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Foreword

I have great pleasure in writing the Foreword for this
fine book on Modern Inorganic Synthetic Chemistry
written and edited by Professors Xu, Pang, and Huo.
The book consisting of 24 chapters covers a variety of
aspects of present-day synthetic inorganic chemistry.
Inorganic chemistry itself has undergone great change
in the last two decades or so wherein it has absorbed
various aspects of materials science as well as chemical
biology. The uniqueness of this present book is that it
covers most of the recent developments in inorganic
synthetic chemistry.

It is refreshing to see that the bookhas chapters onhigh-
temperature as well as low-temperature synthesis, hydro-
thermal and solvothermal synthesis, high-pressure
synthesis, and photochemical synthesis. The book covers
preparation of a large variety of inorganicmaterials under
different conditionswhich include the use ofmicrowaves.
The book has a chapter on coordination compounds and
coordination polymers as well as cluster compounds.
Organometallic chemistry has not been ignored and is
suitably covered along with inorganic polymers. Special

mention must be made of the fine coverage on porous
materials, hosteguest materials, ceramics, and amor-
phousmaterials aswell as nanomaterials andmembranes.
In addition, there is also a chapter on crystal growth. Inor-
ganic synthesis related to biomimetic synthesis constitutes
a chapter. The book concludes with a discussion of
synthetic design. All in all, I consider this book to be
a very valuable reference book for students, teachers,
and practitioners of modern inorganic chemistry in the
broadest sense, and materials chemistry in particular. I
have great pleasure in recommending this book to the
chemical community. I wish the book great success.

C.N.R. Rao

National Research Professor and Linus Pauling Research
Professor, Jawaharlal Nehru Centre for Advanced Scientific

Research, Bangalore, India

xv



Preface

In 1998, Stephen J. Lippard of MIT made an insightful
remark about the future development of chemistry over
the next 25-years: “What is most important about chem-
istry is that we make new things. We don’t just study the
natural world; we make new molecules, new catalysts,
and new compounds of uncommon reactivity. Part of
our subject allows us to be creatively artistic through
the synthesis of beautiful and symmetric molecules.
Our ability to rearrange atoms in new ways allows us
a tremendous opportunity for creation that other
sciences don’t have.” (Chemistry’s Golden Age in
C&EN News, Jan 12, 1998) Ryoji Noyori, a Nobel
laureate in 2001, further emphasized in his feature
article “Synthesizing our future” (Nature Chemistry
2009, April) that “Chemistry has a central role in science,
and synthesis has a central role in chemistry. To begin,
the central place of synthesis in chemistry is emphasized
and extended to chemistry place in science.” Indeed,
synthetic chemistry is undoubtedly the core of chem-
istry, and it provides the most powerful tool for chemists
to shape the world and thus the future of our society.
Chemists have not only discovered and synthesized
a large number of substances that exist in nature but
also created many new compounds, phases, and states
of matter. According to the latest information from the
CAS, over 50 million organic and inorganic compounds
have been registered. Many of these have become indis-
pensable in our daily life and in industrial productions,
providing a continuous driving force for the further
advances of science and technology. With the advent of
the 21st century and the rapid development of new tech-
nologies, there is greater demand for synthetic chemists
to create increasingly more compounds and materials
with novel structures and functions. In the mean-time,
greater attentions have been made to the basic studies
in areas relevant to green synthetic routes, biomimetic
syntheses, inorganic syntheses under extreme condi-
tions, molecular engineering, and rational tectonics,
gearing toward syntheses of new matters in more effi-
cient, focused, and economical manners. These are
important for the sustainable and rapid advancement
in both science and technology in the new century.

Examples of the role played by synthetic chemistry in
driving industrial revolution and development of new
sciences are numerous. In the early 20th century, Fritz
Haber used nitrogen from the air and hydrogen from
water gas as raw materials to produce ammonia, the

main ingredient of fertilizers, which greatly helped to
accelerate the growth of food production to feed the
world’s rapidly increasing population. Since the mid-
20th century, the successful synthesis of a large number
of new drugs has significantly curbed infectious
diseases and improved the health conditions of
mankind. The creation of three major synthetic mate-
rials, namely the synthetic fiber, plastic, and synthetic
rubber, has formed an important basis for modern
industrial and agricultural developments around the
world. These are all powerful evidences of the contribu-
tion of chemistry, especially synthetic chemistry, in
improving the overall well-being of mankind. Advances
in synthetic chemistry have led to continuous creation
and development of new compounds and materials
and provided the basis for studying their structures,
functions, and reactions. This has become a major
driving force for the progress of chemistry and related
disciplines. In fact, what lies beneath the most signifi-
cant technological advancements of the 20th century,
such as information technology, nuclear technology,
laser, nanotechnology, and aerospace technology, is the
chemical synthesis of new and advanced materials.
Without the efforts of generations of synthetic chemists
and their achievements in synthesizing new matter
and materials, these advancements would not have
been possible. Thus, the related scientific areas such as
semiconductor, superconductor, cluster, and nano-
science could not have come into being.

As a crucial part of synthetic chemistry, modern inor-
ganic synthesis has become a key branch of inorganic
chemistry. Its scope encompasses both traditional
synthesis and the new science of material preparation
and assembly. With the synthesis and preparation of
a large number of new compounds, phases, and mate-
rials each year, inorganic synthesis has quickly become
a key area in the recent development of inorganic chem-
istry and related disciplines. The vibrant growth of
emerging sciences and technologies in the 21st century
has placed increased demands on the development of
new inorganic materials. In addition, these new mate-
rials have fueled the developments of new industries
and scientific disciplines.

With the development of synthetic chemistry, special
synthesis techniques, structural chemistry, and theoret-
ical chemistry, as well as their interplays with related
disciplines such as life science, materials science, and
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computer science, the science of inorganic synthesis has
expanded from conventional synthesis to synthesis
under extreme conditions, rationally designed
synthesis, and biomimetic synthesis focused on inor-
ganic materials with specifically designed structures
and functions. In view of its broad scope of research
and its close relationship with other disciplines, we
believe that it is necessary to present to our readers the
science of inorganic synthesis chemistry in the context
of modern synthetic and preparative chemistry in
a systematic manner. Currently, there are a number of
books and monographs focused on this discipline, but
generally speaking, they tend to be manuals or special-
ized works. This prompts us to have devoted consider-
able effort to the writing of this book by experts in
relevant fields to provide both a broad coverage and
an in-depth discussion of the synthesis and preparative
inorganic chemistry. We name this book Modern Inor-
ganic Synthetic Chemistry.

The 24 chapters of the book are grouped into four
parts. The first part consists of Chapters 2-8. The discus-
sion centers on inorganic synthesis and preparation
routes under specific conditions, dealing with inorganic
synthesis and preparative chemistry under specific
conditions such as high temperature, low temperature
and cryogenic condition, hydrothermal and solvother-
mal condition, high and superhigh pressure, photo-
chemical, microwave irradiation, and plasma
conditions. The second part consists of Chapters 9-14,
focused on the synthesis, preparation, and assembly of
six important categories of compounds, with wide
coverage of distinct synthetic chemistry systems,
namely coordination compounds, coordination poly-
mers, clusters, organometallic compounds, nonstoichio-
metric compounds, and inorganic polymers. The third
part consists of Chapters 15-22. Seven important repre-
sentative inorganic materials are selected for discussion
of their chemistry of preparation and assembly,
including porous materials, advanced ceramic, amor-
phous and nanomaterials, inorganic membrane, and
assembly of two types of advanced functional materials.
The last part, unique to this book, is composed of two
chapters that bring the reader to the frontiers of inor-
ganic synthesis and preparative chemistry, with Chapter
23 on biomimetic synthesis and Chapter 24 on rationally
designed synthesis. With the inclusion of these two
chapters, we aim to introduce to the reader the two
emerging areas in synthetic chemistry. Also worth
mentioning is that this book has a collection of more
than 3000 references, the majority of which are from
the last decade. It is hoped that these references provide
a comprehensive list of the relevant literature on the
recent development and new directions in the field of
modern synthetic inorganic chemistry.

To provide a comprehensive and an in-depth
coverage of this rapidly evolving field, particularly
about the frontiers of related research, we invited
a group of scientists, who work at the forefront of their
respective research areas, to write chapters in their areas
of expertise. In this book, we have tried to present to the
reader both mature achievements and recent develop-
ments in the field when making the high-level design
of the book. We do recognize that we might not neces-
sarily have the best balance between the two even with
our best efforts. We also recognize that there could be
some overlaps among different chapters written by
different authors. We tried our best to minimize this
issue, but overlaps at some level might still exist in the
book. We sincerely hope that the reader can understand
and would be willing to provide us feedbacks and
comments.

This book not only highlights the core science, fron-
tiers, and possible directions of different branches of
inorganic synthesis chemistry but also touches on struc-
tural chemistry and functional features of synthesized
materials. Therefore, it can serve as a textbook as well
as a key reference book for university senior undergrad-
uate students and graduate students in chemistry, chem-
ical engineering, and materials science. It can also be
used as a specialized reference book for researchers
and technicians who work in synthetic chemistry and
related fields. We, the editors, would like to take this
opportunity to thank all the authors whose hard work
made possible the completion of this book in a timely
fashion. We also want to thank Professor Raj Pal Sharma
of Panjab University for his careful work in fixing
grammar throughout this book. Special thanks go to
colleagues and students in the State Key Laboratory of
Inorganic Synthesis and Preparative Chemistry at Jilin
University, who did almost all the preparation work
for this book, including paperwork, figure design,
reference checks, and much more.

Ruren Xu, Professor

State Key Laboratory of Inorganic Synthesis
and Preparative Chemistry Jilin University,

Changchun, China
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C H A P T E R

1

Introduction - Frontiers in Modern Inorganic
Synthetic Chemistry

Ruren Xu
Jilin University, China

Synthetic chemistry is at the core of modern chem-
istry; it provides the most powerful means for chemists
to create the material foundation for our envisioned
world. Its main objective is to create a large variety of
compounds, phases, materials, and ordered chemical
systems needed by our rapidly advancing society, going
considerably beyond just finding and synthesizing natu-
rally existing compounds. According to recently pub-
lished studies, over 50 million compounds, naturally
existing or not, have been discovered or synthesized,
some of which have become indispensable to our daily
life. These compounds have provided the basis for
many scientific and technological advances in the recent
history. In turn, these advances have created rapidly
increasing needs for new materials with specific struc-
tures and functions, posing challenges to, as well as
creating opportunities for synthetic chemists. Specifi-
cally, we see increasing needs in this new century, for
novel synthesis strategies and techniques, as well as
for the related scientific understanding, gearing toward
green synthesis, biomimetic synthesis, inorganic
synthesis under extreme conditions, and molecular
and tectonic engineering of inorganic materials, in effi-
cient, rationally designed and economic manners. We
believe that these are among the most essential key
elements for the continuing and rapid advancement of
science and technology in this new century [1,2].

In the past century, advances in synthetic chemistry
have often been the key driving force for the industrial
revolutions and birth of new science and technolo-
gies; examples of this sort have been numerous [2].
For instance, F. Haber, in the early twentieth century,
invented a high-pressure technique to synthesize
ammonia, the key ingredient of chemical fertilizers,

from the abundantly available H2 and N2 using osmium
as the catalyst. Twenty years later, C. Bosch improved the
technique by using inexpensive iron instead of expensive
osmium as the catalyst, which laid a solid foundation for
the human society to maintain a continued increase in
food production to keep up with the human population
increase; amajor challenge thatwehave been facing since
the past century. Because of their profound contributions
to science as well as to the human society, Haber and
Bosch received Nobel prizes in chemistry in 1918 and
1931, respectively. Health industry is another area where
synthetic chemistry has been playing pivotal roles.
Outstanding examples since the mid-twentieth century
include the successful syntheses of SAS drug, penicillin,
a variety of antibiotics and other medicines, which have
substantially improved and continue to improve our
overall abilities in treating human diseases and fighting
against them. Our ability in producing the three major
classes of synthetic materials, namely synthetic fiber,
synthetic plastic, and synthetic rubber, has paved the
way for many of the recent industrial and agricultural
advances. There is no doubt that chemistry, especially
synthetic chemistry, has been making considerable
contributions to improve the living conditions of the
human society.

