [109],
Sn0O, [109], as well as mixed oxides such as SiAlO; 5 [109], SiTiO, [109], ZrTiO,
[109], AL, TiOs [109], and ZrW,0O4 [109]. After removing the polymer by calcina-
tion the porous inorganic material is obtained.

In case of anisotropic templates it is possible to orient them macroscopically
to prepare uniformly oriented casts. Macroscopic orientation can preferably be
obtained by applying external shear fields. High degrees of orientation with
order parameters >0.9 can be realized and afterwards be cast into oriented pore
systems. Figure 18 shows ultra-small-angle X-ray (USAXS) patterns obtained
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Fig.18A,B. USAXS-patterns of: A a shear-oriented nematic block copolymer phase; B the ori-
ented mesoporous monolith prepared therefrom. The shift of the Debye-Scherrer ring is due
to removal of solvent during the sol-gel process [110]

from a nematic lyotropic phase of cylindrical block copolymer micelles and a
macroscopically oriented silica monolith prepared therefrom [110]. Also, ori-
ented mesoporous fibers can be prepared from a lyotropic liquid crystalline
phase by pulling a fiber from the solution, which after calcination remains
stable [111].

Studies are currently being carried out on a large number of applications for
mesoporous structures, e.g.:

- Assorbents for the removal of heavy metals from sewage and of gaseous con-
taminations from natural gas

- As hydrogen and methane reservoir for fuel cells

- As catalysts and catalyst supports

- As transparent thermal insulating layers

- For the storage and controlled delivery of plant nutrients (fertilizers, water)

Intensive investigations are presently being performed on how to vary the chem-
ical composition of the silicates, to coat the surface, to vary the pore size, or to
tix catalysts at the surface [112].

6
Consecutive and Hierarchical Templating

In many cases the casts obtained from templates can themselves by used as
templates for a subsequent template synthesis (consecutive templating). This
often involves a sequence of endo/exo-templating. Further, one can make use of
hierarchical templating on different length scales. The scheme in Fig. 19 shows
common pathways employing different templating steps to prepare nanopar-
ticles, nanofibers, hollow particles, hollow fibers, and nano- and mesoporous
materials.
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Fig. 19. Various possibilities for templating materials into solid, hollow and porous nano-
structures

An example of a consecutive use of block copolymer micelles as endo- and
exo-templates is the preparation of mesoporous silica with embedded Pd-
nanoparticles [113]. As a first step Pd-nanoparticles are prepared in the micel-
lar core (see Sect. 4.1). In a lyotropic phase of these micelles they are further
employed as exotemplates for the preparation of mesoporous silica (see Sect. 5).
After removal of the block copolymer by calcination, nanoparticles within the
open mesopore structure are obtained (Fig. 20). This represents a promising
way to incorporate catalytically active nanoparticles into mesoporous oxides as
stable catalyst supports.

In another consecutive templating procedure a bicontinuous block copolymer
lyotropic phase is used for the preparation of a bicontinuous porous polymer gel
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Fig.20. Mesoporous silica with embedded Pd-particles prepared via a consecutive templating
procedure [113]

[114]. First, the lyotropic phase is used as a template for the preparation of a
bicontinuous silica structure, from which the polymer is removed by calcination
or extraction. In the second step the porous inorganic structure is filled with
monomer and crosslinker which is polymerized to form a bicontinuous organ-
ic polymer network from which the silica template is removed by treatment with
hydrofluoric acid. An example for the preparation of hierarchical structures is
the synthesis of bicontinuous pore structures by using two templates simultane-
ously [115]. In this case a liquid crystalline lyotropic phase of an amphiphilic
block copolymer is used as a template together with suspended latex particles.
The sol-gel process with subsequent calcination leads to a bicontinuous open
pore structure with pores of 300 nm and 3 nm.

10 jumy
—

Fig.21A-C. Electron microscopic graph of a structure hierarchy over three organization levels
[108] prepared with the aid of microcontact-printing and self-assembly: A microcontact sam-
ple (d=15 pm); B macroporous structure (d=200 nm); C mesoporous structure (d=2 nm)
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The following example shows how bottom-up self-assembled templates and
top-down prepared templates are used together for the generation of functional
structure hierarchies. By microcontact-printing periodic structures (triangles
linked by bridges) with a periodic length of d,=15 um are produced (Fig. 21).
The bridges and triangles consist of porous SiO, with pore sizes of d,=200 nm
achieved by templating of latex particles, and of d;=2 nm (lyotropic block
copolymer phase) [108]. Microscopic images of these three structural levels are
depicted in Fig. 21. Such porous silicate structures have a low refractive index
(n=1.15) and can be loaded with laser dyes. They are currently being studied as
wave guides for lasers in integrated optical systems [116].

7
Conclusions and Outlook

In recent years simultaneous progress in the understanding and engineering of
block copolymer microstructures and the development of new templating
strategies that make use of sol-gel and controlled crystallization processes have
led to a quick advancement in the controlled preparation of nanoparticles and
mesoporous structures. It has become possible to prepare nanoparticles of var-
ious shapes (sphere, fiber, sheet) and composition (metal, semiconductor,
ceramic) with narrow size distribution. In addition mesoporous materials with
different pore shapes (sphere, cylindrical, slit) and narrow pore size distribu-
tions can be obtained. Future developments will focus on applications of these
structures in the fields of catalysis and separation techniques. For this purpose
either the cast materials themselves are already functional (e.g., TiO,) or the
materials are further functionalized by surface modification.

A particular drawback of many templating strategies is the waste of the tem-
plate which is usually destroyed to obtain the desired cast material. In nature
templating processes are necessary to cast information, e.g., in the form of DNA
and m-RNA into functional molecules like proteins. The template is always
reused and repaired if necessary. In this way templating becomes a replication
or copying process with no loss of information or material. This concept has
been used in the development of the polymerase chain reaction (PCR). This
technique can be automated which enables investigators to obtain large quanti-
ties of DNA in many rounds of replication, producing billions of copies of DNA
in only a few hours.

It would be desirable to develop similar strategies to cast forms from tem-
plates that can later be removed and reused. A part of this concept is already
realized in the preparation and use of molecular imprinted gels [117,118]. These
gels are synthesized by a crosslinking reaction in the presence of small mole-
cules which after removal leave an imprint in the gel. The imprinted gel is then
used as the stationary phase in column chromatography for recognition, bind-
ing, and separation of similarly shaped molecules. If templates could be bound
to a stationary phase, removal of the cast from the template could be achieved
by, e.g., shrinking the template via an actuator function and releasing the cast
into the mobile phase. In this way the template could be reused and the templat-
ing procedure would become an efficient copying or replicating process.
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Nanocasting of Lyotropic Liquid Crystal Phases
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The utilization of ordered surfactant and block copolymer bulk phases is a versatile tool for
the preparation of porous nanostructured ceramics and metals. The soft,lyotropicliquid crys-
tal phases resemble a casting mold in which the chemical synthesis and solidification of the
inorganic material takes place without altering the self-assembled structure. The result is an
exact cast of the lyotropic phase, hence the name of the process, nanocasting. This chapter is
aimed at outlining the general principles and scope of the method with special emphasis on
the materials properties of the resulting inorganic nanostructures.
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1
Introduction

11
Structure of Surfactant Phases

Amphiphilic molecules, such as surfactants or amphiphilic block copolymers
(ABCs), are compounds in which a hydrophilic and a hydrophobic component
are linked covalently. When dissolved in water, the presence of the hydrophobic
moieties will give rise to supramolecular self-assembly into micellar structures
or,at higher concentration, lyotropic liquid crystal (LLC) phases. All these aggre-
gates form without external manipulation by processes of supramolecular self-
assembly. Although a self-assembled structure can never be without defect, the
degree of order in such systems is often surprisingly high. Depending on the
molecular structure and concentration of the amphiphile, a series of different
phase structures is presented in a binary phase diagram (e.g. surfactant/water)
[1]. For a fictitious surfactant, the phase diagram comprises phases of all degrees
and signs of curvature, going from a micellar phase through micellar cubic,
hexagonal, bicontinuous cubic, lamellar, inverse hexagonal, inverse micellar
cubic to inverse micellar with increasing surfactant concentration [1]. For a real
compound, the phases observed in the phase diagram mainly depend on the
ratio of headgroup to tail volume. The appearance of a micellar, a hexagonal and
a lamellar phase are schematically illustrated in Fig. 1.

Fig.1. Typical surfactant aggregation structures. From left to right: micellar, hexagonal,
lamellar

1.2
Surfactant-Assisted Precipitation of Inorganic-Organic Hybrid Phases

Due to their ability to self-assemble spontaneously into regular arrays, surfac-
tants are ideal candidates for the preparation of nanostructured inorganic-
organic hybrid materials [2]. The first mention of the utilization of surfactants
as structure-directing media for the preparation of nanostructured siliceous
ceramics was the precipitation of an ordered inorganic-organic hybrid material
in the presence of ionic surfactants [3-9]. This process is based on the electro-
static interaction between a condensing silica sol with oppositely charged sur-
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factants or equally charged species via the mediation of counterions. As a con-
sequence of this interaction, a surfactant-rich gel phase precipitates from homo-
geneous solution. The structures found in these gel phases strongly resemble
those of LLC phases, for example hexagonal, cubic or lamellar, with the excep-
tion that the water is replaced to a great extent by the inorganic ceramic.
Removal of the surfactant by calcination leaves behind porous, regularly struc-
tured inorganics denoted M41S. The discovery of the M41S family of meso-
porous molecular sieves by researchers of the Mobil Corporation has inspired
a new trend towards inorganic large-pore systems. These are expected to be a
welcome complement to classical microporous zeolites, the pore diameter of
which is limited due to the crystalline structure of these materials. Mesoporous
materials possess large specific surface areas that can be functionalized chemi-
cally with respect to acidity, catalytic activity or specific affinity. Their relatively
narrow pore-size distribution makes them promising for size-exclusion
processes. Excellent reviews have been published since on the synthesis of dif-
ferent pore geometries and sizes, functionalities and possible applications
[10-12]. However, although the discovery of M41S-type materials represents a
breakthrough in porous materials, there are certain drawbacks to these materi-
als, which mainly originate from the way they are made, namely by precipitation.
First of all, the structure of such porous silicates can only be predicted a poste-
riori, as the synthesis takes place at surfactant concentrations above the critical
micellar concentration, but below that of LLC phase formation. The structure of
the precipitate is temperature- and time-dependent. Second, precipitation
occurs as soon as the supramolecular inorganic-organic aggregate is too large to
be soluble in the surrounding medium, usually water. Therefore the particle size
of M41S materials is commonly small, indicating that the large specific surface
area originates partly from the external particle surface rather than the internal
pore system. This would be a drawback as soon as applications involving size
selectivity are involved, as the outer particle surface can be expected to contain
the same kind and density of functional groups or sorption sites.

The problem of small particle sizes due to precipitation can best be avoided
by solidifying surfactant LLC bulk phases that contain an inorganic precursor.
Furthermore, solidifying such media means that the degree of predictability of
such syntheses can be vastly improved, as liquid crystal phases can be analyzed
by a variety of simple, noninvasive analytical techniques.

13
LLC Phases as Structural Media

The macroscopic characteristics of LLC phases are usually best described by a
soft, slimy or margarine-like consistency. Their domains undergo continuous
structural rearrangement via molecular exchange of water and surfactant mol-
ecules. This is why these systems can be ruled out as structural components, e.g.
for reinforcement purposes or for the creation of materials with defined diffu-
sion pathways. Some recent applications of amphiphilic compounds in structure
generation are summarized in [13]. The easiest approach to making full use of
the structural potential of surfactant phases is a simple solidification process.
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Shock-freezing of the phase does not alter the assembly structure, but has the dis-
advantage of being reversible, as upon temperature increase the system softens
and regains its original properties. The polymerization of surfactants with poly-
merizable head groups or tails is commonly associated with phase transitions or
even a complete breakdown of the structure [14-16]. The same goes for the poly-
merization of organic monomers used as swelling additives for LLC phases. Here
the polymerization imposes osmotic and thermodynamic pressure onto the sys-
tem with the consequence of structural deterioration or rearrangement.

The prerequisites to be fulfilled for a structural preservation of a preformed
LLC assembly are as follows: (i) the solidification has to be irreversible, (ii) the
resulting solid product should not compete with the surfactant head groups for
water, as this would result in substantial changes of the composition with the con-
sequence of phase changes, (iii) no macroscopic demixing must occur, which indi-
cates that the solid substance has to be compatible either with the hydrophobic, or
(more commonly) with the hydrophilic domains of the phase, (iv) the presence of
reactants or the release of by-products should not affect the surfactant phase
structure, and (v) the synthesis has to occur at moderate temperature or at least
far below the boiling point of the least volatile component (usually water).

To fulfil these aspects, three synthetic pathways appear particularly promis-
ing, namely precipitation, sol-gel processing and electrochemical conversion. In
fact, all three approaches have been successfully applied. The synthetic proce-
dures, outcome and properties of the respective products are described in this
chapter. The ceramic oxide most frequently synthesized in LLC phases is silica;
therefore the following section is going to be focused mainly on its preparation.

2
Sol-Gel Processing of Ceramic Oxides in LLC Phases

The sol-gel process for the production of silica is an industrially widely applied
procedure. The process is usually conducted in homogeneous solution, and it is
possible to manufacture nano- or micro-sized particles, clear macroscopic sili-
ca objects (monoliths), such as fibres or lenses [17]. Sol-gel processing is com-
monly conducted at quiescent temperature, and no increased pressure is neces-
sary, which makes this method suitable for LLC templating. The starting mater-
ial for the sol-gel preparation of silica is an orthoester (alkoxide) of the general
structure Si(OR),, which is hydrolysed in order to formally yield silicic acid. The
latter undergoes polycondensation into a three-dimensional network of silicon

Ester Hydrolysis

Si(OR)4 +4 H,0 Si(OH), + ROH

—_—
Esterification

Condensation

25i(OH),

(OH),Si-O-Si(OH); + H,0

Hydrolysis

Alcohol Condensation

Si(OR),0H + Si(OR), (OR),Si-O-Si(OR); + ROH)

Alcoholysis

Scheme 1
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dioxide, whose surface is saturated by silanol (Si-OH) groups. The various reac-
tions occurring simultaneously in a sol-gel mixture (see Scheme 1) represent
equilibria, which can be influenced by parameters, such pH, temperature, or sol-
vent content and which all have a substantial effect on the structure of the result-
ing silica gel. The most common alkoxide precursors are tetraethylorthosilicate
(TEOS) and tetramethylorthosilicate (TMOS) because of their relatively low
cost, easy handling, and relatively fast hydrolysis.

2.1
Surfactants Used for LLC Templating

In contrast to the surfactant-assisted precipitation of nanostructured M41S-
type materials, the templating of silica in LLC phases usually employs non-ion-
ic surfactants, such as the monoalkyl ethers of oligo(ethylene oxides) (C,EO,,),
to avoid strong interactions that would invariably lead to phase changes. The
nonionic nature of the surfactant headgroup minimizes the electrostatic inter-
action between inorganic polymer and does not give rise to precipitation or
structural rearrangement during the synthesis. The phase diagrams of these
surfactants are well documented in the literature [18]. One further aspect of sur-
factants containing oligo(ethylene oxide) (EO) headgroups is the temperature
dependence of their LLC phase behaviour, which is a consequence of a dehydra-
tion of the EO groups at temperatures above 50°C [19].

2.2
Templating of Nonionic-Surfactant Phases

The templating of LLC surfactant phases involves the “swelling” of the LLC
phase, the structure of which can be predicted using the phase diagram of the
surfactant, with the inorganic precursor [20]. This mixing is easily achieved by
dissolving tetramethylorthosilicate (TMOS) in the Iyotropic phase at pH 2, upon
which fast hydrolysis occurs, catalysed by the presence of the surfactant. The
lyotropic phase order is temporarily lost as methanol, evolved during the hydrol-
ysis, causes the mixture to become isotropic and of low viscosity. This apparent
drawback (see Sect. 1.3) is overcome by the advantage that the isotropic charac-
ter of the mixture allows fast and homogeneous mixing. Methanol, the least
volatile component, is evaporated in a slight vacuum or by blowing air over the
sample, and consequently the original LLC phase structure is re-established.
This process can be easily monitored by either polarized-light optical
microscopy (see Fig. 2), deuterium NMR spectroscopy (using D,O to hydrolyse
the TMOS) or small-angle X-ray diffractometry [20-23]. As the amount of water
in the system is low after hydrolysis, the pH is considerably lower than 2,and the
siliceous LLC phase starts solidifying. During this process the hydrophilic inor-
ganic silica precursor (silicic acid and its oligomers) undergoes polycondensa-
tion that is confined within the aqueous domains of the liquid crystal, hence
producing a cast or replica of the lyotropic system without changing the
supramolecular structure. This procedure was termed “nanocasting”, and in
many ways it resembles a nanoscale analog of the lost-wax casting technique,
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Fig.2. Optical textures of a hexagonal siliceous LLC phase comprising the surfactant C;,EOg.
The top picture was taken before polycondensation, i.e. of the still liquid phase, the bottom pic-
ture after polycondensation was complete. The crack is a consequence of shrinkage

which is still applied for the manufacturing of bronze statues and church bells.
Nanocasting is the method, which produces an exact cast of the lyotropic block
copolymer or surfactant phase structure.

The structure of the materials obtained by nanocasting is similar to that of
M41S-type mesoporous molecular sieves (see Fig. 3). However, since nanocast-
ing is conducted in the presence of nonionic templates, which do not demand
electrostatic compensation on a specific length scale, the wall thickness of the
porous ceramics can be individually adjusted via the precursor content. Fur-
thermore, the nanostructure derived from liquid crystalline bulk phases is a
result of a homogeneous mixture solidifying, as opposed to a precipitation
process. Therefore the dimensions of the inorganic particles are by far larger. As
the interaction between a nonionic surfactant and the ceramic material is not
that strong, the surfactant can even be removed by simple extraction, which
allows a recovery of the usually quite expensive template.

All the mesoporous ceramic oxides obtained by this method are amorphous
on the atomic level, but show periodicities on the nanometer length scale and
narrow pore size distribution. The outcome of the process is very predictable, as
the binary phase diagram of the surfactant can be used as a guideline towards
the nanostructure design. The transmission electron microscopy images of sili-
cas derived from three different LLC surfactant phases are shown in Fig. 3.

It is worth mentioning that the oligo(ethylene oxide) headgroups of the non-
ionic surfactants are firmly anchored in the solidifying inorganic matrix. There-
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a

Fig.3a-c. TEM images of three silicas obtained by nanocasting of LLC surfactant phases:
a hexagonal; b cubic; ¢ lamellar

fore, nonionically templated mesoporous ceramics are microporous too, as
every headgroup forms its own cavity within the inorganic wall.

Although the nanostructured particles derived by nanocasting of LLC sur-
factant phases are by far larger than those of the previously known M41S-type
precipitates, the shrinkage occurring during the solidification of the silica sol
causes extensive crack formation (see bottom photograph in Fig. 2). The prepa-
ration of monolithic mesoporous silica has, however been reported by various
research groups. Ammundsen et al. [24] prepared macroscopic objects with dis-
ordered hexagonal structure from LLC surfactant phases, and more recently,
Jones et al. [25] studied the effect of nonionic surfactant type, aluminium con-
tent and additives on the structure and ability of monolith formation of LLC-
templated siliceous ceramics.

In order to prepare a macroscopic object of specific size and shape, it is nec-
essary to introduce some elasticity and ductility into the inorganic-organic
hybrid system to prevent crack formation due to shrinkage and allow nanocast-
ing to be conducted in a precisely shaped mold. Improving the mechanical prop-
erties can be achieved by introducing a typically elastic component into the mix-
ture, which is a polymer, and indeed, the nanocasting of amphiphilic block
copolymer phases [26] has proven a versatile and successful templating proce-
dure for the synthesis of tailor-made porous silica monoliths.

23
Block Copolymer Phases

The creation of ceramic nanostructures with controlled structure is a rapidly
emerging field, which greatly profits from the self-assembly of amphiphilic
block copolymers as well as the variety of ABCs available. The ordering charac-
teristics of amphiphilic block copolymers can be almost continuously tuned by
varying the chemical nature of the blocks, solvent content, molecular weight,
block length ratios, copolymer architecture, or even by varying external para-
meters that influence the aggregation behaviour, such as temperature or the
addition of salt.
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Simplistically, amphiphilic block copolymers can be assumed to act as “large
surfactants”, in that they allow self-organization into larger aggregate structures
than their low-molecular weight analogs. The aggregation structures of
amphiphilic block copolymers exhibit decreased exchange dynamics, which go
along with higher kinetic stability of the phases formed. Furthermore,
amphiphilic block copolymers extend the synthetic methods for mesoporous
ceramic nanostructures over the inherent limits of low-molecular weight sur-
factant templates. The latter are only available up to certain alkyl chain lengths
(usually 22 carbon atoms at the very most). Accordingly, the pore diameters
available for mesoporous inorganic nanostructures are limited to a maximum of
4.5 nm, unless inert organic auxiliaries are introduced into the system during
synthesis. These would be hydrophobic oils that are successfully applied in
M41S-type syntheses to increase the pore diameter, but do not work as well for
LLC phases, as their utilization would involve moving on to a ternary templating
system, which is notoriously more prone to phase separation.

ABCs can be made (or even purchased) with considerably higher molecular
weight, so that the synthesis of larger-pore materials is possible. In particular,
modern polymer chemistry provides the tools to make these block copolymers
in a vast variety of shapes and sizes, allowing an equally rich variety of nanos-
tructures to be produced.

Like the surfactant templates discussed above, the compatibilizing
amphiphilic block copolymers not only stabilize the interfacial area between the
inorganic and the surrounding water, but also act as porogens, leaving nano-
meter-sized voids behind after its removal. Amphiphilic block copolymer tem-
plates simply replace the low-molecular weight surfactants used previously,
introducing mechanical stability and opening access to a wider range of pore
diameters.

24
Nanocasting of ABC Phases

Templating of lyotropic ABC phases is as straightforward as the nanocasting of
LLC surfactant phases, which stresses another analogy between ABCs and clas-
sical surfactants. The precipitation of inorganic ceramic oxides in the presence
of amphiphilic block copolymers is one method of preparing large-pore meso-
porous materials, which show a high degree of order [27-29]. This synthetic
approach stands in analogy to the previously discussed preparation of M41S-
type materials and will not be discussed here.

Nanocasting of the highly concentrated LLC phases of ABCs represents a ver-
satile route towards inorganic-organic nanostructured hybrid materials
[30-32]. Like in the templating of LLC surfactant phases, the direct utilization of
lyotropic amphiphilic-block copolymer phases is predictable with respect to the
structure of the final material, as again this approach can be understood as the
vitrification of a microphase-separated medium, during which no changes of
the phase structure occur.

Using the binary phase diagram of an amphiphilic block copolymer with
water as a guideline (an example is shown in Fig. 4), the structure of the final
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Fig.4. Binary phase diagram of poly(butadiene-b-ethylene oxide) (PB,,-PEO;4,)

product can be predicted a priori: As the nanocast, an ordered hybrid material
consisting of silica and the templating block copolymer, is the result of adding a
component to a binary lyotropic liquid crystal phase without ultimately chang-
ing the phase structure. This method is equally applicable for nonionic [26, 31,
32] as for ionic [33] amphiphilic block copolymers, which is another strong indi-
cator that supramolecular templating of the lyotropic mesophase governs the
mechanism of nanocasting.

The nonionic ABC templates used for nanocasting commonly consist of a
hydrophobic soft block (T, below or around room temperature in order to war-
rant sufficient solubility at room temperature), such as poly(butadiene) [34],
poly(ethylene-co-butylene) (Kraton Liquid) or relatively short poly(styrene)
and a poly(ethylene oxide) block as the hydrophilic moiety [35].

The binary phase diagrams of aqueous amphiphilic-block copolymer solu-
tions follow the general phase sequence shown by surfactants (Fig. 4). While at
low block copolymer concentration the formation of micelles is observed, high
concentrations give rise to more complex aggregates, such as cylindrical
micelles or lyotropic liquid crystal phases of different structure. A rich lyotrop-
ic polymorphism is observed that can be utilized directly for porous-nano-
structure design. The phase diagrams correspond to those of low-molecular
weight surfactants in that they are the more defined the narrower the molecular
weight distribution. Heterodisperse block copolymers often show a tendency
to form ill-defined phases, whereas the phase diagrams of monodisperse
amphiphilic block copolymers exhibit wide regions of high order. Consequent-
ly, heterodisperse ABC templates afford nanostructures, which appear to be
affected by high defect densities where the defect sites determine the overall
structure [26]. In contrast, nanocasts of low-polydispersity amphiphilic block
copolymers are generally more ordered. The structure elucidation of the latter
by imaging or scattering methods is, therefore, considerably simpler.
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Fig.5a-c. TEM images of KLE-templated silicas (from [31])

After mapping the phase diagram with respect to phase composition and
temperature, the variation of one experimental parameter during the synthesis,
namely the template concentration, allows the precise tailoring of pore systems
with respect to their shape, density, and connectivity. Figure 5 shows TEM
images of three samples, all obtained with the same template (KLE 3729), but at
varying concentration [31].

Isolated, bent cylindrical pores result from a system at relatively low template
contents, while a hexagonally packed cylindrical pore array is achieved at high-
er concentration. Increasing the template contents even further gives rise to an
entirely different structure, which is again in accordance with the lyotropic
phase diagram of the polymer. Multilamellar vesicles are found in coexistence
with isolated fragments of sheet-like structures. Calcination, that is removal of
the organic scaffolding from a lamellar system, drives the structure to collapse.

Nitrogen adsorption-desorption isotherms provide valuable information not
only on the structure of the materials, but also allow one to gain deeper insight
into the nature of their porosity. They support the conclusions drawn from the
TEM micrographs, but in addition they illustrate the fact that each template
molecule delivers its individual contribution to the overall interface area. With-
in the regime of one particular pore structure, the specific surface area increas-
es significantly with growing template concentration [31]. They also demon-
strate that the same double templating action can be observed for the nanocast-
ing of amphiphilic block copolymer phases as well as for that in LLC surfactant
media. The resulting mesoporous ceramic oxides possess an undeniable micro-
porosity, which is due to the hydrophilic poly(ethylene oxide) blocks (the “head-
groups”), which are initially homogeneously distributed in the silicious
microphase, displacing silica growth from their own molecular volume [36, 37].

Some phase diagrams of low-polydispersity amphiphilic block copolymers,
exhibit areas of coexistence over a relatively wide range of composition (see
Fig. 4) [32]. This is probably due to kinetic inertia or to the fact that at the bor-
derline between two thermodynamically stable phases the energetic differences
between two structures are marginal. Swelling these coexisting phases with a
siliceous precursor affords a microphase-separated siliceous phase, which has
the same structure as the binary mixture consisting of water and amphiphilic
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Fig.6. TEM image of silica prepared in the hexagonal/lamellar area of coexistence of
PBZOZ_PEO360

block copolymer. As a result of the inorganic precursor undergoing polycon-
densation, the bulk phase solidifies without altering its superstructure, as shown
in the TEM image displayed in Fig. 6.

The fact that the structural integrity of the binary lyotropic phase does not seem
to be harmed by the nanocasting procedure suggests a reversal of the principle. If
the nanostructure of the silica can be predicted a priori, the a posteriori analysis of
a silica cast should provide valuable information on the structural composition of
an unknown binary ABC phase. Assuming the noninvasive character of nanocast-
ing, this method can help elucidate more complex lyotropic phase structures of
amphiphilic block copolymers as a complementary technique to diffraction meth-
ods and may help to avoid time-consuming preparations (e.g. cryo-TEM, freeze-
etching, etc.). The phase structure simply has to be “frozen” into a solid silica cast,
which is perfectly stable in a high vacuum under the electron beam.

The applicability of nanocasting as an analytical tool has been demonstrated
[38] by comparing the silica structures obtained from the lyotropic phase, which
has been crosslinked using y-rays, in order to provide sufficient mechanical sta-
bility to allow thin-sectioning, with those of a silica nanocast obtained from a
lyotropic phase of the same composition (Fig. 7). The similarity between the
structures is striking. A reference sample was prepared by filling the pore system
of the crosslinked polymer gel with silica and subsequent calcination. The pic-
tures prove without doubt that the sol-gel process indeed does not have any
structurally disrupting effect on the liquid crystalline phase [38].

In contrast to precipitation procedures, nanocasting, particularly of
amphiphilic block copolymer phases, allows the fabrication of large objects
(monoliths) that are macroscopically devoid of cracks and defects. Despite their
mechanical robustness, the porosity of these monoliths can be as high as 85%.
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Fig.7a-c. TEM images of: a the crosslinked LLC ABC phase; b nanocast of the LLC ABC
phase; ¢ nanocast of the crosslinked LLC ABC phase

Moreover, diffusion pathways can be individually designed by templating par-
ticular phase structures. Above all, the pore system of a macroscopic object is
exclusively determined by the pore system, whereas particulate powders show a
significant contribution to the surface area caused by the nonstructured parti-
cle surface. The direct liquid crystal templating approach was also used to pre-
pare monolithic silica from TMOS or TEOS in block copolymer-water mixtures
mixed with alcohol cosurfactants and hydrophobic swelling agents [39-41].
Nanocasting of lyotropic ABC phases allows one to design predictably the
structure, size, connectivity and shape of nanoscopic pore systems in sol-gel-
derived silicates. It is expected that the generation of defined diffusion pathways,
combined with the possibility of shaping macroscopic objects, undeniably caus-
es highest expectations regarding the application in separation processes. In
these respects, nanocasting is a faithful method of replicating the structural
characteristics of lyotropic liquid crystal phases, be it for synthetic or analytical
purposes. This procedure allows for the utilization of the full potential of such
self-organized media as structural rather than only functional materials.

2.5
Template Mixtures

Nanocasting of LLC phases has one further advantage over the precipitation of
M41S-type materials, namely the possibility to introduce a second template into
the lyotropic phase. For example, adding a polymer latex dispersion to the
nanocasting mixture can be used to generate hierarchical pore systems: The syn-
thesis of silica is performed in the presence of a polymer latex dispersion as the
porogen, giving rise to spherical pores in the size and size distribution corre-
sponding to those of the templating latex dispersion (not shown here). By
adding an additional amphiphilic block copolymer as a second template, mate-
rials can be prepared with bimodal pore size distributions (see Fig. 8) [30],
which as monolithic species would be ideal candidates as stationary phases for
chromatographic separation, as they allow for convection as well as diffusion to
occur in the pore system.
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Fig.8. TEM image of silica prepared in the presence of an ABC template and an additional
latex dispersion. The bimodal pore size distribution allows for convection and diffusion

Fig.9. Photograph of monoliths made from silica sols containing an ABC template as well as
a latex dispersion. The latex, as the least dense component, floats on top of the centrifuge cell,
whereas dense, larger silica clusters sediment to the bottom. The ABC-silica hybrid phase
remains between the two

An additional ordering principle can be imposed on a system comprising a
combination of such templates by conducting the solidification of he reaction
mixture in a centrifuge field [42]. The different components partially separate
according to their density to create a gradient of porosity in a monolithic mate-
rial, as shown in Fig. 9. The monoliths shown here contain dense, mesoporous
and macro-mesoporous domains, which makes them promising candidates for
sequential separation of molecules according to size.
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2.6
Nanocasting of Inverse ABC Phases: Particles

Another approach towards the synthesis amphiphilic block copolymer-templat-
ed inorganic nanostructures is the adjustment of the lyotropic phase structure
in ABC phases via the content of a pre-hydrolysed mixture of aluminium and sil-
icon alkoxides [43-45]. Again, the formation of a solid, nanostructured inor-
ganic-organic hybrid material is a consequence of the strict microphase separa-
tion between a hydrophobic (or better: “silicatophobic”) poly(isoprene) block
and the “silicatophilic” poly(ethylene oxide) interacting with the inorganic sol-
gel precursor.

The novelty of this process lies in the inorganic sol acting as a swelling agent,
whose volume fraction determines the overall microphase structure of the
hybrid material. As the microphase-separated structure forming depends on the
volume fraction of each block (or microphase), the amount of inorganic
“microphase” added to the amphiphilic block copolymer determines the struc-
ture of the resulting inorganic-organic hybrid material. Interestingly, the chem-
ical nature of the inorganic phase appears to be independent of the inorganic
precursor/template ratio, hence manifesting the main difference to the ABC
templating processes discussed above. In ABC bulk phase templating, it is the
amount of inorganic that directs the structure of the hybrid material rather than
the amphiphilic block copolymer. As a consequence, the whole phase diagram of
this bulk block copolymer with respect to block length ratio can therefore be
traversed without having to synthesize amphiphilic block copolymers with dif-
ferent block length ratios. Depending on the amount of inorganic sol present in
the block copolymer, a whole variety of differently structured hybrid materials
can be produced (see Fig. 10).
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Fig.10. Hybrid structures from one single block copolymer (from [43])
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NMR spectroscopic analysis finally proved that the poly(ethylene oxide)
blocks are firmly anchored in the inorganic phase rather than being located at
the interphase adjacent to the hydrophobic domains. Solid-state NMR spec-
troscopy revealed that this anchoring leads to a substantial hindrance of the
conformational mobility in the poly(ethylene oxide) chains compared with the
relatively mobile hydrophobic poly(isoprene) [44].

Two possible scenarios can be envisaged for the structure of the hybrid mate-
rial (see Fig. 11). The poly(ethylene oxide) block, albeit strongly interacting and
partially penetrating, forms a pure PEO layer at the interface to the hydrophobic
poly(isoprene) (Fig. 11,left-hand sketch) (“three-phase” system). The other pos-
sibility is the complete “dissolution” of the PEO chains in the aluminosilicate,
which results in the “two-phase” system depicted in the right-hand sketch of
Fig. 11. Spin-diffusion NMR experiments showed that there appears to be no
dynamic heterogeneity in the poly(ethylene oxide) chains, as would be expected
for a “three-phase” system, giving rise to the conclusion that the hydrophilic

Hydrophobic part

b

Fig.11a-c. Interaction between ABC “headgroups” and a siliceous ceramic polymer
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Fig.12a,b. TEM micrographs of nanoscopic spheres and rods obtained from inverse ABC
phases

domains comprise one homogeneous hybrid phase consisting of poly(ethylene
oxide) and the inorganic.

This approach towards nanostructured inorganic-organic hybrid materials is
the first one to allow the synthesis of inverse-topology systems, in which the
hydrophobic polymer blocks represent the outside of the microphase-separated
structure. After solidification of the inorganic sol, the hydrophobic phase can be
swollen with organic solvents. This procedure allows the isolation of colloidal
objects, such as spheres or ceramic rods (see Fig. 12), from one another, which
are sterically stabilized, because the hydrophilic block is firmly anchored in the
ceramic material [45].

The position of the hydrophilic poly(ethylene oxide) (PEO) headgroups in
ABCs and nonionic surfactant templates bears important implications with
respect to the overall pore structure of the resulting porous material. The PEO
chains can be assumed to be firmly anchored and molecularly dispersed within
the silica matrix, hence giving rise to substantial microporosity of the meso-
porous system. The following section is aimed at describing the pore structure
of nonionically templated mesoporous ceramics more exactly.

2.7
Microporosity in Mesoporous Ceramics

The assumption of the EO chains being intimately mixed with the condensing
silica has crucial consequences regarding the porosity of the solidified material
after removal of the template, as each EO chain will create its own cavity or “mol-
ecular imprint” in the amorphous silica wall. The EO chains can therefore be
expected to act as a porogen that creates microporosity within the walls of the
mesoporous structure. This has indeed been evidenced experimentally. The
combination of a complete evaluation of the small-angle X-ray diffraction data,
in combination with nitrogen sorption experiments prove that mesoporous sil-
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icas, prepared in the presence of templates containing oligo(ethylene oxide)
headgroups, indeed possess a substantial degree of microporosity in the wall.
Prouzet et al. [46] conducted the preparation of mesoporous ceramics in two
steps by adding a silica sol-gel precursor to a micellar solution of nonionic sur-
factant. X-ray diffraction studies, in combination with dynamic light scattering,
shows clearly that the oligo(ethylene oxide) corona of these micelles is initially
infused by silica oligomers. Davidson et al. [47] prove the existence of a microp-
orous corona around the mesopores of nonionically templated mesoporous sil-
icas. This corona can be attributed to the hydrophilic, or better: silicatophilic oli-
go(ethylene oxide) chains being firmly anchored in the silica wall. In short, a
substantial proportion of the specific surface are of nonionically templated
mesoporous silicas originates from additional microporosity.

It can be concluded that the surfactant headgroup of nonionic surfactants
provides an additional tool to tailor the pore structure of silicas, in particular
those derived from LLC phases. The favourable interaction between oligo(ethyl-
ene oxide) headgroups (or hydrophilic blocks in amphiphilic block copolymer
templates) and growing silica gives rise to microporosity. Therefore the applica-
tion of surfactant templates, the headgroup of which is less compatible with the
growing inorganic polymer should give rise to purely mesoporous materials.
One attempt in this direction has been reported by Antonietti et al. [48], who
employed cyclodextrins as porogens. These cone-shaped polysaccharides show
a different kind of amphiphilicity, as expressed by the aggregation into stacks
rather than micelles. Therefore no “protruding” headgroup will be pointing
towards the solidifying silica matrix, in contrast to the oligo(ethylene oxide)
headgroups of the surfactant templates discussed above.

3
Precipitation in LLC Phases

Although the sol-gel process for the synthesis of siliceous ceramics is the most
widespread synthetic method when the templating of LLC phases is concerned,
there are other ways to imprint the structure of the soft LLC material onto an
inorganic solid. One example is the precipitation of inorganics from the aque-
ous domains in an LLC phase. Although this approach sounds about as simple
as nanocasting, the experimental conditions are much more complex. The main
reason for this phenomenon is that an aqueous salt, used as a precursor for the
preparation of the inorganic precipitate, will always compete with the surfactant
headgroups for water. Most salts are only poorly soluble in nonionic surfactant
phases, as they have a tendency to be “salted out” from the ternary mixture. Fur-
thermore, the presence of large amounts of salt will always affect the phase
behaviour of surfactants. Even nonionic surfactant phases can suffer only a lim-
ited amount of salt present before structural disintegration occurs. This phe-
nomenon is even more pronounced for ionic surfactants. Another problem is the
volume ratio of a hydrated salt to the nonhydrated solid product, which will nev-
er allow a monolith or even larger particles to be precipitated from LLC phases,
as the diffusion of the salt ions is slower than the nucleation of a different parti-
cle. Finally the creation of a crystalline morphology within the nanoscopic con-
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finement of the LLC phase implies that a substantial degree of curvature has to
be introduced into the crystal lattice to follow that of the parental LLC phase.
This curvature leads to a significant increase in the defect density in the crys-
talline product. More commonly, however, the crystal will grow regardless of the
arrangement and direction of the lyotropic assembly, and simply displace the
soft matter from its original location.

The most serious difficulty encountered when the precipitation of an inor-
ganic solid in an LLC phase is attempted is the fact that two reactive components
have to be mixed intimately within LLC phase before precipitation occurs. The
mixing process is usually associated with difficulties, as both reactants should be
dissolved in the LLC phase, which is of more or less viscous consistency, making
homogenization difficult. One way around this problem is to let the reactant that
causes precipitation diffuse into the LLC phase either via the gas or the solution
phase. In this way nucleation can be slowed down considerably so that larger
particles form instead of small ones that would be dispersed in the hydrophilic
domains of the liquid crystalline phase.

These considerations make it evident that a delicate balance between rate of
nucleation, crystal growth rate and stability of the surfactant assembly is neces-
sary to warrant a successful outcome of the experiment.

3.1
Precipitation of Semiconductor Particles

The growth of cadmium sulfide superlattices has been conducted successfully
by Stupp et al. [49-51] in the hexagonal LLC phase of a nonionic surfactant (see
Fig. 13). Again, the structure of the resulting inorganic nanostructure depends
on that of the parental LLC phase; accordingly a lamellar nanostructure was
obtained from a lamellar phase, an hexagonal one from a hexagonal phase and
hollow spheres from a micellar cubic phase.

Fig.13. TEM image of hexagonally structured cadmium sulfide
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The same procedure was applied to the synthesis of cadmium selenide and
zinc sulfide in LLC surfactant phases using C,EO,, surfactants. A relationship
between the covalent nature of bonds in the final product and the success of the
templating procedure was established on the basis of silver sulfide, copper sul-
fide, mercury sulfide and lead sulfide not producing the same results. The inter-
action of the surfactant headgroups with the precipitated mineral and with its
precursor ions are necessary for direct templating. This is also confirmed by the
fact that salts that bind precursor ions prevent the formation of an ordered in-
organic nanostructure within the LLC phase [51].

As expected, no monolithic structures of the semiconductor are observed in
the product, as the LLC medium that immediately surrounds a crystal nucle-
ation site is quickly impoverished of cadmium ions. However, this report clear-
ly demonstrates that LLC phases are more widely applicable as structure-direct-
ing casting molds than shown previously.

3.2
Chemical Reduction of Noble Metal Salts

In principle, the reduction of a metal salt represents one form of precipitating an
inorganic solid. This has been achieved in LLC surfactant phases of nonionic
surfactants [52]. Hexachloroplatinic acid and ammonium tetrachloroplatinate
were employed as the starting materials for the chemical synthesis of platinum
in the hexagonal LLC phase of C,;EOy. Hexachloroplatinic acid was reduced by
the presence of large pieces of less noble metals (iron, zinc or magnesium). In
contrast, the LLC phase containing ammonium tetrachloroplatinate was reacted
by contacting the platinum-containing LLC phase with a hydrazine-containing
one of the same structure. Immediate reaction in both cases causes the precipi-
tation of nanostructured platinum particles from the LLC phase. The particulate
nature of the resulting materials was revealed by scanning electron microscopy.
The volume of the final product, the metal, is much smaller than that of the
aqueous domains in the LLC phase; therefore the formation of the nanostruc-
ture only yields small, albeit porous, particles. It is further noteworthy that the
particle size of the nanostructured product is much smaller than the domain
size in the parental LLC phase, indicating that the domain boundaries in the self-
assembled system are not the location at which particle growth necessarily stops
or starts. The nanostructure of the surfactant-free metal particles is evidenced
by TEM (see Fig. 14) and small-angle X-ray diffraction analysis, which both
prove the existence of a hexagonally structured material. The cylindrical pores
in this material are ca. 3 nm in diameter, whereas the walls are about 3 nm thick,
giving an average pore-to-pore distance of 6 nm, which is slightly wider than
that of the corresponding nanocasting-derived silica. This widening of the over-
all dimension is attributed to the crystalline nature of the walls.

The formation of the nanostructured metal strongly depends on the nature of
the reduction agent. Slow reduction (e.g. using hydrogen) produces dendritic
structures, in which the nanostructure of the LLC phase is not detectable. As the
reaction dramatically alters the chemical composition of the phase at the location
of reduction (or particle formation), the phase becomes destabilized. Slower
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Fig.14. TEM of hexagonally structured mesoporous platinum

reduction, therefore, provides enough time for the LLC phase to rearrange and
give way to the growth of the metal crystal without inducing the curvature neces-
sary to form the nanostructure. The platinum salt necessary for the large crystals
to grow is evidently provided by diffusion through the aqueous domains of the
LLC phase. This phenomenon again stresses the problems encountered whenever
precipitation reactions are attempted in the soft LLC media.

The fact that no nanostructured metal can be obtained by conducting the
reduction in micellar systems of the surfactant nevertheless proves that it is
indeed the LLC phase that acts as the structure-directing environment, in which
the growth of the metal is confined to the aqueous domains of the LLC phase.
The Fourier transform of the Extended X-ray Absorption Fine Structure
(EXAFS) data obtained from nanostructured, hexagonal platinum reveals a sig-
nificantly reduced amplitude as compared to that of the bulk metal, which is
attributed to a lower average coordination number, hence a large quantity of
surface atoms.

The reduction of metal salts from LLC phases not only provides nanostruc-
tured materials with defined diffusion pathways and large surface areas, but is also
suitable to deposit nanostructured alloys [53, 54] which are not accessible by any
other method. The main interest in preparing nanostructured alloys lies in the
field of catalysis, as most catalytic processes rely on a well-defined and repro-
ducible surface chemistry. Furthermore, alloying can afford materials the catalyt-
ic activity which is enhanced compared with that of the constituent materials. The
co-reduction of binary mixtures of metal compounds dissolved in the hexagonal
phase of a nonionic surfactant leads to bimetallic alloy powders with long-range
mesoporous nanostructure and large specific surface areas. In particular, hexa-
chloroplatinic acid and ruthenium trichloride were co-deposited electrochemi-
cally from the hexagonal mesophase of the commercially available nonionic sur-
factant Brij 76 (mainly C,;EOy) using formaldehyde in alkaline conditions. The
resulting nanostructured powder has a large specific surface area of 86 m?*/g
according to nitrogen sorption experiments. The existence of a true alloy was con-
firmed by EXAFS measurements in combination with wide-angle X-ray diffrac-
tometry. These techniques prove that no heterogeneous reduction of the metals
has occurred, which would give rise to a physical mixture of the metals.
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Because of their regular structure (defined pathways for electrons and the dif-
fusion of ions) and large specific surface area, nanostructured metals are expect-
ed to be useful in electrochemistry and catalysis; however, many technological
applications rely on the use of a coherent layer of the large-surface area material
rather than on a powder, which would be mechanically less robust and prone
to abrasion. In order to obtain nanostructured films of noble metals it is there-
fore mandatory to support diffusion of the metal ions towards the site and of
by-products away from it. Depositing the metal electrochemically from an
LLC phase onto an electrode surface, as will be discussed in the following
sections, is currently the only way to warrant a constant supply of metal ions at
the location of reduction. The resulting materials are expected to be of interest for
a wide range of applications, such as in batteries, fuel cells and sensors [55-58].