From a scientific perspective, a pool of very large
number of new materials created by synthetic chemistry
has provided plenty of samples for studying the
structureefunction (property) relationships of materials
as well as their syntheses, facilitating scientists to study
the fundamental chemistry of these materials, which has
become a driving force in the recent developments of
chemistry and related sciences. For example, the
successful preparation of single crystalline silicon and

1Modern Inorganic Synthetic Chemistry, DOI: 10.1016/B978-0-444-53599-3.10001-0 Copyright � 2011 Elsevier B.V. All rights reserved.



numerous semiconductive materials has fueled the
emergence of information technology; the production
and posttreatment of nuclear fuel of uranium and pluto-
nium, the key to the nuclear technology and safe appli-
cation, have all been built on chemical technologies with
roots in synthetic chemistry. Similar can be said about
other high technologies such as laser, nanotech, aviation,
and space technology. Without a doubt, the so-called six
great technology inventions in the twentieth century
would have never materialized without the founda-
tional work by generations of synthetic chemists in
the past. The same is true about other technological
breakthroughs and growth points in related sciences
such as semiconductor, super conduction, cluster, and
nanotechnology.

Modern inorganic synthetic chemistry, an important
branch of synthetic chemistry, has evolved considerably
from the traditional synthesis and preparation of inor-
ganic compounds, which now includes the synthesis,
assembly, and preparation of supramolecular and high-
level ordered structures in its studies. In recent years,
we have been witnessing that an increasingly large
number of new inorganic compounds, phases, and
complexmaterials are being synthesized and assembled,
having made inorganic synthetic chemistry a key driver
for many new scientific and technological developments
and advancements. We anticipate that inorganic
synthetic chemistry will continue to play equally or
more important roles in science as well as in our
upcoming life.

1.1. DEVELOPMENT OF NEW SYNTHETIC
REACTIONS, SYNTHETIC ROUTES,
TECHNOLOGIES AND ASSOCIATED

BASIC SCIENTIFIC STUDIES

1.1.1. The Basic Inorganic Compounds

This basic class includes covalently bondedmolecular
compounds, coordination compounds, cluster
compounds, metal organic compounds, nonstoichiomet-
ric compounds and inorganic polymer, among others.

1.1.2. Inorganics and Materials with Specific
Structures

Study of inorganic compounds and phases with
specific structures is becoming increasingly important
as the need for materials with specific properties and
functions continues to rise. It is well accepted that the
properties and functions of materials are determined by
their structures and compositions. More specifically,
such properties and functions are often determined by
the characteristics of high-level molecular structures

such as those ofmolecular aggregates, orderedmolecular
assemblies, and structures in condensed states instead of
singlemolecular structures. Take defects for example, the
properties and functions of materials often result from
various forms of structural defects in their component
compounds or phases in condensed state. A key reason
that many complex oxides are being used as popular
substrates for functional materials is that they can form
many types of structural defects in addition to their
many adjustable component elements. Hence, it has
become a major topic at the forefront of inorganic chem-
istry research to study the preparation of solid-state
matters with specific structural defects and the associ-
ated principles as well as related detection techniques.
In addition, the key research topics in today’s inorganic
chemistry also include preparation of surfaces and inter-
faces with specific structures and properties, stacking of
layered compounds, preparation of specific polytypes
and their intergrowths as well as intercalation structures
and low-dimensional structures of inorganic
compounds, synthesis and preparation of inorganic
compoundswithmixedvalence complexes and clustered
compounds with specific structures, as well as the
rapidly emerging and increasingly useful porous
compounds with specific channel structures such as
microporous crystals, meso- and hierarchical porous
materials. Also particularly interesting is the preparation
of phases that tend to formdistinct structures andareable
to form large varieties of distinct structures under
extreme synthetic conditions like high or ultrahigh pres-
sures. While a few synthesis examples with the afore-
mentioned characteristics have been reported in the
literature, such studies have generally been done in
rather ad hoc manners, often accomplished through
utilizing the particularity of specific reactions or specific
synthesis techniques rather than based on new under-
standing of a general class of synthesis problems and
new synthesis technologies. The latter is clearly more
important for the future development of synthetic
chemistry.

1.1.3. Inorganics and Materials in Special
Aggregate States

Another important class of materials are the
compounds in special aggregate state, such as in nano
state, ultrafine particles, clusters, noncrystalline state,
glass state, ceramic, single crystal, and other matters
with varying crystalline morphologies such as whisker
and fiber. The rapid emergence of nanoscience and tech-
nology strongly suggests that different aggregate states
of the same matter could exhibit different properties
and have different functions. The understanding of this
could have substantial implications to the future devel-
opment of science as well as new functional materials.

1. INTRODUCTION - FRONTIERS IN MODERN INORGANIC SYNTHETIC CHEMISTRY2



1.1.4. Assembly of High-level Ordered
Structures

There is an emerging class of functional inorganic
materials, commonly characterized as being highly
ordered supramolecular systems, formed via self-
assembly among molecules or molecular aggregates
through molecular recognition. The key interaction
forces in the formation of such large molecular assem-
blies are intermolecular non- or weak-bond interactions
(van der Waals and hydrogen bond). Examples of such
materials include coordination polymers, inorganic
polymers, and molecular systems with specific struc-
tural features such as nanosystems, capsula, ultrathin
membrane (monolayer membrane, multilayer compos-
ited membrane), interfaces, two-dimensional layered
structures, and three-dimensional biological systems;
many of which have been widely used for fabricating
high-tech microdevices. Self-assembly is increasingly
becoming a key and practical technique in the
synthesis and preparation of complex functional
systems. It has even been suggested that the introduc-
tion of self-assembly-based synthesis techniques could
fundamentally advance the chemical production
processes that are being widely used in the current
industries [2].

1.1.5. Composition, Assembly, and
Hybridization of Inorganic Functional Materials

The following areas have received considerable atten-
tion in recent years: (1) multi-phase composition of
materials including enhanced or reinforced fiber- (or
whisker-)based materials, the second-phase particle
dispersion materials, two- or multi-phase composite
materials, inorganic and organic materials, inorganics
and metals, and functional gradient materials as well
as nanomaterials; and (2) composite material-related
hosteguest chemistry, which represents a highly inter-
esting and a very challenging research area. The
research focuses include, for example, the assembly of
different types of chemical entities in hosts with micro-
porous or mesoporous frameworks such as quantum
dot or super lattice-forming semiconductive clusters,
nonlinear optical molecules, molecular conductors
made of linear conductive polymers and electron trans-
fer chains as well as DeA transfer pairs. All these
complex composites could be assembled through
synthetic routes consisting of ion exchanges, CVDs,
“ships in bottle” and microwave dispersion; (3) nano-
hybridization of inorganics and organics, which repre-
sents a rapidly emerging interdisciplinary field. It
studies the formation of new hybrid materials through
combining polymerization and solegel processes. These
hybrid materials possess those properties which are

generally absent in pure inorganics or pure organics,
and are increasingly being used in fiber optics, wave
propagation, and nonlinear materials. It is worth noting
that the first survey about this emerging field was pub-
lished in 1996 by P. Judeinstein [3].

As outlined above, a key task in today’s inorganic
synthetic chemistry is to develop novel synthetic reac-
tions, synthetic routes, and associated techniques aim-
ing to create new functional materials with specifically
desired multilevel structures in condensed states. As
per the past experience, the discovery of a novel and
effective synthetic route or technique has typically led
to the creation of a large class of new matters and mate-
rials. For example, the advent of solegel synthetic route
has been a key reason for the development and emer-
gence of nano-states and nanocomposite materials, glass
states and glass composites, ceramic and ceramic-based
composites, fibers and related composites, inorganic
membranes and composite membranes, and hybrid
materials. The core chemistry of this synthetic route is
hydrolysis and polymerization of starting reactant
molecules (or ions) in aqueous solution, i.e., from
molecular/ polymeric state/ sol/ gel/ crystalline
state (or noncrystalline state). This synthetic process
could possibly be regulateddifferently at each individual
reaction step so as to create solid-state compounds or
materials with different structures or in different aggre-
gate states. While highly promising, we are clearly
not there yet due to the complexity as well as our limited
understanding of polymerization processes of inorganic
molecules in both theoretical and experimental
executions. Thus, fundamental studies of these issues
represent key areas of focus in today’s inorganic
synthetic chemistry.

In summary, the near and intermediate-term objec-
tives for today’s inorganic synthetic chemists are to
develop novel and more effective synthetic technologies
and to carry out related theoretical studies aiming to gain
better understanding of the desired new synthesis capa-
bilities which are both economical and environment-
friendly.

1.2. BASIC RESEARCH IN SUPPORT
OF GREEN SYNTHESIS

The vast majority of known synthetic reactions, espe-
cially those used in the preparation of a large variety of
rare elements from their ores or raw materials, in the
production of fine chemicals as well as in medical and
pharmaceutical industries, produce large amounts of
by-products, which, along with the used chemicals,
solvents, additives, and catalysts, often add major
pollutants to our environment and have created consid-
erable environmental issues in the past. Thus, it has

BASIC RESEARCH IN SUPPORT OF GREEN SYNTHESIS 3



become absolutely essential to study ways to consider-
ably lower or completely remove environmental pollu-
tion produced by the current chemical industry. While
this has posed substantial challenges for synthetic chem-
ists, it has also created new opportunities to further
develop synthetic chemistry toward new and healthier
directions. Green chemistry, clean technologies, and
environment-friendly chemical processes have now
become a common conviction of many chemists. Ideal
synthesis, a concept proposed by Wender [4] in 1996,
aims to “make complex molecules from simple starting
materials in a manner that is operationally simple, fast,
safe, environmentally acceptable and resource effica-
cious.” This definition has essentially defined the
general direction for realizing green syntheses. In 2009,
Noyori [5] proposed that we should aim at synthesizing
target compounds with a 100% yield and 100% selec-
tivity and avoid the production of waste. This process
must be economical, safe, resource-efficient, energy effi-
cient, and environmentally benign. In this regard, the
atom economy and the E-factor should be taken into
account. The 3Rs (reduction, recycling, and reuse) of
resources are particularly important. Such “Green
Chemistry” is creative and brings about prosperity.
The following research directions have received consid-
erable attention in the recent years, frommany synthetic
chemists [6]: development and applications of green
synthetic reactions with efficient atomic economy, envi-
ronmental friendliness, and energy efficiency; develop-
ment and application of environment-friendly source
materials, reaction media and solvents, additives and
catalysts and highly efficient and selective synthetic
reactions as well as associated theoretical studies. These
have become the major focuses at the forefront of
synthetic chemistry research.

1.3. BASIC RESEARCH ON SYNTHETIC
AND PREPARATIVE ROUTES UNDER

EXTREME CONDITIONS

There have been many cases of successfully synthe-
sizing materials under extreme conditions such as
ultrahigh pressure, high temperature, high vacuum,
ultralow temperature, strong magnetic and electric
fields, laser and plasma which are not possible to be
synthesized under normal experimental conditions. A
large variety of new compounds, phases and materials
as well as new synthetic routes and techniques have
been synthesized and developed specifically for chemi-
cal syntheses. For example, ultrapure crystals with no
dislocation defects can be synthesized in ultrahigh
vacuum with zero-gravity. It has even been suggested
that the Periodic Table of Elements may need to be
significantly modified under ultrahigh pressure since

the width of the forbidden band and the distance
between the internal and the external electronic orbits
for many matters may be changed under such condi-
tions which can lead to significant differences in the
stable valances of an element under the normal versus
ultrahigh pressures. It has also been observed that
changes in reactivity and reaction rules of reactants
under ultrahigh pressure have led to the formation of
a variety of new species and more interestingly, of
new phases. It is also worth noticing that compounds
with specific valence, configuration, and crystal
morphology can be formed under hydrothermal condi-
tions with medium temperature and pressure, which
helps to overcome the issue caused by the lack of
successful synthesis routes in solid-states chemistry
for many inorganic functional materials under high
temperature. Hence, further studies of the general rules
and principles of chemical synthesis under extreme
conditions have become one of the major research fron-
tiers in synthetic chemistry.