4
Electrochemical Deposition of Noble Metals from LLC Phases

4.1
Noble Metal-Containing LLC Phases

Although the presence of large amounts of salts are commonly described to
destabilize even nonionic, but more so ionic, LLC surfactant phases, sometimes
a stabilizing effect is observed. The effect of hexachloroplatinic acid on the LLC
phase boundaries of ternary systems containing a nonionic surfactant and water
was reported by Attard et al. [59], who mapped complete pseudo-binary phase
diagrams as a function of surfactant concentration and temperature. A dramat-
ic effect on the phase behaviour was observed by polarized-light optical
microscopy. In particular, the presence of the platinum compound was found to
enhance the stability of the more highly curved phases (micellar cubic and
hexagonal). Moreover, the temperature ranges over which the LLC phases are
stable are dramatically increased with stabilities up to 95°C for the ternary mix-
tures as compared with 58°C for the binary system. The formation of biphasic
regimes, as reported previously in the literature [60], is also observed.

The observations made in this investigation show clearly that simple dehy-
dration of the surfactant headgroups by the solvated hexachloroplatinic acid
cannot be the only reason for these changes. The inorganic component is rather
suggested to interact with the surfactant headgroups, hence formally increasing
their spatial demand. At the same time the electrostatic repulsion between the
now formally ionic headgroups is enhanced. The net effect is to stabilize aggre-
gates and phases with a higher degree of mean curvature than the case in the
platinum-free binary system.

4.2
Electrochemical Reduction of Metal Salts

Noble metals, such as platinum and palladium films, have been successfully
deposited from LLC surfactant phases onto flat electrode surfaces [61, 62]. Sim-
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plistically, a flat graphite electrode is dipped into the metal salt-containing LLC
surfactant phase of a defined structure and then the reduction conducted in an
electrochemical cell under potentiostatic and thermostatic control. Choosing an
electrode of known diameter further allows the elucidation of the surface area
of the final nanostructured deposit via comparing the integrals of the cyclic
voltammogram with that obtained from a polished electrode made from the
same metal. The large surface areas can also be confirmed by impedance spec-
troscopy [63].

The deposits show nanostructures that, apart from slightly increased dimen-
sions of the material, are very similar to the structure of the LLC phases they are
derived from. These new electrode surfaces are adherent, macroscopically
smooth (see Fig. 15) and shiny and expectedly show high specific surface areas.
Variations in the deposition conditions, such as temperature and deposition
potential, cause dramatic changes in the specific surface area, nanostructure and
macroscopic morphology of the films, providing an additional tool to tailor the
surface properties of such electrodes [62].

The mass transport characteristics through nanostructured metal deposits
on microelectrodes are excellent, which, in combination with the large real sur-
face area, makes them potential candidates for electroanalysis where, for exam-
ple, the amperometric detection of organic species with poor electrode kinetics
is largely facilitated.

A literally nanoarchitectured electrode was reported by Owen et al. [64, 65],
who electrodeposited nickel/nickel oxide, which is regarded an electrochemi-
cally extremely important material whenever applications like fuel cells, the
electrolysis of water, batteries or catalysts for the electrochemical hydrogenation
of organic species are concerned. Mesoporous nickel electrodes have been elec-
trodeposited by reduction of a nickel(II) solution dissolved within the aqueous

Fig.15. Surface morphology of a microelectrode with a mesoporous platinum coating



Nanocasting of Lyotropic Liquid Crystal Phases for Metals and Ceramics 51

domains of the hexagonal (H;) LLC phases of Brij 56, a nonionic surfactant. The
nanostructured films consist of well ordered, periodic arrays of channels
arranged in a hexagonal lattice with nanometer-sized dimensions. Cyclic
voltammetry has again been applied to demonstrate the large specific surface
areas (typically surface area enhancements of 100 times over non-templated
electrodes) and a pore structure that allows extremely rapid diffusion of species
to active sites within the structure. These characteristics suggest application as
a low cost-current collector and use in high-power devices.

Electrodeposition from aqueous systems containing a palladium and a plat-
inum salt [66] as well as the nonionic surfactant yield a regularly nanostruc-
tured material, which was further characterized by cyclic voltammetry and X-
ray diffraction measurements. The evident lack of macroscopic demixing as well
as the fact that palladium and platinum are miscible over the whole range of
composition gave rise to the conclusion that, again, a nanostructured alloy was
deposited. A very peculiar redox behaviour was observed by cyclic voltammetry
of this mixed-metal electrode in sulfuric acid (see Fig. 16). Unexpected, very
sharp and intense peaks appear in the hydrogen region, which are interpreted in
terms of dissolution and re-plating of the less noble component palladium dur-
ing electrochemical cycling.

Mesoporous tin was deposited from LLC surfactant phases in order to pro-
vide a nanostructured negative electrode material for applications in lithium
ion batteries. Whitehead et al. [67, 68] electrodeposited tin films from lyotropi-
cally liquid crystalline solutions of tin sulfate in the hexagonal phase of Brij 76
onto copper foil. The authors further employed n-heptane as an inert swelling
agent in order to tailor the dimensions of the resulting electrode materials.

The electrodeposition of nanostructured materials from LLC phases is not
restricted to noble metals, but can be extended into the field of semiconductors
[69]. Mesoporous regular semiconductors have great potential for applications
in optical sensors and solar cells. The successful electrodeposition of selenium
was demonstrated by Nandhakumar et al., who subjected a hexagonally struc-
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Fig.16. Cyclic voltammogram of a mesoporous platinum-palladium electrode
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tured, quaternary system comprising selenium dioxide, sulfuric acid, nonionic
surfactant (C,(EOQ;) and water, to reduction on either nickel or platinum elec-
trodes under potentiostatic and thermostatic control at 65°C. Again, nanostruc-
tured, homogeneous deposits were obtained. The selenium films were post-syn-
thetically modified with cadmium.

The electrodeposition of nanostructured inorganics from LLC phases is a
further example of the versatility provided by bulk lyotropic liquid crystal phas-
es as templating media [70, 71]. In all these cases the structure can be predicted
from that of the parental mesophase. By careful choice of surfactant, addition of
a swelling agent and by changing the temperature and composition of the
lyotropic phase it is possible to alter pore size and architecture of the nano-
structure in a controllable manner.

5
Summary and Outlook

The three above-mentioned examples of utilizing the lyotropic supramolecular
aggregates of surfactants and amphiphilic block copolymers show impressively
how self-assembled systems can be applied as structure-directing media in
modern materials science. Nanocasting of siliceous ceramics in LLC phases of
surfactants and amphiphilic block copolymers is a most versatile tool to prepare
porous ceramics with large specific surface areas. Suitable choice of the tem-
plating phase assists in tailoring diffusion pathways, pore diameters, pore-size
distributions and allows for the manufacturing of macroscopic objects (mono-
liths). The precipitation of inorganic solids within the aqueous domains of sur-
factant phases affords nanostructured porous particles with extremely large
specific surface areas, which are expected to find application in catalysis (noble
metals) and solar cells (semiconductors). The electrodeposition of noble metals
and semiconductors onto electrode surfaces is an elegant method of synthesiz-
ing nanostructured electrodes with excellent transport properties, good
mechanical performance and, again due to the large specific surface area, high
efficiency.

Most importantly, such structures form spontaneously by mechanisms of
supramolecular self-assembly rather than necessitating external manipulation,
for example by microlithographic processing. The utilization of LLC surfactant
and amphiphilic block copolymer phases is therefore a simple method to tailor
directly the nanometer-scale structure, which undoubtedly defines the proper-
ties of the final product.

Finally, it needs to be mentioned that the mechanisms of supramolecular self-
assembly apply to many systems more complex than simple surfactants and
amphiphilic block copolymers. Supramolecular self-assembly and pattern for-
mation is one of the crucial principles in nature and gives rise to hierarchical
structure ranging from the length scale of a few nanometers to the macroscopic
domain. The generation of intricate and very regular structures by templating
supramolecularly self-assembled structures in the shape of LLC phases has
proven extremely successful. Therefore, the utilization of the more complex sys-
tems found in nature (e.g. protein assemblies in viruses) is at the hands of mod-
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ern scientists and merely a question of time spent observing and learning from
these spontaneously forming structures.
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List of Abbreviations

ASAXS Anomalous small angle X-ray scattering

BET Brunauer-Emmet-Teller

BJH Barrett, Joyner, and Halenda

EXAFS Extended X-ray absorption fine structure

FSM-41 Silica with cylindrical pores (similar to MCM-41)

HRSTEM High resolution scanning transmission electron microscopy
HRTEM  High resolution transmission electron microscopy

MCM-41  Silica with hexagonal pore structure (Mobil recipe)
MCM-48  Silica with cubic pore structure (Mobil recipe)

MCM-50 Silica with lamellar pore structure (Mobil recipe)

SBA-15 Silica with hexagonal pore structure (Santa Barbara recipe)
STEM Scanning transmission electron microscopy

TEM Transmission electron microscopy

XAFS X-ray absorption fine structure

XANES  X-ray absorption near-edge structure

XRD X-ray diffraction

1

Introduction

After discovery of ordered mesoporous silica by Mobil scientists in 1992 [1, 2],
the field of mesoporous materials developed vigorously in several directions.
Originally, mesoporous silicas were classified into three groups depending on
their structure: a hexagonal (MCM-41),a cubic (MCM-48), and a lamellar phase
(MCM-50). Later, similar to MCM-41, FSM-41 mesoporous silica with cylindri-
cal pores was synthesized [3]. Varying the template structure allowed develop-
ing a number of various ordered mesoporous material structures [4-7]. Numer-
ous metal oxides with structures mimicking the structure of mesoporous silica
have been synthesized [8-10]. Different kinds of functionalization have been ap-
plied to mesoporous solids including attaching organic ligands, organometallic
compounds, and inorganic species. These results have been summarized in re-
cent review articles [11, 12]. In the present review, functionalization of meso-
porous solids with inorganic compounds followed by nanoparticle formation
will be discussed: synthetic methods, characterization, and properties of meso-
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porous materials containing nanoparticles will be scrutinized and summarized.
This kind of functionalization provides a vast variety of materials which draw a
significant attention nowadays: each year dozens of scientific papers on this sub-
ject are published, encouraged by properties of such materials and their ex-
pected applications. Three main application areas are foreseen so far for me-
soporous solids with nanoparticles: catalysis [13-15], magnetic [16, 17], and
optical materials [12, 18, 19]. For catalytic applications, the most essential char-
acteristics are an interpenetrating pore structure of the mesoporous solids and
formation of small particles located within the pores. Such particles offer a huge
surface area and superior catalytic properties in a variety of catalytic reactions.
Yet their location in the pores results in their stabilization and modification of
their properties (surface modification). For optical materials, particle size, par-
ticle size distribution, and regular particle location are crucial, so the ordered
mesoporous oxides can also be perfect hosts for inclusion of optically interest-
ing particles in 1D, 2D, and 3D structures. For magnetic applications, particle
size and particle size distribution are most crucial parameters determining the
type of magnetic properties. Considering these requirements, particular syn-
thetic methods should be chosen when certain applications are targeted.

2
Methods of Synthesis

Seven general ways for inorganic functionalization of mesoporous materials
have been described. Below, analysis of each method will be given taking into
consideration its advantages and disadvantages from the viewpoint of particle
growth control and influence on the material properties.

2.1
Addition of Metal Compounds in Sol-Gel Mixture

A very simple synthetic method is addition of inorganic compounds (metal salts
or alkoxides) in the sol-gel mixture. In this way a modifying metal is introduced
in the mesoporous material body (but not necessarily placed in the pores) and
particles form during calcination [20-23]. Normally, to avoid negative influence
of additive on the ordering of mesoporous oxides, metal compound loading is
kept low. In [23] authors describe two regimes of thermal treatment for synthe-
sis of rhodium oxide particles: 373 K for 10 days and 423 K for 48 h, while the
Si/Rh value was varied within the range 200-70. Depending on the regime, the
mean particle diameter was either 6 nm or below 3 nm, respectively. The authors
showed that for both regimes most Rh atoms form particles and are located
within the material (not on the outer surface as often occurs during impregna-
tion), but no details have been given on precise location of nanoparticles:
whether they are mainly embedded in the silica walls or positioned in the pores.
Other authors [20] obtained Pd nanoparticles in the mesoporous silica by addi-
tion of H,PdCl, in the sol-gel mixture. Despite the low Pd content, particle size
after thermal treatment exceeds the pore size, which is evident for at least par-
tial location of Pd species within the pore walls.
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If mesoporous oxides with nanoparticles are designed for magnetic applica-
tion, embedding in the mesoporous material walls can be of no concern, as it
should not strongly affect the magnetic properties: they are mainly dependent
on the particle size and particle size distribution. On the other hand, the latter
should be narrow: otherwise particle properties will vary. However, narrow par-
ticle size distribution is difficult to achieve during uncontrolled particle growth
within the silica body during calcination. If optical properties of the material are
targeted, the interaction of particle surface with mesoporous oxide host will
strongly influence the properties. Then the position of the nanoparticles deter-
mining the size of a contact area between a particle surface and mesoporous
solid is also important. In the case of catalytic applications, embedding the
nanoparticles in silica (or other mesoporous material) walls will kill a signifi-
cant fraction of the nanoparticle activity, as particle surface will be partly ob-
scured from reacting molecules. Thus, this method to prepare nanoparticles
within mesoporous solids for catalytic applications has a number of disadvan-
tages which make it inferior compared to other methods. On the other hand, this
method works perfectly when silica or other oxide should be modified (doped)
with suitable ions without nanoparticle formation [8, 13].

2.2
Impregnation with Metal Compounds Followed by Reduction, Thermolysis,
or Other Treatment

Straightforward impregnation of preformed mesoporous solids with solutions
of the desired metal compound followed by reduction, thermal decomposition,
UV-irradiation, or ultrasonic treatment of metal-compound-containing mate-
rial is very extensively used in preparation of mesoporous materials containing
nanoparticles. Incorporation of metal compounds normally occurs due to cap-
illary forces. Since no noticeable chemical interaction of the mesoporous oxide
walls with the metal compounds or the forming metal (metal compound) par-
ticles is involved in this case, control over particle formation can be realized
only due to limits imposed by the pore structure. As this is a case, conditions of
impregnation and further treatment are crucial for structure of the materials
synthesized. Speaking about “quality”, several material characteristics should
be considered: (i) preservation of mesoporous material ordered structure, (ii)
uniformity of particle distribution within the pores, (iii) narrow particle size
distribution, and (iv) match of the particle size to pore size. The typical im-
pregnation of a mesoporous silica film with [Ag(NH;),NO;] followed by reduc-
tion with H,-N, mixture is described in [24]. As seen in Fig. 1, particle size dis-
tribution is rather bimodal which is determined by the particle formation both
in the pores and in defects, such as locally coalesced pores or walls. In a similar
way, Fe,0; nanoparticles within mesoporous MCM-48 silica have been synthe-
sized by wet impregnation with Fe(NO;), followed by drying and calcination at
673 K [25]. Thorough examination of the material has shown that iron oxide is
randomly distributed within the mesoporous silica. The filling of the pores was
also random, without any structural order. Though in most cases the meso-
porous host stays intact after incorporation of metal salt and particle forma-
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a)

Fig. 1a,b. Transmission electron micrographs of the calcined mesoporous silica film observed
in cross-section view after: a one; b three contacts with an aqueous solution of [Ag(NH;),]NO;
and subsequent reductive treatment at 400 °C [24]. Reproduced by permission of The Royal
Society of Chemistry

tion, the material is disordered from the viewpoint of guest location and its pa-
rameters. The situation slightly improves if the mesoporous solid is a monolith
[26]; then the external surface is low and the negative influence of free outer
surface on particle formation is minimized. If particle formation occurs due to
UV-irradiation [27] or ultrasonication [28-30] of the mesoporous slurry in the
mother solution containing metal salt, the probability of uncontrolled particle
precipitation on the outer surface is high. Though some authors [28-30] do not
report broad particle size distribution showing only TEM or HRTEM (which
characterizes a small area of the material), the lack of SAXS or ASAXS studies
do not allow judging of the particle size distribution in these mesoporous
materials.

To improve control over nanoparticle formation while using wet impregna-
tion, several authors used consecutive impregnations (four to five times) with
drying the material in between to insure that mesopores are completely filled
with metal precursor [31, 32]. In this case, the amount of precursor is fixed and
determined by the pore size and volume; the recipe is well reproducible as the fi-
nal particle size is controlled by the precursor amount and in some cases by the
pore size. This avenue led to a 3D quantum dot lattice inside the mesoporous sil-
ica film due to regular CdS particle formation, when impregnation was followed
by precipitation with H,S and the procedure was repeated until the film satura-
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tion was obtained [32]. It is remarkable that repetitive impregnation with
tetramineplatinum(II) nitrate [Pt(NH;),(NOs),] followed by drying-reduction
cycles (four times) allowed the authors [31,33] to prepare Pt nanowires in meso-
porous oxides SBA-15 and MCM-41. As found in [34, 35], depending on the type
of metal compound precursor and conditions of its incorporation into the silica
and further transformation, either nanoparticles or nanowires can be synthe-
sized even after a single wet impregnation. However, it is not yet entirely under-
stood when nanowires and when nanoparticles are formed. As discussed in [34],
if metal particle precursor is a prepared in situ (“ship-in-bottle”) metal carbonyl
cluster (for example, [Pt;5(CO)5,]*") in FSM-16 having cylindrical pores, metal
nanoparticles with a diameter of 1.5 nm (50-60 Pt atoms) are formed after mild
thermolysis (at 473 K). If FSM-16 is filled with platinic acid (H,PtClg), subjected
to water and 2-PrOH vapor (see Scheme 1) and then irradiated by UV, Pt
nanowires are formed within the silica pores. If reduction of the same precursor
is performed with H, at 673 K, nanoparticles are formed. Presumably, in the for-
mer case, slow nucleation at ambient temperature under UV light and presence
of water and 2-propanol vapors facilitate slow nucleation and migration of Pt
species providing the nanowire formation. Similarly, Pt-Rh nanowires were syn-
thesized. It is proposed [36] that Pt nanowires are formed by the photoreduction
of [PtCl4]* ions on the small Pt nanoparticles initially generated in the FSM-16
mesopores. The authors [35] found that, in order to achieve complete filling of
the mesopores within SBA-15, selection of the impregnation solution is crucial.
For example, if 0.2 mol/1 AgNO; in EtOH-H,0 (1:1 v/v) was used, nanowires were
formed (Fig. 2).If the same salt was dissolved in pure water or EtOH-H,0 (3:7 or
8:2 v/v), only spherical nanoparticles were obtained after thermal treatment. Yet
the channel filling was low. Here the authors assume that it can be related to very
different surface tensions of water and ethanol, so their right combination is a
critical factor.

Pt nanowire/FSM-16 Pt nanoparticle/FSM-16

Scheme 1. Schematic representation of preparation of Pt nanowires and nanoparticles in
FSM-16
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Fig. 2. a TEM (Topcon 002B, 200 KeV) image of the as-made SBA-15 mesoporous silica
recorded along the [110] zone axis. b Low magnification TEM image of SBA-15 mesoporous
silica after the Ag nanowire loading; Ag nanowires appear as dark lines in the image. ¢ High-
magnification TEM image of the Ag nanowires within the SBA-15. A selected area electron dif-
fraction pattern recorded on several Ag nanowires is shown in the inset of ¢ [35]. Reproduced
by permission of The Royal Society of Chemistry
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Impregnation of mesoporous silica with metal carbonyl clusters instead of
simple metal salts leads to superior control over nanoparticle formation and can
even result in ordered location of such carbonyl clusters. In [37] it was shown that
encapsulated carbonylate cluster salts preserve their integrity within MCM-41
(no aggregation is found). Nanoparticles obtained by gentle thermolysis of these
clusters may be attached to the interior surface of mesoporous silica. More-
over, such carbonylate salts as [Ag;Ru,,C,(CO),sC][PPN], and [Ru;,C,Cu,
(CO);,CL][PPN], (where PPN stands for *N(PPh;),) allow the obtaining of
bimetallic particles the sizes of which are determined by the amount of atoms in
each carbonylate cluster. This becomes possible if the interaction of the clusters
with the pore surface is stronger than that between the precursor species, so that
aggregation into small molecular crystallites on the surface is suppressed and the
clusters after CO removal do not aggregate. The authors [37] suppose that the
silanol groups belonging to the silica walls facilitate the uptake of bulky cluster
anions due to hydrogen bonding. Thus, this case may rather be considered as
chemical interaction with mesoporous solid walls, not as impregnation, assum-
ing (as will be shown below) that the latter method allows higher degree of con-
trol. For two Ru salts, [RusC(CO),4,][PPN], and [H,Ru,,(CO),;][PPN],, formation
of 1D ordering within the silica channels has been observed [38]. The authors be-
lieve that intrachannel ordering of the guest ions is mainly governed by a combi-
nation of molecular recognition, pore-wall interaction, and electrostatic consid-
erations. After thermolysis monodisperse particles are formed within MCM-41.

Normally, impregnation provides the efficient incorporation of metal com-
pounds inside the pores, but the particle growth is not controlled (particle size
distribution is broad and particles are located statistically) if no special condi-
tions are applied (see above). On the other hand, particle size is often restricted
by the pore size.If silanol groups of the mesoporous silica are involved in the in-
teraction with metal compounds as discussed in the last example, additional
control can be expected although the amount of silanol groups in the calcined
silica is rather low.

A very special example of successful impregnation of mesoporous material
was recently reported in [39] when mesoporous carbon was used as support ma-
terial. In turn, mesoporous carbon was prepared by templating over ordered
mesoporous silica followed by removal of the template. As a result, an ordered
graphitic framework was obtained. It is interesting to note that, despite the ap-
parent absence of functional groups, the nanostructured carbon is able to stabi-
lize Pt nanoparticles as small as 1 nm in diameter preventing formation of large
particles outside the pores or in the pore defects. One can assume that surface of
such carbon is not inert to Pt species when the impregnation takes place.
Graphitic aromatic rings or unsaturated carbon-carbon bonds can play the role
of “functional” groups both interacting with Pt species and Pt nanoparticles. A
similar phenomenon was described in [40] when Pt nanoparticles with a mean
diameter of 1.2 nm were stabilized in hypercrosslinked polystyrene. The Pt-
nanocarbon materials reported in [39] can also be prepared as free-standing
films by using ordered silica films as templates. This and also the enhanced elec-
trocatalytic activity of Pt nanoparticles/mesoporous carbon in O, reduction
makes it promising in fuel cell systems.
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2.3
Chemical Interaction of Metal Compounds with Functional Groups
of Mesoporous Oxides

If the mesoporous oxide walls are functionalized, the chemical interaction with
metal compounds is a strong driving force for the incorporation of metal species
into the pores. Functionalization with organic groups was widely explored by
many authors [12]. It can be carried out both during sol-gel reaction when one
of the silica precursors bears such groups [12] or as a post-synthesis via inter-
action of various compounds with silanol groups [41-43]. If the removal from
organic template of the mesoporous solid is carried out in mild conditions (ex-
traction instead of calcination), silanol groups on the pore walls are mainly pre-
served which insures successful functionalization of silica walls [44-46].

As functional groups for further interaction with inorganic compounds, thiol
[47,48] and amine [49] ones are mostly used. A functional group can play a dual
role (i) being an anchor for metal compounds and/or (ii) interacting with the
surface of the growing nanoparticle. In [47] the authors described the formation
of CdS particles in mesoporous silica (MCM-41) functionalized with thiol
groups. Despite the functional group presence, incorporation of cadmium ac-
etate was carried out by mere impregnation. At the same time, these thiol groups
served as anchors for the forming of CdS particles: the size of the CdS particles
decreased with increasing a number of thiol groups, i.e., the thiol groups inter-
acted with the particle surface stabilizing the smaller particles. Similar stabi-
lization of ZnS nanoparticles was carried out by diamine groups present in
MCM-41 [49]. The authors of [48] explored both functions. Mesoporous SBA-15
functionalized with thiol substituents hosted Au nanoparticle growth, first an-
choring the gold precursor and second governing the chemical reduction. This
procedure allowed avoiding the outer pore growth of nanoparticles that is a ma-
jor drawback of the impregnation/calcination method and provided particle
formation solely in the pores.

To replace less acidic silanol groups with more acidic Al-OH, walls were mod-
ified with sodium aluminate [17]. Subsequent ion exchange using NiBr, resulted
in incorporation of Ni** ions into the AIMCM-41 host material. To remove the
extra-pore Ni?* ions from the host material, the resulting Ni?*-AIMCM-41 was
suspended in water for 1 h. If simple impregnation would be used for incorpo-
ration of metal precursor, no rinsing would be possible as such a procedure
would remove metal compound from the mesoporous material. After reduction
with NaBH,, nickel nanoparticles with diameters of 1-2 nm were prepared.

In several cases silanol groups of silica walls can be used for direct function-
alization with inorganic compounds followed by the corresponding treatment
(reduction, calcination, interaction with H,S, etc.) [12, 14, 50]. MCM-48 meso-
porous silica was functionalized with tungsten and molybdenum metal centers
by the anhydrous reaction of metal alkoxides with surface silanol groups [14].
Calcination resulted in metal oxide clusters which were attached via covalent M-
O-Si bonds. When silica monolith vs silica powder is used, one can avoid nega-
tive influence of the outer silica surface. However, in this case a strong driving
force for incorporation of metal compound inside the silica is required. If the or-
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Fig. 3. TEM image of Pd-nanoparticle-containing silica monolith. Reproduced by permission
of Wiley-VCH from [50]

Table 1. Characteristics of metal-free and metal containing silica monoliths ([50]-Reproduced
by permission of Wiley-VCH)

Monolith Elemental analysis data on metal BET surface  App. pore
area diameter?®
wt% mol.% m?/g nm
Metal-free - - 745 3.8
K,PdCl, 0.91 8.58x10° 705 38
+H, reduction 439 3.7
K,PtCl, 0.51 2.61x10°5 698 3.6
+H, reduction 626 3.9
K,PtCl, 0.39 2.00%107° 709 3.6
+H, reduction 665 3.8

2 From BJH data.
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ganic template is removed from the silica monolith by extraction, silanol groups
are mainly preserved which results in higher density of silanol groups on the sil-
ica walls. Interaction of Pt and Pd anions (PdCl%, PtCl-, PtCl2") with silanol
groups (presumably via hydrogen bonding) allows efficient incorporation of Pd
and Pt species evenly distributed through silica monolith [50]. Reduction with
H, or sodium borohydride results in the regular location of sub-nanometer
metal particles within the silica pores (Fig. 3). Because the metal particle size is
much smaller than the pore size (Table 1), metal particle formation does not in-
fluence the mesopores structure, while the micropores (induced by the PEO
chains) can be blocked during reduction. Here the metal particle size is not in-
fluenced by the type of reducing agent which is evidence of a very efficient
mechanism of size restriction. Presumably the metal nanoparticles are forced to
nucleate in the micropore entries, but restricted to grow beyond their cavity.
This method is very simple and robust and allows synthesizing of well-repro-
ducible materials.

2.4
Chemical Vapor Deposition of Metal Compounds for Incorporation
into Mesoporous Oxides

Chemical vapor deposition (CVD) instead of impregnation seemed to be the
better way to control the nanoparticle growth and particle spreading, but should
be restricted only to thin silica films or silica particles (not to monolithic sam-
ples) to prevent uneven distribution of the metal compounds within the mater-
ial. Another limitation of CVD is that to prevent the formation of too large or un-
even particles, some additional restrictions should be applied. The authors of
[51] synthesized ~1 nm diameter photoluminescent silicon clusters in the sur-
factant-containing channels of free-standing mesoporous silica film using disi-
lane CVD at 100-140 °C. The hydrophobic tails of the swollen surfactant enable
disilane adsorption and interaction with SiOH groups. The formation of Pd
nanoparticles using sublimation of the volatile organometallic complex [Pd (-
CsH;)(17°-C5Hs)] under reduced pressure through the porous Nb-MCM-41 (nio-
bium modified MCM-41) is described in [52]. After the palladium complex had
been deposited onto the walls, the material was reduced under a stream of hy-
drogen at 350 °C for 3 h, yielding an air-stable black powder. Following the pro-
cedure described above, materials with typical palladium loadings of 20-25 wt%
were obtained. However, this method did not lead to uniform distribution of
palladium species. To decrease loading and to increase the metal surface due to
obtaining the small particles, chemical modification of the pore surface was still
necessary [52]. This additional restriction allowed obtaining sub-nanometer
palladium particles evenly distributed through the silica.

Iron oxide nanoclusters were synthesized within mesoporous MCM-41
doped with aluminum using evaporation-condensation of volatile Fe(CO); [53].
Subsequent calcination in an O, flow resulted in amorphous y-Fe,0; particles
with diameters of 2-3 nm evenly distributed through the well-defined hexago-
nally packed cylindrical pores. These results were solidly confirmed by combi-
nation of Mdssbauer spectroscopy, XRD, TEM, and STEM (Fig. 4).
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b

Fig. 4a,b. TEM micrographs of Fe,05/AlSi-25 nanocomposite: a as-prepared; b calcined at
500 °C. Reprinted with permission from [53]. Copyright (2001) American Chemical Society

GaAs/MCM-41 heterostructures were synthesized by deposition of GaAs into
the channels of MCM-41 using organometallic chemical vapor deposition with
tert-butylarsine and trimethylgallium as volatile sources [54]. As found, GaAs
nanoparticles reside both inside the pores where particle size distribution is nar-
row and outside the pores where particle growth was rather uncontrolled. To de-
crease the amount of particles growing outside the pores, the deposition time was
varied. This led only to partial success and some particles grew outside the pores.
Apparently, the lack of specific interactions between silica pore walls and volatile
compounds did not allow circumventing the particle growth outside the pores.
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An original synthetic method for functionalization of mesoporous silica is
described in [55]. Silaferrocenophanes were incorporated into well-ordered
mesoporous silica MCM-41 by CVD and chemically attached to the silica walls
via SiOH groups. Subsequent sublimation allowed removing the monomer
which was not chemically attached to the silica walls. Depending on the silafer-
rocenophane structure, both oligomer and polymer can form spontaneously
along with ring-opening the monomer during residing in the silica pores. Thus,
silica pores play role of nanoreactors already during deposition. Subsequent py-
rolysis at 900 °C in nitrogen atmosphere leads to Fe particles which reside inside
the silica channels. However, as for a number of materials prepared by this tech-
nique, particles grow larger than the pore diameter (ca. 3-4 nm) and the exact
particle location and particle size distribution remain unclear. One can surmise
that high temperature treatment (900 °C) leads to aggregation and particle lo-
cation in the interpore defects. Additional studies with SAXS and ASAXS meth-
ods might allow the better characterization of these materials.

2.5
Template lon Exchange with Transition Metal Cations

Another interesting method of inorganic functionalization of mesoporous
solids is the surfactant replacement by using transition metal cations [56-59].In
this case, metal cations (Mn?* [56], [Co(en);]** [57], Cd?*" [58], Zn?**, Mn?*, AI**,
etc. [59]) line the interior pore surface replacing the cationic surfactant cation.
The ion-exchange reaction is normally driven by replacement of monovalent
cation (surfactant) with divalent (or trivalent) metal cations, and thus entropy is
responsible for an efficient ion exchange. A unique feature of this ion-exchange
technique is that the metal ions are transported solely inside the pores, while
the external surface can be capped with inert hydrophobic phenyl groups
(Scheme 2) [58]. This ensures CdS particle formation (after treatment with H,S)

Selective functionalization of external
surface with Ph-Si(OMe),

Nanocrystal

Ion-exchange Reaction

reaction

Scheme 2. Schematic diagram of transportation of metal ions into mesopores and space con-
fined growth of nanocrystals. Reprinted with permission from [58]. Copyright (2001) Ameri-
can Chemical Society
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takes place only inside the pores. This method seems to be superior to direct im-
pregnation or CVD as no precipitation on outer surface takes place (if outer sur-
face is capped), but its use was very limited (only a few papers have been pub-
lished so far).

2.6
Incorporation of Prefabricated Nanoparticles in Mesoporous Solids

Apparent advantage of the prefabricated nanoparticles lies in the opportunity to
use well-developed procedures to control particle size and particle size distrib-
ution and to characterize the particles by all possible means. Prefabricated par-
ticles can be introduced in the mesoporous materials in two ways. One avenue is
direct incorporation of particles in sol-gel mixture as was recently reported in
[60]. Here mesostructured nanoparticle-silica monoliths have been synthesized
by dispersing prefabricated Au or zeolite (silicate) nanoparticles in sol-gel pre-
cursors containing SiCl; and a Pluronic triblock copolymer template. To im-
prove the compatibility of the Au nanoparticles with the poly(ethylene oxide)
block, the nanoparticle surface was modified with a SiO, layer. Therefore, this
technique requires good compatibility of nanoparticles with the components of
the sol-gel reaction, as it influences the distribution of nanoparticles through
the material. Another limitation of this method is encapsulation of particles
within mesoporous material, but not necessary location in the pores. As was dis-
cussed above, this limitation is especially crucial for catalytic applications.

A different approach is described in [61-63]. CdS [62, 63] or Au (Ag) [61]
nanoparticles were synthesized in reverse micelles and then incorporated into
mesoporous silica (MCM-41 and MCM-48) modified with thiol groups (3-mer-
captopropyltrimethoxysilane was used as one of the silica precursors). The au-
thors [62] observed a sieving effect, i.e. discrimination by particle size: (i) only
particles of certain size (smaller than pore diameter) could be incorporated and
(ii) the smaller the particles, the easier their incorporation inside the pores oc-
curred. In [61] the authors compared the uptake of gold particles (size 35 A)
with silver particles (70 A), but no correct conclusion on sieving effect can be
made. In the cited papers no evidence of even distribution of nanoparticles
within the mesoporous silica was presented, though this characteristic should be
important from the viewpoint of optical properties. In [63] the authors used an
additional CVD treatment with TMOS and water which were supplied alter-
nately with N, carrier gas at 423 K. This allowed decreasing the mesopores size
and stabilizing the CdS nanoparticles against heat treatment; however, this pro-
cedure is expected to obscure the particle surface so the photocatalytic activity
(discussed in the paper) should suffer.

2.7
Templating over Metal-Containing Templates

This approach was first described in [64, 65]. When metal nanoparticles are
located in the block copolymer micelle cores [64] or in microgels [65] and these
polymeric systems are used as templates for silica casting, both pore size and
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metal particle growth control can be governed by a template. In [64] nanoparti-
cle formation was carried out in the micelle cores of poly(ethylene oxide)-block-
polybutadiene (PEO-b-PB) micelles in aqueous solutions. Complexation of
metal precursor (Pt, Pd, Rh) with the double bonds within the PB core (m-com-
plex formation) followed by metal nanoparticle growth after reduction was con-
trolled by reaction conditions. Silica templating over metal-nanoparticle-con-
taining block copolymer aggregates results in an even distribution of particles
within the silica. After standard calcination at 500 °C the particles remain intact
and no aggregation is observed (Fig. 5).

A similar approach described in [65] combines the use of spherical microgels
as nanosized exotemplates for synthesis of metal colloids [66] and as endotem-
plates during casting the mesoporous sol-gel silicas, along with a block copoly-
mer (polystyrene-block-poly(ethylene oxide), PS-b-PEO) template. After calci-
nation the latter provides the interpenetrating mesopores structure and good
access to macropores formed due to microgels (Fig. 6). This method does not en-
sure the regular location of metal nanoparticles through the mesoporous solid,
but this disadvantage is of no importance for catalytic application. As seen in
Fig.7, particles remain discrete after calcination and access to nanoparticles sur-
face is well ensured by the mesopore system. Using metal-particle-containing
templates seem to be promising for robust control over nanoparticles growth in
mesoporous solid.

Cupric oxide (CuO) nanoparticles have been prepared in amorphous SiO,
matrix using a complex of Cu(II) with poly(vinyl alcohol) (CuPVA) as template
[67]. The authors report the formation of CuO particles within the porous silica
after calcination. In this case, the template was not ordered and was well com-
patible with forming silica, so the material formed must be fully disordered.
Moreover, copper oxide particles can be present both in the pores and in the sil-
ica body; the latter will obscure particle surface from participation in catalytic
reactions which authors consider being a suitable application.

Recently, dendrimers loaded with Cu?* ions were used as template for silica
formation [68]. As is well known, poly (propylene)imine dendrimer (DAB-Am-
64) serves as a nanoreactor for well controlled nanoparticle formation [69].
However, when such dendrimers alone are used as silica templates [68], it does
not lead to high porosity (BET surface area is 290 m?/g) and does not provide or-
dering (Fig. 8). The latter factor is important for optical properties, but of no
concern for catalytic applications. However, as silica cast over Cu-DAB-Am-64
lacks interpenetrating pore system and easy access to CuO particles, this de-
stroys any hopes for catalytic applications as well.

The mentioned disadvantages seem to be overcome in cyclodextrin-based
porous silica [70]. As recently discovered [71], cyclodextrins are able to self-as-
semble in concentrated solutions forming regular structures. When used as tem-
plates for silica casting, they form interpenetrating “worm-type” pore structure
resembling one obtained after block copolymer templating. If hydrophobic in-
clusion compounds (p-xylene) are incorporated within the cyclodextrin cavities,
the ability of cyclodextrin-inclusion complexes to self-assemble is even en-
hanced. An analogous idea was used in [70] when p-xylene was replaced with
metal complexes containing cyclooctadiene (cod) ligand: Pt(cod)Cl,, Pd(cod)Cl,,



Fig. 5a,b. TEM images of: a the Pd colloids formed in the PB-b-PEO-I block copolymer mi-
celles; b mesoporous silica obtained from PB-b-PEO-I-Pd(0) as the template after calcination.
Reprinted with permission from [64]. Copyright (1999) American Chemical Society
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Fig. 6a-d. Transmission electron micrographs of porous silicas templated from mixtures of
tetramethoxysilane, SE1010, and the respective metal microgel dispersions: a,b silicas ob-
tained with platinum-loaded polymer microgels generated following reductions with NaBH,
in 0.1 mol/l NaOH solution at resultant pH values of 8.0 and 10.0 respectively; c,d silicas ob-
tained for platinum- and rhodium-loaded microgels, respectively; both generated under very
fast reduction with an aqueous solution of NaBH, at the natural pH of the reaction mixtures.
In each case the polymer microgel had a crosslinking density of 1/40. Scale bar=100 nm. Re-
produced by permission of Wiley-VCH from [65]

[Rh(cod)Cl],. The authors showed that if the silica structure is preformed (walls
are well-condensed), metal nanoparticles formed after calcination are restricted
by the pore size and reside inside the pores. If the silica structure is “loose”, cal-
cination results in particles overgrowing the pores: this is caused by aggregation
of the growing particles at high temperature calcination (Fig.9). One might sug-
gest that formation of particles prior calcination by H, reduction in mild condi-
tions, would ensure the particle stability during calcination as was observed in
[64].
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Fig. 7. Transmission electron micrograph of porous silica templated from a mixture of plat-
inum-loaded microgels, SE1010, and tetramethoxysilane. Micrograph illustrates the retention
of discreet platinum colloids following silica formation and calcination under elevated tem-
peratures. Scale bar=50 nm. Reproduced by permission of Wiley-VCH from [65]

Fig. 8. TEM image of calcined silica templated over DAB-Am-n dendrimers with Cu?* ijons.
Reprinted with permission from [68]. Copyright (2002) American Chemical Society
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Fig. 9a-c. Evolution of Pd metal nanoparticles under different conditions for Pd(cod)Cl,:
a TEM image of the first nucleation at a final temperature T,=250 °C of the in situ transfor-
mation process; b,c behavior for the nanoparticles in a sample not pretreated at T,=350 °C
(b_i) and the pre-aged sample (chemical confinement) at T,=350 °C (b_ii) and T.=500 °C
(c_ii). Reprinted with permission from [70]. Copyright (2001) American Chemical Society

As can be seen from the data presented above, a variety of available methods
allow synthesis of nanoparticles in mesoporous solids using various ap-
proaches. One should choose the method of synthesis taking into consideration
the requirements towards particle characteristics generally determined by the
possible application of such materials.

3
Characterization of Nanoparticles in Mesoporous Materials

Characterization of these materials normally includes both analysis of the
mesoporous structure and assessment of nanoparticle parameters. It can be
done by combination of methods used for mesoporous solid study (TEM, N,
BET adsorption, SAXS, etc.) and additional methods allowing estimation of
particle size, particle size distribution, particle positioning, and interface in-
teractions.

3.1
Electron Microscopy

3.1.1
Use of TEM and STEM

Transmission electron microscopy (with magnification of up to 100,000-
150,000) is most commonly used in study of mesoporous solids with or without
guest particles. This method enables visualization of the mesoporous material
structure (kind of packing), description of the positioning of metal particles, es-
timation of their size, and size distribution after processing the TEM images
with designated software. If the electron contrast between mesoporous solid
(normally metal oxide) and nanoparticles is strong (for example, for metal
nanoparticles), information obtained from TEM images can well be descriptive
and even quantitative. When metal compound particles with weak electron con-
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trast (sulfides or similar) are small, they often cannot be distinguished in TEM
image. In this case, TEM images can be used to find out whether mesoporous
structure is intact or not, and what kind of changes (for example, of the pore size
or wall size) occurred.

One of the key advantages of STEM compared to TEM is that the beam dam-
age is limited to scanned area since only part of the image is exposed to elec-
trons. Other advantages are a high resolution of particle imaging, possibility of
using sub-nanometer probe and high angle annular dark field (Z-contrast)
imaging. According to [72], the latter allows analysis of the distribution and ho-
mogeneity of the particles within channels more readily than any other method.
In [72] examples of the STEM application are shown for Ag-Ru and Cu-Ru bi-
metallic particles in MCM-41. When STEM is combined with EDAX (energy-dis-
persive analysis of X-rays) [73], elemental analysis through the image allows lo-
cating the nanoparticles and evaluation of their chemical nature.

3.1.2
Use of HRTEM and HRSTEM

High Resolution TEM allows one to obtain more detailed information on the
guest nanoparticles, since the structure of the metal particles can be elucidated
[74,75]. HRTEM, under optimal conditions, allows the locating and identifying
of metal clusters in mesoporous solids when their diameters are not less than
10-15 A. It gives information on both particle size and particle location in the
ordered mesoporous solids.

On the other hand, a number of authors claim superiority of HRSTEM which
using subnanometric probes provides supplementary structural and ultramicro
analytical information and electron spectroscopic imaging. HRSTEM images
have slightly diminished resolution compared to HRTEM, but two unique fea-
tures make it really a method of choice: microanalytical capabilities of X-ray
emission and Auger and electron-energy loss spectroscopy. In addition, all these
signals may be collected simultaneously, together with the backscattered elec-
trons. Since HRSTEM readily yields high-angle annular dark-field (HAADF) im-
ages, as well as both bright-field (BF) images formed from transmitted electrons,
and ordinary dark-field (DF) images, formed from Bragg scattered beams, extra
benefits can be gained in locating particles consisting of atoms. Chemical analy-
ses using electron probe sizes of a few nanometers or less are now possible in
modern HRTEM/STEM, and they yield chemical composition at high spatial res-
olution. A good example is shown in Fig. 10 where mapping the Pd and Rh species
in the material gives information on location of bimetallic Pd¢Rug clusters.

3.2
Nitrogen Adsorption

Nitrogen BET (Brunauer-Emmet-Teller) adsorption is a reliable method for de-
termining the specific surface and pore volume [76]. Evaluation of the specific
surface area using the BET method is based on several assumptions that deviate
from the behavior of adsorbed molecules on the real surfaces. Despite the cer-
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Fig. 10. a Bright-field (BF) images of mesoporous silica with Pd¢Ru, particles. b HAADF
(high-angle annular dark field) images of mesoporous silica with Pd¢Rug particles. c,d Elec-
tron-stimulated X-ray emission images prove that particles are intact. Reprinted with permis-
sion from [74]. Copyright (2001) American Chemical Society

tain limitations, this method is a standard and commonly used technique for
specific surface evaluation. Calculations of a mean pore diameter of mesoporous
materials are commonly done on the base of the BJH-approach (Barrett, Joyner,
and Halenda) [77] and some other methods [76] which are based on an adsorp-
tion-desorption process. Adsorbed N, molecules in the mesopores of a given
size are considered as multilayer adsorption followed by capillary condensation
(filling the pore core) at a relative pressure determined by pore diameter. Des-
orption is presented as capillary evaporation (emptying the pore core with re-
tention of the multilayer foil) at a relative pressure related to the pore diameter,
followed by thinning the multilayer. These calculations are based on the Kelvin
equation and underestimate the mean pore diameter of the small mesopores (in
the magnitude of at least 1 nm) [78]. Additional theoretical calculations using
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density functional theory (DFT) often allow a more accurate estimation of pore
size [79]. Despite probably absolute inaccuracy in determining the pore size dis-
tribution, differences between pristine and modified (containing guest mole-
cules or particles) mesoporous materials can be well evaluated.

The typical observations from the BET N, adsorption measurements are the
following: pore volume and pore size decrease after incorporation of metal com-
pounds and nanoparticle formation within the pores (Table 1). These findings
unambiguously confirm presence of the host species in the pores. Specific sur-
face area obtained from BET measurements also normally decreases, but it is not
necessarily the case. New surface of nanoparticles may add to the total surface
available for N, adsorption, so if particles are small (large surface area) and nu-
merous, decrease in BET surface is not a necessary indication of the guest parti-
cle formation.

The shape of N, adsorption-desorption isotherms and of hysteresis loop also
provide important qualitative information on the presence or absence of micro-
pores and type of mesoporosity (Fig. 11) [76].

H1 H2

H3 H4

Amount Adsorbed

Relative Pressure

Fig. 11. Classification of adsorption-desorption hysteresis loops. H1 are typical for materials
containing agglomerates and for materials with cylindrical pore geometry and a high degree
of pore size uniformity. The type H2 is characteristic of materials with relatively uniform
channel-like pores with the pore connectivity effects. H3 type is attributed to aggregates
(loose assemblages) of platelike particles forming slitlike pores. The type H4 loop is proposed
to be attributed to large mesopores embedded in a matrix with pores of much smaller size.
Reprinted with permission from [76]. Copyright (2001) American Chemical Society

3.3
X-Ray Diffraction

Powder X-ray diffraction is one of the convenient methods for ordered meso-
porous materials with guest nanoparticles [78]. The presence of guest species
within the mesoporous structure can be detected by a reduction of the intensities
typical for mesoporous silica Bragg reflections in XRD [25, 80]. This method al-
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lows rather qualitative characterization of the material if nanoparticles are
too small or amorphous. When nanoparticles are crystalline, the corresponding
Bragg peaks appearing in the XRD profile allow quantitative assessment of mean
particle size, but no reliable information can be obtained on particle size distrib-
ution though some authors tend to consider shape of Bragg peaks as indication
of broad (irregular shape) or narrow (Gaussian) particle size distribution.