1.4. BIOMIMETIC SYNTHESIS AND
APPLICATIONS OF BIOTECHNOLOGY

IN INORGANIC SYNTHESIS

Biomimetic synthesis typically refers to syntheses
that mimic biological synthesis processed in living
organisms. An ultimate goal is to develop synthesis
techniques and processes that can lead to the creation
of new materials with similar or better/improved
properties of naturally existing biological materials or
to synthesize new materials with specifically desired
properties using naturally existing materials. As a
rapidly emerging research field, biomimetic synthesis
has attracted great interest of researchers from a number
of fields and is being considered a new frontier in
synthetic chemistry in the twenty-first century. An
interesting observation has been that some of the highly
complex synthesis processes using traditional app-
roaches become easy and efficient through biomimetic
synthesis. Here we use “biominerals” and “biomineral-
ization” as examples to illustrate some basic ideas of
biomimetic synthesis. Various biomineralized materials
have been formed as parts of living organisms as
a result of genetic mutations and selection by evolution
such as bones, teeth, pearls, shells, diatoms, and
spider silk. The formation of such special tissues,
though by accidents, has given special advantages to
the relevant organisms and hence has been kept
(selected) during evolution. The inorganic components
in these special tissues such as calcium carbonate,
calcium phosphates, calcium oxalate, metal sulfates,
amorphous silica, iron oxide, and iron sulfide are gener-
ally called biominerals.
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Biomineralization refers to the formation process of
biominerals inside living organisms. The process typi-
cally involves a sequence of chemical reactions leading
to the formation of new tissuesmostly made of inorganic
phases. The fundamental difference between biominer-
alization and mineralization in general is that in biomi-
neralization the precipitation of inorganic mineral
phases is accomplished through interactions between
bio-macromolecules and inorganic ions at the interface
between cells and body fluids which are controlled at
the molecular level. Because of the unique formation
process, biominerals often have special multilevel struc-
tures distinct from inorganic structures existing outside
living organisms. They tend to have specific characteris-
tics of crystals with highly uniform sizes, clear structure
and composition boundaries, highly ordered spatial
arrangements, complex morphologies, and well-defined
crystal orientations and tend to have clearly defined
multilevel structures. In a nutshell, biomineralization
is a controlled precipitation and deposition process of
biominerals with highly ordered, regular and multilevel
structures as the final products. The biomineralization
process inside a living organism generally consists of
four intertwined and interactive steps: supramolecular
preorganization, interfacial molecular recognition,
vectorial regulation, and cellular regulation and
processing.

A key characteristic of biomineralization is the nucle-
ation and growth of inorganic minerals around supra-
molecular templates in a highly regulated manner.
During the biomineralization process, the morphology,
size, orientation, and structure of the biominerals are
controlled in a sophisticated manner by organic compo-
nents such as bio-macromolecules involved in the
process. Understanding the mechanisms of biominerali-
zation can be useful to guide biomimetic syntheses of
new functional materials at multi-scales ranging from
the meso- to macro-scale. This is rapidly becoming one
of the important research directions in material chem-
istry as well as in inorganic synthetic chemistry. The
highly interesting and unique properties of biomineral-
ized materials, such as (a) lotus leaves and insect wings
with self-cleaning properties, (b) cameo shells with
specially high strength, toughness, and abrasion resis-
tance, (c) rat’s tooth enamel, (d) spider silk with superb
strength and elasticity, and (e) iron oxides located inside
fish heads serving as natural compasses, are all results of
different structural characteristics of the self-assembled
biominerals at multiple scales. Fueled by these observa-
tions, a new branch of chemistry, biomimetic material
chemistry, is being formed and is rapidly growing with
the key aims of elucidating relationships between func-
tions and coordination effects among the multilevel
structures of biomineralized materials, to design desired
multilevel structures, to apply learned mechanisms of

biomineralization to the synthesis of inorganic mate-
rials, and to synthesize materials with specific multilevel
structures and desired properties. In addition, more and
more attention is being paid to the development of new
techniques that directly mimic biochemical processes in
inorganic syntheses, preparation, and assemblies. For
example, a number of synthesis methods such as widely
used enzymatic catalysis, microorganism-mediated
(such as virus and bacteria) synthetic reactions, and
template effect used in synthesis and assembly of inor-
ganic functional materials are all inspired by biological
synthesis processes.

Another example is the emergence of combinatorial
synthesis technique, which is regarded as a major break-
through in the recent history of synthesis techniques.
By organizing a large number of polypeptides in an
array as catalysts, combinatorial synthesis allows rapid
syntheses of astonishingly many new compounds
within a short period of time. Such techniques have
significantly shortened the screening time, for example,
for potentially new drugs and new pesticides. As
a result, combinatorial syntheses are being extensively
used in the preparation and hydrothermal synthesis of
inorganic materials.

1.5. RATIONAL SYNTHESIS AND
MOLECULAR ENGINEERING OF
INORGANIC COMPOUNDS WITH

SPECIFIC STRUCTURES AND
FUNCTIONS

There have been some cases of newmaterial synthesis
through molecular design and engineering in recent
years. Traditionally, creation of new compounds with
desired properties typically involves syntheses of a large
number of compounds and a selection process for the
desired compounds from these synthesized compounds.
Since 1950s, the number of synthesized compounds
has increased from 2 million to more than 50 million,
which has formed a large and highly useful compound
library.

The emerging field of molecular engineering takes
a rather different approach to chemical synthesis. The
basic idea is that it starts with desired functionalities
of a to-be-synthesized material, designs the possible
structures of the material based on the specified func-
tionalities, and then creates the material through
rational synthesis. The biggest impact of the emergence
of molecular engineering on chemistry is that it has
greatly broadened our view about the relationships
among the functionalities, structures, and synthesis
processes, allowing us to better appreciate and under-
stand the relationships between functions and high-
level structures beyond single molecular structures.
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While this field is still in its nascent stage, it is already
believed that this is the future direction of synthetic
chemistry. Researchers have already started synthe-
sizing new materials based on the general principles of
molecular engineering in a number of selected fields.
Among these studies, molecular design and rational
synthesis of microporous crystal systems represent one
of the relatively mature research areas.

Microporous crystals generally have specific and
regular channel structures [7]. The chemical interactions
between the guest molecules and the channels and the
framework tend to be considerably stronger than those
of other porous materials, and hence the structural
features and properties of the channels of such mate-
rials, such as the pore size, shape, dimension, orienta-
tion, composition of the channel walls, cavities, cages,
and structural defects, generally have significantly
stronger effects on the diffusion, adsorption, and
desorption, the formation of intermediates and the
selectivity of molecular reactions inside the channels
than those for other porous materials. Thus, micropo-
rous crystals represent the most unique system, and
could potentially become one of the largest classes of
catalysts and adsorptioneseparation materials. Micro-
porous crystals as well as other porous materials such
as mesoporous, macroporous, and porous metal-
organic framework (MOF) materials are being increas-
ingly used in emerging high technologies, showing
great potentials in the development of new materials
in the future. As of now, 194 framework types of micro-
porous crystals and much more types of inorganic
open-framework materials, have been synthesized in
laboratories. Over the years, extensive studies about
these structures have been done on the structural
features, the framework structures, and their effects
on the movement and reactivity of the molecules inside
their channels, the rules and regularities of the pore-
creating reactions, crystallization, and modifications of
the channels, windows, and internal surfaces. There-
fore, it is reasonable to select the microporous crystals
as a case study in molecular engineering. While
substantial work has been done in this area, it should
be noted that only a small number of true success
stories have been reported as of now.

The design and rational synthesis of microporous
zeolites need to be done based on thorough study of
the relationships between the specified functions of
the to-be-synthesized material and channel structures.
Initial channel models of the desired crystal could be
done with the help of computer programs. Subse-
quently ideal structural models will be selected accord-
ing to the established relationship between properties
and structures of the microporous crystals derived
from known structures and functions of such crystals
in relevant databases. Finally, a rational synthesis plan

of these ideal structures will be made based on the rela-
tionship between the structures and the synthesis
conditions. But it is generally not possible to achieve
true rational syntheses like those done in organic
synthesis via analyzing reaction paths and steps,
because their formation mechanism remains elusive
and relationship between the synthetic parameters
and structural characters remains unclear. Despite the
difficulties associated with the rational synthesis,
considerable efforts have been made to establish ways
toward the rational design and synthesis of target
zeolitic materials. Our group has built up a ZEOBANK
that includes a database of zeolite synthesis and a data-
base of zeolite structures with the aim to explore a novel
way to guide the synthesis of zeolitic materials through
data mining.

Engineering the synthesis of new matters with
desired structures and functions has attracted consider-
able attention in the areas of chemistry and material
science. In Chapter 24 of this book, we will describe
our efforts toward the rational design and synthesis of
zeolitic inorganic open-framework materials.

Currently, our group as well as several other research
groups has been actively carrying out studies in the
following areas: (1) method development for rational
design of structures, (2) development and update of
the ZEOBANK synthesis and structure database and
synthetic approach guided by data mining for micropo-
rous compounds, (3) in-depth study of the formation
mechanisms of microporous compounds and the
structure-directing effect via experiments and computa-
tional simulation, (4) derivation of potential synthesis
mechanisms as well as empirical relationship between
synthesis conditions and resulting structures derived
based on known synthesis data and computer simula-
tion results, which could be used to guide rational struc-
ture design and directed synthesis of desired materials,
(5) performing combinatorial synthesis for microporous
compounds with specific structures and properties, and
(6) structural modification, fine-tuning of the chemical
properties of channels, windows and internal surfaces,
and rational addition of specific active sites such as
ions, metal particles, oxides or salts, complex ions, and
clusters into specific channels or onto the internal
surfaces based on the desired functions and properties
of the microporous material.

I would like to end this chapter with the words of
Ryoji Noyori, the winner of Nobel Prize in 2001, in his
feature article “Synthesizing our future” [5] that
“Synthesis has a central role in chemistry; chemical
synthesis has now reached an extraordinary level of
sophistication, but there is vast room for improvement;
and chemical synthesis must pursue ‘practical elegance’
that is, it must be logically elegant but must at the same
time lead to practical application.”
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High temperature is an important means of inorganic
synthesis, particularly of new high-temperature phases,
compounds, and materials. Though it is not the case for
all operations, yet some processes do require very high
temperature, for instance, the preparation of high purity
melts, arc casting and material densification, sintering
of high-melting metal powders, ceramic specimens,
and crystal growth of refractory compounds. In some
cases, high-temperature facilities are capable of opera-
tion in dry inert, reducing atmosphere and in high
vacuum. Various facilities and operation techniques
are required to attain high temperature. High-tempera-
ture laboratory furnaces are suitable for a wide variety
of laboratory and small-scale syntheses and fabrication
applications. They are simple to use, easy to install,
and reliable.

2.1. ATTAINMENT OF HIGH
TEMPERATURE-LABORATORY
FURNACES [1] AND RELATED

TECHNIQUES [2e6]

2.1.1. Resistance Furnaces

Resistance furnaces are the most common heating
furnaces in the laboratory. Their advantages include
simple construction, convenience in operation, and
accurate temperature control. Different resistance mate-
rials can achieve different temperature limits. The
maximum working temperature, operating environ-
ment, and temperature sensors are given in Table 2.1.

Furnace Construction

Based on model, the furnace shell is either heavy
walled, seamless extruded 6061 T6 aluminum with an
anodized interior and exterior or stainless steel (water-
jacketed). The bulkheads are hard-anodized aluminum

or nickel-plated copper (based on model) and the doors
are nickel-plated copper. The shell and bulkheads have
integral water-cooling passages. External surface
temperatures aremaintained at 65�C or less. O-ring seals
are made of Viton.