34
Small Angle X-Ray Scattering

Small angle X-ray scattering (SAXS) can be used to characterize the type of
mesoporous structure and to follow deviations of the structure when particles
are formed within the mesoporous host [81]. Recently SANS (small angle neu-
tron scattering) was used to estimate a pore size and pore size distribution in
comparison with BET adsorption data [82, 83]. However, up to now SAXS (or
SANS) and especially ASAXS were not used for characterization of nanoparti-
cles in mesoporous solids. Recently a few papers reported successfully using
ASAXS for estimation of size and size distribution of particles grown in nano-
structured polymeric systems [84, 85] or deposited on SiO, [86]. Here the host
matrix structure does not influence the scattering of the particles as the differ-
ence scattering (obtained via subtraction of the scattering curves at the different
energies near the adsorption edge of the corresponding metal) is used [84]. So
apparently the ordered structure of mesoporous solid should not obscure the
assessment of particle characteristics similar to other ordered systems. Hope-
tully, this method will become more widely used, especially as instruments for
the ASAXS measurements are available at a number of synchrotron facilities.

3.5
XAFS as Method of Choice for Studying the Nanoparticle-Containing
Mesoporous Solids

Mesoporous solids (silica, aluminosilica, etc.) containing other heteroatoms (or
nanoparticles) are ideally suited for study by X-ray absorption fine structure
(XAFS). X-ray absorption near-edge structure (XANES) and extended X-ray ab-
sorption fine structure (EXAFS) provide information of nearest environment of
metal species (first and second coordination spheres) which is especially useful
for bimetallic nanoparticle characterization [87]. It allows determination of the
structure of metal oxide nanoparticles [78] and interaction of particles with
mesoporous material walls [87]. EXAFS provides important information about
the local structure around X-ray-absorbing atoms. It can help (i) to identify the
atoms and to find (ii) interatomic distances and (iii) coordination number of
atoms in the neighboring atomic shells surrounding the central absorbing
atoms. For bimetallic nanoparticles obtained after gentle thermolysis of
[RugC(CO);4Cu,Cl]?, analysis of both Ru and Cu K XAFS results showed agree-
ment with Ru,Cu,C, structure, but only in combination with theoretical calcu-
lations was it possible to identify the lower energy free-space clusters and to
solve the puzzle. In the case of metal oxide particles [78], EXAFS and XANES
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allow one to establish the differences between bulk oxides and nanoparticles
positioned in mesoporous solids and also presence of metal atoms in different
degree of oxidation. XANES and EXAFS can be also used to follow transforma-
tion of the precursor material before and after calcination. In [68], such a study
showed that Cu?* atoms in the precursor (before calcination) have both Nand O
in the first shell within DAB-Am-32 dendrimer used as template for silica cast-
ing. In a calcined sample containing CuO species, semiquantitative second shell
analysis allowed the estimation of particle sizes when particles are very small
and poorly detectable by other techniques [68].

Thus, one can conclude that no single method allows collecting of compre-
hensive information on mesoporous solids with nanoparticles. However, rea-
sonable combination of a number of modern techniques (TEM, BET N, adsorp-
tion, XRD, ASAXS, etc) can provide sufficient data for correct characterization of
these materials.

4
Properties of Mesoporous Materials With Nanoparticles

Properties of mesoporous solids with embedded nanoparticles can be grouped
into three major categories outlining the possible applications of the materials:
catalysis, optical properties, and magnetic properties. “Assignment” to the par-
ticular category is mainly determined by the nature of the guest particle. To il-
lustrate this, one should recall that noble and other transition metal (or metal
oxide) nanoparticles formed in any other environment (microemulsions, block
copolymers, dendrimers, etc) show catalytic properties in a number of catalytic
reactions. Some metal oxide (TiO,) or sulfide or selenide (for one, CdS or CdSe)
nanoparticles display optical properties which differ from those of bulk materi-
als due to confinement of electron properties. Some metal oxide (Fe,0;) or metal
(Co) nanoparticles show magnetic properties also depending on the particles
size. When embedded in the pores of mesoporous materials, nanoparticles im-
part their properties to the materials but in a number of cases this influence is
mutual: (i) host mesoporous solid affects the particle properties through parti-
cle-wall interactions and (ii) spatial organization of nanoparticles or even their
close location result in the change of the properties of nanoparticle-containing
mesoporous solid compare to properties of the “naked” nanoparticles (one
should understand that nanoparticles are never “naked” and their surface is al-
ways stabilized by various molecules or groups depending on the way of their
synthesis). Requirements for mesoporous materials with nanoparticles depend
on the area where they are supposed to be used. For catalysis, one would prefer
to have small nanoparticles (to ensure high surface area), but there is no clear
understanding yet as to whether amorphous or crystalline nanoparticles have
any advantage. One might speculate that edges of tiny crystals may be especially
favorable sites for catalytic reactions [88], though surface of amorphous parti-
cles can also have many defects which are often considered as most reactive cat-
alytic sites [89]. There are neither strong restrictions for narrow particle size
distribution nor for spatial 2D or 3D arrangement if catalytic properties are of
concern, although relatively narrow particle size distribution (lack of large par-
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ticles where catalyst will be “wasted” inside the particle) is important. Another
key trait of catalytically active porous materials is an interpenetrating pore
structure and easy access of reagents to catalytic particles. As mentioned above,
if metal particles are encapsulated in the silica (or other material body), no effi-
cient catalyst can be expected. For optical or magnetic properties encapsulation
is of no concern, but strong control over particle size and particle size distribu-
tion are very important, otherwise optical and magnetic properties will be not
sufficiently tailored. Another essential requirement for successful application of
some optical materials is regular spatial arrangement of nanoparticles within
pores resulting in 1D, 2D, or even 3D ordering. Such ordering can influence ab-
sorption, luminescence, and non-linear optic properties. Below, particular ex-
amples will illustrate the success obtained so far in studying properties of meso-
porous materials with embedded nanoparticles.

4.1
Catalytic Properties

The catalytic properties of mesoporous materials with embedded nanoparticles
are mainly determined by the type of the inclusion (particle). All catalytic reac-
tions, which are normally known for the particular metals or alloys, can be
carried out with mesoporous solids containing nanoparticles. The important
advantage of mesoporous oxides is their stability at high temperatures. Due to
this feature, mesoporous oxides with nanoparticles can be successfully used as
catalysts in such reactions where nanoparticles embedded in polymeric systems
cannot be employed. Another probable advantage of mesoporous catalysts is an
appropriate use of pores as nanoreactors of certain size. This can be applicable
to large molecules or to cyclization reaction where pore size and shape will
influence the reactive path [90]. However, for mesoporous solids with nanopar-
ticles such applications are not reported so far.

In a recent review article [13] the authors described a number of catalytic re-
actions which were carried out with metal-deposited mesoporous silicates. The
isomerization of n-hexane performed with Pt nanoparticles obtained in MCM-
41 aluminosilicate was reported in [91]. The authors showed some improvement
of the catalyst performance compared to disordered aluminosilica which might
be caused by better control over nanoparticle growth. The authors of [52]
demonstrated a very efficient catalyst for the Heck reaction: it was synthesized
by CVD of a Pd complex within the MCM-41 pores. Using additional chemical
modification of the pores, they were able to obtain sub-nanometer Pd particles.
The resulting catalysts showed a catalytic activity superior to that of other het-
erogeneous Heck catalysts and even exceeded the catalytic activity of many
homogeneous catalysts. The probable explanation of this phenomenon lays in a
sub-nanometer size of nanoparticles and correspondingly strong influence of
the support on their properties.

Hydrogenation of various substrates with Pd or Pt (or various bimetallic)
nanoparticles embedded in mesoporous materials was studied by a number of
authors (for example [92, 93]), but even if superior catalytic properties com-
pared to traditional heterogeneous catalysts are reported, it is still questionable
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whether they can also compete with polymer supported catalysts. In polymeric
systems Pd or Pt nanoparticle surface can be easily, efficiently, and permanently
modified with organic groups inherent to polymers, yet hydrogenation is nor-
mally carried out at ambient temperatures, and the main advantage of meso-
porous solids (stability at high temperatures) is not realized. One can expect that
hydrogenation of polymers or other large or complex molecules can be favor-
ably performed in nanoparticle-containing mesoporous solids but no such
works have been published yet.

One of the sensible applications of mesoporous solids with metal nanoparti-
cles is hydrocracking of vacuum gasoil [94]. Here reaction temperatures exceed
400 °C and no polymer or other organic catalysts can be used. NiMo nanoparti-
cles were formed in MCM-41 via impregnation of molybdenum and Ni com-
pounds followed by calcination. Despite the comparatively high metal loading
(12 wt% MoO; and 3 wt% NiO), the surface area of MCM-41 was only slightly re-
duced which might be credited to increase of the surface area due to particle sur-
face. The catalytic activity of NiMo-MCM-41 catalyst was compared with that of
amorphous aluminosilica and USY zeolite with the same Ni and Mo loading.
The former catalyst showed higher hydrodesulfurization and hydrodenitro-
genation activity than the other heterogeneous catalysts in one-stage operation
using untreated gasoil. The authors think that combination of large surface area,
uniform pore size distribution with pores sufficiently large to allow diffusion of
large molecules, along with mild acidity and high stability made NiMo-MCM-41
a superior catalyst.

The authors of [27] reported photocatalytic activity of titania-modified
MCM-41 containing Pd in photoreduction of Cr(VI) to Cr(III) which was much
greater than that of corresponding supports. As Pd clusters were not distin-
guishable in TEM image (Fig. 12), the authors concluded that Pd is grafted on the
surface of titania. As article [27] provides no proof of such grafting (formation
of thin Pd layer), one can assume that clusters formed are of a sub-nanometer
size and are invisible in conventional TEM. During photodeposition of Pd

Fig. 12. TEM image of PdA/MCM-TiO, (1% Pd). Reproduced with permission from [27]. Copy-
right (2001) Academic Press
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amorphous TiO, transforms into anatase phase which can be a cause of in-
creased photocatalytic activity while Pd clusters rather do not participate in the
reaction.

Pt and Rh nanowires and nanoparticles prepared in FSM-16 (synthesis is de-
scribed above) display interesting catalytic properties in water-gas shift reaction
[34] and hydrogenolysis of butane [36]. In hydrogenolysis of butane, Pt wire/
FSM-16 demonstrates higher catalytic activity than Pt particle/FSM-16. The
XANES and XPS studies show that the Pt wires are more electron deficient than
particles which may cause a different catalytic activity. A Pt-Rh wire/FSM-16
displayed a high activity in butane isomerization. Here the use of mesoporous
solid is highly justified as it ensures nanowire formation and modification of its
properties due to host influence.

A recent review article on nanopore and nanoparticle catalysts [75] describes
the enhanced selectivity of the catalysts with bimetallic nanoparticles with dia-
meter of 1-2 nm formed in mesoporous silica. The authors especially underline
the advantage of bimetallic particles RusPd,, RugSn, Ru;,C,Cuy, and RusPt [95]
formed from the corresponding carbonyl clusters (see discussion above) in the
hydrogenation of (i) benzoic acid to cyclohexane carboxylic acid, (ii) dimethyl
terephthalate (DMT) to 1,4-cyclohexanedimethanol (CHDM), and (iii) naph-
thalene in a highly selective manner to cis-decalin. Authors report an excep-
tional selectivity and activity of these catalysts although no comparison with
traditional bimetallic catalysts or bimetallic nanoparticles prepared in different
media is given. On the other hand, it is quite probable that the reported tiny
bimetallic particles stabilized by mesoporous host and protected from leaching
and contamination can display exceptional catalytic properties.

Catalytic activity of MCM-41 with rhodium oxide nanoparticles prepared by
addition of RhCl; - 3H,0 in sol-gel mixture were studied in the high-tempera-
ture NO-CO catalytic reaction [22]. Catalyst containing RhO, nanoparticles with
diameters less than 3 nm exhibited a novel promotional effect in the amount of
N, and N,O formation with excess O,, while most of Rh catalysts become poi-
soned with the O, excess. The authors also claim that catalysts with 6-8 nm RhO,
nanoparticles in the MCM-41 had drastically retarded the formation of target
molecules. Since the Rh precursor is added to the sol-gel mixture and particles
can be located in the silica body, the comparison of solely particle size in deter-
mination of catalytic properties can be misleading, as particle location (accessi-
ble for gases or not) may be a crucial feature.

4.2
Optical Properties

All publications on mesoporous solids with nanoparticles discussing optical
properties can be generally divided into two large groups. The first group con-
sists of works on different kinds of semiconductor particles (metal sulfides,
selenides, oxides, etc.) where such particles are obtained in mesoporous solids
and their UV-visible absorption and photoluminescence spectra are recorded.
As a rule, these papers state the change of optical properties of nanoparticles
compared to bulk, similar to semiconductor nanoparticles prepared in any
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other environment, but rarely consider the specific interactions or ordering
within the mesoporous solids. However if particles are prepared via CVD or
high temperature treatment, mesoporous oxides are only matrixes of choice for
stabilization of such particles. One of the examples is GaAs/MCM-41 nano-
structures (GaAs particles were formed via CVD) which show blue-shifted ab-
sorption and visible photoluminescence (PL) even at room temperature [54];
however a particle location both inside and outside the channels results in broad
PL.ZnS$ nanoparticles confined in ordered mesoporous silica also showed a blue
shift which is consistent with the size quantization effect [49]. However, when
MCM-41 functionalized with ethylenediamine groups was used, the strong ob-
served PL was explained by nanoparticle surface modification [49]. In,0;
nanoparticles formed by thermal decomposition of indium sulfate showed a sig-
nificant blue shift of absorption edge when annealing temperature did not ex-
ceed 773 K [96]. The complicated luminescence was not clearly understood, but
was tentatively attributed to defects or oxygen deficiencies in the In,O; particles
within the pores, or interactions with pore walls. The authors of [63] reported a
change in the absorption spectra after incorporation of CdS nanoparticles
(formed in reverse micelles) into mesoporous silica containing thiol groups.
Probably, replacement of surfactant with thiol groups change modification of
the particle surface and optical properties (Fig. 13).

In a review article [97], the authors describe a strong luminescence of ZnO
and In,0; nanoparticles in mesoporous silica which is governed by preparation
conditions. Moreover, the luminescent properties differ strongly for mesoporous
silica bearing nanoparticles from merely corresponding nanoparticles. Both
ZnO- and In,0;-containing materials display strong enhancement of lumines-
cence. The abnormal luminescence effects in the assembly systems are explained
by their microstructures, both by specific properties of particles formed within
pores and by interaction with the pore walls. Another important characteristic
of mesoporous assembly systems described in [97] which is not inherent to con-
ventional composites is a possibility to modulate the optical absorption edge
and the absorption band by heat treatment and loading conditions which should
influence the particle size and particle surface properties.

Gold nanoparticles prepared within mesoporous silica monolith showed red-
shift of the Mie-resonance absorption band with decreasing the Au particle size.
Comparison with theoretical calculations of Mie-resonance for particles of
5-20 nm embedded in nonabsorbent matrix showed that no particle size de-
pendence should be expected. To explain the phenomenon observed, authors
suggest that the interface interactions between particles and pore walls result in
the red-shift of resonance. So the optical behavior of Au nanoparticles in the
mesoporous matrix was ascribed to the charge transfer between the Au
nanoparticles and the pore walls.

Silver nanoparticles obtained by thermal decomposition of AgNO; within
mesoporous silica pores show interesting optical properties [26]. Ag doping re-
sults in a large red shift of the adsorption edge which is attributed to the inter-
band absorption of Ag in the Ag-silica system and dipole interaction between Ag
particles. The lack of a plasmon band typical for Ag nanoparticles is attributed
to a small particle size (2.4-3.6 nm) and interaction at the interfaces between
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Fig. 13a,b. Diffuse reflectance spectra for CdS nanoparticles prepared in reverse micellar so-
lution when incorporated into: a 0.15 g of M-FM41 (medium pore functionalized MCM-41);
b 0.05 g of L-FM41 (large pore functionalized MCM-41). Also shown is the effect of CVD treat-
ment for CdS-FM41 on the stability against heat treatment at 523 K for 30 min. Reproduced
with permission from [63]. Copyright (2001) Academic Press

particles and pore walls. The position of the absorption edge is controlled by the
amount of doped silica (or rather by the particle size).

A second group of papers on mesoporous materials with semiconductor
nanoparticles fully explores the possible advantages of such systems: option of
regular location of nanoparticles within mesoporous solid which strongly mod-
ifies the optical properties compared to irregular positioning. In [51] authors
report a soft chemistry preparation of ~1-nm silicon clusters in free-standing
oriented hexagonal mesoporous silica film. The film displays yellow-orange
photoluminescence and nanosecond luminescence lifetimes, unlike milli- and
microsecond lifetimes for porous and nanocrystalline silicon.
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A recent example of extremely successful use of mesoporous silica films for
3D ordering of quantum dots is reported in [98]. The authors were able to fill a
300 nm thick mesoporous film with CdS nanoparticles (Fig. 14). The size and the
3D ordering of nanoparticles were directly controlled by the starting pore struc-
ture. However, the control of nanoparticles size and organization did not pro-
vide an intense PL. This could be explained by strong interactions with the silica
walls, especially as the particles grew to the size of pores. So the optimal balance
is required between organization and surface modification to provide the best
control over optical properties.

Fig. 14. a HRTEM image in cross section of the CdS saturated film. b HRTEM image in cross
section of a calcined mesoporous film before impregnation. ¢ Enlargement of the cross sec-
tion (a) showing the periodic arrangement of the CdS particles. d Power spectrum of the im-
age (a) showing the 3D hexagonal structure. Reprinted with permission from [98]. Copyright
(2002) American Chemical Society
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4.3
Magnetic Properties

It is well known that magnetic properties of particles strongly depend on parti-
cle size. Moreover, with decrease of particle diameter, the nature of magnetism
changes: ferromagnetic particles become superparamagnetic (do not show hys-
teresis) and these properties are temperature-dependent.

Magnetic measurements are often used for materials containing magnetically
active particles to elucidate their composition and structure. In [16], for exam-
ple, magnetic measurements helped to confirm the existence of a hydroxo layer
on iron oxide particles formed in mesoporous alumina. Important magnetic
properties in characterization of iron oxide particles are type, strength, and di-
rection of remnant magnetization. The values obtained give information on the
domain structure and particle size distribution of the magnetic particles in the
sample. Additional information on the magnetic domain structure can be ob-
tained from magnetization curves of the samples in absence or presence of the
magnetic field. It allows one to find the blocking temperature (T,) of super-
paramagnetic particles. Ni metal nanoparticles formed in AIMCM-41 were
1-2 nm in diameter and showed superparamagnetic behavior with a blocking
temperature of 5 K [17].

Iron nanoparticles prepared by pyrolysis of poly(ferrocenylsilanes) inside
periodic mesoporous silica displayed the absence of room-temperature hyster-
esis in the magnetization curves which shows their superparamagnetic behav-
ior [55]. However, magnetic properties cannot always be easily interpreted. For
example, for this material data analysis of magnetization curves resulted in the
ambiguous conclusion that either particle size distribution is bimodal, or iron
particles have an oxide layer which behaves as small superparamagnetic
nanoparticles. So magnetic measurements should be combined with other tech-
niques (probably, in this case, EXAFS may be useful) to allow more accurate eval-
uation of particle structure.

Iron oxide nanoclusters (y-Fe,0;) synthesized within mesoporous MCM-41
aluminosilicate matrices using volatile Fe(CO); as precursor (the synthesis is de-
scribed above) had both spherical and elongated morphologies due to influence
of hexagonally packed cylindrical pore structure [53]. These materials showed
superparamagnetic behavior at room temperature and ferrimagnetic nature at
5K (according to magnetization studies and Mssbauer spectroscopy), yet mag-
netization properties depended on calcination conditions (Fig. 15). Fe,O;
nanoparticles in this nanocomposite demonstrated high stability against y—a
phase transition. The authors suggest that the high thermal stability and in-
creased magnetization from calcination make this material a good candidate for
high-temperature magnetic applications.

However, to the best of my knowledge, no magnetic materials based on meso-
porous solids are ready for any reliable application similar to magnetic fluids or
magnetic polymer films although thin magnetic mesoporous films can be ob-
tained similar to mesoporous films with semiconductor particles.
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Fig. 15. Plots of magnetization vs applied field for as-prepared Fe,0;/AIMCM-41 obtained at
(a) 300 K and (b) 5 K. Reprinted with permission from [53]. Copyright (2001) American
Chemical Society

5
Summary and Outlook

Mesoporous solids containing nanoparticles of various nature became an exciting
field of nanoscience and nanotechnology. This field is actively developing and new
accomplishments allowing better control over particle size or regular particle lo-
cation mean that “smart” applications can be expected. A vast variety of synthetic
methods for obtaining such materials allows choosing of the best approach for the
particular application. If the material is expected to have catalytic properties, the
synthetic technique should ensure good access of nanoparticles for reagents and
controlled particle size to provide a high particle surface area. Among the meth-
ods described above, incorporation of metal compounds in sol-gel mixture does
not guarantee these features, as the particle surface can be obscured by the silica
(or other material) body. In the same way, synthesis of nanoparticles using high
temperature treatment often results in particles growing over the pore size and
embedding in the intrachannel defects, so these methods seems to be inferior and
should rather be avoided. For optical material synthesis, any method of choice is
acceptable though techniques allowing one to control particle size distribution
and positioning seem to be preferable. Another important consideration for opti-
cal materials is avoiding extensive contact with mesoporous material walls as it
may quench photoluminescence or make the luminescence too broad. As for mag-
netic applications, no clear indications can be found yet as to which technique is
superior because no magnetic materials based on mesoporous solids are yet re-
ported which might be considered for magnetic applications. These studies are yet
to come. Apparently, monolithic mesoporous material films with embedded mag-
netic particles should be promising for magnetic films especially as tailoring the
particle size and particle positioning might be influential for magnetic properties.
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As may be concluded from screening the literature, the combination of vari-
ous physicochemical techniques (TEM, STEM, HRTEM, HRSTEM, XRD, BET N,
adsorption, XANES, EXAFS) allows quite comprehensive characterization of
mesoporous solids with nanoparticles. Nevertheless, when particle size distrib-
ution is questionable and important, X-ray and neutron scattering techniques
(SAXS, ASAXS, SANS) should be more widely used for better understanding the
material properties.

Further research will probably develop in the direction of improving the con-
trol over particle size, size distribution, and particle positioning and prepara-
tion of freestanding films or well made monolith bulk samples with guest parti-
cles. So both “guest” and “host” components of such materials need to be opti-
mized and further developed.
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The use of organic templates for the controlled structuring of inorganic materials is being
widely explored. Two processes, nanocasting and nanocoating, will be discussed in this chap-
ter for the formation of porous metal oxide structures with an emphasis on silica and titania.
The difference between the two techniques is that casting is a filling of the porous structure of
the organic material whereas coating results in a layer of the inorganic substance on the poly-
mer structure. Following formation of the hybrid, the organic template can be removed, yield-
ing a structured inorganic material. Either an inverse replica of the initial structure is obtained
after nanocasting or a hollow replica of the organic results with the nanocoating procedure.
The initial organic molds considered here are “rigid”, preformed matrices or discrete entities
that do not require the presence of the inorganic material for producing or maintaining their
structure. These range from monolithic materials, including porous polymer gels and col-
loidal crystals, to organic fibers, crystals, and latex particles. The fabrication methods dis-
cussed that are used to obtain the metal oxide structures include sol-gel procedures and the
use of preformed metal oxide nanoparticles.
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List of Abbreviations

PDMS Poly(dimethylsiloxane)

PMMA Poly(methylmethacrylate)

PS Polystyrene

PVP  Poly(vinyl pyrrolidone)

SEM  Scanning electron microscope
TBOT Titanium (IV) tetrabutoxide

TEM  Transmission electron microscope
TEOS Tetraethylorthosilicate

TIP Titanium (IV) isopropoxide
TMOS Tetramethylorthosilicate

1
Introduction

Morphological control of materials is required to obtain unique, often advanta-
geous, and enhanced material properties. This chapter reviews recent research
on the use of organic templates for the “transcriptive synthesis” [1] of inorganic
materials, in particular silica and metal oxides, with controlled structures.

Templating generally requires three steps. First, the choice or preparation of
the template, then the formation of a composite consisting of the template and
final material, and third the removal of the template, giving the final structured
material. Materials formed at step 2 often already have interesting and useful
properties making the removal of the template unnecessary:

Step 1 - Step 2 - Step 3
Template Composite Structured material

Discussing each of these steps in turn, we start with the template. The template
itself is a structured object within which, or around which, the second material
is formed. The templates discussed in this chapter are organic and of fixed form,
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that is, the morphology of the template is apparent without the addition of the
inorganic coating or casting substance and there is little change in its structure,
except possibly for some expansion and shrinkage, during the templating
process.

Templates require certain properties:

—

They have to have a structure that is of interest for the final material.

2 They need to be able to maintain their structure during the templating proce-
dure.

3 If the final material is to be without the template, they need to be easily re-

moved without disrupting the structure.

Polymeric materials are ideal for this application. Numerous morphological
variants can be obtained which are of interest, different polymers can withstand
awide variation of conditions, including extreme pH and harsh solvents,and the
polymer can be removed by decomposition using solvent, plasma treatment or
heating procedures.

The organic templates that will be examined have been categorized according
to the final inorganic structure. First, monolithic materials and films composed
of both disordered and ordered three-dimensional porous structures are dis-
cussed. The formation of these materials requires templates such as polymer
gels and membranes that have a bicontinuous pore morphology, and colloidal
crystals and membranes, with fixed pore domains (in both size and structure).
Then the fabrication of inorganic threads and hollow fibers is considered where
polymeric fibers, biological threads, and organogelators act as scaffolds on or in
which the inorganic material forms. This is followed by a section on templates
composed of discrete entities, which result in hollow spheres and tubular mate-
rials. The organic templates in this section are spherical polymers (latex parti-
cles) or elongated organic materials such as nanotubes and crystals.

These templates can also be combined with other porogens (such as self-
assembled polymers) or techniques to obtain hierarchical pore systems or struc-
tured materials on a number of length scales. Examples demonstrating the
extension of simple templating to more complex structural control will also be
given.

Composite materials can be formed by numerous methods. Two modes in
which incorporation of the inorganic material in the template can be achieved
will be discussed: sol-gel processes or nanoparticle infiltration. They are both
solution methods that can be processed at low temperatures, hence allowing the
use of polymeric templates. In the first method the sol-gel chemistry is per-
formed after the incorporation of a metal oxide precursor in the polymer
matrix or around the template entities. The second method makes use of pre-
formed metal oxide nanoparticles, which are infiltrated into the organic scaf-
fold or suspended in solution with the individual structures for controlled
adhesion.

The sol-gel process involves hydrolysis and condensation reactions of the
precursor, where in general (especially for the non-silica precursors) both reac-
tions occur simultaneously [2], forming a metal oxide “polymer” and low mole-
cular weight species (water and alcohol). The shrinkage observed during the sol-
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gel process is due in part to the removal of these species [3]. The overall reaction
can be summarized as follows:

M(OR), + 4H,0 — M(OH), + 4ROH
M(OH), — MO, + 2H,0

where M represents a group 4 metal and R the alkyl group.

The use of nanoparticles requires the initial synthesis of the nanoparticles,
which generally adhere to the template via electrostatic and hydrogen bonding
interactions, or on processing of the nanoparticles and template the nanoparti-
cles are physically confined within the template.

For templating in general, the final material can be achieved in a number of
ways, including casting, coating, curing, and directed “assembly”. This chapter
will concentrate on the first two techniques applied on a submicron scale, that is
either the template itself or the coating applied to the template is of nanometer
proportions. Casting involves the complete filling of the porous system around
the template material compared to coating, which results in a thin layer formed
on the mold; see Scheme 1.

These processes are conducted with the purpose of generating materials with
properties that are dependent on either a combination of the mold and the tem-
plated materials, or the structural properties obtained during the templating
procedure. For the two techniques focused on in this chapter, nanocasting and
nanocoating, the materials obtained on removal of the template resemble the
initial template either as structural negatives (casting — gives pores where there

nano-
coating

remaove

template
nano-
casting

Scheme 1. Templating steps including both casting and coating approaches. Schematic illus-
tration demonstrating the casting and coating of a star-shaped template. The casting tech-
nique gives a composite in which the second material fills the area around the mold so that on
removal of the mold a structured material is obtained, which is an inverse replica of the initial
template. In contrast, coating of the template results in a layer of the second material around
the mold, resulting in a hollow replica on removal of the template

o
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was originally template, and solid where there were originally pores) or as hol-
low structures with similar shape to the initial mold (coating - pores from the
original mold are retained, plus additional pores are obtained on removal of the
mold). This is depicted in Scheme 1.

The formation of such structured materials for various applications includ-
ing separation, catalysis, and photonics has led to various activities in the fields
of chemistry, engineering, materials science, and physics conducting detailed
research on the controlled fabrication and the final properties of such materials.
The use of templating procedures, including nanocoating and nanocasting tech-
niques, allows the formation of porous structures with high-level control of the
morphology (pore size and structure, as well as over all material shape and size)
by a rather simple and efficient process.

Porous materials have been classified by the IUPAC (International Union of
Pure and Applied Chemists) to be microporous if the pore size is below 2 nm,
mesoporous if the pores have a diameter between 2 and 50 nm, and macro-
porous if the pore diameters are above 50 nm [4]. This chapter focuses on porous
materials with pores in the meso and macro-regime.

2
Monolithic Materials and Films

Large hybrid inorganic/organic materials or inorganic structures can be formed
by the use of monolithic templates or stacking of discrete entities into a mono-
lithic structure. The monolithic structures can be disordered systems, such as
polymer gels and membranes, consisting of random porous structures that are
continuous and therefore can be penetrated by the inorganic material, or they
can have ordered, regular pore structures such as the cylindrical pores found in
polycarbonate filter membranes or the void spaces remaining on stacking of
monodisperse polymer spheres. Ordered structures can also be formed with
biological cells and used successfully as templates. The order or disorder of the
porous structure and the overall porosity is of importance for their application.
The final material retains the outer structure of the mold giving inorganic
blocks or films.

2.1
Disordered Structures

The template materials discussed in this section are polymer gels and mem-
branes. These organic matrices show that bulk hybrid or porous inorganic ma-
terials can be obtained using sol-gel or nanoparticle infiltration methods.

2.141
Polymer Gels

Polymer gels are an excellent example of an organic system that can be
morphologically tailored. The synthesis of numerous polymer gels with a wide
variation in the pore size and structure, and overall porosity has been achieved
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[5, 6]. The choice of surfactant, monomer, and cross-linker gives a range of gels
that are stable over significant pH values and that are easily handled with tweez-
ers during the templating procedure. The sponge-like, bicontinuous pore struc-
ture makes impregnation procedures possible.

Hybrid metal oxide/polymer monoliths are formed when sol-gel reactions
are performed within the pore system of the organic gel [7, 8]. The alcohol
soaked polymer gel is simply placed in the liquid precursor and then into an al-
cohol/H,0 solution for hydrolysis and condensation, which gives an amorphous
metal oxide layer on the polymer surface. Heating the hybrid at 450°C results in
removal of the organic template and crystallization of the inorganic material.

“Coral-like” TiO, structures have been formed which clearly demonstrate
coating of the initial template, an acrylamide/glycidylmethacrylate polymer gel
[7]. Highly porous inorganic networks with pore sizes from 100 nm to microns
were obtained. The walls, with a thickness of 100-150 nm, are composed of TiO,
nanoparticles, as can be seen in a thin slice of the sample viewed by TEM in
Fig. 1. Variation of the initial polymer gel gives various pore sizes and different
surface areas in the final titania structures, as shown in Table 1 [8]. The mor-
phology of the final inorganic material and its properties are strongly depen-
dent on the structure of the initial template. The crystallinity of the nanoparti-
cles in the network (anatase or rutile phase) was determined by controlling the
temperature of calcination.

Fig. 1. TEM image of an ultramicrotome of the titania network constructed using a polymer
gel template, showing the individual titania nanoparticles of which the structure is composed.
Reprinted with permission from [7]. Copyright 2001 American Chemical Society
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Table 1. Properties of the titania networks obtained by using polymer gel templates: calcu-
lated porosity, surface area obtained from nitrogen adsorption, pore, and titania nanoparticle
diameters. Adapted with permission from [8]. Copyright 2001 American Chemical Society

Polymer gel Calculated Specific surface  Pore diameter TiO, colloid

template porosity area® range®* diameter range®
(vol.%) (m*g™) (nm) (nm)

B561 98 20 70-900 25-175

B562 97 11 100-3000 15-165

T601 99 39 10-325 5-40

B581 98 4.9 200-3000 25-175

B582 98 9.3 25-2300 20-110

CTA1 94 62 5-60 5-30

CTA2 94 76 - -

SE1 99 49 3-37 10-40

SE2 99 59 5-20 7-20

EK1 - 99 2-100 4-14

EK2 - 54 5-175 7-50

EK3 - 82 3-24 8-45

2 BET,

> TEM,

¢ SEM.

Monolithic zirconia networks can also be formed using a similar procedure
giving porous ZrO, structures [9]. As the titania and zirconia precursors are mis-
cible, binary inorganic networks of various Ti:Zr ratios could be produced [9].
The crystallinity and photocatalytic properties of the mixed material were stud-
ied: X-ray amorphous materials were produced for Ti:Zr ratios of 2:8 to 7:3,and
the binary material containing 10% zirconia (the presence of which inhibited
crystal transformation to the rutile phase) showed the highest photocatalytic ac-
tivity for the photodecomposition of salicylic acid and 2-chlorophenol [9].

Similar templates with solvent swelling properties have been used for nano-
particle infiltration [10]. The acrylic acid/2-hydroxyethylmethacrylate copoly-
mer was soaked in a colloidal sol of 4.5 wt%, 8 nm titania anatase particles for
7 weeks. Thermal treatment to remove the organic scaffold and induce conden-
sation of surface hydroxyl groups between contacting nanoparticles, gave
porous titania monoliths.

For the production of bulk materials monolithic structures of a desired shape
are applied; however, in a number of applications, such as photocatalysis and
photovoltaics, film structures are more practical. The next topic discusses the
use of membranes with a similar “sponge-like” pore morphology for fabricating
inorganic films.

2.1.2
Organic Membranes

Membranes such as cellulose acetate or other cellulose derivatives have porous
structures that vary depending on the material composing the membrane and
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its particle retention diameter. The membranes used as templates have a thick-
ness of ~100 pm. For cellulose acetate membranes (viewing the inner mor-
phology perpendicular to the flow direction (plane) of the membrane) the pore
size is relatively homogeneous and the membrane is quite dense. Polyamide
membranes, on the other hand, show a distinct gradient in pore size when
viewed in the same manner, and have less compact structures. Examining ei-
ther membrane in the direction of flow shows a substantially different mor-
phology to their respective perpendicular structures. The membranes can be
handled with tweezers and due to their overall morphology - very thin com-
pared to the polymer gel blocks - are processed during the templating more
rapidly.

Simply soaking the membrane in the liquid precursor and then conducting
sol-gel reactions by transferring the precursor soaked membrane into a water/
alcohol solution results in an amorphous inorganic coating of the membrane
[11]. Alternatively the liquid precursor can be filtered through the membrane,
on a Biichner funnel with applied vacuum, followed by the water/alcohol solu-
tion giving a similar result. Heating was used to remove the cellulose acetate
membranes to give porous metal oxide films of ~80 um thickness. Such films,
made up of crystalline nanoparticles, have been obtained for titania and zirco-
nia. By choosing different particle retention diameters from 450 to 200 nm for
the cellulose acetate membranes, the surface area of the resulting titania films
was found to increase from 22 to 74 m? g-'. (The initial surface areas of the 450
and 200 nm diameter particle retention membranes were 5 and 12 m? g7}, re-
spectively.) This again shows that the morphology of the organic template has
an influence on the properties of the final inorganic material.

Polyamide membranes can also be successfully used as templates. Due to the
more “open” structure of the polyamide membrane the final inorganic film ob-
tained by nanocoating retains this open structure giving large pores. Nanocast-
ing, however, gives a much denser structure.

Macroporous silica films have been obtained by casting either polyamide or
cellulose acetate membranes [12]. Soaking the membranes in a tetramethyl-
orthosilicate (TMOS)/H,0/HCI solution for 6 min followed by drying between
glass plates gave silica filled membranes. The casting is obvious on removal of
the membrane. Scanning electron microscopy, SEM, images showed the porous
structure in the silica to be of similar morphology to the organic material in the
initial membrane; see Fig. 2.

By combining the use of membrane templates with surfactant and polymer
self-assemblies as porogens, distinct macro- and mesopore structures can be
obtained in the final inorganic films [12]. Mesopores of ~2.7 or 10 nm were pro-
duced when using polyoxyethylene(10) lauryl ether (C12E10) or SE30/30 (a
block copolymer composed of poly(ethylene oxide) and polystyrene with an
average molecular weight of 3000 g mol™! per block) along with the macropores
created on removal of the membrane. Again a casting of the membrane is at-
tained. The surface area of the silica film is enhanced by the additional meso-
pores to surface areas of 849 and 517 m? g! for the C12E10 and SE30/30 poro-
gens, respectively, compared to the surface area of a macroporous silica without

mesopores obtained using the same membrane template, 39 m? g
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Fig. 2a,b. SEM images of: a the membrane template (cellulose acetate); b the final silica film.
Adapted with permission from [12]. Copyright 2002 Wiley-VCH

2.2
Ordered Structures

Here three template systems are discussed: one that is achieved by assembling
monodisperse spheres into a colloidal crystal, the second a membrane (polycar-
bonate) consisting of cylindrical pores of set dimensions, and the third a bio-
logical structure composed of ordered spherical yeast cells. These molds have
been cast in most examples, unless blockage of smaller pores prevented the
complete filling of larger pores.
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2.2.1
Colloidal Crystals

Colloidal crystals result from the ordered assembly of particles (see Scheme 2).
Polymer spheres with diameters of 100 nm up to microns have been packed us-
ing different methods to form films and monolithic structures with quite large,
ordered domains. Monodisperse particles give good long range ordering. Casting
of these crystals results in inverse colloidal crystals with ordered spherical voids
in the inorganic material (Scheme 2). For a review that encompasses the forma-
tion of colloidal crystals and their use as templates for the fabrication of a range
of porous materials including silica, metal oxides, metals, and polymers see [13],
for macroporous metal oxides in particular the reader is referred to [14].

A lot of research has been conducted in the area of ordered macroporous
metal oxides obtained from colloidal crystal templates [15-28]. Starting in 1997,
Velev et al. [15] showed that such assemblies could be used as templates for the
formation of an inverse silica replica. Charged polystyrene (PS) microspheres
(200-1000 nm in diameter) were filtered through a smooth membrane forming
a film about 10 um [15] or 20 pm [16] thick composed of closely packed ordered
layers of the spheres. The polymeric material was then functionalized with
hexadecyltrimethylammonium bromide before a silica solution was filtered
through the film. After gelation of the inorganic and drying, the material was
calcined to give silica flakes containing uniform pores in an ordered array. The
use of different sized latex particles controlled the final pore size (from ~150 nm
to 1 um) with about 20 to 35% shrinkage in the final material.

Using a surfactant-free method [17], PS particles of an average diameter of
470 nm were deposited on filter paper in a Biichner funnel forming a 1 mm thick
layer. After soaking the deposit with alcohol the metal oxide precursor (titanium
ethoxide, zirconium n-propoxide or aluminum tri-sec-butoxide) was dripped
onto the close-packed assembly of spheres while vacuum was applied. On re-
moval of the organics, the powder particles of titania (anatase phase), zirconia
(baddeleyite), or alumina (amorphous) had spherical voids of 320-360 nm in di-
ameter. Shrinkage was 26-32% measured by center-to-center separation be-
tween cavities compared with the original latex diameter. The sphere voids were
interconnected with “windows” due to the close packing (i.e., points of particle-
particle contact) of the organic spheres. Areas of hundreds of microns showed
cubic close packing while hexagonal close packing and less regular packing
were also obtained. Increased ordering could be obtained with a faster alkoxide
flow rate and decreased humidity.

Using a different sedimentation procedure to form the crystals [18] - cen-
trifuging the colloidal suspensions in glass capillaries (0.3 mm thick, 3 mm
wide) - polycrystalline sediments larger than 10 mm in length were formed. The
template was penetrated with tetrapropoxy-titanate in ethanol under N, before
being exposed to atmospheric moisture and drying. The procedure was re-
peated a number of times depending on the titania precursor to ethanol ratio.
The PS spheres (with diameters between 360 nm and 3 um) were removed by
heating at 450°C, giving a hexagonal pore pattern in the titania with lattice pa-
rameters about 33% less than the original colloidal crystal.
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infiltrate

remove template

Scheme 2. Formation of colloidal crystals and their use as templates. A colloidal dispersion
containing monodisperse particles undergoes controlled filtration, centrifugation, dip coat-
ing, sedimentation, or physical confinement, which results in ordered packing of the particles
with void spaces between them. By infiltrating these spaces with precursor solution or pre-
formed nanoparticles the hybrid material is formed. Removal of the polymer template (using
solvent (toluene) or heating techniques) gives an inverse replica with air-filled, interconnected
voids of monodisperse size, which is dependent on the initial particle size
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Colloidal crystals have been combined with amphiphilic block copolymers
and micromolding (the use of molds that are micron-scaled) to produce pat-
terned silica with hierarchical pore structures [19]. The structure control dis-
played in this example was on three discrete length scales: 10 nm from the block
copolymer (Pluronic F127 or P123), 100 nm due to the latex spheres, and the
micromolding gave order in the micron domain. A poly(dimethylsiloxane),
PDMS, mold with open ends was placed on a substrate so that a drop of the latex
colloidal solution placed at one end could fill the channels, where upon drying
the particles organized into a close-packed array. The sol-gel precursor and
block co-polymer were mixed and filled the latex voids in the micromold chan-
nels by capillary action. After condensation of the silica precursor the PDMS
mold was removed and the hybrid calcined at 450°C for 2 h in air to remove the
latex and the block copolymer. Isolated patterned structures could also be ob-
tained by placing the mixed sol-gel/block copolymer and latex suspension on a
substrate before applying the PDMS mold.

Xia and co-workers have constructed a cell for ordering PS spheres [20]. This
consists of two glass substrates framed with photoresist which contains outlets
that allow drainage of solvent while retaining the PS spheres which pack to a
highly ordered array with applied gas pressure and sonication. Repeated pre-
cursor/alcohol solution infiltrations were conducted to achieve filling - as com-
plete as possible - of the voids [29]. Etching of the PS by dissolving in a toluene
bath gave 3D porous titania and silica membranes with long-range periodic
structure. Although organic inverse replicas with open pores on the membrane
surfaces (due to template contact with the substrates) are achieved on removal
of the template and substrates [30, 31], the inorganic membranes were too frag-
ile to be taken from the cell support [29].

Holland et al. extended the possible oxide structures to include not only silica,
mesoporous silica, titania, zirconia, a yttria stabilized zirconia, and alumina but
also oxides of W, Fe, V, and Sb [21]. These latter transition metals formed less or-
dered structures, containing areas of non-porous material. Different dilutions of
alkoxide in alcohol resulted in various inorganic loadings, and moderate control
in the wall thickness and window sizes between spherical voids [21]. SEM images
of a series of macroporous titania structures obtained with different alkoxide di-
lutions in ethanol are shown in Fig. 3. Gundiah and Rao have also prepared
macroporous materials of ternary mixed oxides, PdTiO; and Pb(ZrTi)O; [22].

Further extension of the sol-gel and colloidal crystal templates include con-
trol of the outer shape of the colloidal crystal by assembling the PS particles in
an aqueous droplet at the air/oil interface [23]. The assemblies then have regu-
lar shape (on the length scale of a few millimeters): spheres, ellipsoids, and
concave disks. This was controlled by the addition of surfactant and an applied
electric field. The cubic close-packed, ordered macroporous titania or silica
obtained had similar outer shape as the template.

Preformed metal oxide nanoparticles have also been used in the formation of
inverse colloidal crystals [24-26]. Slurries of titania nanocrystals and the PS
spheres are dropped onto a glass substrate and dried slowly (over 24 h) [24]. Af-
ter pressing (cold isostatic press) the film is slowly heated to 520 °C to remove
the PS and produce a titania matrix of >10 pmx10 mmx2-3 mm with ordered
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Fig. 3a—c. SEM images of macroporous titania samples synthesized from alkoxides at various
dilution levels. The fractions of titanium ethoxide (TET) in ethanol are: a 100% TET; b 43%
TET; ¢ 14% TET. The scale bar shown corresponds to all of the images. Reprinted in part with
permission from [21]. Copyright 1999 American Chemical Society

domains extending from 50 to >100 pm. Windows between sphere voids are also
obtained using this method, indicating close packing of the PS, thereby forming
an interconnected porous structure in the final inorganic material. Substantially
less shrinkage was observed using the preformed nanoparticles with a linear
shrinkage of about 6% (compared with 20-35% with the sol-gel approach).

To obtain larger samples Subramania et al. [25] produced samples by slowly
drying mixed PS and silica or titania nanoparticles in a glass vial, which results
in pieces about 2.5 mmx2 mmXx6 mm composed of three regions: a top layer of
ordered PS with inorganic particles in the voids, a thin middle layer of ordered
PS,and a bottom layer of inorganic nanoparticles. Silica or anatase TiO, macro-
porous structures have been obtained. With further heat treatment (above
850°C) of the titania sample, conversion of anatase crystals to the rutile phase
and the resulting crystal growth leads to disruption of the macropores, as is
commonly observed.

Highly ordered SiO, and TiO, macroporous materials can be obtained on a
substrate by using a solvent evaporation or “vertical deposition technique” [27,
28]. The PS spheres (406 nm) and SiO, (7 nm) or TiO, (13 nm) nanoparticles are
mixed at a concentration ratio of 1:1 in a vial into which a glass substrate is im-
mersed. Leaving the vial in a constant temperature (50°C) and humidity (30%)
chamber leads to the cooperative assembly of the PS and nanoparticles on the
substrate with solvent evaporation. Films of 0.5 cm? are formed over 24 h.
Removal of the PS leaves highly ordered (extending more than 100 pm) porous
inorganic materials.