The furnace has four 11/8 � 6 radial and two axial
threaded ports. One radial port is equipped with
a 16-mm diameter viewing port with an anti-fog gas
diffuser. All other ports are plugged but will allow the
addition of optional sight windows, thermocouples,
pyrometers, feedthroughs, and valved adapters.

Power connections are at one end of the furnace
through radially mounted, water-cooled copper feed-
throughs, providing unimpeded access to the bulkheads
and doors. Electrical connection between the feed-
throughs and the element is made by simple internal
clamp connections.

The hot zone has straight-through access for conve-
nient loading from either end. Sight hearths in both
ends of the furnace serve as thermal baffles and in the
vertical position will support the work. A graphite tray
is optionally available for attachment to either hearth
to support work with the furnace in a horizontal
position.

2.1.2. Crystal Grower Equipment

The broad range of crystal grower equipment makes
it suitable for all popular crystal growing methods.
A partial list includes the following:

Czochralski Technique: Barium sodium
niobate, bismuth germanium oxide, calcium
molybdate, lithium fluoride, lithium germanium
oxide, lithium niobate, lithium tantalite,
magnesium fluoride, potassium chloride,
strontium barium niobate, Nd: YAG, sapphire,
and silicon.
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Bridgman Technique: Calcium fluoride, cadmium
fluoride, cadmium telluride, gallium arsenide,
magnesium fluoride, silver gallium selenide, and
silver gallium sulfide.
Kyropoulos: Sapphire and titanium-doped
sapphire.

The two most important factors for critical growth are
stability and control. Both factors are necessary for
achievement of consistency, repeatability, and unifor-
mity. Stability provides a constant environment respon-
sible for crystal growth. It assures uniform, tightly
defined temperatures, and thermal gradients for consis-
tent melts and zone refining. Well-controlled gaseous or
vacuum environments are required to achieve stability.
All must be controlled by the computer system.

2.1.3. Arc Melting Furnace

Arc Melting Furnace is effective for powder melting,
arc casting, metallic and nonmetallic buttons, annealing,
compound synthesis, and material densification. It is
easy to operate, dependable, versatile, and affordable
while offering instant high temperature and extremely
pure melts. It accepts a variety of hearth configurations
and can accommodate a titanium getter.

For the preparation of high purity melts: Because of its
simplicity, ease of access into the ARC melting furnace
and small volume, the furnace is easily purged. There-
fore, work specimens are quickly prepared and a high
degree of purity is maintained. Arc melting furnace

consists of a water-cooled stainless steel bell jar hinged
to a fixed base plate. The electrode (stinger) shaft pene-
trates down the top of the bell jar. The stinger is sealed at
the top of the bell jar by means of a ball joint and stain-
less steel bellows. The hearth is water-cooled copper
with interchangeable top surface. Various cavity config-
urations can be provided in the hearth top surface. Light
and window ports ease inside observation. Clamps are
provided for operation at a slightly positive pressure.
Pressure compensation for “zero feel” is incorporated
into the seal design. Provision is made for attachment
to a vacuum pump for evacuation prior to back-filling
with inert gas. Also included are ports and gauges for
inert gas.

2.1.4. Spark Plasma Sintering

As a revolutionary high-speed powder consolidation
technology, Spark Plasma Sintering (SPS) utilizes high
amperage DC pulse current to rapidly and evenly
disperse spark plasma energy between particles. An
SPS system can process conductive, nonconductive,
and composite materials to any level of density
(including full density) with high homogeneity and
especially strong bonds between particles.

The SPS plasma theory is based on the electrical
spark discharge phenomenon wherein a high-energy
pulse current momentarily generates spark plasma at
high localized temperatures (up to 10,000�C) between
particles. The spark energy vaporizes contaminants
and oxidizes the surface of the particles prior to neck

TABLE 2.1 Features of Some Resistance Furnaces in Laboratory

Resistance element Max. working temperature (�C) Operating atmosphere Temp. sensors note

Nichrome wire 1100 Air Thermocouple

Globar 1400 Air Thermocouple

Platinum wire 1400 Air Thermocouple

Mo (mesh, sheet) 2000e2500 Vac., inert and reducing
atmosphere*

W5% vs W26% thermocouple
(2000�C) optical pyrometer (3000�C)

**

Pyrometer (3000�C) W,
Mo wire

1700 Ibid thermocouple (2000�C)

ThO295%, La2O35% 1950 Air Thermocouple (2000�C)

Ta wire 2000 Vacuum

High-density graphite 2500e3000 Vac, inert and reducing atm. Type C thermocouple< 2000�C,
optical pyrometers, <3000�C

***

Carbon tube 2500 Reducing atm.

* Gas purification system (Thermal technology’s) purifies inert gas with a closed-loop temperature controlled, Ti getter furnace. Nitrogen can be purified simply by replacing the

Ti charge tube with an Mn charge tube (the level of purity is equivalent to a vacuum level of 10�9 Torr, Oxygen content< 1 ppb).

** Model 1100 (Thermal Technology’s).
***Model 1000 (Thermal Technology’s).
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formation. Joule heat is concentrated on particle
surfaces producing plastic deformation which aids in
high-density applications. Spark Plasma Sintering
(SPS) is a pressure-assisted process utilizing up to 300
tons of force. The atmosphere employed is vacuum
with the ability to use inert gas. Heat feedback is
provided via thermocouples or pyrometer.

2.2. TYPES OF HIGH-TEMPERATURE
SYNTHETIC REACTIONS AND ROUTES

Some important types of high-temperature reactions
and synthetic routes are outlined as follows:

1. High temperature solid-state synthetic reactions
The most common routes for synthesizing a wide

variety of inorganic multicomponent solid materials
such as advanced functional complex oxides and
nonoxide ceramics are through direct reactions among
the solid components at high temperatures.

This is because such solids are generally difficult to
react with each other at a low temperature, except in
limited cases such as solid-state coordination
compounds, cluster compounds, and inorganic
molecular solids [7e10]deven thermodynamics
favors product formation. High temperatures are
necessary to achieve appreciable reaction rates and
production at industrial scales.

The most important includes [11]:
(1) Ceramic method
(2) Carbothermal reduction
(3) Sintering and materials densification

2. High-temperature solidegas state synthetic reactions
The most important of them includes:

(1) Thermoreduction
Almost all metals and some nonmetals are

prepared by the reduction of their compounds
(such as halides, oxides, and sulfides) with H2,
CO, etc. and alkali, alkali-earth metals
vapor (metalepsis) as reductants at high
temperatures.

(2) Oxidation, Chlorination at high temperatures
(3) Nitridation at high temperatures

For example, high-temperature direct
nitridation for the preparation of important
ceramic Si3N4 powders:

i: 3SiðsÞ þ 2N2ðgÞ ����������!1250�1350 �C
Si3N4ðsÞ

ii: 3SiO2ðsÞ þ 6CðsÞ þ 2N2ðgÞ ����!1550 �C
Si3N4ðsÞ

þ 6COðgÞ

iii: 3SiðsÞ þ 4NH3ðN2ÞðgÞ��!plasma

Si3N4ðsÞ þ 6H2ðgÞ

(4) Intercalation at high temperature
The insertion of guest species (gas or vapors)

into a crystalline host lattice (three-dimensional
with channel systems or low-dimensional, i.e.,
layered lattices or chain structures consisting of
one-dimensional stacks) results in the
modification of the properties and gives rise to
materials with new functions.

3. High-temperature combustion synthesis reactions
The combustion synthesis uses highly exothermic

reactions. The reactions are initiated by an external
source, and sufficient heat is released to render the
reactions self-sustaining.

The combustion synthesis can be conducted in two
modes:
(1) Self-propagation mode, referred to as the “self-

propagating high-temperature synthesis (SHS)”
approach;

(2) Simultaneous combustion mode, also referred to
as the “thermal explosion” approach;

4. High-temperature electro-reduction synthesis in
molten system:
(1) Molten salt electrolysis;
(2) Electro-reduction synthesis of compounds of

middle or unusually low valency;
5. High-temperature “phase-transformation” synthetic

reactions;
6. High-temperature smelting and alloy preparation;
7. Glass formation and glass melting at high

temperature;
8. Crystal growth and zone refining at high

temperature; and
9. Ultra high-temperature synthetic reactions.

The first four and the ninth type of the above reac-
tions will be discussed in detail in this chapter, whereas
the other types will be dealt with in other chapters, due
to particularities of the contents. High-temperature
synthesis is closely related to chemical thermodynamics,
especially high-temperature thermodynamic behavior
and reaction kinetics, particularly that of high-tempera-
ture solid-state reactions. Therefore, the general aspects
of solid-state reactions as well as some general princi-
ples along with relevant data are presented in the
following discussions on synthetic reactions.

2.3. HIGH-TEMPERATURE SOLID-STATE
REACTION [11e14]

This is an important type of synthetic reaction. Many
inorganic functional materials and compounds of
special properties and functions are obtained directly
from high-temperature (generally 1000e1500�C) solid
reactions. This type of reaction also has outstanding
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features. An example will be given on MgO(s)þ
Al2O3(s)/MgAl2O4 (spinal type) to illustrate in detail
the mechanism and characters of a solid-state synthetic
reaction.

2.3.1. Mechanism and Characters of Solid-state
Reaction

From the thermodynamics point of view, the reaction
MgO(s)þAl2O3/MgAl2O4(s) can go to completion.
However, it can hardly proceed at temperatures
<1200�C, and requires several days to proceed at
1500�C. High-temperature requirement for the reaction
can be primarily explained with Fig. 2.1.

Under certain conditions of high temperature, the
reaction can proceed at the crystal boundary of MgO
and Al2O3 crystallites and form a product layer of spinal
type MgAl2O4. The first stage of this reaction is to form
nuclei of MgAl2O4 crystallites at the crystal lattice of the
reactants, or adjacent to, their boundary. The nucleation
reaction is not easy since the nuclei are from different
reactants and are different in structure. Therefore, nucle-
ation needs to go through structural rearrangement,
including breaking the cationeanion bonds of reactant
molecules, releasing, diffusing, and repositioning of
Mg2þ and Al3þ ions in the crystal lattice. A high temper-
ature favors all these processes and thus nucleus forma-
tion occurs. Similarly, the growth of nucleus is also quite
difficult. Mg2þ and Al3þ ions in the reactants need to
diffuse through two boundaries (Fig. 2.1) to grow on
the nucleus to thicken the product layer. It is obvious
that the controlling step of the reaction is the diffusion
of Mg2þ and Al3þ ions, which is favored by an increase
in temperature, and so is the reaction. On the other hand,
the reaction rate decreases with the thickening of the
product layer. The solid reaction forming another spinal

type NiAl2O4 has confirmed that the diffusion of Ni2þ

and Al3þ cations in the product layer is the controlling
step of the reaction. According to the general principle,
the following relationship exists:

dx

dt
¼ kx�1 (2.1)

x ¼ ðk0tÞ1=2 (2.2)

Where x is the thickness of NiAl2O4 product layer; t is
the reaction time; and k and k0 are the reaction rate
constants.

Similarly in the case of MgAl2O4, a linear relationship
between x2 and t can be found as shown in Fig. 2.2.
The reaction rate can be obtained from the slope of the
line, and the activation energy of the reaction can be
obtained by plotting the lnk0eT�1 curve.

From the above analysis and existing experimental
results, the mechanism of MgAl2O4 formation can be
expressed with the following two equations (a) and (b)
(Fig. 2.1(b)):

(a) at the MgO/MgAl2O4 boundary

2Al3þ � 3Mg2þ þ 4MgO/ ¼ MgAl2O4

(b) at the MgAl2O4/Al2O3 boundary

3Mg2þ � 2Al3þ þ 4Al2O3/3MgAl2O4

The overall reaction is:

4MgOþ 4Al2O3/4MgAl2O4

From the above reactions at boundaries, the amount
of product from reaction (b) is three times that from reac-
tion (a). As illustrated in Fig. 2.2, the thickening rate of
the right layer is three times that of the left. This has
been confirmed experimentally.

In summary, the following three factors influence
the rate of this type of reaction: (a) the surface and

FIGURE 2.1 Schematic diagram of reaction mechanism. Anthony
R. West, Solid State Chemistry and Its Applications. Page 6. 1992. Copy-
right Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

FIGURE 2.2 x2�t Relationship for MgAl2O4 at various tempera-
tures. Anthony R. West, Solid State Chemistry and Its Applications. Page 6.

1992. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission.
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contacting areas of the reactants; (b) the nucleation rate
of the product; and (c) the ionic diffusion rate at the
phase boundaries and particularly through the product
layer.

From the above knowledge of the mechanism and
characters of this type of solid reaction, it is clear that
reaction between two solids may not occur even if ther-
modynamic considerations favor product formation,
diffusion rates of ions through the various phases. An
understanding of this will enable us to control and
develop high-temperature solid synthetic reactions.

2.3.2. Some Aspects of Synthesis Via
Solid-state Reaction

1. Surface area and contacting area of reactants
The surface area as well as the contacting area of

reactants can be increased by prolonged crushing
milling and pressing, or by various chemical routes to
prepare fine particle reactants that have high specific
surface area and high surface activity. The methods of
enhancing solid reaction include making uniform
contact by palletizing, hot pressing, or making
reactant precursors through coprecipitation or other
types of reactions. Some examples are given below.

Example 1: preparation of precursors for
synthesizing spinal ZnFe2O4. The starting materials
Fe2[(COO)2]3 and Zn(COO)2 in 1:1 ratio are dissolved
in water and thoroughly agitated. The solution is
heated to evaporate the water solvent, and
Fe2[(COO)2]3 and Zn(COO)2 coprecipitate slowly to
an oxalate mixture. This solid solution has almost
uniform distribution of Fe3þ and Zn2þ ions. After
filtering and calcining, a fine precursor for solid
reaction is obtained. This precursor can be used to
synthesize ZnFe2O4 at a much lower temperature
(about 1000�C) lower than an ordinary reaction. The
overall reaction is:

Fe2½ðCOOÞ2�3 þ ZnðCOOÞ2/ZnFe2O4 þ 4CO[

þ 4CO2[

2. Reactivity of solid precursors [15]
When the precursor and product are similar in

structure, the nucleation is easier due to the
convenience in structural rearrangement. For
instance, in the above reaction, the oxygen ions in
MgO and spinal MgAl2O4 are similar in structural
arrangement. It is easy to form and grow MgAl2O4

nuclei in the lattice or in the vicinity of the MgO
boundary via a topotactic or epitactic reaction. In
addition, the precursor reactivity is also related
closely to the material source, preparation history,
state of matter, and structure particularly. Precursors
are generally in the form of polycrystalline powders.

Due to the deficiency of crystal structure, reactivity at
the surface of different parts can be different. For
example, the structure of ideal MgO crystals belongs
to the cubic NaCl type, where Mg2þ and O2� ions are
alternatively arranged at the [100] plane (Fig. 2.3). For
a deficient polycrystalline MgO such as the form
shown in Fig. 2.4, the crystal surface has [100] and
[111] planes simultaneously. The [111] plane may
consist of only Mg2þ or O2� ions as illustrated in
Fig. 2.4. It is obvious that different planes of the crystal
are of different reactivity. The solid reactivity relating
to the existence of any defects in crystals will not be
discussed here in further detail due to limited space.
Increasing the reactivity of a precursor through the
preparation route, condition, and material source is
beneficial and enhances a solid-state reaction. For
example, high reactivity precursors with fine particle
size or high specific surface area, of amorphous or
metastable phase, can be prepared before, or at the
same time with, a solid-state reaction. Newly formed
precursors through precipitation, decomposition,
oxidationereduction, or phase transformation appear
to have very high reactivity due to the instability of
their structure. In the above solid reaction forming
MgAl2O4, MgO, and a-Al2O3 can be replaced,
respectively, with MgCO3 and newly precipitated Al
(OH)3. These materials decompose and form in situ
MgO and Al2O3 at 600e900�C, and the solid reaction
is thus enhanced.

FIGURE 2.3 Idealized MgO crystal structure and arrangement of
Mg2þ and O2� ions at [100] plane. Anthony R. West, Solid State Chem-

istry and Its Applications. Page 11. 1992. Copyright Wiley-VCH Verlag

GmbH & Co. KGaA. Reproduced with permission.

FIGURE 2.4 [111] Plane of MgO structure. Anthony R. West, Solid

State Chemistry and Its Applications. Page 11. 1992. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission.

HIGH-TEMPERATURE SOLID-STATE REACTION [11e14] 13



3. Property of product from solid-state reaction
Being heterogeneous, a solid-state reaction

advances mainly at the phase boundaries. The
controlling step of the reactiondionic diffusion
through the phasesdis influenced by many
undefined factors. Therefore, the composition and
structure of the product from this type of reaction are
usually nonstoichiometric and heterogeneous. Taking
the MgOeAl2O3 system again as an example, below
approximately 1500�C, the reaction product is an
MgAl2O4eMg0.75Al2.18O4 solid solution. In other
words, the spinal product at this primary stage of
solid reaction has a variable composition of a certain
range. The spinal crystals formed at the MgO/
MgAl2O4 boundaries are Mg-rich MgAl2O4; whereas
at the MgAl2O4/Al2O3 boundaries are Mg poor-
Mg0.75Al2.18O4. This results in structural as well as
compositional heterogeneity. If the reaction is allowed
to continue, it is difficult to obtain a stoichiometry of
1:3 even after a prolonged period of time. This
phenomenon exists in almost all high-temperature
solid-state reactions.

In the above discussions, it has been mentioned
many times that ionic diffusion in lattices and through
phases is an important factor influencing a solid-state
reaction, or even the controlling step for reaction of
this type. However, it can be seen from the above
discussions that it is very difficult to access, in further
detail, the principle of ionic diffusion. This is due to
the structural characters of reactants (usually
unstable, or metastable polycrystalline, or amorphous
solids) and products. Further studies in this area are
thus required.

2.4. PREPARATION OF RARE EARTH-
CONTAINING MATERIALS

Rare earths are a group of lithophile elements with
the tendency to combine with oxygen. Therefore, rare
earth compounds containing oxygen such as oxides
and complex oxides are easily formed when they are

synthesized in air. Rare earth halides, chalcogenides,
pnictides, and their oxy-compounds are also presented
in this section.

2.4.1. Oxides and Complex Oxides

The melting point of rare earth oxides RE2O3 is very
high, ranging from 2593 K for La2O3 to 2713 K for
Y2O3 and 2763 K for Lu2O3[16]. Their single crystals
have to grow at very high temperature.

Most rare earth complex oxides are also prepared by
high-temperature solid-state reaction methods. The
melting point of pure rare earth oxides can be lowered
by adding other components such as Al2O3 in the Y2O3

(or Lu2O3)eAl2O3 binary system. The congruent melting
point of Y3Al5O12 (YAG) is 2203 K [16] and it can be
grown at this temperature by Czochralski pulling
method (CZ) with iridium crucible and under high
purity N2 or Ar atmosphere in radio frequency (RF)
induction furnace.

By using this method, Ce3þ -doped Lu3Al5O12 or YAG
single crystal (LuAG:Ce3þ and YAG:Ce3þ) has been
grown as shown in Fig. 2.5. LuAG:Ce3þ is a scintillation
crystal [17] used for positron emission tomography
(PET) and YAG:Ce3þ thin crystal plate can be used as
cover on top of InGaN chip to prepare white light emit-
ting diode (WLED) for lighting [18].

For preparation of polycrystalline YAG:Ce3þ which is
widely used recently as phosphor for WLED, the
synthesis temperature can be lowered further. For
example, if solid-state (SS) reaction method is used for
preparation, Y2O3, CeO2, and Al(OH)3 are used as start-
ing materials and CO as reducing atmosphere to trans-
form Ce4þ to Ce3þ. The synthesis temperature is at
about 1773 K [19]. This solid-state reaction method is
to be compared below with several soft chemical
methods such as (1) coprecipitation method with ammo-
nium bicarbonate as precipitant (CP); (2) solegel (SG)
method with citric acid; and (3) combustion (CB)
method with urea as fuel. The synthesis temperature
can be lowered still further to 1273 K.

Because organic reagents are used in the SG and CB
methods, when the organic reagents are decomposed

(a) (b)
FIGURE 2.5 LuAG:Ce3þ single crystal
grown along the <111> direction by the Cz
method. (a) The as-grown crystal boule, (b) the
polished crystal wafer with the size of 1.0 mm
in thickness [17]. Reprinted from Journal of Rare

Earths, 25 (2007), Zhong Jiuping, Liang Hongbin,
Su Qiang, Zhang Guobin, Dorenbos Pieter, Bir-

owosuto Muhammad Danang, Effects of Annealing

Treatments on Luminescence and Scintillation

Properties of Ce:Lu3 Al5 O12 Crystal Grown by
Czochralski Method, page 568, Copyright (2007),

with permission from Elsevier.
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at the synthesis temperature, reducing atmosphere is
produced itself, so calcinations can be carried out in
air by using these two methods. Among these methods,
although the synthesis temperatures of SG and CB are
the lowest, the emission intensity of Ce3þ prepared by
the SS method at higher temperature is the strongest.
Increasing the sintering temperature could promote
the luminescence intensity, because it improves the crys-
tallization of YAG particles.

2.4.1.1. Preparation of Materials Containing
Divalent Rare Earth Ions

Eu2þ is a good activator for luminescent materials.
Because the 5d electron is located in the outer orbit, its
4f7/ 4f65d emission depends strongly on the environ-
ment of Eu2þ, its emission wavelength, and intensity
changes with the composition of the host and the
symmetry of Eu2þ ion. The emission wavelength of
Eu2þ ion can be changed from blue to red. On the other
hand, the ionic radius of divalent Eu2þ is similar to those
of divalent alkaline earth ions (Ca2þ, Sr2þ, and Ba2þ),
especially to that of divalent Sr2þ ion, when coordination
number (CN) is 8, the ionic radii are 125 pm for Eu2þ and
126 pm for Sr2þ. Therefore, Sr2þ ion can be replaced by
Eu2þ ion easily in the strontium compounds. Many alka-
line earth compounds doped with Eu2þ ion are widely
studied and used as luminescent materials, such as
SrAl2O4:Eu

2þ, Dy3þ for long-lasting phosphor [20], and
Ba2SiO4:Eu

2þ for light emitting diode (LED) [21].
In order to reduce the trivalent rare earth ions such as

Eu3þ, Sm3þ, Tm3þ, and Yb3þ into divalent ions RE2þ in
solid state, H2(10%)þN2(90%) is usually used as
reducing agent. For Eu3þ, CO can also be used as
reducing agent, which is produced by graphite heated
at high temperature (carbothermal method).

2.4.1.2. Synthesis of Divalent Rare Earth Materials
in Air with Defects Produced by Aliovalent
Substitution

It is found that some Sm3þ, Eu3þ, Tm3þ, and Yb3þ

ions in the alkaline earth borates, phosphates or boro-
phosphates containing tetrahedral BO4, PO4, and BPO5

groups can be reduced into divalent state even in air at
high temperature by the electron carried on defects
produced by aliovalent substitution. The following
requirements seem to be necessary for the reduction of
RE3þ to RE2þ in air at high temperature [22]:

(1) No oxidizing ions are present in the host.
(2) The dopant trivalent RE3þ ions must replace the

lower valence cations of the host (aliovalent
substitution). There must be no other stable trivalent
rare earth ions such as La3þ present as one of
components of the host. In these cases, in order to
keep charge neutrality, some vacancies and electron

carried defects will emerge, which can be used as
reductants.