Polymer spheres have also been used for the formation of non-ordered
porous systems in inorganic structures and such structures are being tested in
applications such as bone tissue implants [32]. Below are examples of casting of
discrete entities to form inorganic monoliths or film structures using either sol-
gel or nanoparticle infiltration.

Suspensions of polymer spheres of various diameter and surface functional-
ity were templated to produce monolithic silica containing dispersed spherical
voids [33]. The pH of the aqueous latex solution was decreased to 2 before the



104 R.A. Caruso

addition of the silica precursor (TMOS). After removal of the methanol and ag-
ing, the latex was pyrolyzed by calcination at 450°C, forming a monolith with
spherical pores “possessing a liquid-type interparticular order”. Bimodal pore
sizes have also been prepared in the silica by the simultaneous templating of la-
tex spheres and a liquid crystalline surfactant phase [33]. Hence, silica materials
with spherical pores and a range of pore sizes and density could be obtained.
The surfactant assembly controls the size and connectivity of the mesopore sys-
tem, while the additional spherical pores are obtained by the presence of the
polymer particles.

Macroporous titania films have been prepared on titanium surfaces [32] us-
ing PS spheres (0.5, 16, and 50 um in diameter) with TiO, particles (39 nm). A
slurry of the mixed PS and TiO, particles was spread on the titanium substrate
and dried slowly (1 day). After heating to 450-950°C, titania with a disordered
pore structure was obtained with a thickness of 1 to 0.1 mm on the titanium.

Quite a different approach is to use an inorganic (silica) colloidal crystal to
form a polymeric material with ordered spherical voids that can then act as a
template for the fabrication of other inorganic materials. Such macroporous
polymer materials with ordered spherical voids can be obtained by templating
monodisperse silica spheres [34]. For example, a poly(methylmethacrylate),
PMMA, mold infiltrated with liquid precursors can be used for the fabrication
of monodisperse (5%) inorganic spheres of titania, zirconia, and alumina. The
inorganic oxide does not adhere to the PMMA surface but comes away, and
therefore complete filling of the voids in the macroporous polymer can be
achieved by successive precursor infiltrations. Using PS molds the inorganic ma-
terial coats and adheres to the template surface, therefore giving hollow spheres
of TiO,, Zr0O,, and Al,0O;. The wall thickness of the sphere is controlled by the
number of coatings. Using this method it is also possible to construct binary
metal oxide hollow spheres by successive deposition of different metal oxide
precursors, such as Al,O; followed by ZrO, [34]. The macroporous polymer tem-
plate can be deformed by heating the mineral oil filled mold above the glass
transition temperature of the polymer, stretching the polymer, and then cooling
quickly while in the deformed state. This produces different shaped template
voids, such as oblate or ellipsoidal, which can be templated in a similar fashion.

2.2.2
Polycarbonate Membranes

Martin and coworkers have demonstrated the use of cylindrical-pored templates
for the preparation of tubes and fibers composed of metal oxides, metals and
polymers [35, 36]. Track-etching of polycarbonate films gives membranes with
cylindrical pores that are randomly distributed across the membrane. The pore
diameters are monodisperse and, in the example described here, are 600 nm. Lak-
shmi et al. have used these membranes for the preparation of vanadium oxide
fibers [36]. The pores of the organic filter were filled with vanadium(V) triiso-
propoxy oxide in an argon atmosphere. Exposure to air at 60°C induces hydroly-
sis of the precursor before an oxygen plasma is used to remove the polycarbon-
ate. The crystalline alpha phase vanadium oxide (V,05) fibers obtained by this
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Fig. 4. Scanning electron microscopy image of the silica film templated by spherical cells.
Reprinted with permission from [39]. Copyright 2000 American Chemical Society

casting method are monodisperse and protrude from a surface V,0s film. These
films have been assessed for reversible lithium ion intercalation [37, 38].

223
Biological Assembly

Self-organization of cell aggregates can result in ordered templates for replica-
tion. An example of spherical yeast cells is given here. The yeast cells can be
coated on substrates to give films containing ordered packing of the cells, simi-
lar to that obtained in the preparation of colloidal crystals.

As for the preparation of colloidal crystals using polymer spheres, the
monodispersity of the cells strongly influences the order of the material. Hence
yeast cells were carefully grown to form spherical cells of similar diameter.
These cells were dip coated with a silica sol on a microscope slide [39]. A mono-
layer of the cells arranged in a hexagonal close packing form on the microscope
slide. The interstitial sites between the cells contained silica,an SEM image of the
film is shown in Fig. 4. The cells remain alive and such films have potential ap-
plications in catalysis and as sensors.

3
Hollow Fibers and Threads

Fibrous templates give rise to hollow fiber materials when the nanocoating tech-
nique is applied. This is demonstrated below for polymer fibers, a bacterial as-
sembly, and organogelators.
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3.1
Synthesized Fibers

Here the use of polymer fiber templates prepared using an electrospinning tech-
nique [40, 41] is described. The polymer melt, or a polymer solution in
dichloromethane, was expressed through a syringe while a potential was applied
between the metal syringe tip and a plate under the collection substrate. The fibers
formed using this method can be varied widely in their composition, diameter,
and surface morphology. Either nanocoating or nanocasting could be achieved by
the sol-gel method, depending on the concentration of the precursor solution.

3.1.1
Polymeric Fibers

Two polymer fibers are discussed: poly(L-lactide) fibers with diameters of
1-3 pm (the majority were about 1-1.5 pm) that had oval indentations on the
surface (Fig. 5a), and nylon fibers with diameters of 600 nm and comparatively
smooth surfaces. During the electrospinning process the fibers were formed on
top of each other in a fibrous mat.

The use of such micron-sized polymeric fibers as templates with the sol-gel
templating technique has proved successful in showing the ability to mimic even
nanoscale surface morphologies [42]. Applying a dilute titania precursor solu-
tion (TIP:isopropanol ratio of 1:19, by volume) and drying in a vacuum desicca-
tor, followed by calcination, afforded TiO, tubes of slightly decreased diameter
than the original fibers. This indicated successful coating of the tubes. Trans-
mission electron microscopy, TEM, analysis of the inorganic product showed the
tubes to have nodules of similar size to the original indentations in the poly-
meric fiber (Fig. 5b).

Fig. 5. a SEM image of an initial polymer fiber.b TEM image of the titania tubes. Adapted with
permission from [42]. Copyright 2001 Wiley-VCH
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Applying a similar method to the nylon fibers with a more concentrated pre-
cursor resulted in films containing a hollow morphology on removal of the
fibers. Hence in this case a casting of the fibrous mat was attained. It was noted
that the film containing the fiber had relatively few cracks compared with the
flakes formed after calcination by the deposition of the titanium precursor on a
glass slide without the fibers [43].

3.2
Assemblies

Here the templating of an assembly of biological cells that have a fiber-like struc-
ture with an ordered inner arrangement and gels of organogelators, which also
have a fibrous structure, are discussed. Both nanocasting and nanocoating can
be achieved in the first example, whereas the use of organogel templates showed
controlled nanocoating, giving inorganic hollow fibers upon heating.

3.2.1
Biological Threads

Cylindrical bacterial filaments, formed by the growth of cylindrical shaped cells of
Bacillus subtilis, are drawn from solution to form this template. The structure is
composed of the filaments aligned along the direction of the thread and packed in
a hexagonal fashion. This bacterial superstructure has been infiltrated with pre-
formed silica nanoparticles [44]. The negatively charged particles could infiltrate
the swollen macroscopic threads as binding with the anionic cell walls is inhibited.
(The charge on the nanoparticles plays an important role in the use of this tem-
plate, since positively charged titania and alumina particles did not infiltrate the
fiber but coated its outer surface with a uniform layer [44].) On drying the silica
particles are retained with 50 and ~200 nm thick walls formed between the fila-
ments and in the voids, respectively. Aggregation and condensation of hydroxyl
groups on removal of the organic template gave a fiber structure with an inverse
morphology to the template: ordered macroporous channels (0.5 pm diameter)
were found to run parallel along the direction of the thread.

This cellular assembly has also proven a good template for the fabrication of
hierarchical pore structures by penetrating the thread with an aqueous tetra-
ethylorthosilicate (TEOS)/hexadecyltrimethylammonium bromide/base solu-
tion. The resulting material on removal of the filaments and added porogen gave
ordered macropores with periodic mesoporous silica walls [44]. Here the final
structure indicated a nanocoating of the individual filaments composing the
thread compared to the previous example where a nanocasting of the structure
was obtained.

3.2.2
Organogelators

Organogelators are low molecular weight organic compounds that can gel sol-
vents at low concentrations. Terech and Weiss [45] have recently reviewed
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organogelators and their properties. In general, the gel is formed by heating the
gelator in an organic liquid and then cooling, which leads to fibrous aggrega-
tion of the organic compound. Hybrid fibers and, on removal of the organic
materials, hollow inorganic fibers have been formed by the addition of inor-
ganic precursor molecules to the organogel and solvent. The mechanism pro-
posed is initially the formation of the gel, followed by electrostatic attraction of
the metal oxide oligomers and continued polymerization of the metal oxide to
form the coating; see Scheme 3. Hence the organic superstructures that are held
together by noncovalent interactions can be permanently fixed in inorganic
materials.

Ono et al. [46] showed that silica coated organic fibers could be obtained
when TEOS was polymerized in the presence of a cholesterol-based gelator that
contained quaternary ammonium groups. The absence of this functionality did
not give the same results, as the cationic groups on the fibrils allowed the ad-
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Scheme 3A-E. Mechanism of inorganic coating of organogelators. Schematic representation
for the creation of paper-like roll silica by sol-gel polymerization of TEOS in the organogel
state of 4: A mixture of gelator and TEOS; B gelation; C sol-gel polymerization of TEOS and
adsorption onto the cationic gelator; D before calcination; E paper-like roll multilayer struc-
ture of the silica formed after calcination. Reprinted with permission from [49]. Copyright
2000 American Chemical Society
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sorption of the anionic silica oligomers where polymerization could then con-
tinue along the fibril. Hollow silica fibers were formed on removal of the gelators
by calcination. The addition of an azacrown moiety to the cholesterol based
gelator required high salt concentrations to produce a hollow silica material as
the final product, again due to electrostatic coupling between the template and
condensing silica [47]. Variation of the final silica structure, i.e., wall thickness,
surface texture, and a tubular or “rolled paper-like” structure could be obtained
by changing the salt concentration and the type of crown ether added to the
gelator, which effected the organogel superstructure [48,49]. Hydrogen bonding
interactions [50] between gelator superstructures and silica were also successful
in the formation of hollow silica structures.

Titania hollow fibrous structures can be formed as well by the use of
organogel templates through either electrostatic or hydrogen bonding interac-
tions between the template and the titanium compound [51, 52]. Calcination at
450°C removes the organogel giving hollow anatase or anatase/rutile titania
fibers with lengths of up to 200 pm and outer diameters between 150 and
1200 nm. The titania materials consist of crystalline nanoparticles (diameter
15-30 nm) compared with the silica structures, which remain amorphous.

Chirality can be induced into the silica structure by the use of either a cho-
lesterol based gelator with an azacrown moiety in the presence of metal cations
[53] or organogels comprised of chiral diaminocyclohexane derivatives [54].
Helical ribbons and double layered nanotubes (diameter ~500 nm) composed of
titania can also be obtained [55].

The sol-gel transcription of organogels has been extended to sugar integrated
gelators showing structural versatility [56], monodisperse inner diameters [57],
and control of the inner diameter [58]. Single fibers, “lotus-type” fiber struc-
tures, or spherical superstructural aggregates can be formed. These structures
can then be transcribed into silica by sol-gel polycondensation giving single or
multiple hollow fiber structures or spherical structures [56]. Inorganic hollow
fibers with rather monodisperse inner diameters of 5 or 9 nm (outer diameter
~50 nm) can also be obtained [57]. Control over the inner diameter of the final
inorganic tube was dependent on gelator concentration, with inner diameters of
20-25 nm for 0.1 wt% and 450-600 nm for 3 wt% obtained [58].

Diazocrown appended cholesterol gelators formed vesicular aggregates that
have also been templated [59]. The spherical silica structures obtained had two
distinct diameters, ~200 nm (interconnected spheres) and ~2500 nm (isolated
spheres) which closely resembled the initial gelator assembly. Poly(L-lysine),
which also forms spherical aggregates (in the presence of a hydrophobic base
additive), can be templated to give, as the end product, hollow silica spheres of
various diameters [60]. As yet no attempts have been made to control the aggre-
gate size.

The formation of hierarchical pore structures in the silica has also been
achieved by the use of a gelator 2, 3-di-n-decyloxyanthracene in methanol [61].
Hollow fibers with micron-sized diameters are obtained on removal of the gela-
tor, which contain mesopores from smaller gelator aggregates. Changes in the
mesopore diameter (5-12 nm) and shape (ink-bottle or cylindrical) occur for
different gelator concentrations.
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4
Discrete Entities

Individual submicron entities can be cast to form monolithic structures with
voids that maintain the initial organic shape (as was discussed above), or they
can be coated to give individual hybrid entities that form hollow inorganic
structures on removal of the template. The particles, tubes, and crystals are gen-
erally dispersed in solution for templating.

4.1
Spherical Particles

A number of inorganic materials have been coated on polymer spheres, which
can be obtained with a variety of diameters and compositions. The inorganic
coating results in significant changes of the sphere properties. The organic core
can also be removed to form hollow inorganic spheres. Porous polymer spheres
have also been templated to produce non-agglomerated, porous inorganic
beads.

4.1.1
Solid Latex Particles

As polymer spheres are easily accessible with low polydispersity, they are at-
tractive templates. Coating in non-aqueous solvents is usual as most metal
alkoxide precursors rapidly undergo hydrolysis and condensation in the pres-
ence of water.

Silica coatings on PS spheres (2.3 um) were obtained in ethanol [62]. The mi-
crospheres that were prepared in the presence of poly(vinyl pyrrolidone), PVP,
were dispersed in ethanol, to which water, base, and TEOS were added. Seeded
polymerization of TEOS on the surface of the spheres (as well as free silica par-
ticle formation in solution) led to a coating composed of silica nanoparticles
(30-40 nm). After centrifugation and drying the coating step could be repeated.
An increase in the silica coating from 7.8 to 18.5 wt% was obtained after one and
three coatings, respectively. Hollow silica spheres could be obtained after burn-
ing off the PS at 600°C.

Shiho and Kawahashi [63] showed that amorphous titania can be coated on
PS spheres. Titanium tetrabutoxide (TBOT) is hydrolyzed in the presence of
anionic PS spheres (diameter 420 nm) and PVP as a protective agent by aging at
100°C. Centrifugation and redispersion cleaned the system to give coated
spheres with a coating thickness of ~60 nm. If there was an excess of TBOT, sep-
arate TiO, particles formed in solution. When the dried samples were calcined
at 600°C, hollow anatase titania spheres were obtained. Using higher tempera-
tures during calcination (900°C) resulted in phase transformation to the rutile
crystal and these crystal particles no longer maintained the hollow spherical
structure.

Zhong et al. [64] have shown that the cell designed for fabricating colloidal
crystals and their metal oxide inverse can also be used for the formation of
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amorphous inorganic coated polymer spheres and hollow inorganic spheres.
The crystalline PS array formed between the glass substrates is dried and then
infiltrated with dilute precursor solution (for example, TIP:isopropanol, 1:19 v/v
or tin-tetraisopropoxy:ethanol 1:19 v/v), which leads to separation of the
spheres. On exposure to atmospheric moisture a homogeneous, dense, thin layer
of amorphous material (TiO, or Sn0,) is coated on the PS beads. Immersing the
hybrid material in toluene leads to dissolution of the PS giving hollow amor-
phous spheres that can be released from the substrate by sonication. The wall
thickness was found to be dependent on the polymer sphere diameter and the
concentration of the precursor. Hollow spheres were not formed when silica
precursors were used due to the longer gelling time, which meant that solvent
evaporation occurred before complete gelation, and hence a 3D porous struc-
ture was formed. Egg-shaped PS particles, which were prepared by deformation
of monodisperse spheres embedded in an elastic matrix, were also coated with
titania using a similar set-up [65]. Wall thickness (between 30 and 100 nm) was
again dependent on the precursor concentration. Removing the PS by immer-
sion in toluene gave ellipsoidal TiO, shells.

Titania can also be coated on cationic PS spheres (diameter 378 nm) in solu-
tion by a one-step process [66]. The PS spheres dispersed in ethanol with PVP
are rapidly stirred during the addition of the titania precursor in ethanol. The
slight negative charge on the titania species ensures their rapid capture by the
positive PS spheres, preventing the formation of TiO, particles in solution.
Thicker coatings can be obtained by varying the PS to titania precursor ratio or
by carrying out repeated titanium isopropoxide additions. After centrifugation
and redispersion to remove the PVP, smooth titania coatings on homogeneous
spheres are obtained. Removing the core using either solvent extraction
(toluene) or calcination leads to the formation of hollow TiO, spheres. In the
case of heating the sample there is some damage to the shells, which consist of
mainly anatase crystals.

Preformed metal oxide nanoparticles have been successfully coated on poly-
mer spheres by the use of the layer-by-layer method. This involves the coating of
the template spheres with polyelectrolyte layers, which are oppositely charged to
the metal oxide nanoparticles to be deposited. Alternating the polyelectrolyte
and nanoparticle deposition has led to the successful formation of silica [67, 68]
and titania [69] coated PS spheres. Using this approach preformed crystalline
nanoparticles can be deposited on the organic spheres and crystalline hollow
spheres can be obtained without the need of calcination. On removal of the tem-
plate and the polymer interlayers by heating, hollow spheres of the inorganic
material can be obtained [68-70]. This procedure is described in detail in the
chapter by Dr Frank Caruso.

4.1.2
Porous Spheres

Porous polymer spheres with a range of diameters, pore sizes, and composition
(or surface functionality) can be purchased. Antonietti et al. have shown that
porous polymer spheres could be cast to form monolithic materials [33]. Water-
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swollen polystyrene sulfonate spheres were cast in an aqueous TMOS/HCI solu-
tion. The other latices that had been used in this procedure gave spherical pores
on removal of the organic material as casting occurred around the particles (see
Sect. 2.2.1); however, these polystyrene sulfonate spheres were infiltrated by the
precursor solution and subsequent polyreaction, followed by removal of the
organic spheres, gave a mesoporous silica material without spherical pores.

Instead of casting the complete solution to form a monolith, individual
porous spheres can be templated to form porous inorganic beads, which main-
tain porosity from the template. As with any of the discrete organic templates,
experimental conditions need to be optimized to ensure that aggregation of the
beads does not occur and that there is not excess inorganic material forming on
the template surface.

PS cross-linked with divinylbenzene beads, with diameters of either 15 or
30 um that could also be functionalized with hydroxy or amine groups, were im-
pregnated with precursor, for the fabrication of titania spheres, before being
placed in excess water for hydrolysis and condensation reactions to occur [71].
To form silica porous spheres the silica precursor was added to an acidic aque-
ous solution containing the beads, and the system was heated at 70°C. On calci-
nation the polymeric material was removed giving the inorganic spheres with
inner pores. The surface functionality of the beads played an important role in
the success of templating with the non-functionalized beads being most suitable
for the titania, and the hydroxy or amine groups being required for silica sphere
formation. Images of the titania spheres, obtained from SEM and TEM are
shown in Fig. 6.

4.2
Elongated Materials

Biological tubes of high aspect ratio, including phospholipid tubes and tubular
structures formed by the tobacco mosaic virus, and the inorganic materials ob-
tained by templating them, are described first before moving to a smaller scale,
the templating of carbon nanotubes. Organic crystals are also included in this
section as they have been used successfully to give hollow elongated inorganic
structures.

4.2.1
Tubes and Nanotubes

Chiral phospholipid molecules aggregate spontaneously to form tubes with di-
ameters of 500 nm and lengths of ~50-100 pm. Diacetylenic phosphatidyl-
choline structures were first coated in 1993 by Baral and Schoen [72] with silica
nanoparticles. The tubule dispersion was mixed with Ludox (a silica sol with a
particle diameter of 10-15 nm and negative surface charge at pH 8.2) and al-
lowed to stand for up to 9 days, during which time a white precipitate formed.
TEM analysis of the collected precipitate showed a film with a thickness of about
50 nm, composed of silica particles, on the hollow cylindrical templates. The ad-
sorption of the nanoparticles to the headgroups of the phospholipid is believed
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Fig. 6. a SEM image and b TEM image of the porous titania spheres obtained on templating of
PS cross linked with divinyl benzene porous beads. Adapted with permission from [71]. Copy-
right 2002 Wiley-VCH



114 R.A. Caruso

to be due to electrostatic interactions. Heating can be used to remove the
tubules, giving hollow cylindrical silica materials with lower aspect ratios
(length decreases to 15-25 pm). This structure is different to that obtained by si-
multaneous phospholipid crystallization and silica polymerization, where heli-
cal silica-lipid multilamellar microstructures were obtained [1].

The tobacco mosaic virus is a hollow protein nanotube with inner and outer
diameters of 4 and 18 nm, respectively, and lengths of 300 nm [73]. The virus is
stable over a range of pH values and has been used as a template for the forma-
tion of inorganic-organic hybrid nanotubes with reaction pHs ranging from 2.5
to 9. These tubular structures were templated using sol-gel chemistry. A silica
coating of 3 nm formed on the outer surface of the tobacco mosaic virus tube
when a suspension of the hollow tubes was mixed with an acidified
TEOS/ethanol solution [73]. TEM analysis showed that the white precipitate ob-
tained is composed of longer silica coated nanotubes due to end-to-end self as-
sembly of the virus.

Carbon nanotubes with inner diameters of 2-8 nm and lengths of up to 1 pm
have been used for the fabrication of both metal oxide nanotubes and nanorods,
as well as having application in the coated form. Satishkumar et al. [74] used
multiwalled carbon nanotube templates for the formation of silica, alumina, and
vanadium oxide nanotubes. After stirring the carbon nanotubes in the precur-
sor solutions (TEOS, aluminum isopropoxide/H,0, or a vanadium pentoxide
gel) the solids obtained were heated to give inorganic coatings on the organic
nanotubes. Further heating under air leads to the removal of carbon, giving well
preserved SiO, and V,0; tubes. The tubular structure was not well maintained
for Al,0; on removal of the template.

Zirconia nanotubes were also obtained using a similar method with a zirco-
nium propoxide precursor [75]. After oxidizing the carbon, zirconia tubes with
a diameter of ~40 nm, 6 nm wall thickness, and several micrometers long were
obtained. The ZrO, was composed of mixed crystal phases (monoclinic and
tetragonal). Increased temperature treatment led to collapse of the nanotubes.
The addition of yttria in a slightly modified procedure gave a more stable nan-
otube structure with similar wall thicknesses. The yttria-stabilized zirconia had
a cubic structure.

Extending the work further to other oxides gave V,05, WO3, MoO3, RuO,, and
IrO, coated carbon nanotubes [76]. TEM images of some examples are shown in
Fig. 7. However, on removal of the carbon, nanorods of V,05, WO, MoO; (and
with further treatment MoO,), Sb,0s, RuO,, and IrO, were formed. Nanotubes of
MoO; and RuO, were also obtained. The nanorods had a range of diameters
(from 10 to 200 nm) and lengths up to a few micrometers.

Nanoparticles have also been used for coating carbon nanotubes. The multi-
walled carbon nanotubes (average length 50 pm) were combined with a silica sol
that was prepared by mixing the silane precursor (either methyl, ethyl, or
propyl-trimethoxysilane) with ethanol and hydrochloric acid [77]. After thor-
ough mixing and then drying, a porous film exhibiting fibrous structures is ob-
tained. Varying the amount of sol added to the carbon nanotubes resulted in dif-
ferent loading amounts of silica to carbon. The electrochemical properties of the
composite film also altered with changes in silica to carbon nanotube composi-
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Fig. 7a-d. Metal oxide coated carbon nanotubes: a SiO,; b V,05; ¢ WO;; d MoO;. Adapted with
permission from [76]. Copyright 2000 The Royal Society of Chemistry
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tion with reduction in double layer capacitance with either increasing silica con-
centration or increasing chain length of the alkoxide.

4,2.2
Organic Crystals

Ammonium dl-tartrate crystallizes in ethanol to give needle-like crystals, which
can be used as templates for surface specific sol-gel polymerization [78]. The
addition of NH,OH to an ethanol solution containing TEOS and dl-tartaric acid
gave a precipitate. As ammonium dl-tartrate crystals are soluble in water, the
water formed on silica condensation and the water washing of the precipitate
removes the template to yield smooth, open-ended silica tubes (length
200-300 pm) with wall thicknesses ranging from 30 to 300 nm [79, 80]. The size
of the tubes could be varied by the addition of base to solution before the silica
precursor. Triangular- or rectangular-shaped (0.7-6.5 um wide), elongated silica
structures (length 50-100 um) could also be obtained by the crystallization of
ammonium oxalate hydrate [78].

5
Summary

The examples given in this chapter demonstrate how organic materials of vari-
ous structure can be utilized for the formation of either novel hybrid systems or
structured metal oxide materials by nanocasting or nanocoating techniques.
The two procedures discussed - (i) the use of sol-gel polymerization within or
around the organic mold and (ii) nanoparticle infiltration and adhesion to the
organic mold - have been used to form structured porous monoliths, films, and
individual entities composed of metal oxide or hybrid materials. Composite
structures can have significantly different properties to both the organic and in-
organic starting materials. On removal of the organic template, novel inorganic
structures are produced with structural properties that can lead to enhanced
performance or new applications. For example, lower densities, larger surface
areas, ordered pore systems, film or monolith formation, and higher flow
throughput are beneficial in numerous applications. In general, porous metal
oxide materials with controlled structure formation can be used in catalytic ap-
plications, chromatography, as containers for encapsulation and delivery, fillers,
in quantum optics, as sensors, separators, in solar energy applications, or as pig-
ments for paper or paints.

Fabrication of new organic templates with interesting structures coupled
with further control of the ordering or dispersity of current templates will be a
prime task for future application of nanocasting and nanocoating techniques.
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In this article we review the mesogenic properties of the mineral liquid crystals (MLCs) based
on molecular nanowires: Li,Mo4Seg; nanotubes: Imogolite and NaNb,PS(; molecular ribbons:
V,0s; exfoliated single sheets: smectic clays and H;Sb;P,0,,; nanorods: Boehmite (y-AIOOH),
Akaganeite (3-FeOOH ), Goethite (a-FeOOH); platelets: Gibbsite (AI(OH); ); disks: Ni(OH),;
bio-mineral hybrids. We then propose numerous phases that could lead to the discovery of
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havior have been used for making mesoporous composites with anisotropic properties, for
making nanodevices and solar cells, as well as how they could be used to allow the measure-
ment of residual dipolar couplings in NMR studies of biomolecules.
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1
Introduction

Liquid crystalline phases, which were discovered more than a century ago, are
phases intermediate between crystalline and liquid ones [1]. They combine both
the fluidity of the liquids and the anisotropy of crystals and they are usually
based on anisotropic building blocks (molecules, polymers, micelles, aggregates
etc...). Liquid crystalline materials are extremely diverse since they range from
DNA to Kevlar (a high strength synthetic polymer) and from small organic mol-
ecules used in displays to self assembling amphiphilic soap molecules. A com-
mon feature of all these materials is that they are organic [2] or organometallic
- ca.inorganic - and currently there are more than 80,000 examples of organic
liquid crystalline compounds [3]. In contrast, there are only a dozen lyotropic
mineral liquid crystals known and characterized to date [4]. One reason is that
there are only a few low-dimensional (one-dimensional or two-dimensional)
purely-inorganic objects known to dissolve or to be dispersed in water or in
other organic solvents. The solubility criteria of mineral moieties, their interac-
tions with solvents, and the structures and physical properties of such fluids are
currently a subject of intense research activity [4, 5]. In addition, organic syn-
thesis techniques allow numerous structural variations of liquid crystalline
molecules to be made whereas the solution chemistry of molecular mineral
objects, i.e., prepared by high temperatures solid state reactions, is still being
developed [6].

Concerning the use of the term “mineral” to name this family of liquid crys-
tals, one can argue that the term inorganic would be more appropriate. However,
inorganic liquid crystals have long been used for organometallic liquid crystals
[7]. Therefore in order to avoid any confusion between these fairly chemically
different families, and taking into account that a large number of these liquid
crystals occur naturally in nature, we think that the use of the old fashioned but
adequate “mineral” adjective taken sensus largo is more specific that an alterna-
tive such as “purely inorganic”, to name this subclass of the inorganic liquid
crystals family.

In spite of their scarcity, lyotropic mineral liquid crystals have actually been
known for many decades: Zocher, a German scientist, reported as early as 1925
the observation of the unusual behavior of colloidal aqueous suspensions of
vanadium pentoxide (V,05) [8]. He compared these suspensions with the newly
discovered liquid crystalline phases and inferred that these colloids must be
constituted from needle-like objects mutually oriented in the same direction. We
know now that this behavior in fact arises from V,05 ribbons forming a nematic
phase. Later, in 1938, Langmuir examined suspensions of bentonite clay platelets
and recognized their anisotropic and fluid-like properties [9]. However, the key
theoretical development came with the theory that Onsager devised to describe
the nematic ordering of suspensions of rod-like particles such as the Tobacco
Mosaic Virus (TMV) [10]. This model provides an extremely useful frame to un-
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derstand and predict this kind of phase transition in mineral and organic sys-
tems. This model which is based on simple assumptions describes in quantita-
tive terms the phase diagram for any suspension of anisotropic rod-like (or disk-
like) particles interacting solely through a hard-core potential and predicts that
it should undergo a nematic/isotropic first-order transition (i.e., with phase co-
existence) and that temperature has no effect on this transition. Numerical sim-
ulations have also proved to be very powerful techniques to gain insight into
such phenomena [11].

From the experimental point of view, a simple way to identify a liquid crys-
talline phase is to observe its texture using polarized light microscopy. Unlike
usual isotropic liquids, liquid crystalline phases are birefringent, interact with
linearly polarized light, and can be observed between crossed polarizers. The
detection of birefringence when the fluid phase is at rest proves that it is liquid
crystalline. The textures observed under polarized light are due to the existence
of topological defects and their analysis gives information on the symmetry of
the phase. For instance, the most common defects of the nematic phase are
called disclination lines. These are one-dimensional singularities in the local av-
erage direction (director) of the anisotropic moieties. Thus, unless special cau-
tion is taken to remove these defects, nematic samples are usually “powders”
(i.e., random distributions) of small nematic domains (a “nematic domain” is
defined as a region of the sample which shows ideal nematic orientational cor-
relation).

Nematic phases can often be aligned by the action of a magnetic field. The
alignment is due to the anisotropy of the mesophase that reorients to minimize
its free energy in the field. Therefore, the director is aligned along or perpendic-
ular to the field direction, depending on the sign of the magnetic anisotropy of
the building blocks. The alignment of the phase in an external field suppresses
the topological defects and produces a single domain that is suitable for more
detailed physical studies. Electric fields produce similar effects: this is the basis
of most applications of nematic phases in display technology.

Small angle X-ray scattering (SAXS) is a powerful technique [12] to study the
molecular organization of lyotropic nematic phases on a length scale ranging
from 3 to 300 nm. In this range, the detailed atomic structure of the particles is
irrelevant and the scattering is sensitive to only the particle shape and its elec-
tronic contrast with the solvent. In this respect mineral liquid crystals are par-
ticularly convenient because their contrast is usually much larger than that of
their organic counterparts. SAXS also allows a clear-cut demonstration of the
symmetry and structure of a complex fluid, avoiding possible and usual pitfalls
that can come when one restricts itself to only a texture analysis.

In contrast to organic liquid crystals, mineral liquid crystals can differ largely
in size from one system to another. They actually range from molecular
nanowires or nanotubes to anisotropic crystallites such as nanorods. Molecular
nanowires can be considered as one-dimensional objects where the diameter is
precisely defined by the molecular unit that makes up the chain (typically
5-25 A). In contrast, molecular disks (nanosheets) are two-dimensional objects
where the thickness of the disks is defined at the molecular scale but the diam-
eter is polydisperse (100-10,000 A). Finally, liquid crystalline suspensions may
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be formed from anisotropic crystallites whose dimensions are all in the colloidal
range (100-10,000 A) so that these moieties are two to three orders of magnitude
larger than usual organic liquid crystals. This classification defines the outline
of this review article.

2
Molecular Nanowires

2.1
Dispersion of a Conducting Nanowire: Li,Mo,Se,

Among all the phases that have been discovered after the report of high critical
field superconductivity within the Chevrel-Sergent phases (MMo¢Xg-M=Cu, Pb,
Sn, etc.; X=S, Se, Te), Li,Mo4Se is singular since it contains L[Mo4Ses]?~ infinite
conducting molecular nanowires [13, 14] and, it has been demonstrated to be
soluble in highly polar solvents such as N-methylformamide (NMF) or di-
methylsulfoxide (DMSO) [15] . It is this last property that prompted us to in-
vestigate such solutions and therefore led us to study mineral liquid crystals. The
infinite mineral polymer L[MogSes]* (Fig. 1d) can be regarded as a stack of
dimerized MosSe;™ units (Fig. 1a), and therefore is the end member (n=eo) of the
(MoY3),Y, series (Y=chalcogen) (Fig. 1b,c). The study of static solutions of
Li,Mo¢Seg in NMF (c>1072 mol 1!) with an optical microscope under polarized
light (crossed polarizers) has demonstrated their birefringent and thus
anisotropic nature. Both threaded and Schlieren textures were revealed [16],
which are textures usually observed in the case of organic nematic phases and
prove the mesogenic nature of these solutions.

Fig. 1a-d. Li,MoSe, can be seen as the end member of the family (Mo;Se;),Se, made from the
alternating stacking of Mo,Se; motifs with an extra chalcogen capping each extremity: a n=1;
bn=2;cn=4;d n=c

! Note that L[MoSe,]* solutions are not stable for more than a few hours when in contact with
dioxygen because of the decomposition of the chains. However, they can be kept for months
and even years if kept or sealed under an inert atmosphere.
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‘7
Fig. 2. Photograph of a typical Schlieren texture obtained from a 10~' mol "' solution of
Li,MosSes in N-methylformamide in the nematic phase taken using an optical microscopy
with crossed polarizers with a magnification of 1000x. (Reprinted from [4b], copyright (2000)
from John Wiley and Sons)

For example, Fig. 2 shows a Schlieren texture, which is typical of nematic dis-
tortions of the director field (visible as dark branches usually named brushes).
These distortions are induced by the perpendicular anchoring on the micro-
scope slide of topological defects, called disclination lines, which are numbered
from 1 to 7 in Fig. 2. These disclination lines can be classified into two groups ac-
cording to their local topology as the dark brushes seen around these defects can
rotate either clockwise or counterclockwise as the crossed polarizers are rotated
simultaneously while the sample is kept fixed. This is due to the two different
possible defect topologies illustrated in Fig. 2 for cases 1 and 2 [1].

The structure of these fluids was investigated by X-ray diffraction. When the
chains are fully exfoliated the full width at half maximum (FWHM) of the (002)
peak characteristic of the distance separating two Mo,Se; moieties along the
chain is of the same order as the exPerimental resolution; hence the coherence
length of the chains is at least 1000 A [17].

The anisotropic X-ray scattering pattern shows that there is no long-range
three-dimensional positional order, demonstrating that this fluid is of a nematic
liquid-crystalline nature (Fig. 3a). Moreover, the observation of an interference
peak in Fig. 3b proves the existence of short-range positional correlations at
~70 A, due to the separation of the chains, and probably arising from their re-
pulsive electrostatic interactions. Indeed, charged particles confined in a finite
volume at thermodynamic equilibrium repel each other and therefore stay at a
well defined distance. Note that the diffuse ring of Fig. 3b appears anisotropic,
indicating partial orientation of the chains along the capillary axis.

In addition to nematic ordering observed for the system Li,Mo4Se4/solvent,
the monodispersity in diameter of the wires should allow one to observe a ne-
matic-hexagonal transition at high concentration. Note that, when the proper
solvent is used (in order to avoid formation of bundles), one can expect to be
able to tune the distance between the wires just by changing the concentration.
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Fig. 3a,b. X-ray diffraction patterns obtained from a capillary filled with 10! mol 1" solution
of Li,MoSes/NMEF: a using wide angle scattering. (1 is the beam stop shadow, 2 the small
angle scattering, 3 the diffuse scattering ring due to the solvent, 4 the 002 diffraction peak);
b small angle scattering showing the presence of a diffuse ring at g=9-10-?=2m/70 A~ (arrow)

This is indeed a typical behavior for dispersion of 1-D nanostructures (2-D
swelling).

More recently, the molecular nanowire MogSeZ™ has become a fairly popular
subject of investigation due to the rise of nanotechnology [18] and the scarcity
of well-defined molecular wires available that can be dispersed in solution. In
one such study, MogSe¢™ nanowires were dispersed and recondensed using a sur-
factant. Dense phases were obtained with lamellar or hexagonal ordering of the
wires, depending upon the surfactant used. Furthermore, the distance between
the Mo4Se¢™ wires in these condensates could be adjusted by varying the num-
ber of carbon atoms in the aliphatic chain of the surfactant [19]. In a similar dis-
persion-recondensation study, P. Yang and co-workers used the self-assembly
properties of Li,MogSes-solvent to perform a cation exchange of the Li with
more bulky cations such as Na*, K*, Rb*, Cs*, NMe}. This was performed by re-
taining the lithium cation in solution using 12-crown-4 ether [20].

Other studies focused on the electrical properties of discrete nanowires in a
similar way that has been done with nanotubes. However the lack of stability of
this phase when in contact with oxygen makes these studies experimentally dif-
ficult [21].

The example of Li,Mo4Se, illustrates one synthetic method towards low di-
mensional mineral compounds, commonly referred to as the “shake and bake”
method. It usually implies the mixing of the starting materials followed by a high
temperature treatment. Then, in order to obtain a liquid crystal, one needs to
bring these charged low-dimensional mineral anions into solution. Thus, how
can one control, within a given ternary or quaternary system, the dimensional-
ity of the synthesized polymeric compounds? This problem has been addressed
in the literature and an answer, based upon the 8-N electron rule, can be found
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when using alkali metals (or other strong electropositive metals) as cations [22,
23]. Transferring electrons from the alkali metal to a 3-D polymeric covalent
framework usually results in some of the covalent bonds being replaced by neg-
ative charges, hence the dimensionality of the framework is reduced, producing
covalent negatively charged fragments, separated by alkali cations. By increasing
the alkali metal content, further dismantling of the framework structure can be
induced to the point where the residual framework is of molecular dimensions.
This method is most efficient when large alkali metals such as cesium are used,
because increasing the separation between the low dimension anionic moieties
minimizes their electrostatic repulsion. A consequence of this is that a synthesis
successful with cesium may not necessarily work with lithium (for example, the
synthesis of Li,MogSe, differs from the one of In,Mo,Se, in the fact that it can-
not be achieved directly at high temperature from the native element but re-
quired a two step synthesis, including an ion exchange procedure). This can be
a problem in order to get soluble phases since it is empirically observed that in
an alkali series of a given anion the highest solubility is obtained with the small-
est cation [24]. Thus, a delicate balance needs to be found in order to synthesize
new soluble low dimensional phases and, when the targeted phase cannot be di-
rectly synthesized with the smallest cation, a cation exchange additional step
should be applied. This can either be tried in the solid state by a clever use of the
different sublimation temperature to induce the cation exchange, or indirectly in
solution by using high concentration of the replacing cation. In the latter case, it
should be noted that the smallest cation that can be used is in fact H, for phases
that can handle acidic conditions.

2.2
Imogolite: A Natural Nanotube, Aqueous Synthesis, and Composite Materials

Imogolite is a natural hydrated aluminum silicate first discovered in 1962 in the
clay fraction of Japanese volcanic ash and it is found widely distributed in recent
volcanic deposits. Since 1977, it is possible to synthesize it in the laboratory from
dilute aqueous solutions of hydroxyaluminum cations and orthosilicic acid [25]
or, by reaction of tetraethylorthosilicate with an aluminum source (aluminum
chloride or aluminum sec-butoxide) [26,27], at temperatures ranging from 25 to
100 °C.

This compound is made up of hollow rigid molecular tubes of diameter 25 A
and of variable length (Fig. 4). These can be dispersed in acidified water solu-
tions [28]. A Japanese group has demonstrated that, in a specific range of con-
centrations, these suspensions phase separate into an isotropic liquid phase
and a birefringent one [29]. Temperature has no influence on this phase transi-
tion. Fingerprint textures have been observed under polarized light, which,
though highly reminiscent of cholesteric (i.e., chiral nematic) textures, have fi-
nally been attributed to the existence of a pleated structure on the basis of elec-
tron microscopy investigations of freeze-dried samples [30]. These studies
show that the pleated sheets consist of a nematic organization of imogolite
tubes. This prompts a comparison with the precholesteric states of DNA or col-
lagen [31]. The phase transition could be explained on the basis of the Onsager
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QOH OAl AO eSi

Fig. 4. Schematic view of part of an imogolite cylinder formed from twelve gibbsite structural
type units, each corresponding to (AL0;-Si0,-2H,0,),) and indicated by dotted lines
(Reprinted from [29a], copyright (1986) from John Wiley and Sons)

model and the specific effects of polydispersity of the tube length were studied
in detail.

The same group has also obtained composite materials based on imogolite
and water-soluble polymers such as hydroxypropylcellulose (HPC) and poly
(vinylalcohol) (PVA) [32]. HPC is a rigid rod polymer that has a cholesteric
phase, whereas PVA is a random coil amorphous polymer. Significantly en-
hanced mechanical properties were only obtained in the case of the HPC com-
posite materials.

2.3
Solvent Dependent Coiling of a Chain into a Nanotube: NaNb,PS,,

In a recent search for other soluble mineral polymers, we discovered that
KNb,PS;, was soluble in hot DMSO. Our attention was drawn to this structure
because we suspected the §[Nb,PS,,]- chain to be of intermediate rigidity be-
tween the rigid MogSeZ™ molecular nanowire and the highly flexible KPdPS,. The
latter was shown to be highly flexible and behaving very similarly to organic
flexible polymers [6]. In order to increase the solubility of KNb,PS,, we synthe-
sized its sodium equivalent NaNb,PS,, which, as expected, proved to be much
more soluble in polar solvents. When observed under polarized light between
crossed polarizers, concentrated solutions in NMF show strong flow birefrin-
gence. Such flow birefringence can arise either from a preferred orientation of
anisotropic rigid molecules induced by the flow (like logs aligned with the flow
in a river), or from stretching of entangled, folded, semi-flexible polymers (like
drawn spaghetti).

SAXS investigation of the structure of these fluids showed a complex struc-
ture with two distinct features. The first signal demonstrated that upon dilution
a 2-D swelling occurred, typical of suspensions of one-dimensional moieties.
The second signal however was independent of the dilution and could not be ex-
plained by the chain structure; it is therefore the signature of a superstructure.
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Furthermore, at higher concentration, thin diffraction lines were superimposed
on the previously described signals, indicating that a first order transition to-
ward a columnar mesophase (H) of hexagonal symmetry occurred. Partial
alignment and even the melting (above 240 s™') of this hexagonal MLC could be
obtained using a Couette shear cell. Such a melting had only been reported once
prior to this study in the case of a hexagonal mesophase of a surfactant [33].

These results put together provide strong support for the presence in solution
of cylinders having a well-defined diameter. However, a difference of behavior
depending upon the solvent used was observed. If now DMF was used as the sol-
vent, only the signature of 0-D moieties was detected. In addition no transition
towards a hexagonal phase could be found.

To understand further and confirm our interpretation of the SAXS data, we
complemented these results with a study using freeze fracture electron mi-
croscopy (FFEM) as well as low dose TEM (Fig. 5). This allowed us to show that
in NMF NaNb,PS,, folds into single walled nanotubules having wall thickness of
1.6 nm (Fig. 5), whereas only globular coils can be observed in DMF. Further-
more, at high concentration in NMF these nanotubules tend to aggregate into
bundles packed in a well-defined hexagonal arrangement [34].

A question still remains about the structure of the polymer within the walls
of these nanotubules. The very low stability of theses tubes under TEM irradia-
tion, even when applying low doses, precluded us so far from observing high-
resolution images. An electron diffraction pattern highly reminiscent of a heli-
coidal organization of the polymer was observed but this still needs to be con-
firmed and studied in more detail.

3
Molecular Ribbons: V,0;, a MLC that Can be Readily Aligned
in Both Magnetic and Electric Fields

Another way of obtaining suspensions of anisotropic mineral moieties is by the
spontaneous condensation of dissolved molecular species. A typical example of
this process is the synthesis of V,05 ribbons by using “chimie douce” (soft chem-
istry) techniques (Fig. 6) [35, 36]. At pH=2, V(V) species exist in an octahedral
coordination with a V=0 bond pointing along the Oz axis, three V-OH bonds in
the xOy plane, and two bonded H,0 molecules to fill the coordination sphere.
Beyond a concentration threshold of 10~* mol I}, these vanadate species sponta-
neously condense in the xOy plane by two different reactions respectively called
olation and oxolation reactions (olation: V-OH+V-OH,—V-OH-V+H,0; oxola-
tion: V-OH+V-OH—V-0-V+H,0) to form ribbons 1 nm thick, about 25 nm

-
<

Fig. 5. a View of the }[Nb,PS,,]~ chain showing the atom labeling and selected Nb-Nb bond
lengths. b,c Arrays of nanotubules as observed by FFEM (NaNb,PS,, in NMF, 0.140 mol I")
with the cryofracture plane being arbitrary or perpendicular to the nanotubule axes for b and
¢, respectively. d Image obtained by low dose TEM of very dilute solutions of NaNb,PS,, in
NMF showing single-wall nanotubules with: 10 nm & (1),7 nm & (2),a 7-10 nm & defect (3),
and small rings corresponding to tubes seen along their principal axis (4). (Adapted from [34],
copyright (2002) from the American Chemical Society)
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C

Fig. 6. a The molecular species that condense through olation and oxolation reactions into
V,0;5 ribbons b whose molecular structure is shown in c. (Reprinted from [4b], copyright
(2000) from John Wiley and Sons)

wide, and about 200-600 nm long. The thickness is precisely defined by the rib-
bon molecular structure whereas both width and length is subject to some poly-
dispersity, which is, however, usually rather small. The structure of these oxide
ribbons is close to that of orthorhombic V,0,. The condensation reaction can be
performed in several ways leading to similar ribbon structures. One of the most
popular methods, as it avoids the introduction of foreign ions, consists of the
acidification of an aqueous NaVO; solution by passing it through an ion-ex-
change resin column. The synthesis of V,0; ribbons is a complex non-equilib-
rium process in which electrical charges play an important role. During the ola-
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tion and oxolation reactions, V(V) charged molecular species are consumed and
uncharged condensed moieties are produced. These condensed moieties do not
experience electrostatic repulsion and hence flocculation of the suspension oc-
curs under the influence of attractive Van der Waals interactions. However, this
flocculation is only transient because subsequent adsorption and dissociation of
water molecules produce V-OH groups, the ionization of which creates negative
electrical charges on the surface of the ribbons and therefore repulsive electro-
static interactions become important again and ensure the stability of the col-
loid. Dark red gels and sols comprised of entangled ribbons dispersed in water
are thus obtained.