(3) The substituted cations must have radii similar to
those of the corresponding divalent RE2þ ions. For
example, Sr2þ is the best substituted ion when Eu2þ

is used as dopant.
(4) The host compound must have an appropriate

structure. For example, structure containing stiff
tetrahedron BO4 is one of the best.

The reduction process may be expressed as follows
[23]:

3Sr2þ þ 2Eu3þ ¼ V}sr þ 2Eu$
sr

V}sr ¼ Vsr þ 2e
2Eu$

sr þ 2e ¼ 2Eux
sr

According to these requirements, some rare earth ions
such as Eu3þ, Sm3þ, Yb3þ, and Tm3þ can be reduced into
divalent state in air at high temperature for certain alka-
line earth borates, phosphates, borophosphates, alumi-
nates, and silicates containing tetrahedron anion
groups as SrB4O7, SrB6O10, BaB8O13, Sr2B5O9Cl, MBPO5

(M¼Ca, Sr, Ba), Sr4Al14O25, BaMgSiO4, etc. [24].
This provides a convenient and safe method for the

synthesis of materials doped with divalent rare earth
ions.

2.4.2. Halides

Rare earth halides are a group of important
compounds. Anhydrous rare earth chlorides and fluo-
rides are starting materials for the preparation of rare
earth metals. Anhydrous LaCl3:Ce

3þ or LaBr3:Ce
3þ single

crystal is a good scintillator used for detecting high-
energy particles, but they are hygroscopic compounds.

The solubility of rare earth fluorides in aqueous solu-
tion is very low. Their hydrates can be obtained by
precipitation method with HF as precipitant from rare
earth chloride or nitrate solutions. In order to prepare
anhydrous fluoride, they must be dehydrated with
NH4F at 473e873 K or under HFþN2 atmosphere at
973 K using graphite as container. But the product
obtained by this dry method contains trace amounts of
oxyfluoride impurity.

Complex fluorides, for example, ABF4 (A¼ Li, Na;
B¼ trivalent rare earth), are importantmaterials for appli-
cation. The electronegativity of F(3.98) is high, so the
chemical bonds in fluorides and complex fluorides are
dominantly ionic. The energy gap of some fluorides
such as LiYF4 is large (w12.5 eV), so they are transparent
in the vacuum ultraviolet (VUV) range and are a useful
matrix for laser or VUV phosphor. NaREF4 can be
prepared by solid-state reaction under HF atmosphere at
high temperature byusingNaFandREF3 as startingmate-
rials, but the product obtained contains traces of
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oxyfluoride impurity. They can also be synthesized by
hydrothermal method under mild conditions. For
instance, NaHoF4 and NaEuF4 with fluoride structure
have been prepared by this method. The molar ratio of
the initial reaction mixture for the synthesis of NaHoF4
and NaEuF4 is 6.0 NaOH:1.0 Ho2O3 (or Eu2O3):6.0
NH4F:6.0 HF:100 H2O. The reaction mixture is sealed
with 80% fill in a Teflon-lined stainless steel autoclave
for hydrothermal crystallization at 513 K. After the auto-
clave is cooled and depressed, the final powder product
is washed with deionized water and dried in air at room
temperature [25]. NaYF4 co-doped with Yb3þ, Er3þ (or
Tm3þ) can also be prepared by hydrothermal method
using NaF, NH4HF2, and lanthanide nitrates as starting
materials, Er3þ (or Tm3þ) as activator and Yb3þ as sensiti-
zer. Over a wide range of reaction temperature and time,
the hydrothermal route can successfully lead to an easily
controlled synthesis of both cubic phase nanospheres
and hexagonal phase microtubes of NaYF4. It is a good
upconversion phosphor and can convert the 980 nm
infrared light to red, green, and blue visible light. The
hexagonal structure NaYF4:Yb

3þ, Er3þ (or Tm3þ) micro-
tubes display considerably stronger upconversion emis-
sion than the cubic NaYF4:Yb

3þ, Er3þ nanospheres [26].
Hydrated rare earth chloride or bromide can be

prepared by simply dissolving the corresponding rare
earth oxide in HCl or HBr acid and then evaporating
to crystallize. Hydrous chloride or bromide with
different crystalline water is obtained. But anhydrous
rare earth halide is more difficult to prepare, because
oxyhalide impurity is formed if trace of oxygen or mois-
ture is present during the synthesis. For preparation of
anhydrous LaCl3 or CeCl3, the starting material
LaCl3$7H2O or CeCl3$7H2O can be dehydrated in dry
HCl atmosphere. The single crystal of anhydrous
LaCl3 or CeCl3 can be grown by the Bridgman technique
using a static vertical silica ampoule and a moving
furnace. To minimize the effect of oxygen and moisture,
all handling for putting the anhydrous LaCl3 or CeCl3 in
the ampoule is done in a nitrogen-purged glovebox. Gas
in the glovebox is recirculated through a mixed bed of
reduced copper catalyst and dry molecular sieve. The
oxygen and moisture concentration in the glovebox
can be lowered to less than 10 ppm [27].

2.4.3. Chalcogenides

In order to prepare chalcogenides such as sulfides or
selenides containing rare earth, attention must be paid
to prevent oxidation by oxygen in air. For sulfides,
H2S, CS2, or S is usually used as sulfurizing reagents
and rare earth oxides RE2O3 or chlorides RECl3 as start-
ing materials. If S is used as sulfurizing agent, 25% mass
excess of S is thoroughly mixed with RE2O3 and put in
the quartz ampoule, evacuated to 1�10�6 Torr and

sealed, and then fired in furnace at the synthesis temper-
ature and time. If rare earth metals RE and S are used as
starting materials, the reaction is REþ S¼RES. If H2S or
CS2 is used as the sulfurizing agent, the rare earth oxides
are put in the graphite crucible and inserted into a tube
furnace. After flushing with Ar gas at room temperature,
the furnace is heated to the synthesis temperature in Ar
atmosphere and then H2S or CS2 gas is introduced. After
necessary time, furnace is cooled down to room temper-
ature in Ar atmosphere. The reactions are:

RE2O3 þ 3H2S ¼ RE2S3 þ 3H2O;
2RECl3 þ 3H2S ¼ RE2S3 þ 6HCl

or

2RE2O3 þ 3CS2 ¼ 2RE2S3 þ 3CO2:

Because Eu3þ is easily reduced into Eu2þ in this
condition, only EuS is formed instead of Eu2S3 by using
this method.

There are a variety of rare earth sulfides with different
compositions, for example, monosulfides RES, sesqui-
sulfides RE2S3, disulfides RES2, RE3S4, etc. Even for ses-
quisulfides RE2S3, there are many kinds of structures. A
series of RE2S3 and EuS have been prepared. The start-
ing materials, sulfurization conditions (1093e1523 K),
structures, and colors of the products are discussed in
more detail. It is interesting to note that the color of
EuS (dark brown) and different structure types of
RE2S3 are different such as a-RE2S3 (Pnma, Maroon),
b-(I41/acd, yellow to green), g-(I43d, red to yellow),
d-(P21/m, yellow to tan), and 3-(R3C, white to yellow)
[28,29]. They can be used as environmentally friendly
inorganic pigments, especially the g-Ce2S3, which is
a red pigment and can substitute for the toxic elements
such as Cd, Cr, and Pb.

Rare earth selenides can be prepared by methods
similar to sulfides, but H2Se or Se is used instead of
H2S or S [16].

2.4.3.1. Sulfides

Because the ionic radii of rare earth ions are similar to
those of alkaline earth ions (Ca2þ, Sr2þ, Ba2þ), the latter
ions in the alkaline earth compounds can be substituted
by the former ions. Especially the divalent ion Sr2þ can
be easily replaced by the divalent ion Eu2þ and isostruc-
tural compounds are formed. For example, the complex
sulphide SrGa2S4 is isostructural with EuGa2S4. They
belong to the orthorhombic crystals. Their lattice para-
meters are a¼ 20.840, b¼ 20.495, and c¼ 12.212 Å for
SrGa2S4 and a¼ 20.716, b¼ 20.404, and c¼ 12.200 Å
for EuGa2S4 [30]. They can be prepared by solid-state
reaction. The starting materials are SrCO3, Ga2O3, and
Eu2O3. Stoichiometric quantities are weighed and thor-
oughly mixed by grinding in mortar, then put in the
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corundum crucible and inserted into a tube furnace.
After flushing with Ar gas, and fired at 1173e1273 K in
H2S for 2e3 h, the furnace is cooled down to room
temperature in Ar atmosphere [30]. EuGa2S4 is a green
light emitting phosphor. In order to avoid the concentra-
tion quenching of Eu2þ, its concentration has to be
reduced by doping it in the isomorphous SrGa2S4.
SrGa2S4:Eu

2þ is a good green phosphor, which can be
excited by 400 or 460 nm light emitted from InGaN
chip and used for LED [31,32] and other devices.

The Pauling electronegativities of S (2.58) and Se
(2.55) are smaller than that of O (3.44), so the covalent
character of sulfides and selenides is larger than that
of oxides. This makes the band gap (eV) of rare earth
sulfides and selenides smaller than that of oxides and
the colors of the rare earth sulfides and selenides deeper
than that of trivalent rare earth oxides [28,29]. Due to the
greater covalent character of sulfides and selenides, the
induced larger nephelauxetic effect also shifts the excita-
tion and emission spectra of the doped rare earth ions to
longer wavelength (Red Shift). Therefore, the excitation
and emission wavelengths of the rare earth ions can be
tuned this way.

Complex sulfides such as CaAl2S4 doped with Eu2þ,
a green-emitting phosphor for LEDwith near-ultraviolet
InGaN chip, can also be obtained by using evacuated
quartz ampoules, in which the stoichiometric amounts
of CaS, Al, EuS, and Na2CO3 with 50 mass% S are put
and heated to 1323 K for 5 h. In this method [33],
aluminum powder is used as it is a cheap and stable
starting material for preparation of CaAl2S4 instead of
expensive and weakly hygroscopic Al2S3.

2.4.3.2. Oxysulfides

YO2S:Eu
3þ is a well-known oxysulfide, a good red-

emitting phosphor widely used for color TV. A good
blue-emitting phosphor of oxysulfide CaLaGa3S6O:Ce3þ

with CIE chromaticity coordinates x¼ 0.147, y¼ 0.089
was proposed for the application of LED excited by
400 nm InGaN chip [34]. Its pure phase can be prepared
by a two-step method. The first step is to prepare the
starting sulfide materials b-La2S3, Ga2S3, and g-Ce2S3
at high temperature in horizontal tube furnace. b-La2S3
and g-Ce2S3 are prepared from La2O3 and CeO2 under
CS2 atmosphere at 1523 K for 3 h. Ga2S3 is prepared
from Ga2O3 under flowing H2S at 1223 K for 3 h. The
second step is to prepare the final product CaL-
aGa3S6O:Ce3þ with the starting sulfide materials by the
following solid-state reaction:

CaOþð1�xÞ=2La2S3þ3=2Ga2S3þx=2Ce2S3/CaLa1�x

CexGa3S6O
The stoichiometric amounts of materials such as CaO,

b-La2S3, Ga2S3, and g-Ce2S3 are thoroughly mixed by
grinding, and then are sintered at 1223 K for 2 h under
Ar atmosphere.

2.4.4. Pnictides and oxypnictides

2.4.4.1. Nitrides

Nitrogen (Pauling’s electronegativity¼ 3.04) reacts
with rare earth metals RE, whose electronegativity is
about 1. Stable mononitrides REN are formed at high
temperature, which are characterized by high melting
points, around 2773 K, and are highly sensitive to
hydrolysis. In consequence of the large triple bond
energy in dinitrogen (941 kJ mol�1), compared to
oxygen (499 kJ mol�1), the amount of nitrides is much
less than oxides. Direct combination with nitrogen
generally requires elevated temperatures, and total
absence of oxygen is needed in order to prevent a pref-
erential reaction with oxygen or an attack on the
nitride by oxygen at high temperature as follows:
nitrideþO2/ oxideþN2[.