The colloidal suspensions produced in this way are stable for years and, a few
days after synthesis, their properties do not vary with time any more. In partic-
ular, they form a nematic liquid crystalline phase at volume fractions @ larger
than 0.7% [37]. Moreover, these suspensions undergo a sol/gel transition at
@=1.2% which divides the nematic domain into a nematic sol and a nematic gel.
The optical textures of samples sealed in flat glass capillaries and observed un-
der polarized light microscopy are indeed typical of a nematic phase. The ne-
matic sol phase readily displays Schlieren textures whereas the nematic gel of-
ten shows the so-called “banded texture” of sheared nematic polymers caused by
filling the flat glass capillaries with gel samples. Moreover, at volume fractions
larger than 5%, SAXS experiments with samples aligned by shear, proved that
V,05 suspensions are in a biaxial nematic gel state [38].

An outstanding feature of the V,05 nematic sols is that they can be aligned in
quite moderate magnetic fields [39]. For example, for samples 0.1 mm thick, at a
volume fraction of $=0.8%, a magnetic field larger than 0.3 Tesla will align the
V,0; ribbons parallel to the field. The defects observed by microscopy then van-
ish and the texture becomes completely homogeneous, as expected for a nematic
single domain. This means that mineral non-ferromagnetic objects can thus be
aligned by a purely external non-invasive action. Once the magnetic field has
been removed, the samples still keep their nematic single domain properties,
which makes them suitable for other physical studies. The alignment of a
®=0.7% sample takes about 2 h at 0.3 T and about 5 min at 1 T. These times in-
crease rapidly when @ gets closer to the gelation threshold. Thus, V,05 sols align
as fast or even faster than usual lyotropic rigid rod polymers such as poly(p-ben-
zamide) and poly(y-benzyl-L-glutamate) (PBLG) which respectively take hours
or fractions of hours to align under similar conditions [40]. The magnetization
of the phase is very small however and has not even been determined by a Squid
magnetometer or by torque measurements. This means that the magnetization
of the phase is actually comparable to that of pure water, a result which is un-
derstandable if one remembers the very small V,0; volume fraction ($=0.7%)
involved. Consequently, the microscopic origin of the magnetic susceptibility
and its anisotropy is still unknown. It has been proposed that the magnetization
could arise either from a diamagnetism possibly related to the anisotropic shape
of the ribbons or from the paramagnetism of V(IV) impurities always present at
the level of a few percent. Nevertheless, this phenomenon illustrates a charac-
teristic feature of “soft matter”, namely that a very small perturbation can have
a huge effect on the mesophase due to its collective nature. In other words, the
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mineral building blocks of a nematic phase need not have strong magnetic prop-
erties for the phase to align in a magnetic field. In contrast, it was very difficult
to induce any appreciable alignment in the isotropic phase of V,0; ribbons.

An interesting application of the magnetic alignment is the following (Fig. 7).
A single domain of the nematic phase can first be obtained by application of a
magnetic field. Then, if this single domain is suddenly rotated in the field, it will
undergo a transient hydrodynamic instability. This instability appears as a pe-
riodic pattern of microdomains in which the average direction of the ribbons is
modulated. The pattern looks different depending upon the final magnetic field
direction. This instability is classical in the field of liquid crystals and was thor-
oughly analyzed by Srajer et al. [41]. It can be used to micropattern a mineral
material with periods in the range 10-100 pm in a very simple and cheap way.
The lifetime of this instability varies from minutes to hours depending on the
magnetic field intensity.

The production of nematic single domains also allows more detailed struc-
tural studies to be performed. For instance, the SAXS pattern (Fig. 8) of an
aligned sample of V,0; sol shows two diffuse spots located along a direction per-
pendicular to the director. These spots arise from the lateral interference be-
tween ribbons and their positions give the typical distance (~50 nm) between
ribbons in the plane perpendicular to the director. This pattern is very similar to
those of the nematic suspensions of the Tobacco Mosaic Virus (TMV), a typical
example of rod-like organic polymer. Using a well-documented procedure, one
can derive the nematic order parameter S from the distribution of scattered in-
tensity [42]. This parameter takes values between 0, for a completely isotropic
phase, and 1 for perfectly aligned moieties. The value obtained for V,05, $=0.75,
is in very good agreement with the predictions from the Onsager model and
also, as expected, the nematic/isotropic phase transition is first order (with
phase coexistence) and temperature has no influence on the nematic ordering
(see also Sect. 5.1.). However, an increase of ionic strength, through salt (NaCl)
addition had unexpected consequences. The nematic phase was actually stabi-
lized with respect to the isotropic phase, in contrast to the behavior usually ob-
served with this kind of lyotropic liquid crystals. This was attributed to Van der
Waals interactions among ribbons that become increasingly important as elec-
trostatic interactions are screened [43].

The anisotropy of the nematic phase also affects the properties of the solvent,
in this case water. A recent H NMR study of single domains of V,0; sols has

L
>

Fig. 7a-d. Texture photographs in polarized light of transient hydrodynamic instabilities in-
duced by a sudden change of the magnetic field orientation: a starting from a powder sample;
b the magnetic field is applied along the main capillary axis; ¢ the magnetic field direction is
now perpendicular to the main capillary axis, but still in the plane of the figure. In consecu-
tive stripes, the ribbons point in two different but symmetrical directions with respect to the
polarizer-analyzer directions, giving rise to a zigzag pattern; d the magnetic field direction is
now perpendicular to the plane of the figure. The dark regions are areas where the ribbons are
perpendicular to the plane of the figure whereas the bright regions are areas where the rib-
bons still lie in the plane of the figure. (Reprinted from [39], copyright (1997) from John Wi-
ley and Sons)
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Fig. 8. Small angle X-ray scattering pattern of a sample aligned in a 1 T magnetic field. B is the
field direction, which is set at an arbitrary angle of ~40° to the main capillary axis. The white
rectangle at the center of the figure is due to the beam stop

shown that, even at volume fractions as low as 0.7%, water molecules still expe-
rience a residual anisotropic interaction due to a situation of fast exchange
between the bulk and sites located on the surface of the ribbons [44]. This is
surprising and indicates that water molecules adsorbed on the surface of the
ribbons still undergo fast motions. Thus, the behavior of the solvent faithfully
reflects the anisotropy of the nematic phase, a feature that has subsequently
been used to study the reorientation dynamics of the mesophase.

The magnetic alignment of these materials may be useful for applications
when highly oriented samples are needed. V,0; gels are classical host materials
for the intercalation of guest species. For instance, the oxidative intercalation-
polymerization of organic molecules, such as aniline or thiophene, has led to the
synthesis of hybrid organic-inorganic materials, in which organic electrically
conducting polymers are inserted between V,0; ribbons giving rise to novel
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sandwich compounds. This process, carried out in a magnetic field, may yield
highly oriented conducting polymers of better quality.

Since one of the most important applications of liquid crystals lies in the elec-
tro-optic display industry, it was natural to examine the influence of an electric
field on the nematic phase of V,0; suspensions [45]. A major problem, due to the
lyotropic nature of this liquid crystal, is the screening of the field by mobile ions.
This was overcome by the use of a high frequency (300 kHz) a.c. field and of
blocking electrodes. Home-made cells (thickness 10-75 um) were prepared with
glass plates coated with indium tin oxide electrodes covered with SiO, and poly-
imide layers. The cells were filled by capillarity. Applying fields of about 1 V um™!
was enough to align the phase from an initially planar texture to a homeotropic
one. This reorientation is reversible so that switching cycles could be produced,
using effective voltages of about 10 V. The response times are in the region of 1 s.
In addition, the isotropic phase shows a very strong birefringence induced by the
electric field. These properties formally demonstrate that mineral liquid crystals
would have the potential for simple slow display applications.

4
Molecular Disks

41
Clays, Nematic Ordering vs Gelation

Clays of the montmorillonite family are lamellar aluminosilicates [46] used in
many industrial processes and in products such as paints, softeners, and com-
posite materials [47]. They swell when brought into contact with water, which is
due to the insertion of water molecules between the sheets. Complete exfoliation
can be induced leading to dispersions of disk-like particles of 10 A thickness and
300-3000 A in diameter, depending on the variety of clay used. These clay
platelets bear a rather large surface electrical charge so that electrostatic inter-
actions between them must be considered and are actually responsible for the
colloidal stability of these dispersions. These suspensions have been widely
studied as model colloids and also because they form physical thixotropic gels.

As early as 1938, Langmuir observed the phase separation of clay suspensions
into an isotropic phase and a birefringent gel at the macroscopic level in test-
tubes [9]. However, in the same report, he noted that this property of phase sep-
aration was gradually lost with time, which he tentatively explained by the
incorporation of impurities diffusing from the glass tubes. He also compared
this system to normal liquid crystals. Later, in 1956, Emerson observed a banded
texture similar to that displayed by the Tobacco Mosaic Virus [48]. The investi-
gation of clay suspensions from the structural point of view has been recently
resumed. However, the study of the nematic order of suspensions of montmo-
rillonite clays is in fact complicated by their gel properties. In spite of sustained
efforts to understand its nature, the gelation mechanism has not yet been fully
elucidated [49].

The role of the surface electrical charge is certainly crucial because the prop-
erties of the suspensions vary considerably with their ionic strength.
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Quite recently two systems of the montmorillonite family, namely benton-
ite [Na,(Al, Mg )(Si,0,y)(OH),,zH,0] and laponite B [(Na,Ca),(Li,Mg;_,)
(8i,0,4)(OH),, z H,0] (an industrial form of hectorite) have been studied under
polarized light using both the naked eye and optical microscopy [50]. The mi-
croscopic textures of concentrated gels (Fig. 9) are typical nematic ones. How-
ever, the nematic-isotropic phase separation has only been achieved very excep-
tionally, which seems to be a typical feature of these systems. In contrast with
V,05 ribbons, as the clay concentration increases, the suspensions, initially
isotropic-liquid, become isotropic-gel and finally birefringent-gel (Fig. 10a,b).
Temperature seems to have no influence on the nematic organization; the sys-
tem is athermal as expected from the Onsager description that also applies to
discs [51]. The isotropic gels show very large pretransitional effects such as flow
and shock birefringence (Fig. 10c). The question about the thermodynamic
nature of the birefringence of these gels naturally arises. In other words, is this
birefringence due only to the freezing of some accidental flow birefringence or
is it really intrinsic? Some simple experiments point to the thermodynamic
nature of the nematic ordering. First, for one system, Langmuir has reported the
phase separation of these suspensions. Second, the optical textures of these bire-
fringent gels still slowly evolve over a few weeks after their preparation because
topological defects anneal. However, the birefringence of these gels does not de-

Fig. 9a,b. Microscopic observations in polarized light of the textures of the aqueous clay sus-
pensions: a nematic threaded texture of a bentonite suspension (concentration 0.044 g/cm?,
magnification 50x); b detail of a 1/2 disclination line (arrow) in a laponite suspension (con-
centration 0.034 g/cm?® magnification 100x) (Reprinted from [50], copyright (1996) from the
American Chemical Society)
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Fig. 10a-e. Tubes of aqueous clay suspensions observed between crossed polarizers: a ben-
tonite suspensions of concentration 0.043 g/cm’ b laponite suspensions of concentration
0.043 g/cm’; ¢ flow birefringence in a bentonite suspension of concentration 0.019 g/cm? - the
test tube was previously vigorously shaken and was photographed during relaxation; d exam-
ple of an oriented laponite suspension over a centimeter length scale - the sample looks bright
because its principal axes are close to 45° with those of the polarizers; e an initially isotropic
sample of bentonite gel (c=0.020 g/cm?, bottom) in contact with brine (5 mol/l) turns bire-
fringent. The arrow points to the interface between the gel and the brine. (Reprinted from [4b],
copyright (2000) from John Wiley and Sons)
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crease over many years. This means that, at least during the first weeks, the par-
ticles are not completely frozen and that any accidental flow birefringence could
in fact relax. Third, birefringent gels may be prepared in test tubes by slowly con-
centrating isotropic sols over weeks. This process does not involve any flow. In
this way, nematic single domains as large as a cubic centimeter were repro-
ducibly prepared (Fig. 10d). Moreover, birefringence appears at the same con-
centration as that determined on samples prepared in the usual way. Then, the
mechanical history of the sample seems irrelevant in this respect. Therefore,
these studies show that a nematic order prevails in these suspensions over a dis-
tance that can be as large as 1 cm. Nevertheless, this discussion not only empha-
sizes that one should not confuse plain flow birefringence with true nematic or-
dering but also illustrates the difficulties of working with gels.

Very recently, well-aligned samples of laponite gels (c=0.02 g cm™) were pre-
pared by slowly concentrating isotropic sols directly in Lindemann glass capil-
lary tubes suitable for SAXS experiments, instead of test-tubes as described in
the previous paragraph. The SAXS patterns observed are clearly anisotropic
(Fig. 11a), which demonstrates the nematic orientational order at the particle
scale over the whole sample [52]. Moreover, the SAXS patterns also show that the
positional correlations of the clay particles are very weak, which is a well-known
feature of these laponite gels [53]. This allows one to model easily the SAXS pat-
tern (Fig. 11b) by only considering the particle form factor and the Maier-Saupe
orientational distribution function that classically describes the nematic order
[1]. By fitting the SAXS pattern, the nematic order parameter is obtained,
§=0.55+0.05. This value compares quite well with those of usual liquid crystals
(0.4-0.8) and shows that the nematic order of these materials should always
been kept in mind when elaborating experimental procedures.

The phase diagram of these suspensions has been established versus clay vol-
ume fraction and ionic strength (Fig. 12) allowing the behavior of the sol-gel as
well as the isotropic-nematic phase transitions to be followed. At high salt con-
centration (>0.3 mol 1! for bentonite and >9x107* mol ! for laponite), the re-
pulsive electrostatic interactions are screened sufficiently so that short-range at-
tractive interactions can take over inducing the flocculation of the suspension.
Very strikingly, in the case of bentonite (Fig. 12a), the nematic phase is stabilized
upon increasing the ionic strength: an increase of the ionic strength induces
both gelation and the isotropic-anisotropic phase transitions to occur at lower
clay concentration. If one follows a vertical line on this diagram, and for exam-
ple starts with a liquid suspension of bentonite (1.5 wt%) in pure water, at a con-
centration of [NaCl]=0.02 mol 1! the suspension is an isotropic gel and at
[NaCl]=0.1 mol I'! it is a birefringent gel. Therefore, adding some brine on an
isotropic gel of bentonite of concentration slightly under the isotropic/nematic
transition allows one to induce the phase transition without any slightest flow,
another hint at the thermodynamic origin of this transition (Fig. 10e). This ef-
fect, though unexpected, was still predicted by a statistical physics model incor-
porating electrostatic interactions [54]. Furthermore, a similar phase diagram
was recently reported by Mourchid and Levitz on a closely related form of
laponite, in a thorough and detailed study [55]. The same authors have fully dis-
cussed the relation between gelation and nematic ordering in this system. They
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Fig. 11. a Anisotropic SAXS pattern of an aligned sample of clay gel in a horizontal capillary.
Insert: SAXS intensity vs scattering vector modulus of an unoriented sample of the same con-
centration. (The straight line shows the q~2 dependence typical of the “intermediate regime” of
plate-like particles). b Calculation of the SAXS pattern, with L=1 nm, R=15 nm, and $=0.55,
that gives good agreement with the experimental one. (Reprinted from [52], copyright (2002)
from EDP Sciences)
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Fig. 12a,b. Phase diagram of clay suspensions vs clay and NaCl concentrations. (circles, F)
Flocculated samples; (squares, IL) isotropic liquid samples (lozenges, IG) isotropic gel sam-
ples; (crosses, NG) nematic gel for: a bentonite; b laponite. (Reprinted from [4b], copyright
(2000) from John Wiley and Sons)

have also explored the phase diagram at very low ionic strength and found the
existence of a soft solid stabilized by long-range electrostatic repulsions [56].
In addition, it should be noted that there is now quite a few experimental
studies that directly or indirectly document the existence of nematic order in
clay gels [57]. Among them, let us particularly mention the direct visualization
of aligned domains by X-ray fluorescence microscopy [58]. These clay-rich do-
mains may arise from the nematic/isotropic phase separation that takes place at
the micron length scale but does not extend to the macroscopic scale due to gela-
tion, as discussed above. Another recent study leads to very similar conclusions
[59]: Magnetic spherical colloidal particles of maghemite were incorporated as
probes into laponite gels. A microscopic phase separation was also observed in
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the region of the phase diagram where the nematic/isotropic phase separation
was expected. Finally, all these various studies raise the same and yet open ques-
tion: what is the interplay (if any) of the nematic/isotropic phase transition with
the gelation of these clay suspensions [60]?

4.2
A Unique Liquid-Crystalline Lamellar Phase Comprised of Mineral Nanosheets:

Until very recently, a liquid-crystalline lamellar phase based on extended, cova-
lent, solid-like sheets had never been reported, even in the huge field of organic
lyotropic phases. However, the field of mineral compounds provides a wealth of
original moieties that are not usually obtained from organic synthesis tech-
niques. Any general chemistry textbook will show a wealth of low-dimensional-
ity mineral compounds and among them, many are two-dimensional ones. The
problem then is to try to disperse them in a suitable solvent without alteration.
We have already discussed in a previous section the principles that lead to the
successful dispersion of mineral moieties and this approach will be further il-
lustrated with the following example [61]. The members of the series of solid
acids H M, Z,0;,, 5 (with, for example, M=Sb, Nb, Ta; Z=P, As; n=1, 3) are known
to display a crystalline lamellar structure [62]% Among them, H;Sb;P,0,, was
found to disperse fully in water to yield homogeneous, transparent, colorless
suspensions of extended covalent sheets of 1 nm thickness and at least 300 nm
in diameter. The observation (Fig. 13) in polarized light of a series of test-tubes

.

Fig. 13a-g. Naked-eye observation of samples. Test-tubes filled with aqueous suspensions of
H,Sb;P,0,, single-layers, observed between crossed polarizers (a—e) (the isotropic phase ap-
pears dark): a 2 ml of birefringent gel phase (¢=1.98%) (topological defects are so dense that
the texture appears homogenous at the scale of this photograph); b 2 ml of birefringent fluid
phase (¢=0.93%); c 2 ml of a biphasic sample with an overall volume fraction ¢,=0.65%;d 2 ml
of a biphasic sample with an overall volume fraction ¢=0.03%; e, f magnetically aligned sam-
ple observed in a 5-mm NMR tube that has been immersed 10 min in a 18.7 T field at 50 °C, in
two different orientations compared to the polarizer/analyzer system represented by arrows
(¢=0.75%); g sample iridescence (¢=0.75%) observed in natural light and due to light scatter-
ing by the H;Sb;P,0,, layers stacked with a period of 225 nm. (Reprinted by permission from
Nature [61], copyright (2001) Macmillan Publishers Ltd)

2 In some cases, test tubes have shown temporarily a rainbow set of colors (see www graphi-
cal abstract) (induced by strong centrifugation for example), prior to reaching a single color
equilibrium state.



142 J.-C. P. Gabriel, P. Davidson

filled with suspensions of decreasing volume fractions shows that: i) samples
of high volume fractions (¢>1.78%) form birefringent gels; ii) for 1.78%>¢
> 0.75%, the samples form a fluid birefringent phase; iii) for 0.75%> ¢, the sus-
pensions demix into a bottom birefringent fluid phase and a top isotropic one.
SAXS experiments (Fig. 14) have proved that the birefringent phase (sol and
gel) has a lamellar structure and that its period can be continuously tuned from
1 to 225 nm according to dilution. In fact, very dilute samples are iridescent be-
cause the lamellar structure then has a period comparable to the wavelengths of
visible light [62]. A large number (up to 10) of lamellar reflections were observed
by SAXS, even at high dilutions, which shows the strength of the interactions be-
tween the mineral sheets. Further dilution leads to phase separation as excess
water is expelled from the lamellar phase. Adding salt destabilizes the liquid-
crystalline phase, eventually leading to flocculation of the colloid, indicating
that these interactions are most probably of an electrostatic nature; this is hardly
surprising as the sheets bear a rather large electrical charge. In addition, wide-
angle X-ray scattering experiments have revealed the existence of sharp diffrac-
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Fig. 14a-c. USAXS study of “powder” samples: a an example of scattered intensity vs scatter-
ing vector modulus q, showing ten orders of reflection due to the lamellar period as well as, in
the inset, the thin diffraction lines due to the two-dimensional positional order within the co-
valent layers (¢=2.0%); b variation of the lamellar period, d, with inverse volume fraction (in-
cluding two data points at very small d extracted from [62]) - the dashed straight line repre-
sents the one-dimensional swelling behavior of the lamellar phase d=6/¢ with §=1.05 nm. A
crossover from this law to a plateau is observed when entering the biphasic regime; ¢ variation
of the lamellar period d with salt molarity at constant volume fraction (¢=1.9%). (Reprinted
from [61], copyright (2001) from Nature Publishing Group)
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tion lines due to the crystalline order within the mineral sheets that do not fold
or crumple but are fully preserved in suspension.

The mineral lamellar phase is readily aligned by shear in a Couette cell
(Fig. 15) and the covalent sheets align parallel to the shearing surfaces. Dilute
samples could be aligned at rather low shear rates (30 s™') and showed the best
orientations. Moreover, the mesophase also aligns in high magnetic fields with
the sheets perpendicular to the field, which provides a simple way to produce
large (centimetric) oriented lamellar samples. This property was exploited by
using the lamellar phase as a medium to induce a weak alignment of biomole-

b : : il : : : C

Fig. 15a—c. USAXS studies of aligned samples: a scheme of the Couette shear cell illustrating
the radial and tangential geometries with respect to the X-ray beam (flat arrows). We also de-
pict within the cell the three different types of lamellar orientations (a, b, and c) as seen by the
X-rays in both geometries (the layers are sketched as circular disks); b USAXS 2-D scattering
pattern obtained with a sample aligned in a Couette shear cell, in the tangential geometry,
showing that the layers (d=175 nm) mostly belong to the ¢ orientation; ¢ USAXS 2-D scatter-
ing pattern of a vertical capillary filled with a suspension of H;Sb;P,0,, (¢=0.75%), obtained
20 min after its alignment using an 18.7-T magnetic field applied along its long axis. The ver-
tical localization of the interference peaks (d=215 nm) indicates that the layers are oriented
perpendicular to the magnetic field (in this case, since no mechanical shear is applied, the
sample relaxes back to a powder within 1-2 h once removed from the magnetic field).
(Reprinted from [61], copyright (2001) from Nature Publishing Group)
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cules, which proves helpful when trying to determine their structure by NMR
(see Sect. 6, Emerging Fields section).

5
Anisotropic Nanoparticles

5.1
Boehmite, a Model System to Test the Onsager Theory

The boehmite system (y-AIOOH), originally studied by Zocher and Torék [63]
and Bugosh [64] was further developed by Lekkerkerker and coworkers [65].
They extended the hydrothermal preparation pioneered by Bugosh [64] by start-
ing from an aqueous aluminum alkoxide mixture acidified with hydrochloric
acid [65a]. They studied the phase behavior of both charge stabilized aqueous
dispersions of colloidal boehmite rods [65b,c] as well as sterically stabilized col-
loidal boehmite rods in an organic solvent (cyclohexane) [65d-f].

Using the aqueous suspensions as obtained from the hydrothermal treat-
ment, the I-N transition was observed, but took a very long time (months) [65b].
On the other hand, by treating the boehmite dispersions with hydrolyzed alu-
minum polycations, the phase transition is complete in a few days [65c]. In
retrospect, it appears that the boehmite suspensions prepared by Bugosh also
contain aluminum polycations. The sterically stabilized boehmite dispersions
undergo the I-N phase transition. The biphasic gap is much wider than pre-
dicted by the Onsager theory for a monodisperse sample [65e], but can be
explained by taking into account the polydispersity [65f]. The rate of the I-N
transition strongly depends on the concentration. Upon increasing concentra-
tion from ¢; to ¢, polarization microscopy indicates a crossover from nucleation
and growth to spinodal decomposition [66].

At this point, let us detail the conditions of validity and the main predictions
of the Onsager theory. This model applies to very anisotropic rod-like (or disk-
like) particles. An important quantity is the particle aspect ratio, L/D, defined as
the ratio of its length L over its diameter D. The particles should only interact
through a purely hard-core potential, which means that particles do not interact
at all if they do not touch, but they also cannot interpenetrate each other. This
statistical physics model is based on a balance of two kinds of entropies. As con-
centration of rod-like moieties increases, the system undergoes nematic order-
ing because its loss of orientational entropy is more than compensated by a gain
in translational entropy. The predictions of the model are the following. The ne-
matic/isotropic transition should be first-order, i.e., with phase coexistence. The
concentrations of the coexisting nematic and isotropic phases are given by
¢,=4.2D/L and ¢;=3.3D/L respectively. The nematic order parameter should
jump from 0 to 0.8 at the transition. Temperature has no effect on this transition
and the system is called athermal. Thus, the predictions of the Onsager model
and of more recent theories based on it were confirmed by the detailed and pre-
cise investigations using the suspensions of grafted boehmite rods dispersed in
cyclohexane. Figure 16 illustrates the first-order nematic/isotropic phase transi-
tion of these grafted boehmite rods. The effect of controlled polydispersity was
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Fig. 16. a Optical micrograph of the nucleation of very small nematic droplets. b Nematic
droplets and underneath a continuous nematic lower phase with Schlieren. ¢ Grown-out tac-
toids. d Schlieren texture after completion of phase separation. All observations with crossed
polarizers. The length of the bar represents 20 pm (Reprinted from [65e], copyright (1993)
from the American Chemical Society)

also examined and the complex coexistence of two different nematic phases
with the isotropic liquid phase, which is a consequence of polydispersity pre-
dicted by theory, was proved experimentally.

Non-grafted boehmite rods experience a much more complicated interaction
potential as positive surface electrical charges now play an important role. In
this case, the phase diagram has to be discussed in the frame of both the Onsager
model of nematic ordering and the DLVO (named after: B.V. Deryagin, L. Lan-
dau, E.J.W. Verwey, and ].T.G. Overbeek) theory of colloidal stability, which de-
scribes colloidal stability as a balance between repulsive electrostatic and at-
tractive van der Waals interactions [67, 68]. At low ionic strength, electrostatic
repulsion dominates so that the phase stability is essentially described by the
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Onsager model. However, at large ionic strength, these electrostatic repulsions
are screened and van der Waals attractions come into play. Indeed, the strength
of these latter interactions depends through the Hamaker constant on the elec-
tronic contrast between the mineral moieties and the solvent. Mineral moieties
being electron rich are likely to show a large Hamaker contrast with the solvent.
In the case of boehmite rods, these strong van der Waals attractions lead to the
formation of dense space-filling isotropic gels. It should be noted at this point
that the percolation threshold of very anisotropic rods is inversely proportional
to their aspect ratio so that gels can be formed at rather low volume fractions.
Note that a rather similar situation also prevails for the aqueous dispersions of
V,0; ribbons [69].

The same authors also investigated the dynamic properties of these suspen-
sions by light scattering and rheology both in the isotropic liquid phase and in
the nematic one. Even though this constitutes one of the most comprehensive
studies of its kind for suspensions of rod-like moieties, we shall not further dis-
cuss their findings, as they are well described [68, 70].

5.2
Gibbsite and the Onsager Transition for Disks

In his seminal work of 1948, Onsager had already predicted the existence of a
nematic phase for suspensions of disk-like particles. However, it was only fifty
years later that Van der Kooij and Lekkerkerker clearly proved this conjecture
by carefully investigating suspensions of gibbsite, AI(OH)s, hexagonal platelets
[71]. These particles were sterically stabilized by grafting them with a layer of
polyisobutene before being dispersed in toluene. The aspect ratio of these moi-
eties, defined as the ratio of their diameter (=170 nm) to their thickness
(=15 nm), is approximately 11.In a given range of volume fraction (0.16-0.17),
these suspensions spontaneously phase separate (Fig. 17) into a nematic and an
isotropic phase as predicted by Onsager, and also more recently confirmed by
computer simulations [72]. The birefringent nematic phase, being denser than
the isotropic one, sediments at the bottom of the tube. Moreover, the relative
proportion of the nematic phase increases linearly with the gibbsite volume
fraction, as expected (Fig. 17a-d). The isotropic upper phase shows streaming
birefringence when the tube is slightly shaken, indicating the presence of free
alignable platelets. The lower phase is permanently birefringent due to nematic
ordering and flows like a moderately viscous liquid when the tube is tilted, both
properties proving its liquid crystalline nature. This phenomenon proves that
the nematic order of gibbsite suspensions of volume fraction larger than 0.17
is really of a thermodynamic nature. In addition, the range of volume frac-
tion of the biphasic gap is in relatively good agreement with the theory. This ex-
perimental study also proves that grafting particles with a polymer layer en-
sures that they strictly interact through a hard-core potential. Indeed, the thick-
ness of the polymer layers prevents the particles from approaching each other
at short range where electrostatic and van der Waals interactions come into

play.
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Fig. 17a-d. Isotropic-nematic phase separation as observed between crossed polarizers, at
volume fractions ranging from; a 15.9; b 16.5; ¢ 16.9; d 17.4 vol.%. (Reprinted from [71], copy-
right (1998) from the American Chemical Society)

5.3
Liquid Crystalline Hexagonal Phase of Disks: Ni(OH),

Liquid crystalline phases can show not only long-range orientational order as ne-
matic phases do but also long-range positional order. When this positional order
is one-dimensional, the mesophase is called lamellar or smectic; when it is two-di-
mensional, it is called columnar. The latter case is often found with thermotropic
liquid-crystal disk-like molecules. Such molecules stack in columns that assemble
on a 2-D lattice of hexagonal, rectangular, or oblique symmetry. The molecules in
a given column only show 1-D liquid-like order and the uncorrelated columns are
free to slide past each other, which ensures the mesophase fluidity [73].

Very recently, a hexagonal columnar mesophase has been reported in two dif-
ferent mineral systems. In the first example, nickel hydroxide (Ni(OH),) hexago-
nal plate-like particles have been grown by controlled precipitation [74]. They
were then coated with a polyacrylate layer in order to avoid flocculation by steric
repulsion. The bare particles are about 90 nm in diameter and about 10 nm thick,
with an aspect ratio of 9:1. The polymer layer being about 4 nm thick, the parti-
cles, when coated, have an aspect ratio of about 5:1. The nickel hydroxide parti-
cles are charged and the strength of the electrostatic interactions can be tuned by
adding salt. Observations of macroscopic samples with the naked eye, in polar-
ized light, show, in a given range of concentration, the coexistence of two phases
- a top isotropic phase and a bottom birefringent one. Small Angle Neutron Scat-
tering (SANS) experiments on “powder” (i.e., unoriented) samples displayed five
diffraction peaks. The first two,located at small scattering angles, in a ratio 1:32,
suggest the existence of a two-dimensional hexagonal lattice whereas the last
three, located at wider angles, in a ratio 1:2:3, correspond to the stacking of the
plates in columns. Very interestingly, this mineral phase looks therefore quite
similar to the hexagonal columnar mesophase of usual disk-like organic mole-
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cules. This interpretation was further confirmed by detailed SAXS experiments
on aligned samples [75] and the experimental phase diagram was compared to
that predicted by computer simulations for plate-like particles [76]. This system
also allows one to balance delicately electrostatic and steric interactions by the
control of the ionic strength, a possibility that was explored to some extent by the
authors. The flow properties of this hexagonal phase, upon shear in a Couette cell,
were also investigated [77]. It was found that, at low shear rates, the phase is
aligned with columns in the flow direction but the particles have their normals
tilted by 20° with respect to the flow direction. As the shear rate is increased, a
kind of dynamical transition is observed to a layered state in which the layers and
the particles are oriented with normals parallel to the shear gradient. The kinet-
ics of alignment and relaxation were also investigated in detail.

The second example is found in the system of gibbsite disks that we already
described in a previous section. In fact, this system shows not only an iso-
tropic/nematic phase transition at a volume fraction of about 20% but also a
nematic/columnar phase transition at around 40% [78]. The hexagonal phase is
similar in nature to that of the Ni(OH), particles but this system provides the ad-
ditional opportunity to investigate the influence of polydispersity, a parameter
that often plays a major role in determining whether a given phase will actually
be observed. Two gibbsite systems were prepared that differ by their polydisper-
sities. It was first found in the two systems that the coexisting nematic and
columnar phases had different polydispersities. The columnar phase has a
markedly smaller polydispersity than the nematic one so that the phase transi-
tion could be used to improve the size distribution of a suspension. It was then
observed that, in the system of higher polydispersity, the hexagonal phase
seemed to be replaced by a lamellar one at higher volume fraction. This nicely il-
lustrates the disruptive effect of the diameter polydispersity, an effect that was
indeed awaited. In fact, the relative stability of the nematic, columnar, and lamel-
lar phases are not only controlled by the volume fraction but also by a subtle bal-
ance between plate diameter and thickness polydispersities.

Suspensions of colloidal gibbsite platelets of very large thickness polydisper-
sity but of rather monodisperse diameter display a very unusual phenomenon
[79]. In a limited range of volume fraction, these suspensions demix into a ne-
matic upper phase in coexistence with an isotropic bottom phase. This is in stark
contrast with the usual case where the nematic phase is denser than the isotropic
one. This behavior was interpreted as due to a fractionation effect related to the
strong thickness polydispersity as the thicker platelets are largely expelled from
the nematic phase and preferentially occupy the isotropic phase. Note that a the-
oretical model was especially developed in order to account for these quite pecu-
liar observations [80]. Moreover, this model predicts that the nematic phase may
demix into two separate nematic phases of differing densities and compositions.

54
Mixtures of Rods and Plates

The liquid crystalline behavior of mixtures of rod-like and plate-like particles
is intrinsically much richer than those of rods and plates considered separately.
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This is nicely illustrated by mixing the suspensions of goethite rods and
gibbsite plates already described in this review. One of the motivations to
undertake this kind of study was to find a new type of nematic phase, called
biaxial [1]. Even though this biaxial nematic was not found here, the mixtures
do present a remarkably rich phase diagram with four different liquid crys-
talline phases [81]. Up to five phases coexist in a region of the phase diagram.
Two of these mesophases are nematic but are rod-rich and plate-rich respec-
tively, another one is the columnar phase already described above, the nature
of the fourth mesophase is still unknown, and the last phase is the isotropic
one. The observation of a five-phase equilibrium region implies that the phase
diagram cannot be explained without explicitly taking into account the poly-
dispersity of both rods and plates. Actually, the two nematic phases differ not
only in rod/plate proportion but also in particle dimensions. Strong fractiona-
tion effects also occurred in the columnar phase, resulting in a more pro-
nounced columnar ordering than observed with suspensions of plate-like par-
ticles only. A theory adapted from the Onsager model was successfully devel-
oped to account for the corner of the phase diagram that shows the isotropic
phase, the rod-rich and plate-rich nematic phases, and all the possible equilib-
ria between them [82]. Finally, it was observed that the formation of the rod-
rich nematic phase proceeds by the mechanism of spinodal decomposition
whereas that of the plate-rich nematic phase proceeds by a nucleation-growth
process [83].

5.5
B-Fe00H, a Colloidal Smectic Phase

In his search for ordering phenomena in suspensions of mineral crystallites,
Zocher and Jacobsohn observed, in 1929, iridescent layers at the bottom of a
flask filled with a colloidal solution of f-FeOOH (akaganeite) [84]. He called
these layers “Schiller layers”, which means iridescent layers in German. -
FeOOH forms fairly well monodisperse nanorods 500 nm long and 100 nm in
diameter. The iridescence is due to the sedimentation of these rod-like particles,
which form layers at the bottom of the flask [85]. The thickness of each layer,
roughly the particle length, is comparable to the wavelength of light, explaining
the iridescence. A lamellar structure is thus formed which is similar to the mol-
ecular organization of thermotropic smectic phases, but here the periodicity is
about 100 times larger. This colloidal liquid crystalline phase coexists with the
supernatant phase, which is a dispersion of individual rods. The thermodynam-
ics of this phase transition could also be understood in the frame of the DLVO
theory. Again, temperature has very little influence on the phase stability, point-
ing to a purely steric potential. Moreover, detailed studies [86] of dried Schiller
layers by atomic force microscopy has shown that the layers can have two types
of internal structure: the rods can pack on a distorted square lattice and be tilted
with respect to the layer normal or they can assume a liquid-like ordering within
the layers. Similar phenomena seem to exist in suspensions of tungstic acid, but
they are less well documented. Finally, this example proves that very monodis-
perse mineral particles can form a colloidal smectic phase.
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5.6
Suspensions of Goethite Nanorods

Goethite (a-FeOOH), which should not be confused with akaganeite (-
FeOOH), is one of the most widespread iron oxides [87]. It is widely used as a
pigment in industry. Aqueous suspensions of goethite nanorods are readily ob-
tained by raising the pH of an aqueous Fe(NO3); solution. The resulting precip-
itate is aged at room temperature, centrifuged, and rinsed several times, and
finally dispersed at pH 3. At this pH, which represents a compromise be-
tween chemical and colloidal stabilities, due to the large surface charge density
(0.2 C m™), electrostatic interactions prevent flocculation. The nanorods are
strongly polydisperse with average length of 150 nm, width of 25 nm, and thick-
ness of 10 nm. Goethite suspensions display a liquid crystalline phase at volume
fractions of approximately 10%.

Despite the fact that bulk goethite is a typical antiferromagnet, the nematic
suspensions of goethite nanorods display quite unexpected magnetic properties
[88]. For instance, they align in very weak magnetic fields as the alignment
(Frederiks) transition takes place at 20 mT for samples 20 pm thick. This field
intensity is at least an order of magnitude smaller than observed in usual ther-
motropic and lyotropic liquid crystals. This mineral liquid crystal is therefore
extremely sensitive to a magnetic field. Moreover, nematic suspensions of

a) b)
-

—

Fig. 18a-d. SAXS patterns of: a a nematic phase sample in a 30-mT field; b a nematic phase
sample in a 625-mT field; ¢ an isotropic phase sample in a 270-mT field; d an isotropic phase
sample in a 900-mT field. (Reprinted from [88], copyright (2002) from the American Physical
Society)
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goethite align parallel to the field at low field intensities (<350 mT) but, oddly
enough, they reorient perpendicular to the field at large field intensities
(2350 mT) (Fig. 18). This behavior is again in sharp contrast with those of usual
liquid crystals that align, at all field intensities, either parallel or perpendicular
to the field, depending on their nature. It should also be noted that this property
is also observed with initially isotropic goethite suspensions that show huge
magnetic-field induced anisotropies and orientation reversal around 350 mT as
well. Then, this phenomenon simply reflects the individual properties of the
nanorods, even though they are probably enhanced by collective effects in the
nematic phase. These quite peculiar magnetic properties probably arise from a
competition between a nanorod remanent magnetic moment due to uncom-
pensated surface spins and a negative anisotropy of its magnetic susceptibility.

6
Emerging Fields

6.1
Self Assembly of Nanorods and Nanowires

In the recent past, and following the discovery of nanotubes by Iijima [89], there
has been an enormous increase in the number of groups and reports concern-
ing the synthesis of nanorods, nanowires, as well as nanotubes. Most of the ele-
ments of the periodic table have now been used (N.B. the difference between
nanorods and nanowires is that nanorods usually have a small aspect ratio when
nanowires have a high one). These particles, which present a wide range of prop-
erties such as semiconducting or metallic behavior, could lead to numerous new
liquid crystalline phases and by clever exploitation of their self-assembly prop-
erties, numerous new materials with a variety of applications could be synthe-
sized. Since the number of such phases is increasing so rapidly, we have sum-
marized the most studied systems and what we consider to be the most original
in Table 1, although we must add that this is not an exhaustive list.

6.1.1
Synthesis

Dozens of methods to synthesize nanotubes, nanowires, and nanorods have
been reported that can be found in the references included in Table 1. In addi-
tion to the most well known ones, such as hot plasmas, laser ablation, chemical
vapor deposition, high temperature solid state and hydrothermal synthesis, fill-
ing/coating of carbon nanotubes and similar types of materials, three methods
have been developed that enable the synthesis of a wealth of new anisotropic
nanoparticles.

The first one makes use of the pores of membranes as templates for the elec-
trolytic growth of metal nanorods. This technique consists of coating one side of
a membrane with a metal electrode (such as gold or platinum) and then elec-
trodepositing a metal or conducting polymer within the pores of the membrane
[90]. This method controls more closely the filling of the pores compared to other
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Table 1. A selection of the most common or original nanotubes, nanorods, and nanowires and
their method of synthesis [131]

Composition Synthesis method(s) Type Reference
C Arc, laser ablation, CVD, templating etc. ~ NT [98a, 130]
Ag AAO templating NW,NR  [131]
Au AAO templating NW,NR  [132,133]
Bi AAO templating Nw [134]
C (diamond) AAO templating NW [135]
Co AAO templating NW [136,137]
Cu AAO templating NW,NR  [95,138]
Fe AAO templating [139]
Ni AAO templating [137]
Ge Laser ablation [140]
Si Laser-assisted catalytic growth, laser [141,142]
ablation, catalytic growth, HT synthesis,
thermal evaporation SiO, CVD
Vanadium Solution, hydrothermal, NT AAO NT, NR [143-145]
oxides(V,0s, templating, others
VOx, Na,V;0,)
TiO, AAO templating, self assembly, sol-gel, NT,NW [144, 146, 147]
wet chemistry
Sn0O, AAO templating NW [10,148]
AL O, Anodisation NT,NW [141,149]
In,0; AAO templating NwW [150]
7Zn0O AAO templating, PVD NW [144,147,151,152]
WO, AAO templating, NT templating NW,NR  [144, 146, 147]
Sio, AAO templating (mesoporous), NT,NW  [144,153]
templated coprecipitation, wet
chemistry, laser ablation, carbothermal
reduction, sol-gel
Co;0, AAO templating, NwW [144]
MnO, AAO templating, NwW [144]
MoO; NT templating NT,NR [145]
Sb,0, NT templating NT,NR [145]
MoO, NT templating NT,NR [145]
RuO, NT templating NT,NR [145]
IrO, NT templating NT,NW  [145]
Ga,0; High T, arc discharge, carbothermal NW [152,154]
reduction
CuO Solid state (grinding) NR [155]
a-Fe,0, Controlled precipitation NR [156]
BaCrO4 Reverse micelle templating NwW [96]
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Table 1 (continued)

Composition Synthesis method(s) Type Reference

BawO, Reverse micelle templating NR [157]

YBa,Cu;0, Laser ablation NR [158]

MosS, Catalyzed transport reaction, H, re- NT [159-161]
duction, C60 and CNT templating, other

ws, H, reduction of WS;, WO,+H,S, other NT [160-162]

WSe, HT reaction NT [163]

W,Nb,S, HT reaction NT [164]

W,Mo,C,S, W,Nb,0,+H,S NT [165]

NbS, H, reduction of NbS, NT [166]

TaS$, H, reduction of TaS, NT [166]

FeTe, Hydrothermal NR [167]

SiSe, Theoretical study NW [168]

Bi,Te; AAO templating NW [169]

LiMo;Se; HT synthesis+cation exchange NwW [13,170]

NaNb,PS,, HT synthesis Nano- [34]

tubules

Cu,S Cu (surfactant treated)+H,S NW [171]

Zn$S HT conversion of ZnO NR [172]

CdS Thermal decomposition NR,NW  [173]

CdSe AAO templating NR,NW  [97,174]

BN Arc, laser ablation, CVD, templating etc. ~ NT [175-180]

GaN Use of growth promoter, CNT templating NW [152,181]

AIN HT synthesis NW, NR [152]

SiN $i-Si0,+N,+2C (CNT templating) NR [182]

InP Laser-assisted catalytic growth NwW [183]

GaAs Laser-assisted catalytic growth, NW [184,185]
laser ablation

SiC Arc, HT reaction via CNT templating, NW,NR  [186]
carbothermal reduction, HFCVD

TiC HT reaction NW [187]

MC (M=tran- Various NR [188]

sition metals,
Ge, Ta, Gd, Hf,
La)
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nanometer sized materials that have been used, such as the pores of membranes,
zeolites, or mesoporous materials [91]. It even allows one, by changing the volt-
age during the electrodeposition, to synthesize nanowires made of periodically
alternating metals [92]. Note that these “striped” metal nanoparticles, in which
the stripes are comprised of different metals such as gold, silver, platinum, and
nickel, can be visualized using bright-field optical microscopy, which allows them
to be used as nano-barcodes [93]. Indeed, in an analogous fashion to conven-
tional barcoding, this technology enables the creation of an extremely large num-
bers of unique and identifiable particles by varying the width and composition
of the stripes. Individual particles can be identified by reading the striped pattern
using an optical microscope. Nanobarcoded particles can be used to carry out
simultaneously large numbers of biological assays in a small volume.

The second approach takes advantage of tools developed in the field of
“Chimie douce” typically applied for synthesizing metal nanoparticles, semi-
conductors or oxides. By analogy to biomineralization, in which minerals are in-
duced to form within an isolated space (a cell or a cell compartment), reverse
micelles have been used [94]. In these complex fluids, small compartments of su-
persaturated aqueous solutions are stabilized within an oil using a surfactant
(for example (2-ethylhexyl)sulfosuccinate, AOT) A precipitation is then induced
inside each of these nanoreactors (either by chemical reaction of the precursors
or by changing the temperature), which leads to the synthesis of nanoparticles
whose size and shape is determined by the size and shape of the micelle.
Anisotropic particles were grown by the addition of salts and/or co-surfactants
that changed the micelle from spherical into roughly rod-like shapes [95]. A fur-
ther development involved controlling the interfacial activity of the reverse mi-
celles so that the nanoparticle synthesis and their self-assembly was coupled to
give superlattices of shape controlled nanoparticles [96]. Face growth kinetics
could even be used to tune the shape of the particles when the structure of the
material targeted was highly anisotropic [97].