Complex nitrides such as the isostructural
compounds MYbSi4N7 (M¼ Sr, Eu) and Sr1�xEuxYSi4N7

(0� x� 1) can be prepared as follows [35]. The starting
materials are b-Si3N4, metallic Y, Eu, and Sr. SrNx
(xw 0.65) and EuN are presynthesized by a nitriding
reaction of Sr and Eu metals under nitrogen atmosphere
at 1073e1123 K, and then grinding them into fine
powders. The starting mixtures are thoroughly mixed
and ground with an agate motar and pestle. All manip-
ulations are carried out in a protecting atmosphere in
a glovebox filled with dry nitrogen because of the great
air sensitivity of most of the rawmaterials. Subsequently
the well mixed starting powders are placed in a molyb-
denum crucible and fired at 1673 K and 1933 K for 12
and 16 h, respectively, under a flowing gas mixture 5%
H2e95%N2 in horizontal tube furnaces with an interme-
diate grinding between the firing steps.

Recently, compounds containing nitrogen element,
nitrides, and oxynitrides have attracted much attention
for LED applications. The key point is that N3� shows
higher formal charge and larger nephelauxetic effect
(covalence), both of which contribute to the strength-
ening crystal field splitting of the 5d states of rare earth
(Ce3þ, Eu2þ) than in an analogous oxygen environ-
ment. Consequently, oxynitride and nitride phosphors
doped with rare earth ions are anticipated to show
longer excitation and emission wavelengths than their
oxide counterparts. These properties meet the require-
ments for the fabrication of LED using InGaN chip,
which emits 400 nm near-UV or 460 nm blue light for
excitation.

Other isostructural nitrides M2Si5N8 (M¼ Sr2þ, Eu2þ)
can be prepared by carbothermal reduction and nitrida-
tion reaction (CRN) at 1773 K [36]:

Si3N4 þ SrOþ Eu2O3 þ CþN2/Sr2Si5N8

: Euþ CO2[
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Some nitrides doped with rare earth ions as phos-
phors can also be prepared by Gas Pressure Sinter-
ing (GPS) method using a furnace with a graphite
heating element and a nitrogen atmosphere under
pressure in the range of 0.1e1.0 MPa. For example,
CaAlSiN3:Eu

2þ is formed by the reaction among metal
nitride starting powders at 1873 K under 1.0 MPa N2

atmosphere:

Si3N4 þAlNþ Ca3N2 þ EuN/CaAlSiN3 : Eu

2.4.4.2. Oxynitrides

If the (AlO)þ in the alkaline earth aluminates MAl2O4

is replaced by (SiN)þ, oxynitrides MAl2�xSixO4�xNx can
be prepared [37]. A BaAl2�xSixO4�xNx:Eu

2þ phosphor is
synthesized by using BaCO3, Al2O3, a-Si3N4, and Eu2O3

as starting materials and sintering at 1473e1673 K
for 4e8 h in an H2þN2 reductive atmosphere.
Yellowish green light emitting diode was fabricated by
this phosphor and near-ultraviolet (w395 nm) GaN
chip [38].

>By using Si3N4 as source of Si and N, MSi2O2N2

(M¼Ca, Sr) and their Eu2þ-doped solid solution
(Ca1�x�ySrx)Si2O2N2:yEu

2þ can be prepared by solid-
state reaction. The stoichiometric mixtures of the raw
materials CaCO3, SrCO3, SiO2, a-Si3N4, and Eu2O3

are thoroughly ground and then fired in alumina
crucible at 873 K for 2 h under N2 atmosphere. After
being reground, they are sintered at 1773 K for 6 h
in 90%N2/10H2 reducing atmosphere in horizontal
tube furnace. Intense green LEDs were fabricated by
this phosphor and near-ultraviolet (w395 nm) GaN
chip [39].

Gas-reduction nitridation (GRN) method is another
effective and cheap method for synthesizing REa

MOyNz oxynitrides and nitrides. In this approach,
a corresponding REeMeO ternary oxide precursor is
synthesized by “Pechini” or amorphous citrate wet-
chemical process using citric acid as a complexing
agent and ammonia as precipitant. After evaporation
under vacuum and calcination, an REeMeO ternary
oxide precursor is obtained. The reaction is generally
performed in an alumina boat containing the oxide
precursor powder loaded inside an alumina or quartz
tube through which NH3 or NH3eCH4 gas flows at
appropriate rates at high temperatures (1173e1873 K).
The NH3 or NH3eCH4 gas acts as both reducing and
nitriding agents. This reaction is able to create REeN
bonds from REeO bonds, in accordance with the
general equation [40]:

REaMOx þ zNH3/REaMOyNz þ ðx� yÞH2O[

The above reaction is also called thermal ammonolysis
method. M stands for Ta, Nb, Mo, W, Ti, etc. Quaternary

REeMeOeN oxynitrides, like REeMeO oxides, do not
show any hygroscopic character [40].

Oxynitrides, whether they are of simple or complex
type, such as LaTiO2N, La(Mg,Ta)(O,N)3, and Ba(Sc,Ta)
(O,N)3, have band gaps of 1.7e2.4 eV. These values fall
in the visible range of electromagnetic spectrum [41].
The color originates from electronic interband transi-
tions between the occupied valence band and the vacant
conduction band. Upon substituting the higher electro-
negativity of O (3.44) by the lower electronegativity of
N (3.04), an increased covalent character induces
a decrease in the width of the optical band gap and in
a possible selective absorption of visible light.

Among REaMOyNz, (Ca,La)Ta(ON)3 are inorganic
yellowered pigments without toxic metals [42]. Their
performance is better than that of commercial cadmium
sulfoselenides.

2.4.4.3. Oxyphosphides and Arsenides

Oxypnictides such as LaFePO and LaNiPO have
been known to show superconductivity at low temper-
ature (4e7 K). The publication of a superconducting
transition at 26 K in the fluoride-doped rare earth
iron arsenide oxide LaFeAsO1�xFx [43] has sparked
tremendous interest in rare earth pnictides and oxy-
pnictides containing iron for superconductor, and
higher critical temperatures (Tc) have emerged quickly.
By changing La3þ with equivalent valence Sm3þ and
substituted aliovalently for Sr2þ, the Tc increased from
26 K to 56 K in Sr1�xSmxFeAsF (x¼ 0.5) [44]. This
superconductor is synthesized by the following solid-
state reaction using SrF2, SrAs, SmAs, and Fe2As as
starting materials:

0:5SrF2þ ð0:5� xÞSrAsþ xSmAs

þ 0:5Fe2As/Sr1�xSmxFeAsF:

SrAs is presynthesized by heating the mixture of Sr
and As powders in an evacuated quartz tube at 873 K
for 10 h. SmAs and Fe2As are prepared with Sm, Fe,
and As powder by a similar process at 1073 K for 10 h,
respectively. All processes except for firing are carried
out in glovebox (O2, H2O< 1 ppm) in which highly
pure argon atmosphere is introduced.

2.5. SOLeGEL PROCESS AND
PRECURSORS IN HIGH-TEMPERATURE

SOLID SYNTHESIS [45e47]

The solegel synthesis is a recently developed method
for preparing ceramics, glasses, and many other solid
materials as an alternative to high-temperature solid
synthesis. This technique offers the following advantages
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in comparison with the traditional high-temperature
powder synthesis.

1. By mixing reactant solutions, it is very easy to
obtain a desired homogeneous multiple component
system.

2. The temperature required in this type of preparation
can be lowered significantly. Therefore, ceramics,
glasses, and other functional materials can be
synthesized under moderate conditions [48].

3. The rheologic properties of sols favor the preparation
of films, fibers, and deposit materials using
techniques such as spraying, dip-coating, or
impregnation.

Some special forms that usually require special condi-
tions can now be prepared using this technique. Thiswill
be illustrated with the following example on
YBa2Cu3O7�d superconducting oxide film [49]. Super-
conducting oxides can be obtained through a variety of
routes such as the traditional high-temperature solid-
state reaction, coprecipitation, electron beam deposition,
sputtering, and laser vaporization. When the high-
temperature synthesis is used, the processed material is
repeatedly ground and sintered in order to obtain
a homogeneous product. Otherwise, it generally requires
special synthetic conditions. Compared with the above
methods, the solegel technique is simple and has a rela-
tively low cost. Furthermore, by employing the charac-
teristic rheologic property of a sol, high-quality films
can be made. Two different solegel routes can be used
to prepare superconducting YBa2Cu3O7�d films. One is
to use Y(NO3)3$5H2O, Ba(NO3)2, and Cu(NO3)2$H2O
stoichiometric nitrates as the startingmaterials. The start-
ing materials are dissolved in ethylene glycol to form
a homogeneous solution. The solution is brought to
a temperature (say 130e180�C) by refluxing and the
solvent is evaporated. The gel obtained is then calcined
at a high temperature (950�C) under an oxygen atmo-
sphere to obtain pure orthorhombic YBa2Cu3O7�d. The
other route is to use stoichiometric metallorganic
compounds (Y(OC3H7)3, Cu(O2CCH3)2$H2O, and Ba
(OH)2) as the startingmaterials. They are heated and dis-
solved in ethylene glycol with vigorous agitation. After
the solvent is evaporated, the gel can be calcined to
superconducting YBa2Cu3O7�d. Some YBa2Cu3O7�d

films of uniform thickness (10e100 mm)with high super-
conductivity can also be obtained by applying, with
a fine brush, the gel prepared from the above two routes
to a certain substrate. This substrate can be the [110]
surface of sapphire, the [100] surface of SrTiO3 single
crystal, or the [001] surface of ZrO2 single crystal. (1)
The applied film can be heated successively to 400�C
(2�Cmin�1) and 950�C (5�Cmin�1) and then cooled to
room temperature (3 �Cmin�1) under O2 atmosphere.
This procedure is repeated 2e3 times. Finally the film is

annealed at 800�C under O2 for 12 h and cooled down
to room temperature at a rate of 3�Cmin�1. (2) The
applied thin film is calcined at 950�C for 10 min under
air atmosphere, then another fresh layer is applied. The
calcinations and layer application procedure is repeated
several times. The film is finally annealedunderO2 atmo-
sphere at 550e950�C for 5e12 h.

2.5.1. The Chemistry of Solegel Synthesis
[45e47,50]

The solegel technique has been used recently to
prepare films of many unusual oxides such as V2O5,
TiO2, MoO2, WO3, ZrO2, and Nb2O5.

Some compounds or materials of certain structure
and aggregation state can be synthesized using the
solegel technique based on the understanding and
control of process chemistry. This is because the basic
chemistry of this technique lies in the hydrolysis and
condensation of molecules or ions of precursor materials,
i.e., molecules/ polymers/ sol/ gel/ crystals (or
noncrystals). The reactant precursors of a solegel process
are usually aqueous solutions of metal salts or metal
organic compounds. Therefore, the hydrolysis and
condensation of these two groups of materials will be
discussed.

1. Hydrolysis and condensation of inorganic salts
When a cation Mzþ dissolves in pure water, the

following solvating reaction can occur:

MZ++:O M O
H

H
H

H

Z+

In many cases (such as for transitionmetallic ions), the
solvation results in partial covalent bonds. Water
molecules become more acidic due to the partial
transfer of an electric charge from the filled 3a1
bonding orbital of a water molecule to the empty
d orbital of the transition metallic ion. Depending on
the extent of electric charge transfer, the solvated
molecules go through the following changes:

In an ordinary aqueous solution, there are possible
ligands for a metallic ion. They are aquo ligand (OH2),
hydroxo ligand (eOH), and oxo ligand (]O). If N is
the coordination number or the number of water
molecules covalently bonded to the cation Mzþ, an
approximate formula can be written as:
[MONH2N�h]

(Z�h)þ, where h is defined as the molar
ratio of hydrolysis. When h¼ 0, the precursor is in the
form of “aquo-ion” [M(OH2)N]

Zþ, while for h¼ 2N, it
is in the form of “oxo-ion” [MON]

(2N�Z)�. When
0< h< 2N, the precursor can be in the form of either
oxoehydroxo complex [MOx(OH)N�x]

(Nþx�Z)�
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(h>N), hydroxoeaquo complex [M
(OH)h(OH2)N�h]

(Z�h)þ (h<N), or hydroxo complex
[M(OH)N]

(N�Z)� (h¼N). The hydrolysis product of
a metallic ion (the precursor) can be roughly
determined from the “ChargeepH” diagram.