The third and most recent approach is an extension of the thoroughly stud-
ied carbon nanotube growth mechanism, namely the use of a growth promoter
that helps in directing the growth of a material in a highly anisotropic manner
[98]. The idea is to use a growth promoter nanoparticle (the diameter of which
will drive the diameter of the nanowire) that can form a liquid alloy with the
nanowire material of interest (Fig. 19). A careful study of the phase diagram al-
lows the specific composition to be determined and the synthesis temperature
necessary to achieve simultaneously the coexistence of the liquid alloy and the
solid nanowire material. The liquid alloy nanoparticles act as preferred sites for
the adsorption/dissolution of new reactant. When this alloy becomes supersat-
urated, it also acts as the nucleation site for recrystallization, leading to the
growth of a nanowire.

6.1.2
Properties

However, apart from the examples developed above, the study of the self-assem-
bly, in relation to the mesogenic properties for these suspensions of nanotubes,
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Fig. 19. Schematic illustration of vapor - liquid - solid nanowire growth mechanism includ-
ing three stages: I) alloying, II) nucleation, and III) axial growth, as exemplified with the Au-
Ge binary phase diagram (Au is a good solvent for the Ge nanowire growth because of the ex-
istence of the Au-Ge eutectic). This mechanism has been observed by in situ TEM that
recorded images during the process of nanowire growth with: a Au nanoclusters in solid state
at 500 °C; b alloying is initiated at 800 °C (Au now exists mostly in solid state); ¢ liquid Au/Ge
alloy; d nucleation of a Ge nanocrystal on the alloy surface; e Ge nanocrystal elongates with
further Ge condensation; f eventually forms a wire. (Reprinted from [98b], copyright (2002)
from John Wiley and Sons)
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nanowires, and nanorods, is still in its infancy. A first challenge is to be able to
reach a high enough concentration so as to obtain the Onsager nematic transi-
tion. We have seen that in the case of highly anisotropic charged particles, con-
centrations in the range of few percent by weight are usually necessary in order
to observe such a transition. With much lower aspect ratio particles, such as
nanorods or with uncharged moieties such as nanotubes, much higher concen-
trations are required. Also, many of these colloids are often too bulky and there-
fore do not form stable concentrated colloidal suspensions on their own.In most
cases studied up to now, this problem has been overcome by stabilization of the
suspension using either surfactants or by wrapping the colloids within a poly-
mer therefore allowing highly concentrated suspensions to be obtained.

Another difficulty is that often only very small amounts of these anisotropic
moieties can be synthesized at a time, limiting the study of the self-assembly
properties to transmission electron microscopy analysis [135]. This makes it dif-
ficult to study in detail the phase diagram in concentration, usually a fairly sam-
ple consuming process. However, different approaches are currently being de-
vised that give a taste of the huge potential that the self-assembly of these
nanowires and nanorods can lead to.

A first way to circumvent the problem is to study the self-assembly of these
anisotropic moieties within a 2-D Langmuir-Blodgett film. This was recently il-
lustrated by P. Yang and co-workers using suspensions of BaCrO, nanorods syn-
thesized by the reverse micelle approach [157]. Langmuir-Blodgett films obtained
on the water surface and collected on a TEM grid display typical 2-D nematic and
smectic organizations, and their topological defects. In Yang’s report, a 2-D smec-
tic to 3-D nematic transition is briefly mentioned that gives an insight into the
bulk properties of such nanorods. However, as always in the case of TEM studies,
itis difficult to determine exactly the role of drying. Note that in a related set of ex-
periments, although the film was deposited by dip coating (directly from the bulk
of the solution), the self-assembly properties of the carbon nanotubes bundles
[99] allow the formation of fairly well oriented and therefore birefringent films of
bundles. Such self-assembly of carbon nanotubes into a structure highly reminis-
cent of a nematic mesophase has been long awaited and discussed in meetings.
Some alignment successes have even been reported when one combines nan-
otubes with some other liquid crystals, either lyotropic [100] or thermotropic
[101]. Based upon our calculation using the Onsager model and our trials, in the
case of bulk suspensions of neutral carbon nanotubes, we think that what has pre-
cluded the observation of a transition similar to what has been reported in the
case of Li,MosSes nanowire, imogolite or NaNb,PS,, nanotubes has been that the
isotropic-nematic critical concentration is still higher than the highest concentra-
tion yet obtained. In the Zhou and co-workers’ report, nanotube bundles have
been shortened using a strong etching solution. The consequence is that the nano-
tubes are probably much more charged than the neutral pristine ones (due to the
addition of carboxylic groups), which is known to decrease the critical transition
concentration. We therefore expect for these suspensions that the pH of the solu-
tion should have a dramatic effect on the self-assembly properties reported.

Another method that has been developed for rapid screening of organic com-
plex fluid phase diagrams consists of studying the drying of a suspension within
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a capillary tube, directly on the beamline of a synchrotron. It is not an easy
method for the quantitative determination of phase diagrams, but one may de-
termine some phase transitions. Unfortunately, thermodynamic equilibrium is
not usually reached and therefore this technique cannot be recommended.

Finally, a study of fairly monodisperse CdSe semiconducting nanorods func-
tionalized with amphiphilic molecules in a suspension of cyclohexane has re-
cently been published that shows preliminary results indicative of a typical ne-
matic behavior [102]. Note that these nanorods have been synthesized by the py-
rolysis of organometallic precursors of Cd and Se in hot surfactant mixture
allowing a good control of the aspect ratio. This state of the art particle size and
shape control method should allow one to customize accurately their semicon-
ducting properties.

6.2
Use of MLC for the Structure Determination of Biomolecules by NMR

The first reported use of the mesogenic properties of MLC did not arise where
one could have first expected it, i.e.,liquid crystal displays, but in NMR. The clas-
sic NMR strategy for determining the conformation of a biomolecule [103] in-
volves exploiting the combination of the scalar coupling, *J, to obtain dihedral
angle information and the 'H-'H dipolar cross-relaxation rate, that has a (1/r5)
dependence, where ris the internuclear distance. The limitation of this approach
is that only short-range structural information is obtained (a few bonds for the
scalar coupling and distances inferior to 5 A for the relaxation). As a conse-
quence, if only few constraints per nucleus can be detected (e.g., multi-domain
proteins, oligosaccharides, or oligonucleotides), the accumulation of errors can
lead to an imprecise overall structure. In order to circumvent this problem, a dif-
ferent approach has recently been proposed using, in addition, structural data
that are defined relative to an absolute molecular frame [104, 105]. Particularly
interesting are methods that exploit residual dipolar couplings [105, 106]. How-
ever, as dipolar couplings are almost averaged to zero (tenths of Hz) because of
the almost isotropic overall tumbling of the solute molecule, it is therefore nec-
essary to make this tumbling motion more anisotropic. This can be achieved by
replacement of the aqueous phase by an anisotropic medium such as a magnet-
ically oriented mesophase [106]. As a consequence new couplings, D, add to the
usual scalar couplings, J, to split the signals by a few Hz. By using pairs of spins
separated by well known distances (any C-H or N-H bond) one can finally ex-
tract more precise and longer range structural information.

A few organic/biological liquid crystals (LC) have been used successfully for
this purpose: surfactant-based bicelles, purple membranes, phages, and cellu-
lose microcrystals [107]. We recently proposed using MLC to generate an
anisotropic medium. Their inherent advantages are numerous: (i) some MLCs
can be easily aligned when a magnetic field is applied, using only very small
amounts of mineral materials (1-3 wt%, to be compared with 5-30% for bicelles,
10% for purple membranes, 5% for phages, and 8% for cellulose); (ii) these
MLCs, which are sometimes formed using polar solvents other than water, pre-
sent nematic phases that are stable on a very long time scale (few years) and over
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a wide temperature range (the liquid state temperature range of the solvent), in
stark contrast with the organic LC systems whose stability is often an experi-
mental problem for this type of NMR method [108]; (iii) the dissolved biomole-
cule can simply be recovered after the experiment by flocculation of the mineral
colloid; (iv) finally, the absence of 'H and '*C nuclei renders isotope labeling of
the studied molecule unnecessary, whereas, in the case of organic liquid crystals,
the NMR signal is strongly dominated by the liquid crystal resonances due to the
high ratio of LC molecules to biomolecules. This is obviously a major advantage
especially for systems such as oligosaccharides or oligonucleotides for which la-
beling is chemically challenging and particularly expensive.

We therefore demonstrated the potential of such MLC for NMR structural
characterization by reporting residual C-H dipolar couplings observed for non-
labeled saccharide containing the LewisX motif of various flexibility dissolved in
aqueous suspension of V,0; [109], as well as H;Sb;P;0,, [61, 110, 111].

6.3
Use of Flow Alignment and Pretransitional Effect Toward Applications

We have seen that it can be difficult to reach the critical concentration required
to observe an isotropic-anisotropic transition because concentrated suspen-
sions of colloids are not always stable. However, orientation of flexible polymers
as well as of anisotropic particles in suspension can be induced by flow, a phe-
nomenon that has long been observed, reported, and studied. This phenomenon
is especially strong when a pretransitional effect exists, which can be easily ob-
served by the naked eye on a sample that is shaken between crossed polarizers
(see for example the section on clays). In these systems, birefringence is induced
via mechanical forces, like the shear stresses in a laminar flow (“Maxwell-dy-
namo-optic effect”).

One can therefore take advantage of this alignment effect when anisotropic
materials are desired. In a first example, the mesomorphic properties of
Li,Mo,Se, that we had previously demonstrated were used to synthesize: (i)
highly oriented conducting thin films by spin coating the pure material (after
solvent evaporation); (ii) oriented composites by extrusion [112].

Another example comes from the fact that up to recently one could not store
beer in plastic bottles because gas diffusion (in and out) through the bottle walls
was too large. Composites have now been developed by dispersing clay particles
within a polymer. The particles are aligned by flow during extrusion, parallel to
the bottle walls. Because of this orientation, the clay particles can play a barrier
role and drastically reduce gas diffusion. The charge of the clay also allowed im-
provements of the mechanical properties of these composites materials [113].
Highly oriented extruded polymer-carbon nanotube composites have been
obtained using flow orientation [114] that show very anisotropic properties,
including electrical conductivity (with high conductivity only along the axis of
extrusion). Such anisotropic conductivity can be useful for some applications
but not for the conducting composites used in the new generation of reversible
fuses that are widely employed nowadays by the semiconducting and electronic
industry [115].
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More recently, the flow alignment of suspensions of nanowires has been com-
bined with microfluidic technology [116]. In this development, suspensions of
nanowires/nanotubes are flowed within microchannels formed in a PDMS mold
and deposited on a silicon wafer substrate (Fig. 20a,b). This allows parallel
arrays of NW aligned along the flow direction when the mold is removed to be
obtained. Multiply crossed NW arrays can then be built by changing the flow
direction sequentially by iterating this process using a succession of molds with
channels oriented along different axes (Fig. 20b).

6.4
Composites Materials

We have seen that only in a few cases have some composites materials based on
MLC been made. Out of those only in the case of Li,MosSes was the mesogenic
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Fig. 20a-d. Schematic of fluidic channel structures for flow assembly and layer-by-layer as-
sembly of crossed NW arrays: a NW assembly is carried out by controlling the flow of a NW
suspension inside the channel (made from the mold-substrate assembly) — arrays of NWs are
oriented parallel to the flow direction on the substrate ( after removal of PDMS mold); b mul-
tiple crossed NW arrays are created by changing the flow direction sequentially in a layer-by-
layer assembly process - typical SEM image of crossed arrays of NWs obtained in an assem-
bly process (flow directions are highlighted by arrows in the images) comprising: ¢ two se-
quential steps with orthogonal flow directions (InP NWs); d three sequential steps with 60°
angles between flow directions (GaP NWs). The scale bars correspond to 500 nm in ¢ and d.
(Reprinted from [116], copyright 2001 American Association for the Advancement of Science)
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property purposely used to organize the final material. We develop below two
other recent examples.

6.4.1
Mesoporous Materials Based on MLC Templates

We recently showed that it is possible to synthesize a mesoporous composite ma-
terial by direct assembly of anisotropic hollow objects [117]. In this study we
used stable colloidal suspensions of well defined tubular structure made from
the scrolling of the sheets themselves obtained by the exfoliation of the acid-ex-
change K,Nb,O,; with tetra-(n-butyl)-ammonium hydroxide in water [118]. De-
tailed physicochemical studies of these colloidal suspensions at high concentra-
tion are still in progress [119]; however we thought they would be good candi-
dates to make a silicate-nanotubule composite. The synthesis of our composite
material (CMI-1) was adapted from the procedure of Goltsov et al. [120], but
now using the organized nanotubules instead of an organic surfactant. Nitrogen
physisorption experiments performed on this composite exhibited type IV
behavior (hysteresis), typical of materials with large pores with restricted open-
ings (ink bottle). This material has an N, Brunauer-Emmett-Teller (BET) surface
area of 102 m?/g, a mean pore size of 14.6 nm, and a single point (p/p0=0.965)
pore volume of 0.32 cm?/g. This mean pore size is in agreement with the mean
inner diameter determined by TEM (15.5 A). This use of mineral liquid crystals
represents a new approach for the synthesis of composite porous materials and
thus diversifies the types of objects that can be assembled in this way, offering
the possibility of synthesizing new materials with a variety of properties.

This work has been further developed using V,05 nanoribbons instead of the
[NbsO{4], nanotubules [121]. The use of a magnetic field during the condensa-
tion of the silicate framework allowed us to obtained centimeter sized single-do-
main monoliths in which the nematic mineral liquid crystals are well aligned.
Total removal of the MLC can also easily be achieved leaving transparent meso-
porous birefringent silica with complete retention of the magnetically aligned
channels director, even for centimeter sized samples.

6.4.2
Hybrid Organic-Inorganic Solar Cells

In a recent publication, Alivisatos and co-workers reported the making of hybrid
nanorods-polymer solar cells and their properties [122]. These solar cells were
made by spin casting of a solution of both poly(3-hexylthiophene) (hole accep-
tor) and CdSe nanorods (electron acceptor) onto indium tin oxide glass sub-
strates coated with poly(ethylene dioxythiophene) doped with polystyrene sul-
fonic acid and aluminum as a top contact. Nanorods have been used in compos-
ites so as to improve the carrier mobility. Indeed, the latter can be high for some
inorganic semiconductors, but it is typically extremely low for conjugated poly-
mers [123]. The use of the nanorods supplies an interface for the charge transfer
as well as a direct path for electrical transport. Also, because of their anisotropy,
self-assembly of these nanorods is observed by electron microscopy. It shows
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that the nanorods are partially aligned perpendicular to the substrate plane. The
orientation of the nanorods as a function of their aspect ratio is predicted to play
a crucial role in the properties of these new devices, as it should have a strong
impact on the formation of percolation pathways for electron transport.

6.5
Hybrid Bio-Mineral Mesogens

A superb liquid crystal system was recently created by Belcher and co-workers
that allowed them to produced a highly ordered composite material from genet-
ically engineered M13 bacteriophage and zinc sulfide (ZnS) nanocrystals [124].
The mesogenic properties of the bacteriophage [125], which was selected for its
specific recognition for ZnS crystal surfaces [126] (Fig. 21), were used to trigger
the self-assembly. Indeed, bacteriophages were coupled with ZnS solution pre-
cursors and spontaneously evolved into a self-supporting hybrid film material
that was ordered both at the nanoscale and at the micrometer scale and which
was continuous over a centimeter length scale.

Phage liberty
with 10? random
peptide inserts
g X Bioselectivity ZnS
pH

A
UM ¢ | = @

Liquid crystal alignment

interaction

Fig. 21. Schematic diagram of the process used to generate nanocrystal alignment by the
phage display method. (Reprinted with permission from [124], copyright 2000, American As-
sociation for the Advancement of Science)
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Fig. 22A-D. Characterization of the liquid crystalline suspensions of A7 phage-ZnS nanocrys-
tals (A7-ZnS) and cast film: A POM texture of a suspension of A7-ZnS$ (127 mg/ml); B, C their
constructive and destructive interference patterns generated from parallel aligned smectic
layers when observed using a differential interference contrast filter; D texture of the choles-
teric phase of an A7-ZnS suspension (76 mg/ml). (Reprinted with permission from [124],
copyright 2000, American Association for the Advancement of Science)

In addition, the liquid crystalline phase behavior of these suspensions could be
controlled by solvent concentration as well as by the use of a magnetic field. These
suspensions and films observed by optical microscopy showed textures indicative
of the smectic and cholesteric structure of the hybrid systems (Fig. 22).
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7
Perspectives

Let us here briefly discuss a few guidelines useful for the search of new mineral
liquid crystalline suspensions. This discussion tries to summarize the subtle bal-
ance between excluded volume interactions, electrostatic repulsions, and Van
der Waals attractions that is needed to stabilize the nematic phase with respect
to the isotropic one and flocculation or recrystallization.

An obvious criterion is that the mineral moieties of interest have to be able to
be dispersed in a suitable solvent in large enough concentrations. We have seen
several examples of how this can be achieved by exfoliation or by direct self-as-
sembly from molecular precursors. This dispersion step is probably one of the
most delicate points to fulfill.

Another related criterion is that the colloidal moieties should be as anisotropic
as possible. This can be quantitatively predicted in the frame of the Onsager
model. The volume fraction at which nematic ordering occurs is ®=4D/L, which
is 40% in the case of rods of aspect ratio 10 interacting through a purely hard-
core potential. This is still quite a large volume fraction. In contrast, rods of as-
pect ratio 100 will order at a much more reasonable value of 4%. Moreover, both
theory and numerical simulations show that particles of aspect ratio smaller than
3-4 never order in a nematic phase whatever their volume fraction. These orders
of magnitude illustrate the need for fairly anisotropic moieties.

A parameter that cannot be over looked is the dispersity in size of the parti-
cles. Indeed, polydispersity usually prevents long range positional ordering. For
example, it is crucial in order to obtain (i) smectic phases to have nanoparticles
of fairly homogeneous length and (ii) hexagonal phases to have nanoparticles
with diameters as monodisperse as possible.

The charge of the building blocks within mineral liquid crystalline suspen-
sions should also be considered in detail since electrostatic repulsions play two
important roles. First, these interactions often ensure colloidal stability against
Van der Waals attractions. Second, the existence of clouds of counter-ions in-
crease the effective volume fraction of anisotropic moieties in suspension, which
helps to attain the phase transition threshold. Moreover, there is a large entropy
gain associated with the release of the counter-ions in solution, which stabilizes
the nematic suspension. Therefore, charged moieties are better candidates.
However, in the case of neutral moieties, grafting with a polymer layer seems to
be an efficient way of preventing particle aggregation.

Flexibility of the moieties is another important parameter because it was
recently shown that flexible objects require larger volume fractions to undergo
nematic ordering. Flexibility also reduces the nematic order parameter at the
transition. Intuitively, very flexible mineral polymers should not show any
orientational order at rest,but may display a strong flow birefringence. Thus, any
soluble system where the structural unit in the solid state is anisotropic may not
necessarily be a lyotropic liquid crystal. For example, in solution a polymer is
much less constrained than in the solid state, and hence one must consider the
elastic properties of the polymer chain and whether the anisotropic units still
exist in solution. As shown recently for the case of the complex fluid with a min-
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eral core based upon the 1-D polyelectrolyte L[MPS,]- (M=Ni, Pd) dissolved in
DME [6], the polymer chain is highly flexible and may even, depending upon the
metal M and the temperature, fragment and lose its complex fluid properties.
High flexibility does not however preclude self-assembly when folding of the
polymer leading to unexpected superstructures [34].

We have only described here the mineral mesophases that have been fully and
unambiguously characterized. This review article is therefore not exhaustive.
Other less well-documented examples can be found in the literature, in particu-
lar in another review article [127, 128]. Nevertheless, the diversity of examples
described here should draw the attention of the reader to the fact that suspen-
sions based on anisotropic structural units may be liquid crystalline, a feature
that could be used to obtain a better understanding/optimization of materials
synthesis and processing conditions. Thus, the existence of a nematic domain in
the phase diagram together with the possibility of growing reproducibly ori-
ented single domains on the centimeter scale could be used, for instance, in the
field of pillared materials to produce better structured materials.

The main interest of mesophases based on mineral moieties is, in contrast to
their organic counterparts, that they can be electron rich and so have enhanced
electrical, optical, and magnetic properties. In addition, mineral moieties are
thermally very stable. Thus, combined with their typically very wide range of
temperature stability of mesomorphic organization, it can be envisaged that
they can be used for applications under extreme conditions. Another important
and common asset of these MLC is their very low cost since some of them can
even be found in a natural form. This will allow their use for massive material
production.

Finally, since MLC are based on anisotropic nanosystems, the understanding
of their collective properties, either pre- or post-transitional, is of prime impor-
tance to allow their manipulation and therefore for the development of applica-
tions in the field of nanotechnology.
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Monodisperse Aligned Emulsions from Demixing
in Bulk Liquid Crystals

]J.C. Loudet, P. Poulin
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We present recent findings on the formation of ordered emulsions from bulk demixing in lig-
uid crystalline materials. In contrast to classical phase separations, which lead to randomly
distributed macrodomains of various sizes, demixing in liquid crystals leads to remarkably
uniform droplets that form ordered arrays. This distinctive behavior arises from the presence
of topological defects and elastic distortions around the inclusions formed during the separa-
tion. These distortions induce long-range attractions and short-range repulsions. These forces
direct the ordering of the microdomains and stabilize them against coalescence; limiting
thereby the coarsening mechanism of the separation. We show that the ordering can be con-
trolled on a large-scale by simply controlling the macroscopic alignment of the liquid crystal.
We also discuss the influence of an external electric field and demonstrate marked differences
with classical emulsions and colloids in isotropic fluids.
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Introduction

Phase separations from temperature quenches of binary mixtures start with the
formation of small particles that grow and coarsen as time elapses [1]. In solid
or liquid media, this coarsening leads to polydisperse dispersions of growing
particles that eventually phase separate macroscopically. In the dilute limit of a
liquid medium, the domains of dispersed phase consist of droplets that exhibit
Brownian motion. When the viscosity of the liquid matrix is not too high, the
coarsening is dominated by the coalescence of the droplets, which fuse together
when they collide with each other. This classical scenario can be easily observed
and is now rather well understood [1]. However, the situation can be completely
different if the continuous phase exhibits some liquid crystalline ordering. In
that case, the droplets of the dispersed phase can still move due to Brownian
motion but the liquid crystal in which they are embedded induces long- and
short-range forces that affect the kinetics of the separation and the structures
formed over long time periods [2]. It has been indeed shown that colloidal in-
clusions in liquid crystals experience elastic forces mediated by the distortions
of the liquid crystal ordering [3-15]. These forces, which do not exist in
isotropic liquids, can lead to anisotropic clusters and stabilize colloids. We show
in this paper that they play a predominant role in phase separation mecha-
nisms. Instead of fully phase separating, the mixture self-stabilizes and self-or-
ganizes into highly ordered arrays of chains composed of monodisperse col-
loidal droplets [2]. The main features of this spontaneous ordering can be un-
derstood by considering elastic phenomena and topological defects around the
droplets. As another distinctive feature in these systems, we present recent find-
ings on the influence of an external electric field [16]. In classical isotropic
emulsions and colloidal suspensions, an external field induces the polarization
of the particles and their subsequent aggregation and coalescence because of
dipole-dipole forces. Polarization of droplets and electrostatic dipole-dipole
forces are also present in a liquid crystal. However, there are additional effects
because of the modification of the liquid crystal alignment in response to the
field. The latter not only induces a direct attraction, as in isotropic liquids, but
also an indirect elastic repulsion by imposing different distortions and defects
of the liquid crystal. This elastic repulsion can stabilize the droplets against co-
alescence - thereby leading us to the surprising conclusion that, in contrast to
isotropic liquids, the phase separation can be arrested at will by applying an ex-
ternal field.
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This paper is divided into six sections. In the next one, we recount some back-
ground details about the behavior of colloidal inclusions in liquid crystals. We
describe the distortions around inclusions and the induced elastic interactions
between them. The basis of an electrostatic analog to explain the anisotropy of
colloidal structures in liquid crystals is given. Section 3 is devoted to experi-
mental details related to the systems that allowed the mechanisms discussed in
this paper to be observed. In Sect. 4, we present recently reported mechanisms
of phase ordering from demixing in a liquid crystal. The structures and the ki-
netics of the separation are shown to be significantly different from that ob-
served in isotropic binary mixtures. We discuss the experimental observations
using the concepts of the second section. We describe in Sect. 5 the effect of an
external electrical field and demonstrate marked differences in the behavior of
classical electro-rheological fluids [17, 18]. A brief conclusion summarizes the
main concepts and experimental results reviewed in this paper.

2
Theoretical Concepts

2.1
Distortions and Defects Around Colloidal Inclusions in Nematic Liquid Crystal

The liquid crystals considered throughout this article are thermotropic nematic
liquid crystals composed of rigid, rod-like organic molecules that possess long-
range orientational order [19]. The preferred direction of alignment of the mol-
ecules is specified by the unit vector field n, called the director. The presence of
droplets in the nematic host induces long-range distortions of the director field
and these distortions mediate strong elastic forces between the particles [3-15].
Another important source of energy in these systems comes from the local in-
teractions between the liquid crystal molecules and the interfaces of both the
particles and the boundaries of the sample; this is the anchoring energy.

When the anchoring to a surface is strong, the director makes a well-defined
angle with this surface, regardless of the resultant elastic distortions. In this
limit, the boundary conditions of n are fixed. By contrast, in the limit of weak an-
choring, the competition between anchoring energy and elastic distortions may
result in different orientations of the director at the interface. The combination
of the geometry and the boundary conditions impose global topological con-
straints that must be satisfied by the director field of the liquid crystal. This can
lead to the formation of other topological defects that play a crucial role in de-
termining the elastic droplet-droplet interactions.

A particle with normal (homeotropic) anchoring of the nematic director is
equivalent to a topological defect called a radial hedgehog, which creates radial
distortions [19]. To satisfy the condition that the liquid crystal must be aligned
atlong range, a droplet could either nucleate a companion hyperbolic hedgehog
(Fig.1a), or a disclination ring of finite radius encircling the droplet in a “Saturn-
ring” configuration (Fig. 1b). The two droplet-defect assemblies satisfy the
global boundary conditions imposed on the sample, since the director is homo-
geneously aligned far from the droplet.
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.

Fig. 1. Schematic diagrams of the director field distortions (black lines) around particles in an
aligned nematic liquid crystal. For a normal anchoring of the liquid crystal molecules at the
surface of the particles, there are two possible configurations. a Dipole configuration with a
companion point defect (indicated by an arrow) located in the immediate vicinity of the
particle. b Quadrupolar Saturn-ring configuration with a disclination ring surrounding the
particle at the equator

When the preferential anchoring on a particle is planar, a tangential configu-
ration is expected [4,9]. The global boundary conditions are met by the creation
of two surface defects, called boojums [20-22], located at the poles of the parti-
cle. They are diametrically opposed, and aligned along the axis of the nematic
phase. In this paper, we will not consider this particular geometry but instead fo-
cus only on systems that exhibit preferential normal anchoring.

The energy scale of an elastic distortion around a particle is of order KR,
where K is a typical elastic constant of the nematic liquid crystal [19] and R is
the radius of the particle. For a thermotropic liquid crystal, K is approximately
107" N, and for a colloidal particle, R is approximately one micron; thus the en-
ergy scale is a few thousands kT, where kj is the Boltzmann constant and T the
temperature. As a result, the entropy of the particles is negligible compared to
the elastic interactions. Under these conditions, the structures formed due to at-
tractive interactions remain stable against thermal fluctuations.

A quantitative account of the behavior of the liquid crystal, and the topologi-
cal defects that result upon addition of particles, can be obtained by considering
the free energy of the system, F. In the absence of any external field, it consists
only of a bulk and surface term

F=F,+ Fs=[drf, +] dsf;. (1)
F,is the elastic Frank free energy which describes the slowly varying spatial dis-
tortions of the director; the free energy density f,, is a function of the elastic
modes of deformation of a nematic liquid crystal and is given by [19, 23]

fu= 21 [K,(divn)? + K, (n - curln)? + K5 (n - curln)? (2)

where K, K,, and Kj; are the splay, twist and bend moduli, respectively.
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F; is the surface free energy which takes into account the interactions of the
director with boundaries. A classical expression for the surface free energy den-

sity fs is [24]

fi=g - ey, 0

The unit vector s denotes some preferred orientation of the director at the
surface. For homeotropic anchoring it corresponds to the unit vector nor-
mal to the surface. W is the coupling constant which merely stands for the
strength of the anchoring at the surface of the particle. It varies in the range
107-10-3 J/m? [25].

The director fields adopted in each of the situations described above (see
Fig. 1) follows from a minimization of the total free energy F under the con-
straint that n is a unit vector. Different approaches including an analog to elec-
trostatics and computer simulations have been used to study the nematic dis-
tortions around particles [3-8, 10-15] and the relative stability of hedgehogs
versus Saturn rings. It was shown that the particle-hyperbolic hedgehog pair be-
haves like a dipole at long range whereas the Saturn ring configuration has
quadrupolar symmetry [3-15, 26].

In the experiments reported on inverted nematic emulsions [8, 9], where sur-
factant-coated water droplets are dispersed in a nematic host, the dipole config-
uration is almost invariably observed for strong normal anchoring conditions
and droplet radii of around one micron. In these conditions, the dipole seems to
be more stable than the Saturn ring. The observed separation between the hy-
perbolic defect core and the droplet is a small fraction of the droplet radius, R.
From optical microscopy observations, it was experimentally shown that
r4#R =1.2£0.1, where r, is the distance between the defect core and the center of
the particle. This is in good agreement with theoretical predictions [5-8,10-13].
However, for sufficiently small particles or weaker anchoring strength W, a Sat-
urn or surface ring appears to be more stable than the dipole [7,11,13]. This al-
lows weaker distortions in the volume of the sample whereas a penalty has to be
paid at the surface of the particle because of a weak deviation from the normal.
The so called surface ring corresponds to a Saturn ring directly located at the
surface of the particle. In the limit of very weak anchoring or very small parti-
cles, we can imagine that the nematic accommodates the particle without creat-
ing any additional defects and the director field distortions are smooth every-
where.

2.2
Interactions Between Inclusions in Nematic Liquid Crystals

Once the topological configuration around an isolated particle is known, the in-
teractions between the particles can be investigated. Predictions of the long-
range two-body interactions can be determined through integration of a free en-
ergy density containing f,;, plus symmetry-allowed terms which couple the di-
rector and its distortions to particle concentration gradients [4, 8, 10, 14].
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Because of its dipolar symmetry, the particle-hedgehog pair creates dipole
distortions of the director field at long range; leading to elastic dipole-dipole in-
teractions between drops that give rise to their chaining [2, 8-11, 16]. In those
chains, the drops do not coalesce because of the in-between hyperbolic hedge-
hog defect which prevents them from contacting and thereby provides a short-
range elastic repulsion. From symmetry, the long-range dipolar two-body inter-
action can be predicted up to a scaling factor [4, 10]. The lowest order term of
the expression for the interaction energy, U,, between two dipolar droplets lo-
cated at r,and rgis

1-3 cosze) @

U, 4KR4( e

where d =|ra—rﬁ|, 01is the angle between (ro-1p) and the z-axis, the far-field align-
ment axis of the liquid crystal.

However, the amplitude and the anisotropy of the interactions between drops
exhibiting the Saturn ring configuration are completely different. The expres-
sion for the quadrupolar interaction energy is [4-7]:

R6
U, = Kd_5 (9 - 90 cos?0 + 105 cos*0). (5)

This interaction is repulsive when the line joining the centers of two particles
makes an angle of 0° or 90° to the z-axis and can be attractive for intermediate
angles. Therefore, the structures generated by quadrupolar interactions are sig-
nificantly different from those generated by dipolar interactions. Instead of
chain-like structures, more compact aggregates can be formed [9, 27]. This
demonstrates the great importance of the anchoring conditions and of the re-
sultant topological structures around isolated droplets.

Although elegant and efficient at providing qualitative guidelines, the elec-
trostatic analog has its limitations. It assumes a single elastic constant and is
only valid at long range, i.e., at length scales where the particles can be viewed as
point objects. At short range, more complex phenomena can govern the behav-
ior and the structures of the particles.

3
Experimental Systems

In this section, we present the experimental systems and conditions of refer-
ences [2] and [16]. These systems allowed some of the main features of
monodisperse emulsions obtained from bulk demixing in liquid crystals to be
identified.

3.1
Liquid Crystals and Silicone Oils

The system under study is a simple binary mixture composed of a silicone oil
and a thermotropic liquid crystal forming the continuous phase. The silicone
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oils were provided by Aldrich (Aldrich, 37848-8, poly(dimethylsiloxane-co-
methylphenylsiloxane)) and Fluka (Fluka, 85427-DC 710, poly(dimethylsilox-
ane-co-diphenylsiloxane)). The liquid crystal is a eutectic mixture of
cyanobiphenyl and cyanoterphenyl molecules and was provided by Merck
(trade name ‘E7’). Strictly speaking, since E7 is not a pure compound, the pre-
sent mixtures may be viewed as quasibinary systems. Pure E7 shows a typical
first order isotropic-to-nematic transition at about 62°C, as evidenced by mi-
croscopic observations in capillaries. The nematic phase of E7 is stable over a
large temperature range around room temperature.

3.2
Sample Preparation

A typical mixture was heated to the isotropic phase (70°C) and stirred for a few
minutes to ensure homogeneity. A thin cell, consisting of two glass slides sepa-
rated by 20 pm-thick spacers, was filled by capillarity in the isotropic phase with
the binary mixture. However, before the mixture was added, the glass slides had
been previously coated with polyvinyl alcohol (PVA) and rubbed along a defined
direction with a piece of velvet. This treatment causes the liquid crystal mole-
cules to become homogeneously aligned parallel to the slides in the nematic
phase (planar anchoring).

3.3
Methods

Temperature quenches of the binary mixture were performed from the pure ne-
matic domain (N) to the diphasic domain (N+I) of the phase diagram (see Fig. 2)
- quenches from the isotropic phase would have led to the formation of numerous
and uncontrolled topological defects [28]. At 55°C, in the nematic phase, the liquid
crystal was allowed to align for a few minutes. Once aligned, the system was
quenched into the diphasic domain at 20°C by placing the sample onto a temper-
ature-controlled stage of an optical microscope. At this temperature, phase sepa-
ration occurs and as time evolves, the phenomenon can be easily pictured using a
CCD camera attached to a microscope and connected to a frame grabber.

4
Demixing in a Nematic Liquid Crystal

In this section, we describe and explain some aspects of a thermally induced
phase separation of a binary mixture containing a nematic liquid crystal form-
ing the continuous phase. The first three subsections deal with a detailed de-
scription of the experimental observations. The phase diagram of the mixture,
the scenario of the phase separation as well as the structures obtained after long
times after the temperature quench are presented. The fourth subsection is
devoted to a discussion of the experimental results on the basis of the concepts
described in Sect. 2. In the fifth subsection, we report on the kinetic aspects of
the phase separation.
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Fig. 2. Partial phase diagram of the binary mixture liquid crystal E7/silicone oil (Aldrich). ¢,
is the E7 weight fraction. The Fig. shows an isotropic phase (I) above 60°C, a coexistence do-
main between an isotropic and a nematic phase (I+N) below 60°C, and a nematic phase (N) in
the extreme right part of the diagram. The systems are quenched from the nematic domain to
20°C as indicated by the arrow

4.1
Phase Diagram

Since the liquid crystal forms the continuous phase of the binary mixture, we are
only interested in a small part of the total phase diagram. Weight fractions of the
liquid crystal in the range 0.9 to 1 were used to determine the partial phase dia-
gram of the mixture which is shown in Fig. 2. The system forms an isotropic (I)
phase at high temperature, and a diphasic equilibrium between an isotropic and
anematic phase (N+I) at low temperature. A nematic domain (N) is found at in-
termediate temperatures and low silicone oil concentrations. As pointed out in
the experimental section, the existence of this nematic domain has some im-
portance prior to quenching the system to the diphasic region. The present mix-
ture exhibits classical features usually observed in other mixtures of nematic liq-
uid crystals and polymers or isotropic fluids [29, 30].

4.2
Scenario of the Phase Separation over a Short Time

Several mixtures with different silicone oil concentrations were prepared. Since
the temperature quenches are performed from the nematic domain (N), the
maximum weight fraction of silicone oil investigated was 0.035. When the sam-
ple is thermally quenched from the nematic domain (typically, 55°C) to the
diphasic domain (20°C), the uniform single-phase mixture is thermodynami-
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Fig. 3. The phase separation process in a nematic solvent. System composition: liquid crystal,
98%wt; silicone oil (Aldrich), 2%wt. a Some droplets form after the quench (picture: 20 s af-
ter the quench). b The droplets diffuse randomly and coalesce in the initial stages of the phase
separation (picture: 42 s after the quench). ¢ Coalescence stops once a critical size is reached.
The droplets begin to form small linear aggregates oriented along the alignment direction of
the liquid crystal (picture: 55 s after the quench). d The chains grow as time evolves (picture:
120 s after the quench). Scale bar: 60 pm

cally unstable and phase separation occurs. The first steps of the process are
quite reminiscent of those taking place in mixtures composed of isotropic fluids
[1,19]. Small particles, mostly composed of silicone oil, form and grow through
coalescence as they diffuse and collide each other. In classical mixtures, droplets
varying noticeably in size are usually observed after a certain time. However, in
our case, an unusual and striking phenomenon takes place when the coarsening
silicone droplets reach a critical size, taken as R*. This critical size is about a few
microns in the considered experiments. The coalescence is then suddenly
stopped and the droplets begin to attract one another like electrostatic dipoles
to form small linear chains aligned along the rubbing direction. This situation is
depicted in Fig. 3 which shows the system at different times after the tempera-
ture quench. We note that the use of a different silicone oil leads to a different
critical size. Indeed, the critical radius R* is about 2 um for the Aldrich oil while
critical radii of up to 4 pm are observed with the Fluka oil.

We would like to note here that the silicone oils used have a lower density than
the liquid crystal. As a result, the oil particles tend to cream and lie closer to the
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Fig. 4. Very long chains are obtained over long times. They form highly ordered arrays made
of monodisperse droplets. System composition: liquid crystal, 98%wt; silicone oil (Aldrich),
2%wt. Black arrow: direction of polymer rubbing. Scale bar: 50 pm

upper slide than to the lower one of the cell. Consequently, the considered phase
separation is a quasi two-dimensional process.

4.3
Structures Obtained over a Long Time

As time elapses, the chains grow through ‘tip to head” aggregation and self-orga-
nize with respect to each other. Over long time periods, typically 45 minutes af-
ter the quench, they form highly ordered arrays of macroscopic chains (several
hundred microns long) made of monodisperse droplets which do not coalesce.
An example of the resultant system is shown in Fig. 4. The samples remain in this
state for months and even years. These observations are in marked contrast to
the long-time behavior of classical mixtures which usually fully phase separate
[1]. The whole sample is filled with chains and the interchain distance d is uni-
form and decreases when the silicone oil concentration increases as shown on
the plot in Fig. 5. This graph shows the variations of R*/d, where R is the mean
radius of the particles, as a function of ¢, the weight fraction of silicone oil. As-
suming that the weight fraction of the dispersed phase roughly corresponds to
that of the silicone oil and considering that the chains span the whole surface
area, R*/d is expected to scale as ¢. This is indeed what we observe in Fig. 5. This
behavior proves the existence of a long-range repulsion between the chains. This
is further confirmed by the formation of edge-like dislocations of chains in
some parts of the sample (Fig. 6). These were the subject of a specific work [31]
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Fig. 5. R?/d against weight fraction of silicone oil, ¢; R is the particle radius and d the separa-
tion between the chains. From mass conservation (see text), R?/d is expected to scale as ¢. The
present data seem to confirm this behavior which is an indication of a long-range repulsion
between the chains. The solid line is a linear fit. Inset: values of d as a function of ¢

Fig. 6. Isolated edge dislocation. System composition: liquid crystal, 98.4%wt; silicone oil
(Aldrich) 1.6%wt. Scale bar: 30 pm
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as an example of dislocations where rotational invariance is broken, in contrast
to more classical dislocations of smectics or cholesterics [19, 23].

4.4
Discussion

In this subsection, our aim is to explain the main features of the phase separa-
tion described above. We first address the issues of stability, monodispersity of
the particles as well as the formation of chains. We then focus on the repulsion
of the chains mentioned above. A short comparison with the long-time behav-
ior of electrorheological fluids is presented.

4.41
Coalescence Inhibition and Monodispersity of the Droplets

In Sect. 2, we saw that a spherical particle suspended in a liquid crystal tends to
distort the long-range ordering of the director. Assuming a single elastic con-
stant K for the nematic phase, the elastic cost of the distortions around a single
particle should be of the order of KR, where R is the particle radius (see Sect. 2).
These distortions, which mediate elastic interactions between the particles, de-
pend critically on the boundary conditions at the surface of the particles. These
boundary conditions are spontaneously set by molecular interactions between
the liquid crystal molecules and the silicone oil interface. In the present experi-
ments, the preferential orientation of the liquid crystal molecules is normal to
the oil interface. The characteristic energy specifying a deviation from this pref-
erential alignment is given by WR? (see Sect. 2). We see that the surface energy
scales as R? whereas the bulk elastic energy scales as R. Thus, surface energy
dominates over elastic energy for large drops whereas it is the opposite for small
ones. This means that for drops typically larger than R*=K/W, the liquid crystal
molecules will preserve a normal orientation at the surface of the particle re-
gardless the cost of elastic energy. However, for drops typically smaller than R¥,
we can expect the surface director to deviate from its preferred alignment and
adopt different orientations to minimize the elastic cost of the distortions. From
these considerations, we thus expect the distortions of the director to be size de-
pendent. This is exactly what is happening in the considered experiments. At the
early stages of the phase separation, the small droplets all exhibit the Saturn or
surface ring configuration as can be seen in Fig. 7. We would like to point out
here that we will use in the followings the term “Saturn ring” to describe the
quadrupolar distortions around drops. Although a surface ring has been pre-
dicted, it is rather difficult to discriminate between these two configurations be-
cause of the limited experimental resolution. It seems to us that the ring does not
sit directly at the surface, at least for the biggest quadrupoles. These floating
quadrupoles can freely contact and coalesce since there is no elastic repulsion
and no surfactant in the system. The coalescing quadrupoles therefore grow in
size but the coalescence suddenly stops when they reach a well-defined charac-
teristic size. We then observe that the Saturn ring shrinks continuously to the
hedgehog defect and transforms into the dipole configuration. The coalescence



Monodisperse Aligned Emulsions from Demixing in Bulk Liquid Crystals 185

Fig. 7. Early stage of the phase separation. The droplets exhibit four bright regions between
crossed polarizers which is characteristic of quadrupolar distortions. All the droplets have the
Saturn or surface ring configuration. System composition: liquid crystal, 96.5%wt; silicone oil
(Fluka), 3.5%wt. Scale bar: 9.9 um

is inhibited as soon as the dipoles form because the companion hedgehog pro-
vides a short-range elastic repulsion as mentioned in Sect. 2. The resultant elas-
tic dipole-dipole interactions between drops lead to the formation of chains in
which the droplet-defect pairs point in the same direction (Fig. 8). The chains
follow the nematic director alignment imposed by the surface treatment. This is
why they are all oriented along a well-defined direction. We stress that the tran-
sition between the Saturn ring and dipole configurations is sharp enough to lead
to remarkably uniform dispersions [2]. Assuming that W is of the order of
5-107%J/m? a typical surface anchoring energy for cyanobiphenyl molecules
and silicone material [32], and that K is of the order of 10 pN [19, 23], we expect
the droplets to have a diameter D close to 4 um, a value very close to that exper-
imentally observed . This rough estimate provides additional support for the de-
scribed mechanism.

From the above considerations, we expect the critical radius R*(=K/W) to
change if either K or W varies. Keeping the same liquid crystal, changing the sil-
icone oil is likely to affect the value of W. This is indeed what is observed with
the Fluka oil. Quadrupoles with diameters approaching 8 pm can be observed;
meaning that W is weaker in this case than with the Aldrich oil. These obser-
vations prove that decreasing W tends to favor the Saturn ring over the dipole
configuration, in agreement with previous experimental [33] and theoretical
works.
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b

Fig. 8. a Elastic dipoles and quadrupoles are easily recognizable between crossed polarizers
since the director distortions regions differ in the two configurations. 1: two quadrupoles
between uncrossed polarizers. 2: the same two quadrupoles between crossed polarizers.
3: dipoles in a chain. Scale bar: 6.3 pm. b Schematic representation of a chain of dipoles

4.4.2
Lateral Repulsion of the Chains

The linear chaining of the particles is reminiscent of other dipolar fluids such as
electrorheological (ER) or magnetorheological (MR) fluids [17, 18]. In such flu-
ids, the particles are polarized by an external electric or magnetic field and be-
have as dipoles subject to an attraction along the direction of the external field.
The particles form long chains parallel to the applied field, exactly like in our ex-
periments. However, a significant difference is observed over long time periods.
In ER or MR fluids, long chains aggregate laterally and assemble into larger
columns [17, 18, 34]. The attractive interaction between the chains is presumed
to arise from thermal fluctuations which develop local concentrations of dipole
moments [34]. In the present experiments, the chains never aggregate laterally
but form perfectly ordered arrays than span the whole surface area of the sam-
ple. The chains remain quite straight and their thermal fluctuations are too
small to be probed using optical microscopy. As mentioned in Sect. 2, the struc-
tures formed due to elastic attractive interactions are stable against thermal
fluctuations. This is maybe the origin of the different behavior observed for ER
fluids and nematic colloids. As aforesaid, there is rather a long-range repulsion
between the chains which sometimes form edge-like dislocation patterns (see
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Fig.6). The details of this lateral repulsion are not known. A simple elastic model
based on a phenomenological approach [31] is unable to gain precise quantita-
tive information on this interaction.

4.5
Kinetic Aspects

This section is devoted to the kinetics of chain formation. Experimental studies
and computer simulations on the irreversible growth of field-induced chains of
dipolar particles, such as ER or MR fluids, suggest an asymptotic power-law be-
havior for the mean cluster size S(t):S(t) « t* where z is the dynamic exponent
[35-39]. In general, z depends on the dimension d of the space as well as on the
nature of the aggregation process. Chain growth in a nematic environment may
be somewhat different from the well-known kinetic growth of ER or MR fluids
because of the anisotropy of the host fluid. However, we can also expect some di-
rect analogies because the coarsening is dominated by the long range attractions
which have been theoretically and experimentally shown to exhibit a dipolar
character. We first present the experimental data for three oil concentrations and
then compare the results with the literature on ER and MR suspensions.

4.5.1
Experimental Results

Three mixtures with weight fractions of silicone oil of 0.01, 0.02 and 0.03 were
prepared. The temperature quenches were performed in the same way as de-
scribed earlier. The kinetic evolution of the phase separation is recorded on
videotapes from which series of digitized pictures taken at different times can
be extracted. The time origin =0 is chosen when the initial coalescence stops
and uniformly-sized drops start to aggregate. In each picture, the mean chain
length, S(¢), is calculated. It is defined as

zkak”k(f) N

S(Hh=-— ="
%nk(t) Nex (1)

(6)

where n,(f) is the number of chains containing k particles, Noy(t) the total num-
ber of chains and N the total number of particles once the initial coalescence
stops. N is not quite constant at the very beginning of chain formation. Small
scattered quadrupolar droplets still exist and coalesce. However, this weakly af-
fects the value of S(1).

Figure 9 shows a log-log plot of S(¢) for the three oil concentrations studied.
The black lines are linear fits to the data and suggest that the chain growth has
a power-law behavior just like in ER fluids. The dynamic exponents range from
0.664 to 0.695, i.e., they do not seem to depend a lot on the oil amount, at least
in the concentration range investigated. Furthermore, since the linear fits
never cover more than two decades in time, we can reasonably consider an
average value z=0.68. Thus, we find that S(¢)e<t*% for a two-dimensional aggre-
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Fig. 9. Log-log plot of the mean chain size, S(¢), as a function of time for three oil concentra-
tions (%wt). The black lines are linear fits. It seems like the data follow a power law with time.
The values of the exponents do not vary much with the oil concentration and approach a com-
mon value of 0.68. Then, S(t)e<t"%, a growth rate slightly higher than that found in most ER
and MR fluids (see text)

gation, a growth rate a bit greater than that found in most ER and MR fluids as
discussed below.

4.5.2
Comparison with ER and MR Fluids

A great number of experimental and theoretical studies as well as computer sim-
ulations have been devoted to the understanding of structural as well as dy-
namic properties of ER and MR fluids [17, 18]. Chain growth kinetics depends,
among other things, on the relative importance of dipolar interactions versus
kgT. For a diffusion-limited aggregation, the temperature in the system is high
enough so that dipolar interactions are weak relative to kT, for particles sepa-
rated by a distance that corresponds to the average distance set by the concen-
tration of the particles. Thermal energy dominates and particles and clusters
diffuse randomly via Brownian motion. However, dipolar interactions are pre-
dominant at short distances; and when two particles come close enough to each
other so that the dipolar interactions are greater than k3T, a transition between
random and ballistic motion occurs and the particles stick irreversibly. Most
of the experimental and theoretical studies presented so far deal with diffu-
sion-limited aggregation. For an isotropic diffusion of the chains in two or
three dimensions, the well-known value of 0.5 is found for z [40, 41]. If the an-
isotropy of the drag coefficients for a moving chain is taken into account, the



Monodisperse Aligned Emulsions from Demixing in Bulk Liquid Crystals 189

simulated reported values of z are close to 0.6 [39], in very good agreement
with the experiments of Fraden et al. [37]. In their numerical simulation, See
and Doi [38] found z=0.4 for an isotropic diffusion of the chains and when di-
polar interactions dominate at all distances over thermal diffusion. Klingenberg
et al. [36] reported values in the range 0.31-0.56 depending on the particle con-
centration.

In the present experiments, the chaining of the particles is entirely dominated
by elastic interactions. The particles and chains do not diffuse randomly but
rather have straight trajectories even when they are several particle diameters
away from each other. Using previous experimental [26] and theoretical [8, 10]
results, we can roughly estimate the strength of the elastic interactions versus
kgT. The long-range dipolar elastic pair potential, U(r,0), between two elastic
dipoles located at r; and r; is given by U(r,0)=CKR*(1-3cos*6)/’r* where r is the
center-to-center distance between the droplets, 6 is the angle between r=r;-T;
and the z-axis, K is the elastic constant of the nematic phase in the isotropic ap-
proximation, and C is a unitless constant ranging from 70 to 300 [26]. Taking
K =10"'"!' N and R=1 um, the distance at which U(r,@)/kBT| =1 in the 6=0 direc-
tion is comprised between 49 pm (C=70) and 79 pm (C=300). This estimate
agrees with the ballistic nature of the observed aggregation since the average
separation between droplets is much smaller in the concentration range of these
experimental studies.

As previously mentioned, the chains seem to grow faster in a nematic host
than in most ER or MR fluids in two dimensions. This behavior might arise from
the anisotropy of the continuous phase itself which facilitates the motion of
anisotropic objects in a particular direction. Since the chains are oriented along
the nematic director, their motion may be easier in this direction rather than
along the perpendicular one. Recent theoretical predictions about a single par-
ticle moving in an aligned nematic [42-44] indeed predict that the droplet
moves more easily along the director alignment rather than along the perpen-
dicular direction. However, the motion of chains of particles has not yet been
theoretically predicted but we can intuitively expect a similar tendency for
them.

5
Application of an External Electric Field

In this section, we discuss the behavior of liquid crystal suspensions under the
action of an external electric field. The behavior of colloidal suspensions in elec-
tric fields is of considerable technological interest with the so-called Electro-
Rheological (ER) fluids [17, 18]. The main features of this behavior are now
rather well understood. When an external field is applied, particles suspended in
an isotropic fluid become polarized. Resultant dipole-dipole interactions be-
tween the particles lead to their chaining along the direction of the applied field.
When suspended in a liquid crystal host, colloidal particles are also expected to
be polarized upon the application of an electric field. However, new phenomena
may take place because of the specific response of the liquid crystal. In this case,
the external field is likely to alter the distortions of the liquid crystal alignment
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around the particles. These distortions induce elastic interactions between the
particles and therefore play a crucial role in their stability and the formation of
particular structures. In the absence of any external field, we know, from Sects. 2
and 4, that elastic distortions in a nematic liquid crystal can have dipolar or
quadrupolar symmetry depending on surface boundary conditions and droplet
size. Different kinds of distortions and symmetries lead to completely different
behaviors and structures. It is thus of critical importance to determine how the
electric field affects the distortions around the particles. From a theoretical
point of view, Stark has predicted that an elastic dipole could be transformed
into the quadrupolar Saturn ring configuration in the presence of an electric
field [11]. Experimentally, Gu and Abbot, using cylindrically confined samples,
have recently observed stable Saturn rings in the absence of a field and the ex-
pansion of the ring when the field is applied [45]. Nevertheless, the transition
predicted by Stark was not observed in these experiments. Here, we focus on
more recent experimental results which agree with Stark’s theoretical predic-
tions [16]. These experiments were performed in emulsions obtained from bulk
demixing in liquid crystals as described in the previous sections. The systems
used have a planar geometry, which may explain the differences from Gu and
Abbot’s experimental observations.

5.1
Elastic Dipole to Elastic Quadrupole Transition

The system we are interested in still consists of the binary mixture E7/silicone
oil (Alrich or Fluka). As before, the experimental systems are all prepared by a
thermally induced phase separation of this mixture. The experiments are per-
formed in thin glass cells fitted with 50-pm-thick spacers which served as elec-
trodes. Their spacing is 1 mm and the field is applied in the plane of the cell. As
the phase separation proceeds, it is possible to focus on an isolated particle be-
fore it interacts with its neighbors. We are primarily interested in the behavior
of the dipoles in the presence of a field. If a high electric field (3-4 V/um) is ap-
plied along the axis of an isolated elastic dipole, we observe a transition from the
dipole to the quadrupole. Figure 10a shows the dipole point defect opening up
into an equatorial ring which consists of a -1/2 disclination [19]. This opening is
very quick and lasts less than a second (see Fig. 10b). It corresponds to a discon-
tinuous transition between the dipole and the quadrupole and occurs only
above a certain threshold field, E5, which depends on the droplet size as well as
on the anchoring strength [16]. These observations are in qualitative agreement
with the simulations made by Stark [11]. Interestingly, a similar transition has
been reported when an electric field is applied to nematic droplets suspended in
isotropic phases [46]. A hedgehog defect located at the center of the drop loses
its stability in the presence of the field and transforms into a ring at the surface
of the drop.

While the field is on, the Saturn ring configuration is maintained and appears
to be the most stable configuration in the presence of the field. However, when
the field is turned off, the ring continuously shrinks back to the hyperbolic
hedgehog defect within a time scale of a few tens of seconds on average [47]. This
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Fig. 10. a Dipole to quadrupole transition in the presence of an electric field E, applied along
the dipole axis. The pictures were taken between crossed polarizers and the schematics below
each picture show the associated director distortions. Drop diameter: 8 um.b Sequence of im-
ages illustrating the opening of the hedgehog defect into a disclination ring: 1 dipole; 2 right
after the opening; 3 off-centered ring; 4 Saturn ring. Black arrow: applied field direction. The
black digits on each picture indicate the time in seconds. Scale bar: 7.6 um

relaxation phenomenon, which is illustrated on Fig. 11, is hence much slower
than the defect opening. The ring closing velocity is not constant but strongly in-
creases whilst approaching the hedgehog defect [47]. In the absence of field, the
dipole configuration is always recovered. This observation suggests that the di-
pole is actually stable against the quadrupole in these experimental conditions.
Moreover, this behavior shows that the predicted metastability barrier between
the two configurations is weak or does not even exist in the present experiments
[10,11]. From these experimental data, it is possible to estimate the energy dis-
sipation numerically during the ring relaxation. Within appropriate approxima-



192 ].C. Loudet, P. Poulin

Fig. 11. Series of pictures showing the ring defect relaxation once the electric field has been
turned off. 1 Saturn ring; 2 and 3 intermediate configurations; 4 dipole. Drop diameter: 35 pm

tions, this energy is expected to be directly related to the previously calculated
Frank elastic free energy when going from the quadrupole to the dipole. The cal-
culation yields to a reduced dissipated energy E = E/mKR_ranging from about
10 to 14 [47] while the reduced Frank energy variation, AF = AF/iKR (K is the
nematic elastic constant and R the particle radius), is expected to be close to 2
[10,11,13].

5.2
Elastic Quadrupolar Repulsion

At the very beginning of the phase separation, we saw that the droplets exhibit
the Saturn ring configuration. The system is strongly unstable since these float-
ing quadrupoles attract one another due to attractive elastic interactions and
freely coalesce. Application of a weak electric field E; (E,<1 V/um) at this mo-
ment polarizes the droplets and induces electrostatic dipole-dipole interactions
between the quadrupoles which assemble into chains; exactly like in ER fluids.
In those chains, the vector joining the centers of two drops, r, is parallel to the di-
rector alignment far from the drop. In such a configuration, theory predicts that
the quadrupoles experience an elastic repulsion [4, 7]. This is indeed verified ex-
perimentally. There is a competition between the attractive electrostatic force,
which forces the drops to come in close contact, and the repulsive elastic force,
which tends to drive them apart. This elastic repulsion is clearly evidenced on
the sequence of images of Fig. 12. On picture a, the quadrupoles are close to one
another but they do not touch each other. When the electric field intensity is de-
creased, these quadrupoles begin to move away from each other because of the
elastic repulsion. For these field values (reported in Fig. 12), the elastic repulsion
balances the electrostatic attraction. For each field value E, an equilibrium dis-
tance between drops is fixed by the condition F,, ;. = —F,jociro- It is then possible
to directly measure this elastic quadrupolar repulsion by measuring the center-
to-center distance r between two drops of a chain for each E,. A typical force pro-
file is presented in Fig. 13. This graph illustrates how elastic quadrupoles actu-
ally repel each other when they are oriented in this configuration. On the y-axis
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Fig. 12. Evidence of the elastic quadrupolar repulsion. When the field intensity decreases, the
droplets begin to be driven apart. The digits below each picture indicate the values of E; in
V/um. Scale bar: 6.3 um
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Fig. 13. Quadrupolar elastic force F,, ;><E3/r* as a function of the center-to-center distance r
in the presence of an electric field. The force profile is repulsive and steeper than a long-range
prediction in the absence of field (inset). A power law fit leads to a scaling close to 1/7° (solid
line)
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of this graph, the quantity E/r* corresponds to the electrostatic force expression
between two aligned electrostatic dipoles [36]

D 4
Eelectro = 2'FO (7) (7)

with Fy=3mge, D’ Ej/16 and B = (¢g,-¢,)/(g,+2¢,). D is the diameter of the drops,
& the permittivity of free space and ¢, the permittivity of the silicone oil parti-
cles. As a first approximation, we set 5= ¢, where g, is the mean dielectric con-
stant of the liquid crystal [23]. Therefore, we deduce R*(= K/W). Taking £,=2.24
[Aldrich source] and ;,-=8.7 [48], a crude estimate of the repulsive elastic inter-
action leads to force values around a few pN.

We stress that, in the absence of field, the system is highly unstable since the
quadrupoles freely coalesce. Thus, the reported observations lead to the sur-
prising conclusion that initially unstable particles can be stabilized by applica-
tion of an electric field, provided that the particles are driven in a particular di-
rection along which they repel each other. In classical isotropic fluids, the elec-
tric field would tend to destabilize the system following an attraction and a
subsequent coalescence of the drops.

In the absence of a field, previous theoretical predictions based on a long-
range calculation predicted that the elastic quadrupolar repulsion force should
follow the power law F,,;0,o<1/7° [4,7]. Under the present experimental condi-
tions, i.e., in the presence of an electric field, we observe a steeper repulsion as
shown by the log-log plot in the inset of Fig. 13. Two reasons might explain the
discrepancy between the experimental measurements and the theory. First,
since the electric field is likely to distort the ordering of the liquid crystal mole-
cules in the vicinity of the drops, the measured quadrupolar repulsion may in-
trinsically depend on E,. Second, short-range effects, not considered in the the-
oretical approach, may come into play in the experiments. Indeed, the maximum
measured separation between two drops is of the order D.

Let us now consider again picture a in Fig. 12.If E, is increased to values rang-
ing from 2-3 V/pm, we observe that the quadrupoles come into contact and can
coalesce despite the elastic repulsion evidenced above. Indeed, for these field
values, the attractive electrostatic force completely overwhelms the elastic re-
pulsion force which eventually leads to a one-dimensional coalescence of the
drops as shown in Fig. 14. Thus, the system is again unstable in the presence of
high electric fields. Depending on the field intensity, we can then control the
droplet coalescence and thereby their size.

6
Conclusion

The results reported in this paper demonstrate that colloidal dispersions in ther-
motropic liquid crystals are challenging systems for discovering and studying
new physical effects and structures. The anisotropy of the continuous phase
leads to the observation of phenomena that are markedly different from that
known in isotropic solvents. We have shown that a thermally induced phase sep-
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Fig. 14. For E;>1 V/um, the electric field dominates the elastic repulsion and the quadrupoles
are forced to coalesce within the chains. Scale bar: 14.1 pm

aration of a binary mixtures containing a liquid crystal solvent and an isotropic
oil, do not lead to full phase separation. In a nematic liquid crystal, the mixture
self-stabilizes and self-organizes into highly ordered arrays of monodisperse
colloidal droplet chains. In such systems, the size and spatial organization of the
particles are controlled by the orientational elasticity and the topological defects
of the continuous phase. We have also discussed the basics of the influence of an
external electric field on these systems. The observed behaviors originate from
the specific response of the liquid crystal to the applied field which alters the ori-
entation of the molecules. Among the most striking results, we first described an
electric field-induced transition between an elastic dipole and an elastic
quadrupole; followed by a relaxation phenomenon once the field is switched off.
Surprisingly, we have seen that it is possible to stabilize an initially unstable dis-
persion by applying an electric field, a behavior in marked contrast to that of
isotropic dispersions.

Monodispersity, spatial ordering and absence of coalescence from phase sep-
arations in liquid crystals provide new and potentially helpful tools for the de-
sign of ordered composites and functional materials. The unusual behaviors of
inclusions in the presence of an electrical field could also be useful for the de-
velopment of a new class of field-responsive fluids. To practically estimate the
potential of these systems for future applications, it is now time to start explor-
ing the physical properties of these materials. Little is still known about their op-
tical or rheological properties. They will presumably differ from that of classical
emulsions; opening thereby the possibility for the development of novel emul-
sion applications.
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The self-organized templates that form in surfactant solutions can direct the synthesis of or-
ganic polymers. Several examples of such syntheses are reviewed here, beginning with dis-
cussion of the use of surfactant vesicles to guide the formation of spherical polymer shells.
This process can produce a variety of morphologies including, under certain conditions, the
desired shells. Microemulsions, defined as equilibrium microstructured fluids containing oil,
water, and surfactant, can be used to produce latex dispersions of high molecular weight poly-
mers having a relatively narrow size distribution. The experimental and theoretical aspects of
this process are now fairly well understood and are summarized. Finally, recent efforts to use
lyotropic phases to template polymers are reviewed. For each of these morphologies, the final
product materials reflect a delicate balance between phase behavior and the reaction and mass
transfer parameters controlling structure formation during template synthesis.
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1
Introduction

Self-organization is a general and important natural principle guiding the struc-
turing of materials, and describes spontaneous arrangement into states of
higher order. Depending on the range of interactions and the size of the build-
ing blocks the length scales of self-organization range from angstroms to light
years. On the nanometer scale, examples of self-organization abound in surfac-
tant solutions, where the surfactant molecules arrange spontaneously into or-
dered aggregates, such as micelles, vesicles, or lyotropic mesophases. Such self-
organized surfactant solutions are an excellent media for templated synthesis of
nanostructured materials.

The most general definition of a template is as a structure-directing agent. In
surfactant solutions the final templated polymers can be either discrete nano-
particles or mesostructured bulk materials as a consequence of polymerization,
respectively, in the non-continuous or continuous domains of the template.
Thermodynamically stable media, such as microemulsions, equilibrium vesi-
cles, or lyotropic mesophases are especially useful as templates because of their
structural definition and reproducible morphologies. The mesostructure of a
thermodynamically stable template is defined by composition and temperature,
but this same feature makes the structure unstable to changes in temperature,
pH, or concentration. The aim of template synthesis is to transfer the self-orga-
nized template structure into a mechanically and chemically stable, durable,and
processable material.

Two classes of templating can be distinguished. The first class is direct
templating, which means that the morphology and length scale of the tem-
plated polymer is retained during the course of reaction. If the self-organizing
species is itself polymerized, the result is a cured template. This direct templat-
ing is called synergistic synthesis. If instead the reaction is caused by poly-
merization at the surface of the assembly, a one-to-one replica is obtained
by a process called transcriptive synthesis [1]. The second broad class, indirect
templating, involves structuring of matter without retention of the parental
template structure. Here the template directs the growth of the polymer with-
in a confined geometry in a process called reconstructive synthesis. Mater-
ials templated indirectly are usually ordered on a larger length scale than the
template. The following discussion provides examples of synergistic, transcrip-
tive, and reconstructive synthesis by polymerization within thermodynami-
cally stable, self-organized media. Such materials have many potential applica-
tions.

2
Templating from Vesicular Solutions

Vesicles form when a surfactant bilayer encapsulates an aqueous core (Fig. 1).
The microstructure resembles that of a biological cell in which the plasma mem-
brane has been replaced by a surfactant bilayer. These structures can form either
spontaneously or as a result of shear or other processing of lamellar liquid crys-
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several um’s
~25-250 nm

b

Fig. 1a,b. Schematic of vesicle architectures: a unilamellar vesicle, typical radii range from 25
to 250 nm, bilayer thicknesses are about 2-4 nm; b multilamellar vesicle, composed of several
concentric surfactant bilayers surrounding an aqueous core

talline phases. Typical dimensions for the bilayer thickness are 2-4 nm and the
vesicle diameter can range from 20 nm to over 250 nm.

The nomenclature used to describe vesicular structures is sometimes vari-
able, but the following definitions are used here. The term “vesicle” is restricted
to the unilamellar vesicle (ULV) architecture depicted in Fig. 1a. Liposomes are
vesicles formed from biologic surfactants such as lecithin and cholesterol, and
were first studied by Bangham et al. over 35 years ago [2]. Multilamellar vesicles
(MLVs or “onion” phases) consist of multiple surfactant bilayers forming con-
centric shells around an aqueous core (Fig. 1b). MLV are generally much larger
than ULVs, and can be as large as several microns.

2.1
Polymerization and Vesicle Phases

Polymerization offers an approach to making vesicle formulations suitable for
applications. The major benefits of polymerization include increasing the chem-
ical-mechanical strength of the vesicle architecture, and the potential for per-
forming subsequently a variety of reactions to create a highly functionalized
surface. The most common approach to polymerization in vesicles is to use
polymerizable surfactants (Fig.2a). The use of polymerizable surfactants is best
described as the polymerization of vesicles or fixation of vesicles, and so is a
synergistic template synthesis. Typically, unsaturated biological surfactants
have been specifically synthesized for these types of polymerizations, and there
are a number of excellent reviews of this subject [3-6].

An alternative to the polymerization of vesicles with polymerizable sur-
factants is the polymerization in vesicles, or vesicle templating, in which a
hydrophobic monomer swells the surfactant bilayer and is subsequently poly-
merized (Fig. 2b). In this case the vesicle is used like a mold that directs the poly-
merization process, and the surfactant molecules themselves are not incor-
porated into the final polymer. This is a transcriptive synthesis. The polymeric
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2. “Fixed” Vesicle

b 1. Vesicle 2. Monomer Swollen 3. Hollow Polymer
Vesicle Sphere with Surfactant

Fig. 2a,b. Templating vesicles: a vesicle-forming polymerizable surfactants are fixed into
place by polymerization (synergistic approach); b a hydrophobic monomer swells the interior
of a vesicle bilayer and is subsequently polymerized to form a hollow polymer shell (tran-
scriptive approach)

properties could ideally be controlled through careful monomer selection, so
that hydrolysable, charged, or cross-linked polymers could be made. Following
polymerization, the polymer shells can be isolated from the templating surfac-
tants and modified further to suit the needs of a particular application.

2.2
Approaches Toward Vesicle Templating

A myriad of polymerization conditions have been employed to polymerize
monomers held in vesicle bilayers. Research groups have claimed both success
and failure of morphosynthetic templating in these studies — even for nearly
identical reaction conditions!

At least five groups have attempted polymerization in vesicles [7-11]. Perti-
nent experimental conditions, results, and appropriate references are summa-
rized in Table 1. The polymerized morphologies observed are hollow polymer
shells, “parachutes”, “matrioshka” structures, and “necklaces” as shown in Fig. 3.
(“Matrioshka” refers to the concentric sphere morphology that resembles the
nesting Russian dolls bearing the same name.) Structures of the surfactants and
monomers used in the experiments are shown in Fig. 4.
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Fig. 3. Polymer morphologies obtained by vesicle templating: Hollow polymer spheres (top
left) [24], parachutes (top right) [18], necklaces (bottom left) [17], and matrioshka structures
(bottom right) [17]. Adapted with permission from [17, 18, 24]

Hollow polymer shells result when the monomer initially swells the surfac-
tant bilayer and reacts rapidly to form a polymer shell. For a polymer shell to
form, no significant polymer or monomer rearrangement can occur during the
polymerization. All five groups have claimed success in forming hollow polymer
spheres [7-11]. The most complete studies are from German et al., although
more recently this group has concluded that hollow polymer shells did not re-
sult from any of their polymerizations, in contrast to their first report [12-22].
These authors propose that phase separation of polymer from the vesicle tem-
plate is ubiquitous.

Parachutes, matrioshka structures, and necklaces result when the polymer
phase separates from the surfactant bilayer during or after the polymerization
process. Two mechanisms have been proposed to describe this phenomenon:
polymer rearrangement and preferential polymerization [12]. Polymer re-
arrangement occurs when growing or terminated polymer molecules initially dis-
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Fig. 4. Surfactants (fop) and monomers (bottom) used for vesicle templating. See Table 1 for
experimental conditions

tributed throughout the surfactant bilayer migrate to each other and coalesce due
to unfavorable polymer-surfactant bilayer interactions. Preferential polymeriza-
tion occurs when a locus of polymerization develops (presumably by radical en-
try or initiation) and the growing polymer is swollen by monomer. In this case,
monomer diffuses to the polymerization site due to favorable polymer-monomer
interactions and less favorable monomer-surfactant bilayer interactions.

Either or both mechanisms may be responsible for phase separation. Table 2
summarizes the anticipated effect of various polymerization conditions on
polymer phase separation. Cross-linking monomers coupled with polymeriza-
tion rates fast relative to lateral polymer diffusion are obvious ways to combat
phase separation caused by polymer aggregation. Anchoring the growing poly-
mer chains by employing polymerizable surfactants is also an alternative that
should slow lateral polymer diffusion and thereby suppress phase separation.
Similar approaches govern some of the features of microemulsion polymeriza-
tion discussed below.

Suppressing phase separation in the case of preferential polymerization is
difficult. Choosing surfactants with favorable interactions for the chosen
monomers may decrease the driving force for monomers to leave the vesicle bi-
layer and swell the growing polymer radicals. Again, increasing the polymeriza-
tion rates and cross-linking should also discourage phase separation. Other fac-
tors likely to influence phase separation include the polymer and vesicle bilayer
glass or gel transition temperatures since the relative fluidity of both the bilayer
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Table 2. Anticipated affect of experimental conditions on polymer phase separation and ref-
erenced experimental results

Condition Anticipated effect ~ Actual observation

on polymer phase

separation
Cross-linking monomers Suppress Hollow shells [8, 10, 11, 25], brocolli

parachutes [14], and necklaces [16]

Fast polymerization rate Suppress Necklaces/raspberries [15,17]
Polymerizable surfactant Suppress Hollow shells and necklaces [16]
anchoring
Improve surfactant-monomer Suppress Hollow shells [9, 10] and necklaces
interaction using alkyl mono- [12,15,17]
mers/surfactants
Improve surfactant-monomer Suppress Hollow shells [11, 16, 24]
interaction using aromatic
monomers/surfactants
Raise temperature/decrease Encourage Parachutes/complete phase
polymer T, separation [20]
Raise temperature/decrease Encourage Complete phase separation [17]
surfactant bilayer T,
Decrease temperature Suppress Necklaces [15]
Initiation mechanism Unclear Wide variety of structures includ-

ing matrioshka [15,20]

and polymer domains will affect the lateral diffusion of both monomer and
polymer molecules. Manipulation of the reaction temperature (e.g., for thermal
initiation) around this transition temperature could drastically affect the trans-
port properties of the growing polymer and surfactant bilayer.

Distinguishing phase-separated morphologies from polymer shells experi-
mentally is not trivial, and several complimentary techniques are generally re-
quired to ascertain fully the polymer morphology that results from polymeriza-
tion. Simply measuring the hydrodynamic diameter by quasielastic light scat-
tering (QLS), for example, is not sufficient to distinguish between hollow
polymer shells or parachutes since the apparent hydrodynamic diameters of
both structures can be identical. Even measurement of trans-bilayer and lateral
diffusion rates with fluorescent probes can lead to erroneous conclusions about
the particle morphology as described by German et al. [20].

The utility of cryo TEM is clear in obtaining a qualitative image of the appar-
ent vesicle morphology in aqueous dispersions (Fig. 3). This technique avoids
artifacts of drying (e.g., aggregation) that regular TEM methods require and
allows characterization of aqueous dispersions in their native state. Scattering
techniques compliment TEM techniques by yielding statistically meaningful
information about the population as a whole.

Murtagh and Thomas made the first attempts to polymerize a hydrophobic
monomer in surfactant vesicle bilayers [7]. These authors primarily relied on
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QLS and electron microscopy to monitor particle diameters and fluorescence
spectroscopy to measure both trans-membrane and lateral diffusion in the vesi-
cle bilayers before and after polymerization. The authors concluded that hollow
polymer shells were formed based on an apparent decrease in the lateral diffu-
sion rate of a probe molecule. No changes in the vesicle diameter or gel transi-
tion temperature were observed following polymerization, but it is not clear
from the data that phase separation was avoided. German et al. described simi-
lar fluorescence results in their phase-separated parachute samples and suggest
that the hydrophobic pyrene probe used for lateral membrane diffusion studies
is compartmentalized in the polymer latex beads of parachute aggregates [20].
Thus, measurement of the lateral diffusion rate with pyrene is not sufficient ev-
idence that hollow polymer spheres have been synthesized. Murtagh and
Thomas did not show electron micrographs or use scattering techniques to in-
dicate their polymer structures are hollow, and the QLS measurements simply
show that the outermost dimension of the vesicles is not altered by polymeriza-
tion.

Nakache et al. attempted the polymerization of isodecyl acrylate (ISODAC) in
anionic sodium di-2-ethylhexyl phosphate (SEHP) vesicles [9]. QLS and freeze
fracture TEM were used to characterize the morphologies and no polymer
phase separation was reported. Entrapment of hydrophobic moieties was possi-
ble in the polymerized vesicles, but hydrophilic moieties could not be en-
trapped. Polymerized vesicles were apparently more temperature stable than
unpolymerized structures and the addition of electrolytes induced polymer
precipitation.

QLS and freeze fracture TEM may not be capable of differentiating between
parachutes and hollow polymer spheres. QLS only measures the outermost ag-
gregate dimension and neither QLS or freeze fracture TEM can distinguish sur-
factant aggregates from polymeric ones. Freeze fracture micrographs of either
the vesicle template or polymeric product only depict the structure of the sur-
face of an aggregate (i.e., typically they are images of the interface between the
aggregate and the external water domain). Freeze fracture images of parachutes
containing relatively flat latex beads would appear quite similar to those of vesi-
cle templates without polymer. Additionally, it is possible that the latex bead of
a parachute may lie outside of the plane along which the fracture is generated
and thus be obscured from view in a freeze fracture TEM image.

Probe diffusion rates observed from parachutes or hollow polymer spheres
may be indistinguishable since the probe could be bound in either a polymer
bead or polymer shell with similar release characteristics. For example, only hy-
drophobic probes could be trapped in the polymerized vesicles synthesized by
Nakache et al. Here, “trapping” refers to a decrease in the rate of probe release
after vesicle polymerization. The trans-membrane diffusion rates of hydrophilic
probes should decrease following polymerization if a polymer shell is success-
fully formed in the surfactant bilayer. Nakache et al. only observed a decrease in
the trans-membrane diffusion rate of hydrophobic probes. This is important
since the hydrophobic probe may be released from both hollow polymer spheres
and polymer latices with similar release kinetics. Again, caution should be
taken, as already shown by German et al. [20] in the case of the fluorescence
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studies, since diffusion rate data interpretation and particle morphology are
inherently coupled.

The increased temperature stability of the polymerized vesicles is, however,
stronger evidence suggesting that complete phase separation has not occurred
in the particles synthesized by Nakache et al. In a later paper [23], the authors
noted that only a fraction of the vesicles appear to polymerize. If the monomer
is evenly distributed among all the vesicles initially, one could expect monomer
from non-reacting vesicles to diffuse to vesicles containing a growing radical,
much like a typical emulsion polymerization experiment in which growing rad-
icals in micelles are fed by monomer droplets.

Kaler et al. have attempted polymerization of styrene and divinyl benzene in
catanionic vesicles that form spontaneously [11]. The polymer particles formed
have been characterized with QLS, AFM, cryo TEM, and SANS. Each step of the
polymerization process was characterized from the initial vesicle template to
the monomer-swollen vesicles, and finally to the polymer product. The polymer
spheres were isolated from the templating surfactants by methanol dialysis and
completely dried. Redispersion of the hollow polymer spheres was facilitated
either by sulfonating the aromatic rings of the cross-linked polystyrene to pro-
vide electrostatic stabilization, or by the addition of non-ionic ethoxylated alco-
hol surfactants to provide steric stabilization to the otherwise hydrophobic par-
ticles [24]. Even the re-dispersed particles appear hollow by cryo TEM and SANS
measurements [25]. The size of the polymer spheres measured with QLS was in-
dependent of concentration, while the sizes of unpolymerized vesicles changed
with concentration. Electrolyte addition destroyed surfactant vesicles and
caused precipitation of the polymer particles,as Nakache et al. also observed [9].
Addition of the surfactant, Triton X-100, destroyed unpolymerized vesicles com-
pletely and yielded a clear solution. The polymerized solutions remained stable
and exhibit the Tyndall effect with the addition of Triton X-100 (e.g., the disper-
sions scattered blue light due to Rayleigh scattering) [26]. The highest polymer
molecular weights measured (2600 monomer units/chain average) were re-
ported in these studies with polystyrene [11]. These are the only reports of vesi-
cle templating using a spontaneously forming vesicle system composed of
cationic and anionic surfactants.

Hotz and Meier polymerized butyl methacrylate (BMA) with ethylene gly-
col dimethacrylate (EGDMA) in dimethyldioctadecylammonium chloride
(DODAC) vesicles [10, 27]. This group also concluded that hollow polymer
spheres formed and characterized the structures with QLS, SEM, AFM, and
confocal laser scanning microscopy. Isolation of the polymer spheres was per-
formed by repeated precipitation of the polymer in methanol and re-dispersion
in tetrahydrofuran (THF). An enormous increase in the vesicle bilayer thick-
ness was observed from 3-5 nm in the surfactant vesicles to 200-300 nm for the
polymer shells. This type of increase in shell thickness is explained by vesicle
shrinkage, but could also be explained by only a fraction of vesicles polymeriz-
ing. Particles were apparently broken by shear between two glass plates and im-
aged by SEM to demonstrate their hollow nature. These particles are quite large
(at least 100 pm in diameter) and only pictures of single particles have been
published.



208 H.-P. Hentze et al.

German et al. have reported the most complete study of polymerization in
vesicles. They have systematically investigated polymerization in and of vesicles.
This group has carefully characterized the morphologies resulting from the
polymerization of a variety of monomers in several surfactant systems. With the
exception of their first publication in this area [8], their characterization results
clearly demonstrate that phase separation occurs for nearly every set of poly-
merization conditions attempted. The authors conclude from these observations
that phase separation in one form or another is a general phenomenon of poly-
merization in vesicles.

One of the exceptionally useful aspects of this group’s work is not only the
wide variety of monomers and polymerization conditions attempted but also
the wide variety of characterization methods employed. Like Kaler et al., this
group has characterized the initial surfactant vesicle template, the monomer-
swollen vesicles, and the final polymeric product. Particular attention was paid
to the effect of monomer and polymer on the surfactant bilayer properties. Cryo
TEM experiments revealed subtle changes in the vesicle morphology, which
were investigated further with micro DSC experiments [21].

A number of other aspects of polymerization in vesicles studied system-
atically by this group include initiation chemistry, cross-linking, monomer-sur-
factant compatibility, polymerization kinetics, and incorporation of polymeriz-
able surfactants. Although phase separation was observed under all conditions,
the degree of the phase separation appears to depend heavily on each of these
polymerization conditions in a surprisingly intuitive way.

Incorporation of monomers with similar characteristics to the hydrophobic
tails of the surfactants involved (typically alkane chains of DODAB and DMPC)
tends to suppress phase separation somewhat, and results in either multi-poly-
mer bead aggregates (e.g., necklaces) or parachutes containing an elliptical
rather than a spherical latex bead. Copolymerization of butyl methacrylate with
ethylene glycol dimethacrylate in DODAB vesicles resulted in polymer neck-
laces where the polymer beads appear randomly dispersed in the vesicle bilayer
[15] in contrast to the polymer shells observed by Hotz and Meier [10] for the
same reaction in DODAC vesicles. Similarly, polymerization of octadecylacry-
late, another straight-chain monomer, in DODAB vesicles produced parachutes
with extremely ellipsoidal polymer beads in contrast to the rather spherical
beads observed commonly for the polymerization of aromatic monomers such
as styrene in DODAB [12]. Presumably these differences are caused by an in-
creased compatibility between the surfactant bilayer and the monomer chosen.

Polymerization of divinyl benzene in DODAB vesicles also resulted in phase
separation where “broccoli parachutes” were observed [15]. The latex beads in
these cases appear as clusters of fuzzy latex particles. Phase separation appears
to be slightly suppressed by the cross-linking, but the incompatibility of the
aromatic monomer with the surfactant bilayer apparently dominates the final
morphology as phase separation is obvious. Interestingly, when the alkyl chain
surfactant is replaced with an aromatic polymerizable one, phase separation is
completely suppressed [16]. With the A1 and A2 surfactants illustrated in Fig. 4,
German et al. were able to successfully copolymerize styrene and divinyl ben-
zene. The authors concluded that using a polymerizable amphiphile is a prereq-
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uisite for successful vesicle templating (i.e., avoiding phase separation). The
introduction of these surfactants not only potentially anchors the growing poly-
mer chains, but also increases the compatibility of the surfactant bilayer and the
monomers used as they now both contain aromatic rings. It is unfortunate that
experiments with a non-polymerizable aromatic surfactant vesicle system and
divinyl benzene were not attempted. This would most directly compare to the
successful polymerization of styrene and divinyl benzene in the catanionic
vesicles investigated by Kaler et al. where both of the surfactants used contain
aromatic rings [24].

The local concentration of monomer at the polymerization locus has also
been estimated by German et al. using pulsed excimer laser polymerizations
(PLP) [22]. The estimated local concentration of monomer at the polymeriza-
tion site was relatively independent of the monomer loading, varied linearly
with the vesicle size, and was inversely proportional to the temperature. Larger
vesicles tended to have the highest local monomer concentrations at the poly-
merization site, and the authors suggested this is related to the extra room avail-
able for the polymer bead to swell with monomer. The inverse temperature de-
pendence is unexpected. The solubility of the monomer in the aqueous phase
and the bilayer presumably increases with temperature, resulting in a decrease
in monomer at the reaction locus. If the monomer is more evenly distributed
throughout the vesicle instead of concentrating at the reaction site, phase sepa-
ration should be suppressed. Cryo TEM indicates, however, that phase separa-
tion was most obvious at higher reaction temperatures, and in this case the
polymer latex beads were often completely ejected from the vesicle template.

The number of estimated polymer chains for a 55-nm latex bead in these
parachute morphologies was 19,000 with M;=2850 [20]. This number is much
larger than the estimates of others of the number of polymer molecules in their
own polymeric products [11].

Finally, the “matrioshka” structures observed by German et al. are perhaps
the most surprising and intriguing. Their formation appears connected with the
use of ionic initiators and monomers like V-50 and (3-methacryloylamino)-
propyl trimethylammonium chloride respectively. A uni-vesicular transition
process resulting in these structures has been proposed [13]. It is surprising that
such a subtle change in the reaction conditions can cause such a dramatic mor-
phological change.

23
Templating Vesicles — Concluding Remarks

Of all the characterization methods employed to study the morphologies of
polymerized vesicles, cryo TEM is perhaps the most powerful. SEM, freeze frac-
ture TEM, QLS, and probe diffusion studies alone cannot adequately distinguish
between the polymer morphologies that have been proven to occur such as be-
tween hollow polymer shells and phase separated polymer-vesicle systems.
Characterization of polymer isolated from the templating surfactant by pre-
cipitation, vesicle lysis, or solvent washing/dialysis are other methods to charac-
terize unambiguously the resulting polymer morphologies. The surfactant-in-
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duced vesicle lysis experiments (e.g., with Triton X-100) are a rapid and simple
way to separate potentially latex particles from unpolymerized vesicles by mi-
cellizing any fragile surfactant structures. QLS can then be used to measure the
approximate hydrodynamic diameter of the remaining rigid polymerized
spheres (latex or hollow shells). The addition of electrolytes also destroys vesi-
cles, but this technique generally causes the polymer to precipitate, making sub-
sequent characterization more difficult.

Success in vesicle templating depends on control of reaction kinetics,
monomer partitioning, membrane and polymer fluidity (T, vs polymerization
temperature), the use of cross-linking monomers, and anchoring polymerizable
monomers. In practice, phase separation of the newly forming polymer and the
surfactant bilayer has been observed under a variety of conditions. The extent of
phase separation appears to follow intuitive guidelines, with the compatibility of
the monomer and polymer with the surfactant of central importance.

All the observed morphologies (including the phase separated parachutes
and necklaces) are potentially useful in a variety of applications. German et al.
have proposed that necklaces composed of a variety of different polymeric
beads could be useful as controlled release materials [20]. Most importantly, the
implications of polymerization in vesicles can reveal more about the funda-
mental properties of vesicles as well as provide information about polymeriza-
tion reactions in confined media.

3
Microemulsion Polymerization

Microemulsions are thermodynamically stable mixtures of water, oil, and sur-
factant that exhibit either a discrete droplet or bicontinuous structure on the
length scale of nanometers. The simple nature of microemulsions or swollen mi-
celles makes it easier to study the details of monomer/polymer/surfactant inter-
actions and the importance of nucleation and monomer transport processes
than is the case for reactions in lyotropic phase structures. Polymerization is ini-
tiated using the same free-radical sources used in vesicle and liquid crystalline
template polymerizations, but usually only a very small fraction (~1/1000) of the
micelles are initiated and grow into polymer particles [28]. The resulting poly-
mer particles are typically much larger than the original microemulsion
droplets. Thus such syntheses are reconstructive morphosyntheses. Monomer
partitioning between polymer particles and the uninitiated micelles via diffu-
sion through the aqueous phase plays an important role in controlling polymer
particle formation and growth.

3.1
Factors Determining Polymer Growth: Monomer Partitioning, Swelling Behavior,
and Side Reactions

Mechanically, surfactant monolayers are insufficiently rigid to restrict polymer-
ization and preserve the original micelle size. Typical surfactant lifetimes on a
micellar surface are on the order of microseconds, which are short relative to the
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milliseconds required for adding a monomer unit to the radical end of a poly-
mer [29]. Instead, the microemulsion “template” exerts significant thermody-
namic control over the outcome of the polymerization via monomer/surfactant
interactions that limit the concentration of monomer in the polymer particles.
SANS measurements of monomer partitioning between polymer particles and
monomer-swollen micelles show that the monomer concentration profile in the
polymer particles over the course of polymerization depends strongly on the
properties of the starting microemulsions (Fig.5) [30]. As the initial mi-
croemulsion approaches the phase-boundary, the concentration of monomer in
the polymer particles increases and the concentration profile becomes more
non-linear.

The solid curves in Fig. 5 are the results of a thermodynamic analysis based
on a Flory-Huggins model for the interaction between the monomer and poly-
mer and a phenomenological curvature energy model to describe the chemical
potential of the monomer in the micelle [30].

80
60 |
3
Q
£ O
£
£
E 40 |
]
:
O
X O
= O
S O Q@o
O
20 | O o
O A
O O o
O
O
O
0 T — T T T T T T T LA S T | B EB
0 20 40 60 80 00

Conversion (%)

Fig. 5. SANS measurements of monomer volume fraction in polymer particles over the course
of styrene microemulsion polymerizations at 60°C [30]. Microemulsions consist of 12 wt%
dodecyltrimethylammonium bromide surfactant in D,0 and (circles) 3 wt%, (squares) 5 wt%,
and (triangles) 7.5 wt% monomer on a surfactant-free basis
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For this particular example of styrene/DTAB microemulsions, the strong
affinity of the micelles for monomer causes the polymer particles to be depleted
of monomer at low conversions. Thus, diffusion limitations due to glass transi-
tion may set in at unexpectedly low conversions. As an example, styrene/DTAB
microemulsions containing 3 wt% monomer will become glassy at less than 40%
conversion at 60°C. This observation suggests a method for preparing excep-
tionally small and monodisperse particles by feeding styrene monomer slowly
and homogeneously. By maintaining low styrene loadings, existing polymer
particles are starved of monomer and become glassy. Nascent particles contain-
ing low molecular weight polymer grow rapidly until they too become glassy.
Adding a cross-linker would further minimize the swelling of the polymer par-
ticles. The presence of monomer-swollen micelles makes it possible to maintain
a finite, albeit still very low, overall loading of monomer.

The idea of gradual addition of monomer to polymerizing microemulsions is
not new and has been attempted for methylmethacrylate [31] and styrene
[32-34] to make more efficient use of the surfactant. For example, Gan et al. have
performed styrene microemulsion polymerizations where monomer was added
gradually either dropwise or using a hollow-fiber membrane [32, 35]. They ob-
served relatively large (~40 nm) and uniform particle sizes with no indications
of continuous particle nucleation. However, this result is more likely due to a
combination of fast monomer addition relative to the polymerization rate and
depletion of the redox initiator system employed rather than to the growth of
glassy particles.

3.2
Polymerization of Bicontinuous Microemulsions

The polymerization of bicontinuous microemulsions has been attempted fre-
quently but has not succeeded in transcriptive synthesis without the use of poly-
merizable surfactants. Although the microemulsion length scales are ideal for
preparing nanostructured membranes with diverse separation [36-41] and elec-
trochemical [35, 42] applications, the usual result is that polymerization yields
macroporous gels. Rapid reorganization of the microemulsion template appar-
ently makes it unable to arrest the reorganization of the polymer to its thermody-
namically favored configuration. The only reports describing successful capture of
bicontinuous microemulsion structures have employed polymerizable surfac-
tants. Elements controlling polymer morphology include nucleation and growth
of the polymer and the phase behavior of the parent bicontinuous microemul-
sions, which depends strongly on the choice and quantity of monomer [43].
Clearly the curvature of the surfactant film, which governs the phase behavior, re-
flects the penetration of hydrophobic monomer into the surfactant hydrocarbon
tails. Consumption of monomer by polymerization will then unavoidably and
substantially change the curvature of surfactant monolayers forming the tem-
plate, thereby frustrating attempts to replicate the bicontinuous structure. The use
of co-surfactants, co-oils, and hydrophobic monomers of high molecular weight
that minimize the impact of polymerization on the curvature of the surfactant
film thus offer the beginnings of routes to successful polymerization.
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Even for polymerizable surfactants, curvature control is still very important,
and Eastoe et al. describe mixtures of polymerizable surfactants that retain the
same preferred curvature before and after cross-linking [44, 45]. Current
approaches to the one-to-one replication of bicontinuous or other surfactant
mesophases without the use of polymerizable surfactants involve the use of
surfactants of high molecular weight [46] or highly viscous cubic phases featur-
ing slower rearrangement dynamics.

3.3
General Aspects of Templating Within Microemulsions

Accurate replication of the original template structure during polymerization of
a microemulsion is complicated by initiation that is spatially non-uniform rela-
tive to the length scales of the microstructure,and further confounded by the in-
ability of the “soft” surfactant template to prevent the reorganization or swelling
of the polymer. Nonetheless, if surfactant/monomer interactions are sufficiently
strong, the polymer can be depleted of monomer and become glassy at early
stages of polymerization. Addition of cross-linkers can be used to reduce further
the swelling and mobility of the polymer. Under these conditions, the reactive
radical ends migrate via reaction-diffusion to unpolymerized regions rich in
monomer. Meanwhile, the cross-linked and glassy polymerized regions do not
reorganize. This picture suggests that when a monomer yielding a mechanically
rigid and non-swelling polymer is used for replication, the demands on the tem-
plate can be reduced to guiding the direction of polymerization at the outermost
edges. These ideas are also relevant to the successful templating of compara-
tively “soft” equilibrium catanionic vesicles discussed above [11, 24, 25] with
styrene and divinylbenzene, wherein the high degree of cross-linking would
likely lead to the phase separation of a mechanically rigid structure, and may be
partly due to this mechanism of polymerization.

4
Polymerization in Lyotropic Mesophases

Liquid crystals combine properties of both liquids (fluidity) and crystals (long
range order in one, two, or three dimensions). Examples of liquid crystalline tem-
plates formed by amphiphiles are lyotropic mesophases, block copolymer
mesophases, and polyelectrolyte-surfactant complexes. Their morphological
complexity enables the template synthesis of particles as well as of bulk materials
with isotropic or anisotropic morphologies, depending on whether the polymer-
ization is performed in a continuous or a discontinuous phase. As the templating
of thermotropic liquid crystals is already described in other reviews [47] the focus
here is the template synthesis of organic materials in lyotropic mesophases.

Potential applications of liquid crystalline templated polymer gels range from
separation media (membranes, chromatography columns, or electrophoresis
gels) to low dielectric constant insulators for microelectronic devices, to nano-
structured optoelectronic devices, to catalysts supports, drug carriers, or mate-
rials for controlled release.



214 H.-P. Hentze et al.

4.1
Transcriptive and Reconstructive Synthesis Within Lyotropic Mesophases

Transcriptive synthesis aims at a ‘casting’ of a self-assembled, non-polymeriz-
able template under retention of the parental order (Table 3).In many cases dur-
ing the course of the reaction the template structure itself is retained, but newly
formed polymer phase separates by a nucleation and growth mechanism. Hence,
the obtained morphology is usually not a one-to-one copy of the template. Nev-
ertheless highly ordered polymer morphologies can be obtained by the struc-
ture-directing effect of the template, although they usually display characteris-
tic lengths much larger than those of the original template structure (i.e., this is
a reconstructive morphosynthesis [1]).

The photoinitiated polymerization of divinylbenzene (DVB) within four sep-
arate cubic phases of the system DVB/didodecyldimethylammonium bromide
(DDAB) is reported to yield retention of the lyotropic order during the course of
the reaction [48], although the structure of the pure polymer matrix after
removal of the template was not investigated. Similarly, polymerization of acryl-
amide within lamellar, hexagonal, and cubic phases of the surfactant Aerosol OT
led to preservation of the parental mesostructure [49]. SAXS measurements
showed similar diffractograms before and after polymerization, but again there
was no report of characterization of the polymer matrix after surfactant re-
moval. Hence, at least in these cases, the formation of a polymer phase within a
lyotropic mesophase does not prevent the formation of lyotropic surfactant
phases.

Recently the polymerization of styrene within lamellar and cubic phases of
the surfactant DODAB (dioctadecyldimethylammonium bromide) was studied
[50]. After polymerization, the polystyrene/water/DODAB system showed the
same phase behavior as the binary water/DODAB system, a result suggesting a
phase separation during polymerization into a polymer-rich (with M,,~400,000)
and a lyotropic phase.

There are other reports of similar phase separations into polymer-rich and
surfactant-rich phases [51]. A detailed investigation of structure formation dur-
ing the cross-linking polymerization of acrylamide within hexagonal phases of
cetyltrimethylammonium surfactants indicated a nucleation and growth mech-
anism [52]. There are no significant changes in the X-ray scattering pattern
before and after polymerization, but after removing the template by Soxhlet
extraction no nanostructure was detected by SAXS. Instead SEM showed a ho-
mogeneous, layer-like morphology on a micrometer scale (Fig. 6). A mechanism
consistent with these products is that during the reaction polymer particles are
formed which separate from the lyotropic phase and assemble towards sheet-
like structures. This assembly is directed by the anisotropy of viscosity and
transport properties within the single domains of the lyotropic template. The
particular shape and extension of the single layers depends on their degree of
cross-linking. Chemical and mechanical properties can be adjusted by copoly-
merization with functional co-monomers like acrylic acid.

Other lyotropic mesophases of amphiphilic block copolymers, such as poly-
styrene-b-polyethylene oxide have been used as templates, with the expectation
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Fig. 6. Scanning electron micrograph of a poly(acryl amide) gel templated in a lyotropic
mesophase of CTMA-tartrate. The formation of a layer-like morphology is directed by the
anisotropic reaction medium. Adapted with permission from [52]

that the more robust and less dynamic polymer templates might more effec-
tively guide polymerization [53]. However, again phase separation occurred,and
the final polymer structures were not directly related to the organization of the
lyotropic liquid crystal.

The influence of the lyotropic morphology on polymerization rates was stud-
ied for a variety of monomers with different polarity and amphiphilicity [54] in
lyotropic phases of dodecyltrimethylammonium bromide in water. The con-
fined geometry of the resulting aggregates has a strong impact on the local
monomer concentration and diffusion properties and therefore also on the
polymerization kinetics.

A better understanding of such morphologies could arise from fundamental
investigations of the ordering effects of phase separation from liquid crystals
[55]. For example, colloidal ordering (exactly parallel chains) results when
silicon oil droplets separate from a thermotropic liquid crystal [37]. Such
ordering is possibly directed by forces between the defects created by the
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demixing process, yielding strong ordering on the micron scale, rather than
on the nanometer scale of the original liquid crystal. The parallels between this
result and polymerization within liquid crystalline phases remain to be ex-
plored.

4.2
Synergistic Templating Within Lyotropic Mesophases

Synergistic approaches aim at the polymerization of the self-organizing entities
themselves (Table 4). The most common approach employs polymerizable sur-
factants, sometimes together with additional non-amphiphilic comonomers.
The aim is chemical fixation of the dynamic self-organized assembly. Although
the final materials often show no significant porosity after purification and dry-
ing, in many cases the interface becomes accessible by reswelling the gels with
solvents. Often increased phase stability against addition of solvents or temper-
ature changes is observed.

Early investigations, e.g., of the polymerization of the system undecenoate/
water, showed that phase transitions occur during the course of reaction [56].
Other attempts to polymerize amphiphilic monomers showed no phase transi-
tions and increased phase stability against changes in temperature [57-60].
However, the reactions often proceeded only to low (~40%) conversions. This
might be due to the use of amphiphiles with an inactivated terminal olefin as the
polymerizable group, such as w-undecenyltrimethylammonium bromide [59]
or 10-undecenoic acid [58, 61]. The reduced extent of polymerization compared
to polymerization in solution is generally attributed to the aggregates acting as
a “cage” that inhibits polymerization [59]. This effect depends strongly on the
position of the polymerizable moiety in the amphiphilic monomer.

High conversions (above 90%) were obtained by polymerization of am-
phiphilic monomers such as phosphonium dienes, 3,4,5-tris (w-acryloxy-
alkoxy)benzoate salts, or styrene ether-modified fatty acids [62-65]. Homopoly-
merization and copolymerization with DVB as cross-linker in lyotropic states
result in freestanding, mechanically stable films. X-ray diffraction and polarized
light microscopy show the hexagonal order before and after polymerization.
However, there have been no structural investigations (such as BET or electron
microscopy) of the isolated polymer matrix after extraction and drying. Imag-
ing methods should provide important information about, for example, the
types of disclinations, the degree of order and the formation of any higher order
morphologies.

Lee et al. demonstrated the synthesis of nanostructured cubic polymer gels by
copolymerization of dienyl substituted lipids [66]. No phase transitions, or
changes in dimensions, were observed with temperature changes for the poly-
merized sample. Furthermore, the polydomain square lattice of the gel was vi-
sualized by TEM of ultramicrotomed samples after extraction of the template
(Fig. 7). In contrast, copolymerization of monoacylglycerol and 1,2-diacylglyc-
erol in a cubic lyotropic state did not result in a continuous gel structure. Linear
polymer chains were obtained instead, and the cubic morphology was destroyed
by addition of organic solvent [67]. Similar polymerizations in the inverted
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Fig. 7. Transmission electron micrograph of stained ultramicrotomed samples of a polymer-
ized dienyl substituted lipid, cross-linked in a cubic mesophase; scale bar=100 nm. (Adapted
with permission from [66])

hexagonal phase [68] yield an increased stability of the lyotropic phase against
temperature changes.

The kinetics of polymerization of amphiphilic monomers in lyotropic
mesophases has been investigated by Lester and Guymon, who found that the
polymerization rate of a semifluorinated alkyl methacrylic acid in a lyotropic
liquid crystal increased with the degree of order of the liquid crystalline phase
[69].

Recently the successful y-ray polymerization of polymerizable cationic low
molecular weight surfactants (2-methacryloylethyl)dodecyldimethylammo-
nium bromide and (11-methacryloylundecyl)trimethylammonium bromide) in
the cubic and the hexagonal phase of binary surfactant/water systems was re-
ported [70]. Nanostructured gels were obtained that retained their morphology
during drying and reswelling with hydrophilic or hydrophobic solvents. Choles-
teric morphologies of higher molecular weight cellulose derivatives in water
were also successfully cross-linked by y-ray polymerization [71].

Photo-crosslinking of PEO-PDMS-PEO block copolymers in the hexagonal
and lamellar lyotropic phase was performed by UV irradiation of films about
10 pm thick [72]. After cross-linking and drying the characteristic textures for
each phase were retained. Even though insoluble gels were formed, swelling with
organic solvent and drying resulted in isotropic films. This rearrangement could
be due to a high degree of local mobility of the polymer chains due to the rela-
tively low cross-linking degree employed.
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The cross-linking of poly(oxyethylenes) with polymerizable, hydrophobic
endgroups within oriented lamellar phases of the ternary system C,,Es/de-
cane/water was reported by Meier [73]. After cross-linking oriented polymer
gels were obtained that retained their lamellar morphology after extraction of
the template, and which showed one-dimensional swelling by water.

Synergistic templating by cross-linking of PEO-PB block copolymers in ly-
otropic phases (cubic, lamellar and hexagonal) was studied by Hentze et al. [74].
In this case every repeating unit of the PB block has one polymerizable moiety,
thereby allowing a high degree of cross-linking. After cross-linking by y-irradi-
ation, the order of the lyotropic phase is retained within the mechanically stable
polymer gels as shown by SAXS, SANS, and TEM (Fig. 8). No significant poros-
ity could be determined by BET because of the highly compact character of the
dried polymer gels. The gel morphology was stable against temperature

Fig. 8a—c. Micrographs of cross-linked poly(butadiene)-b-poly(ethylene oxide) gels, templated
in: a cubic; b hexagonal; ¢ lamellar phases. A dense packing of cylinders can be observed by
TEM after cross-linking in the hexagonal phase. (Reproduced with permission from [74])
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changes, extraction, drying, and reswelling with polar or nonpolar solvents.
Electron microscopy of ultramicrotomed samples allowed investigation of
lyotropic morphologies, disclinations, domain boundaries, and the topological
effects of concentration, block length ratio, and molecular weight of the am-
phiphilic block copolymers [75].

5
Conclusions

The integration of the natural principles of template synthesis and self-organi-
zation into the strategy of chemical synthesis opens up a huge potential for
structuring materials over all length scales ranging from molecules to nano- and
microstructured materials. The aim is to transfer the superior properties and
property combinations of biological materials towards large-scale synthetic ma-
terials by mimicking biological principles of supramolecular architecture.

Templated polymer synthesis within vesicular solutions, microemulsions,
and lyotropic mesophases offer ways to synthesize hollow nanospheres, nano-
particles, and porous polymers. Besides preservation of the template structure
by transcriptive or synergistic synthesis, colloidal ordering can also occur by
phase separation from a highly organized initial state (reconstructive synthe-
sis). The final product materials reflect a delicate balance of phase behavior and
the reaction and mass transfer parameters controlling structure formation dur-
ing template synthesis. Key variables are the reaction kinetics, and the roles of
monomer partitioning, monomer diffusion, membrane and polymer fluidity,
the use of cross-linking monomers and polymerizable monomers, and the com-
patibility of the polymer and surfactant microstructure all must be understood
and controlled. Tuning of these parameters enables structural design of organic
polymers with various morphologies on length scales from nano- to micro-
meter.
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1
Introduction

This chapter provides an overview of our recent research into the creation of de-
signer materials based on the assembly of composite nanocrystals (NCs) with
core-shell morphology. In particular, this chapter focuses on gold. The reason for
this somewhat parochial choice is the explosion of work on both shape control
and nanostructuring of gold particles in the last five years. This system will be a
test bed for numerous models of nanomaterial design in the forthcoming decade
as increasing sophistication in materials manipulation enables unparalleled de-
velopment of tailor-made (rational) structures for electronics, optics, catalysis and
pseudobiological function. Gold is also a special case for historical reasons. The
original work on the optical properties of nanoparticles was inspired by the need
to explain the unusual and exotic colours displayed by gold nanocrystals [1-3].

Increasing the topological complexity of nanocrystal based structures opens
up the creation of designer materials. A basic outline of the rapidly evolving ar-
ray of topological objects being devised, designed and synthesized is shown
schematically in Fig. 1. By no means comprehensive, it illustrates the four basic
concepts for particle modification: size control, shape manipulation, layered
structures and nanocrystal ordering. Combinations of these four processes can
be readily envisaged. Three of these four pathways from single NCs to more
complex materials are well understood mechanistically. Size control is deter-
mined by nucleation and growth kinetics, and the efficacy with which capping
agents can truncate Ostwald ripening and coalescence. Colloid structuring is
largely controlled through manipulation of colloid and surface forces such as
double layer repulsion, capillary forces, sedimentation and electro- or magne-
tophoresis. Finally, layered colloids can be synthesized when there is sufficient
control over deposition and nucleation within a nanocrystal system. Shape con-
trol is the exception. Shape control requires anisotropic interfacial processes
that are not well understood at present and bottom-up synthesis of rods and
other non-spherical nanocrystals seems to rely on the vagaries of surfactant ad-
sorption to specific crystal facets in most successful cases.

There are three basic reasons why core-shell structures in particular are at-
tractive for nanostructuring applications. Firstly, the shell layer provides a
method for protecting the core particle. The core particles may be chemically re-
active and easily oxidized or photocorroded in the presence of solvent mole-
cules. The shell may kinetically inhibit these deleterious processes. Secondly, the
shell layer mediates the interaction with the solvent and other particles or sur-
faces. The particle-particle interactions will be determined by the surface prop-
erties of the shell. For example, a silica shell can be made hydrophobic facilitat-
ing phase transfer of the core particle. Alternatively, it may be more resistant to
coalescence. In this sense, colloids are normally treated as core-shell systems,
since there is usually a surfactant or polymer coating to impart colloid stability.
Thirdly, the shell can modify coupling between core materials by controlling the
distance of closest approach of cores to each other. This is important for metal
NCs where dipole coupling is the predominant method of “communication” be-
tween particles and is important in designing optical effects. Energy and elec-
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Fig. 1. Scheme showing basic aspects of nanocrystal topology

tron transfer between semiconductor NCs may also be modulated through a
shell layer, while control over the band structure can be achieved through core-
shell or “quantum well” structures. In this review we restrict ourselves primarily
to the manipulation of gold and silica for simplicity.

2
Modelling of Optical Properties

In this section, we describe the basic optical properties of spheres, ellipsoids and
coated particles and colloid thin films. Predictions based on these equations will
be compared with rationally designed materials in Sects. 3-6.
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2.1
Dilute and Concentrated Dispersions

The measured absorbance of light by a sol containing N particles per unit vol-
ume with radius R is

N Qext T[R2 d

A =LogI,/1;= logine
10

(1)
with A the absorbance (really extinction) and d the pathlength of the light beam
through the solution. Q. is the normalised extinction cross section of each par-
ticle. Mie showed that Q,,, is given by [4]

2 =
Qext - W ngl (21’1 + 1) (an + bn) (2)

where k is the wavenumber. The normalised scattering cross section is
2 S 2 2
QSQ:Wﬂ% (21’l+1) (lanl +|bn| ) (3)

Here a, and b,, are series of Ricatti-Bessel functions [4]. The measured attenua-
tion of light by a colloid (and indeed by molecular solutions) is always due to
both scattering and absorption. These effects are additive so

Qext = Qabs + Qsca (4)

Since the scattering decreases as R, for small enough particles, it can be ne-
glected and

241t £3°R &
A (€ +2¢&,)* + &7

Qubs ~ Qext = (5)
Equations 1 and 5 are fundamental to an understanding of the optical response
of nanosized particles, since they directly relate the spectrum of the colloid to
the dielectric function of the material. They are valid only for very dilute colloids
[5]. For large volume fractions of nanoparticles in glasses, polymers or solu-
tions, dipole coupling becomes important. A more general equation can be de-
rived as follows [6].

Consider a medium with a low volume fraction of nanoparticles ¢ and com-
plex dielectric function &(w), each with radius R, such that 2nRn, /A<<1. An elec-
tric field in the medium polarizes the solvent at the frequency of the field. The
key is to determine the average dielectric function of the combined system. The
average electric field in the medium is

Eav = (1 - ¢) Em + ¢E1 (7)

where E_ is the field in the solvent, and E; that within the particles,and assumed
to be spherical. Additionally, the field causes a polarization charge density at the
surface of the medium

PaV= go(gm - 1) Em + SO(E— 1) Ei = go(gav_ 1) Eav (8)
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These equations can be solved to find ,, if the relationship between E; and E_ is
known. This can be obtained for a number of simple geometrical shapes. The
field differs from the bulk value because the polarized solvent molecules around
the sphere create an additional electric field within the particle. For spheres, the
result is

£ = ot ©)

£+ 2¢,

Combining Egs. (7-9) we get:
£(1+2¢) +2&,(1 - ¢)
e(1-9) +£,(2+ 9)

We can now consider the ensemble of particles and medium as a single material
characterised by the dielectric function ¢,,. For ¢<<1, the imaginary part of ,, is

9 gle”
(€ +2¢,)*+ €™

(10)

av — “m

Im(g,) = g = (11)
The absorption coefficient of a slab (ignoring multiple reflections) can be cal-
culated from

-y, od ] (12)

I, =1, exp [
av

Since the volume fraction of spheres is g=N4mR*/3, substitution of Eq. (11) into

Eq. (12) yields the desired result, Eq. (5). Note this equation is for true absorp-

tion, and disappears for any material with a purely real dielectric function, since

€”=0. Equations (11) and (12) validate Beer’s law for dilute colloids - the ab-

sorbance is proportional to ¢; however for higher values of ¢

99l e”

Ry 2
(1-9) (£’+—2+¢£m> + &

Im(g,) = &, = (13)

This equation will be used to model thin films composed of Au@SiO, particles
in Sect. 3.

2.2
Core-Shell Nanocrystals

For core-shell particles, Aden derived the equation [7]:

Q =4k Im{ (Eshell - sm) (Score - 2‘gshell) + (1 - g) (Score - gshell) (Sm + 2£shell) }
ext —

(Eshell + ng) (Score + nghell) + (1 - g) (Eshell - 28m) (Score - Eshell)
(14)

where ¢, is the complex dielectric function of the core material, &, is that of
the shell, g is the volume fraction of the shell layer and R is the radius of the
coated particle. As expected, when g=0, Eq. (14) reduces to Eq. (5) for an un-



230 P. Mulvaney, L. Liz-Marzén

coated sphere, and for g=1, Eq. (14) yields the extinction cross section for a
sphere of the shell material.

Equation (14) can be used to model hollow particles, as well as core-shell par-
ticles. It describes the basic optical effects associated with changes in the
medium refractive index and the effects of different core-shell thicknesses
(Sect. 4.1). Note that these equations are limited by the fact they are predicated
upon dipole models and work accurately only for particles such that kR<1,
which in practice restricts them to particles less than 30-40 nm in total size.

The above equations can be used to calculate the optical properties of various
structures; however, a knowledge of the dielectric properties of the material are
needed.

23
Ellipsoids

The optical properties of shapes other than spheres are generally more complex.
If the metal nanocrystal is in the form of an ellipsoid or rod, then its surface
plasmon frequency shifts drastically because the restoring force on the conduc-
tion electrons is extraordinarily sensitive to particle curvature [2]. For the gen-
eral case of an ellipsoid, the extinction cross-section of a rod-like particle is
given by

(15)

4 -
QEXt = klm{ax)y,z} =kIm [ T[abc(EAu Sm) }

3£m + 2Lx,y,z(£Au - Em)

Here a, b and c refer to the length of the rod along the x, y and z axes (a>b=c),
£y 18 the dielectric function of Au and L, ,, is the depolarisation factor for the
respective axis, given by

1-¢?
L =

p
eZ

1 1+e
141 L,=(1-L)2 16
( 2enl_e)y,( ) (16)

where e is the rod ellipticity given by
e=1-(bla)? (17)
For a sphere e=0 and L=1/3.

2.4
Thin Films

A key issue in nanostructured materials is the dipole coupling between
nanocrystals which will cause the optical properties of a nanocrystal ensemble
to become like those of the bulk material. There has been extensive investigation
of the interactions between particles embedded within media for a range of
boundary conditions. We have found that the effective dielectric function given
by Eq. (10), based on the Maxwell-Garnett model [1] is very accurate for quite
dense nanocrystal arrays. In practice, one measures the transmittance of a thin
film of the dense nanoparticle based film. Conventional solutions are simply
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opaque at moderate volume fractions! The transmittance of radiation with a fre-
quency o through a thin film is

(1-R)*+4Rsin’yp

Teim = 18
film = 22 exp(- ah) + exp(ah) - 2R cos({ + 2p) (18)
where h is the film thickness, R is the reflectance at normal incidence,
-1)%+ k2
_ (nav ) av (19)

- (nav - 1)2 + k%w
and a=wlm(g,,)/cn,, is the absorption coefficient [calculated from Eq. (10)]. Fi-
nally, we define the parameters

{=4mnn,h/A, (20)
and
p =tan™ 2k, /(n%, + k2 - 1)) (21)
Note that the expression for the transmittance takes into account not only the
absorption by the metal centres, but also the reflection losses. Therefore, it can
be considered as the extinction coefficient of the film.
Mean free path effects affect the band width primarily. For a sphere, the mean

free path is equal to the radius of the sphere [8]. Granqvist et al. proposed that
the mean free path in the shell layer of a layered particle should be given by [9]

— (dshell - dcore) (dszhell - dgore)”3
2

MFP

(22)

where dg, is the diameter of the coated particle and d_,,. the diameter of the
core. In the following calculated spectra, the effect of a different free path on the
actual peak position is quite small; however the peaks will be generally broader
than calculated. Equation (22) was shown to work well for PdA@Ag core-shell
particles [10]. It slightly underestimated the mean free path in the shell layer.

3
Disordered Nanocrystal thin Films

Although numerous kinds of core-shell nanoparticles with various properties
have been assembled into thin films using the LbL method (see [11] and [12] and
references therein), we only discuss here thin films made of monodisperse gold
nanoparticles coated with uniform, thin shells of amorphous silica. The interest
of the assembly of silica-coated gold nanoparticles relies on the possibility of
controlling the particle volume fraction by means of the variation of the silica
shell thickness, provided that the assembled films are close-packed. In close-
packing conditions, the separation between metal cores is just twice the thick-
ness of the coating shell, which can be controlled during the synthesis of the
colloids.

In Fig. 2, the experimental and calculated absorbance spectra are shown for
thin films with different gold volume fractions. It is observed that, as the gold
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Fig. 2. a Experimental spectra as a function of the particle spacing (nm), as indicated. b Cal-
culated and normalized extinction spectra of the 13.2 nm particles as a function of the metal
volume fraction using Eqs. (10), (18) and (19). Film thickness used was 100 nm. Refractive in-
dex of silica used was 1.46. The dielectric response of particles was corrected for surface scat-
tering. Adapted with permission from Ref. 26. Copyright 2002, Elsevier

volume fraction increases (the separation between nanoparticles decreases),
there is a red-shift of the plasmon resonance, as well as a broadening of the
band. This effect originates in the dipole-dipole interactions between neigh-
bouring nanoparticles,and we can see here that a separation of just 15 nm is suf-
ficient to screen such interactions, so that the thin films display basically the
same properties as a dilute dispersion of the same nanoparticles in water.

The agreement between the experimental results and the calculated spectra
demonstrates that Maxwell-Garnett effective medium theory effectively ac-
counts for such dipole-dipole interactions. Similarly, the reflectance properties
of the films are also affected by the interparticle spacing. This is supported by
the data shown in Fig. 3, where the specular reflectance for films with different
interparticle separation are compared to the spectra calculated by means of
Egs. (11), (18) and (19) [13]. Again, as the particles approach each other, the
reflectance red-shifts and broadens. The effect is not as dramatic as seen for
absorption, but the film changes from a green reflected hue to a metallic gold as
¢ increases.

Thus, both the transmission and reflection properties of thin gold films can
be easily controlled by means of an adjustment of the thickness of the silica shell
surrounding each NC, so that dipole-dipole interparticle interactions are effec-
tively screened. Detailed studies using different metal core sizes have not been
carried out yet, but it is expected that the distance at which interactions are ef-
fectively screened will scale up with particle size, being of the order of one par-
ticle diameter.

It should be mentioned here that a similar effect has been observed for the
magnetic properties of thin films of silica-coated magnetite nanoparticles [14].
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Fig. 3. a Experimentally measured specular reflectance spectra for a series of Au@SiO, films
as a function of the metal volume fraction. b Calculated reflectance spectra for gold colloid
films of different volume fractions, using Eqs. (11) and (19). Reproduced with permission
from Ref. [13]. Copyright 2002, Elsevier

Screening of interparticle interactions using LbL assembly has also been
demonstrated by depositing inert monolayers between each two consecutive
metal [11] or magnetic [15] nanoparticle layers. In such methods, only interlayer
interactions are screened, so that spatially modulated coupling can be achieved
and polarization effects on the reflection coefficient can be obtained.

4
Nanoparticle Assembly on Colloid Spheres

4.1
Silica Coated Gold

It was suggested by Birnholm, Haus and others in 1988 [16], that the surface
plasmon resonance would be drastically tunable if the metal was the shell in a
core-shell particle, rather than the core. It was also predicted that enhanced non-
linear optical properties would ensue. We now compare the predictions for the
surface plasmon mode for these two cases. Firstly, we look at silica coated gold
nanocrystals.

The resonance condition for surface plasmon excitation is found by setting
the denominator in Eq. (14) to zero.

Sshe11g+ gm(3 - g)

Eeore = ~ 2gshell (23)
Eshell (3 - 2g) + 2‘Emg
Around monolayer coverage, g<<1 and we can simplify this to
2g(Espen — €
e = — 26, — 8 (Eshell = £m) (24)

3
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Inserting a Drude dielectric function, we get

= e 2+ ) o
which shows that the peak position may red-shift or blue-shift depending on
whether the shell has a higher or lower refractive index than the medium. The
shift is proportional to the volume fraction of the polarizing shell, and for g=0,
yields the usual resonance of an uncoated material. This limiting form is valid
only for very thin shells. The shifts though very easily discerned by eye are not
overly dramatic. The shell material does not change the polarizability signifi-
cantly. More drastic effects can be obtained by depositing a layer of a metal, but
since these have high absorption coefficients, drastic shifts in the plasmon band
are also accompanied by damping of the band.

4.2
Gold Coated Silica

Now we consider the inverse structure, that of a metal coated insulator. For this
case, we find that

2
e 3e.+ £m> (26)

ek = A2 e+, +
peak AP( zg

The properties of this equation are quite different. For very small values of g, the
plasmon mode is shifted drastically to longer wavelengths. and converges to the
resonance condition for a gold shell immersed in the medium as g increases. (i.e.
the core plays no role as the shell thickness increases). Thus provided the shell
volume fraction is very small, indeed only a few monolayers thick, incredible
tunability is feasible for these core-shell structures.

In Fig. 4, the plasmon resonance for gold coated silica is plotted as a function
of the shell thickness (for fixed core thickness of 10 nm). In Fig. 6 we see the ef-
fects of changing either the core or medium refractive index.

An experimental difficulty is coating a colloid particle with a metal homoge-
nously. Electrochemical deposition onto an insulating surface is difficult. In
some cases, adsorption of catalytic ions such as Pd(II), Ag(I) or Pt(II) can assist.
An alternative is to controllably deposit small gold nanoparticles onto a larger
silica or latex substrate. This can be done using LbL processes as outlined in the
introduction.

In Fig. 6, we illustrate some different ways that the core-shell topology could
be varied for silica and gold. So far we have considered the two normal core-shell
structures. We now focus on the third example: the assembly of Au@SiO,
nanoparticles onto spherical polystyrene latex colloids. The resulting spheres
are also essentially different to continuous metal shells grown on colloid tem-
plates, which have been reported by Halas and colleagues [17] and by van
Blaaderen and coworkers [18]. Such continuous shells display optical properties
associated with resonances of the whole shell, and are therefore extremely sen-
sitive to both core size and shell thickness, while in the system presented here
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Fig. 4. Calculated spectra using Eq. (15) for the extinction cross section of 5 nm silica parti-
cles coated with shells of 0.2 to 4.0 nm of gold in water
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vacuum, water and a high refractive index liquid such as CS, as a function of the gold shell vol-
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the optical properties only depend on the nature and dimensions of the consti-
tuting units.

The assembly was initially performed for Au@SiO, with very thin shells (ca.
2 nm) on 640 nm polystyrene spheres [19] and later extended for latex cores of
various sizes and gold nanoparticles coated with thicker shells. Examples of
nanostructured colloids formed by assembly of Au@SiO, with identical cores
but silica shells with various thickness are shown in Fig. 7. It is clear that, al-
though the surface of the particles is rough, the resultant layers are very compact
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and uniform, so that, again, the interparticle separation will be determined by
the corresponding thickness of the silica shell.

An ansatz for treating the resultant optical properties is to treat the shell us-
ing MG theory to yield an approximate average dielectric function for the shell,
and then to use this function in the core-shell geometry. The predictions of this
model are shown in Fig. 8. A fixed latex or silica core of 50 nm is shown sur-
rounded by a 5 nm shell of Au@SiO, where the Au volume fraction is varied. The
medium is taken to be water for simplicity.

The experimental UV-visible spectra of 640 nm polystyrene colloids coated
with five monolayers of Au@SiO, nanoparticles of various shell thickness are
shown in Fig. 9. Again, as the separation between gold nanoparticles increases,
the plasmon resonance blue-shifts towards that characteristic of isolated Au
nanoparticles. As opposed to assemblies of the same coated nanoparticles on flat
substrates, it has also been observed in the present case that the short-wave-
length tail of the spectra dramatically rises as the size of the deposited nanopar-
ticles increases, which is due to a larger effect on light scattering by the larger,
composite spheres. These scattering effects also slightly affect the actual posi-
tion of the plasmon band, as demonstrated by a larger shift as the size of the
polystyrene cores is increased.

The versatility of this system is clearly greater than that of thin films on flat
substrates, since the composite colloid spheres can still be further modified for
the synthesis of complex nanostructures. An example of further modification
can be found in Fig. 10, showing transversal sections of calcined coated spheres.
Calcination leads to sintering of the silica shells, so that they become more sta-
ble, but also leads to the combustion of the polystyrene spheres, so that hollow
Au-SiO, shells are finally obtained. Such hollow spheres are extremely interest-
ing for the construction of photonic materials with a large dielectric contrast.
Additionally, it is also possible to remove the insulating silica shells by gentle
dissolution with hydrofluoric acid, so that shells made of closely packed gold
nanoparticles are obtained.
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Fig. 7. Typical transmission electron micrographs of 640 nm polystyrene spheres on which
one monolayer of Au@SiO, nanoparticles has been assembled. The size of the Au cores is
15 nm in all cases. From left to right, the silica shell thicknesses are 8, 18, and 28 nm
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Fig. 8. Calculated extinction spectra of latex@(Au@SiO,) particles in water. The latex or silica
core has a radius of 50 nm. The shell is fixed to be just 5 nm thick, which is impractical, but
useful for gauging the sensitivity of the effect. The volume fraction of gold in the silica coated
particles adsorbed onto the silica core is shown in the figure
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Fig. 9. Normalized UV-visible spectra of dilute dispersions of 640 nm latex spheres coated
with five monolayers of Au@SiO, nanoparticles. The thickness of the corresponding silica
shells is indicated. The trends are consistent with the predictions of Eq. (15) but quantitative
agreement is not possible due to the higher volume fraction of the shells in experiments

Fig. 10a, b. Transmission electron micrographs of cross-sections of hollow Au-SiO, spheres,
prepared by calcination of 640 nm latex coated with five monolayers of Au@SiO, nanoparti-
cles (core size 15 nm, shell thickness 2 nm). Reproduced with permission from Ref. [19]. Copy-
right 2001, Wiley-VCH
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5
Doped Glass from Coated Au Nanocrystals

The use of glass doped with metal nanoparticles for the construction of materi-
als with non-linear optical properties has long been implemented. Most of the
methods used for the doping of glasses are comprised of the reduction of infil-
trated metal salts within the wet or dry gel. Although successful in most cases,
such methods fail to control the particle size and shape adequately and, of
course are unable to allow for the modification of nanoparticle composition.
These difficulties from the in-situ preparation methods can be overcome if pre-
made nanoparticles are used for incorporation into the glass matrix. It was re-
cently demonstrated that silica-coated nanoparticles are ideal candidates for the
fabrication of silica gels and glasses homogeneously doped with different kinds
of nanoparticles [20]. The reason for this is that the silica shell provides the core-
shell nanoparticles with precisely the same surface properties as those of the sil-
ica units that are assembled during the sol-gel process, so that they do not have
any preferred tendency to mutual coagulation and thus will be randomly dis-
tributed within the final nanostructure.

Since silica coating has been demonstrated for a number of nanoparticles
with different composition, size and shape, the use of silica-coated nanoparticles
offers an almost unlimited range of possibilities for the synthesis of doped gels
and glasses with various properties. Examples are shown in Fig. 11 of 15 nm Au
nanoparticles coated with 10 nm thick silica shells, which are homogeneously
distributed within silica gels prepared by citrate acid catalysed hydrolysis of
tetramethoxysilane in water/methanol mixtures, in the presence of the Au@SiO,
nanoparticles. The concentration of the nanoparticles within the gels was varied
by simple adjustment of the concentration of the colloid prior to the sol-gel
process. The advantage of such a homogeneous distribution, apart from a high
uniformity in particle size (which can be controlled prior to the sol-gel process-
ing) is once again that the (linear) optical properties of the material can be pre-
dicted before the material is prepared, since there is no coupling between the
plasmon resonances of the gold nanoparticles (see above). This is exemplified in

Fig. 11. Transmission electron micrographs of silica gels doped with Au@SiO, nanoparticles.
From left to right, the weight percentages of Au in the gels are 0.06, 0.14,0.29 and 0.61. Repro-
duced with permission from Ref. [20]. Copyright 2001, American Chemical Society
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Fig. 12. UV-visible spectra of xerogels doped with Au@SiO, nanoparticles (15 nm core, 10 nm
shell). The Au content is indicated in the labels as w/w%

Fig. 12, in which the spectra of thin xerogels corresponding to the micrographs
in Fig. 11 have been plotted. It is remarkable that the plasmon band is centred
precisely at the same position, regardless of concentration. It has also been
shown that for larger gold cores the optical properties are equally preserved dur-
ing the sol-gel transition.

The third-order non-linear optical properties of such gels have been mea-
sured by degenerate four-wave mixing [21]. For a thin xerogel containing
0.14 wt% Au the measured value was of 2.3x1071° esu, while after sintering at
600 °C to convert it into a glass, the |y¥| value was 4.6 x 107'° esu. These values
are over 10 times larger than those of Au particles in glasses prepared by the
conventional melt-quenching method.

6
Ordered Nanocrystals

6.1
Wet and Dry Au@Si0, Opals

The study of colloidal crystals was initiated as part of research into the determi-
nation of phase diagrams for colloids, which itself was perceived as a means to
model phase behaviour in molecular systems [22]. Extensive literature is avail-
able on the dynamics of colloidal crystal formation, as a function of several pa-
rameters, such as the nature of the solvent, surface charge, particle size and con-
centration. The results described here refer to the formation of colloidal crystals
from dispersions of silica-coated gold nanoparticles in ethanol, after silica sur-
face functionalization with 3-(trimethoxysilyl)propyl methacrylate (TPM). Ear-
lier studies by Philipse and Vrij [23] showed that TPM adsorption leads to a re-
duction in surface charge, so that the particles are stable in organic solvents with
low polarity, such as ethanol, toluene or DMF. This means that the particle be-
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Fig. 13. Specular reflectance spectra at different incident angles for a colloidal crystal made of
TPM-modified Au@SiO, particles with 15 nm core diameter and 150 nm total diameter. The
particle volume fraction in this sample was 15.8 vol%, corresponding to 0.31 wt% Au content.
The inset shows the fit of the experimental Bragg peak positions with Eq. (28)

haviour is intermediate between that of hard and soft spheres and thus the crys-
tallization concentration is also intermediate. Dhont et al. [24] showed that for
silica spheres coated with TPM, crystallization takes place around 20 vol%. Since
the colloid chemistry of our Au@SiO, particles is governed by the silica surface
(the Au volume fraction in each particle is small enough to consider that it
hardly affects the Hamaker constant), we expect crystallization to occur at sim-
ilar concentration values.

Results are shown in Fig. 13 for 150 nm coated particles, with a particle vol-
ume fraction close to 16%. This choice was motivated by the similarity in the Au
content (0.31 w%) with respect to that of the gels described above. The optical
characterization was performed through specular reflectance measurements, so
that the spectra in Fig. 9 for different incident angles show the crystallinity of the
sample, through intense Bragg reflection peaks. The peak positions for different
incident angles have been fitted using the following equation for Bragg’s law:

A=2d,;; ((n?) sin?6)"/? (27)
where (n?) is the average dielectric constant of the sample estimated using
(n?) = ni¢p+n3 (1-¢) (28)

where 1, and n, are the refractive indices of silica and ethanol, respectively. d,,
is the lattice parameter for an fcc structure, calculated as 0.739¢'°d, d being the
particle diameter. The Au cores have not been included in the calculation, since
they only occupy about 0.1% of the volume of each particle, and therefore their
contribution to diffraction should be negligible. However, there is still a contri-
bution from absorption, as will be shown below. It is interesting to note here that
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Asher and co-workers have recently reported [25] the formation of colloidal
crystals made from silica particles doped with a random distribution of Ag
nanoparticles. These authors found that the plasmon band of the Ag nanoparti-
cles varied during the transition from a disordered to an ordered state, which
suggests the existence of some sort of coupling between the two optical re-
sponses of the system.

Despite the simplicity of the formation of colloidal crystals in solution, which
is a spontaneous process at the right concentration and temperature conditions,
such systems suffer from a number of problems for their use as photonic crys-
tals. One of the major drawbacks of colloidal crystals is their large polycrys-
tallinity, i.e., small crystallites form in solution, rather than a large, well-ordered,
single crystal, which strongly limits their efficiency for the final goal of obtain-
ing a full photonic band-gap. One simple route to opal formation is slow sedi-
mentation of the colloid particles in a suitable solvent, so that the interparticle
interactions during deposition result in ordered structures with a face-centred-
cubic (fcc) crystal lattice [26]. The same method can be used for the formation
of opals using Au@SiO, particles as the constituent units, since the nature of the
surface is identical. As opposed to Asher’s report, the optical characterization of
such opals suggests that the plasmon resonance and Bragg diffraction are al-
tered through independent mechanisms. Clear evidence for this is shown in
Fig. 14, where optical extinction spectra have been plotted for a single Au@SiO,
opal, but with different materials filling the interstices between the spheres [27].
While the position of the Bragg peak is red-shifted and its intensity reduced as
the refractive index of the medium is increased, the plasmon band position re-
mains basically unchanged, since the silica shell around the Au cores is thick
enough that they do not “see” the outer medium any longer.
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Fig. 14. Extinction spectra in different media (air, water and water-glycerol mixtures) for sin-
tered opals made of Au@SiO, particles with 15 nm core diameter and 225 nm total diameter.
The corresponding refractive indices are indicated. The extinction spectrum consists of a sur-
face plasmon mode from embedded gold particles and a weaker Bragg peak. The position of
both modes is dependent upon solvent refractive index and (core and shell) particle volume
fractions
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The major requirement for long range ordering is that the particles experi-
ence repulsive interactions or attractive interactions of ~kT at most. However
van der Waals forces between nanocrystals are already >>kT, so that this process
is possible only for nanocrystals stabilized by repulsive interactions, which can
offset the attractive interactions which would otherwise produce disordered or
fractal like structures. NCs experiencing repulsive interaction forces will spon-
taneously order when subjected to a cohesive pressure. The difficulty arises that
once the pressure is released, the system disorders. For example, centrifugation
can lead to ordering of quite small colloid particles; however thermal diffusion
rapidly occurs once the field is switched off. What is needed is a method to ap-
ply a cohesive force after ordering. One approach is to induce ordering then use
sol-gel processing to lock the structure into place. In Fig. 15, we show SEMs of
Au@Si0, particles that have been sedimented in ethanol using TPM coating.
Then ammonia and TMOS have been injected and the centrifugation continued
[28]. The TMOS hydrolysis occurs over an hour or so, and the oligomeric silanes
bridge the colloidal opal. Solvent is displaced gradually though not completely.
The gelation can be accelerated using an alkylamine. The resultant opal is a deep
transparent red colour. The method yields single crystals several hundred mi-
crons in size as determined by SAXS.

6.2
Inverse Opals from Au@SiO, Particles

One final example of nanostructures created from the assembly of silica-coated
nanoparticles is the formation of inverse opals. These structures are similar to
opals,in the sense that they comprise solids with an ordered structure whose lat-
tice constant lies in the optical wavelength range. The only difference lies in the
nature of the crystal centres and the embedding medium. While “direct” opals
are composed of solid (or liquid) particles typically embedded in air, “inverse”
opals comprise air bubbles embedded in a solid material. One of the most

Fig. 15. Large-scale fcc Au@SiO, lattice created by simultaneous sol-gel processing and cen-
trifugation using TMOS, octylamine and ethanol [27]. The sample has been fractured for SEM
imaging. On the right, smaller blobs of condensed silane are seen which hold the opal together
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promising pathways toward the fabrication of inverse opals is the infiltration of
the interstices of direct opals with the desired material, followed by removal of
the colloid templates [29].

Theoretical modelling shows that this configuration is more favourable for
the achievement of a full photonic band-gap, provided that there is a dielectric
contrast of at least 2.8 [30]. This requirement is hard to achieve, and it has only
been reported for silicon [31] and germanium [32] inverse opals. An alternative
can be the use of metals with a Drude-like behavior of the dielectric function.
When w=w,, the dielectric contrast of the photonic crystal becomes extremely
large, which favours the opening of a complete photonic bandgap, even in a simple
face-centred cubic (fcc) structure [33]. It is therefore desirable to use metals with
a well-defined plasmon frequency, which is the case for metal nanoparticles.
Thus, one suitable approach is the infiltration of preformed opals with the pre-
viously described Au@SiO, nanoparticles, so that the optical features of single
nanoparticles are preserved in the final, inverse opal. Upon removal of the tem-
plate, rigid and mechanically stable nanostructures can be easily obtained
through sintering of the silica shells, while retaining the optical properties of the
individual gold nanoparticles. An example of Au/SiO, based inverse opals pre-
pared by infiltration of polystyrene latex opals and template removal by calci-
nation, is shown in Fig. 16. The figure shows low and high resolution scanning
electron micrographs of an inverse opal formed by Au@SiO, nanoparticles with
15 nm Au cores surrounded by 28 nm thick silica shells [34]. The spherical par-
ticles can still be recognized within the nanostructured system. The optical
characterisation of these inverse opals shows again that the position of both the
plasmon band and the Bragg peak can be modulated independently, so that a
gate is open to search for the coupling needed to achieve a full photonic
bandgap.

Fig. 16a,b. Scanning electron micrographs of gold-silica inverse opals formed by infiltrating
colloidal crystals made of polystyrene spheres (diameter 640 nm) with Au@SiO, nanoparti-
cles (core 15 nm; shell 28 nm). Arrows show point defects within the crystalline structure
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7
Conclusions

The main thrust of this chapter has been quite simple. Taking as starting ma-
terials transparent glass and gold metal, new structures have been designed
and constructed through a rational approach based on colloid interaction forces
and the predictive power of basic light scattering theory. An enormous range
of colours and topologies emerge from this synthesis of spectroscopy and
nanoscale construction. With the advent of increasing shape control, another
avenue to designer optical materials is also opening up. The ideas here can read-
ily be extended to semiconductors, magnetic and chiral materials. Necessarily,
reliable synthetic routes underpin any more complex optical structures. Unless
monodisperse starting materials can be synthesized, the creation of many more
ambitious structures will remain elusive. Perhaps most exciting, given the pre-
dictions of Moroz [32], would be the discovery of templating methods for crys-
tallising colloids in zincblende and diamond lattice structures. Such a break-
through would have implications not just for photonic materials but for bio-
mineralization and biomimetic tissue engineering.
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