Under different conditions, these complex ions can
condense in different ways to form dimers or
polymers, and some can further form framework
structures. If the hydroxo bridgeMeOHeM is formed
via nucleophilic substitution (SN1), the reaction of the
hydroxoeaquo precursor [M(OH)x$ (OH2)N�x]

(Z�x)þ

(x<N) also follows the SN1 mechanism. The charged
precursor (Z� h� 1) cannot condense indefinitely to
form a solid phase, mainly due to the changes in
nucelophilic strength (with partial electric charge d) of
the hydroxyl groups during condensation. For
instance, the dimerization of Cr(III) is:

2[Cr(OH)(OH2)5]2+ [(H2O)4 Cr + 2H2OCr(OH2)4]4+ 

H
O

O
H

The partial electric charge of the OH group in
a monomer is negative (d(OH)¼�0.02). In a dimer, it
becomes positive (d(OH)¼ þ0.01), which indicates
that OH in a dimer loses the ability of further
condensation. Zero-charged precursor (h¼ Z) can
condense to a solid via the hydroxo groups, and the
final product is a hydroxide M(OH)Z.

There are many factors involved in the preparation
of gels from aquoehydroxo inorganic complex
precursor such as pH gradient, concentration, reactant
feeding method, gelling rate, and temperature. Since
nucleation and growth are diffusion-controlled
processes via mainly the condensation of hydroxo
bridges, all the above factors should be taken into
account. To prepare pure materials, one needs to
obtain stable gels. Some metals can form stable
hydroxo bridge and then give rise to fine M(OH)Z of
well-defined structure. This may not be the case for
some other metals that form amorphous gelatinous
precipitate MOx/2(OH)Z�x$YH2O. The amorphous
precipitate of this kind finally forms MOZ/2 via
oxolation as a result of continuous water loss. For
multivalent elements such as Mn, Fe, and Co, the
situation is more complicated. This is because electron
transfer can occur in the solution, in the solid phase, or
even at the oxideewater interface.

Another type of condensation is through the
reaction of oxo ligands, forming MeOeM oxo
bridges. Such a condensation process requires that
no aquo complex exists in the layer of metal
complex such as an oxoehydroxo precursor
[MOx(OH)N�x]

(Nþx�Z)�, x<N. If [MO3(OH)]�

(M¼W, Mo) monomers form tetramers
[M4O12(OH)4]

4� via a nucleophilic addition
mechanism, the edge of (2(O)2) or face of (2(O)3) oxo
bridges can form during the reaction. Another
example is the reaction with a mechanism of
additionesubtraction (ANbE1 and ANbE2) such as
the dimerization of Cr(VI) (h¼ 7):

½HCrO4�� þ ½HCrO4��#½Cr2O7�2� þH2O

and the condensation of vanadate:

½VO3ðOHÞ�2� þ ½VO2ðOHÞ2��#½V2O6ðOHÞ�3� þH2O

½VO3ðOHÞ�2� þ ½V2O4ðOHÞ3�#½V3O9�3� þ 2H2O

2. Hydrolysisecondensation of metallorganic
molecules

Metal alkoxides M(OR)n are a common molecular
precursor in the solegel synthesis of metal oxides.
Almost all metals (including lanthanides) can
form this kind of compound. An M(OR)n reacts
thoroughly with water and forms a hydroxide or
hydrous oxide:

MðORÞn þ nH2O/MðOHÞn þ nROH

In fact, the overall reaction process involving
hydrolysis and condensation is very complicated.
Hydrolysis generally occurs in aqueous or water and
ethanol solutions and forms active MeOH. The
reaction takes place in three stages:

M M

H H

O OR

M O ROHM M O
R

H
M

M O

O

M OR:

With the formation of hydroxo ligands, condensation
further proceeds. There are three types of condensation
corresponding to experimental conditions.
(1) Alkoxylation

M M

H H

O OR

M O ROHM M O
R

H
M

M O

O

M OR:

(2) Oxolation

M M

H H

O OH

M O H2OM M O
R

H
M

M O

O

M OH:
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(3) Olation

M
H

OH
R

H
M O M M ROHO

M
H

OH
H

H
M O M H2OMO

In addition to the compounds discussed above,
alkoxyl chlorides and acetates can also be used as the
organometallic molecular precursors.

3. Examples of synthesizing compounds of special
structure via solegel processes [50]
(1) V2O5$1.6H2O fiber

V2O5$1.6H2Ofiber is aprotonandelectronmixed
conductor. It can be prepared using many methods
such as: (1) acidification of NaVO3 solutions (by
HCl, HNO3, or by proton strong-acid cation-
exchange resins); (2) addition of V2O5melts directly
to cold water; and (3) hydrolysis of VO(OR)3
(R¼ Et, Pri, Pr, Bu, and Amt) with excessive water.

Vanadate becomes acidified at pH¼ 2, and
forms a precursor [VO(OH)3]

0 of h¼ 5. V is
tetrahedrally coordinated and has a high electron
affinity (d(V)¼þ0.62). Addition of any
nucleophilic ligand can induce the transformation
from tetrahedral to octahedral. In addition, since
the precursor is acidic:

½VOðOHÞ3�0#½VO2ðOHÞ2�� þHþ
dðOÞ ¼ �0:35 dðOÞ ¼ �0:44

Addition and condensation of such
a tetrahedral precursor lead to the formation of
decavanadate (x� 4):

ð10� xÞ½VOðOHÞ3�0 þ x½VO2ðOHÞ2��

#½H6�xV10O28�x� þ 12H2O

When the nucleophile, water (d(O)¼�0.40) is
added, V2O5 fibers can be obtained. The possible
reaction procedure is shown in Fig. 2.6. At first,
two water molecules are introduced, which
increases the C.N. from 4 to 6. Further olation
forms [VO(OH)3(OH2)]n

0 chains. Then the
oxolation between chains can occur, fulfilling the
transformation from unstable 2(OH)1 to stable

3(O)1 bridges. The condensation of these double
chains forms the fiber-like structure.

(2) MO3$H2O layer compounds (M¼Mo, W)
As with vanadium acidification, the precursor

[VO2(OH)2]
0 of h¼ 6 is also formed at pH¼ 2. The

addition of a nucleophilic ligand leads to a C.N.
transformation from 4 to 6 (d(W)¼þ0.64). When
h¼ 6, the precursor is acidic:

½MO2ðOHÞ2�0#½MO3ðOHÞ�� þHþ
dðOÞ ¼ �0:31 dðOÞ ¼ �0:42

Addition and condensation of these
tetrahedral and hexahedral precursors form
isopolyanions:

ð10� xÞ½WO2ðOHÞ2�0 þ x½WO3ðOHÞ��
#½H4�xW10O32�x� þ 8H2O

ð6-xÞ½MO2ðOHÞ2�0 þ x½MO3ðOHÞ��
#½H2�xM6O19�x� þ 5H2O M ¼ Mo; W

If x¼ 0, water molecules can enter the
coordination sphere. As the precursor of h¼ 6
has two oxo ligands, two water molecules can be
added in para-positions. In this case, the
functionality of the precursor is f¼ 2. Therefore,
condensation can occur only through oxolation,
forming linear or cyclic polymers:

n½MO2ðOHÞ2ðOH2Þ2�0#½MO3ðOH2Þ2�n
þ nH2O ðM ¼ Mo; WÞ

For W, due to the dissociation of one of the water
molecules, the precursor [WO(OH)4(OH2)]

0 of
h¼ 6 can be formed. The precursor condenses
through olation to layered structure. The
hydrogen bonding between the layers results in
WO3$2H2O and WO3$H2O layer compounds.
The reaction process is shown in Fig. 2.7. The
water dissociation process is very slow with Mo.
Nevertheless, it can be speeded up by heating
and leads to MoO3$2H2O and MoO3$H2O
analogously.

FIGURE 2.6 Mechanism of synthesizing V2O5 fiber through SN
and ANßE processes from monomer precursor (h¼ 5). [50]. Reprinted
from Progress in Solid State Chemistry, 18 (1988), J. Livage, M. Henry, C.

Sanchez, Sol-gel chemistry of transition metal oxides, page 259, Copyright

(1988), with permission from Elsevier.
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2.5.2. The Precursors in High-temperature
Solid-state Synthesis [46]

In this section, the precursors used for the processes
described in preceding sections are classified in groups.
The precursors can be molecular or polymeric or
a colloidal suspension of particles.

1. Inorganic salts
Inorganic salts are often used as molecular

precursors in high-temperature solid-state synthesis.
Inorganic salts are ionic compounds; examples are
listed in Table 2.2.

2. Metal organic compounds
Metal organic compounds are covalent or

inorganic coordinate compounds in which the metal

center is bonded to the ligand via a noncarbon atom
such as oxygen, sulfur, phosphorus, or nitrogen.

In the literature, the organometallic compounds
described in the next section are also referred to as
metal organic compounds. Metal organic compounds
are used as precursors. Examples of metal organic
compounds are provided in Table 2.3.

3. Organometallic compounds
Organometallic compounds are covalent or

coordinate compounds in which the ligand is bonded
to the metal center via a carbon atom. Like metal
organic compounds, organometallic compounds are
used as precursors for both wet chemical- and dry
vapor-related processes. Commonly used
organometallic precursors are listed in Table 2.4.

4. Polymeric precursors
In some processes, such as MOD and solegel

processing, polymeric precursors can be used as
starting materials for producing glassy or ceramic
compositions. These polymers are sometimes referred
to as preceramic polymers. Selected examples of such
polymers are given in Table 2.5.

5. Colloidal suspension
Suspensions of molecular precursors or

a suspension of oxide, hydroxide, sulfide, and other
such powders in a given solvent can also be used as
a starting material for preparing ceramic or glassy
materials. A widely used silica colloidal suspension,
Stober spheres, with monodispersed particles can
produce a variety of glassy products.

TABLE 2.2 Inorganic Salt Precursors

Inorganic Salts Examples

Metal halides MgCl2, LiF, KCl, SiCl4, TiCl4, CuCl2, KBr,
ZrOCl2

Metal carbonates MgCO3, CaCO3, Na2CO3, SrCO3

Metal Sulfates MgSO4, BaSO4, K2SO4, PbSO4

Metal nitrates LiNO3, KNO3, Fe(NO3)2

Metal hydroxides Ca(OH)2, Mg(OH)2, Al(OH)3, Fe(OH)3, Zr(OH)4

Salts with mixed
ligands

(CH3)3SnNO3, (C2H5)3SiCl, (CH3)2Si(OH)2

FIGURE 2.7 Formation mechanism of
WO3$H2O layer [50]. Reprinted from Progress in

Solid State Chemistry, 18 (1988), J. Livage, M.
Henry, C. Sanchez, Sol-gel chemistry of transition

metal oxides, Page 259, Copyright (1988), with

permission from Elsevier.
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TABLE 2.3 Metal Organic Compounds

Metal Organic
Compounds

Metal alkoxides
Metal carboxylates

Metal ketonates

Metal amides
  (sometimes also
  referred to as
  amines)
Metal thiolates

Metal azides
Metal thiocyanides
Metal organic
  compounds with
  mixed functional
  group

–M(–OR), where R is an alkyl
–M(–OC(O)R)x, where R is an
  alkyl

–M(–OC(R)CH(R’)CO–)x,
  where R is an alkyl or aryl

–M(–SR)x, where R is an alkyl
  or an aryl
–MN3
–M(–NCS)x

Al(OC3H7)3, Si(OCH3)4, Ti(OC3H7)4, Zr(OC4H9)4
Al(OC(O)CH3)3, Pb(OC(O)(CH3)2, – acetates
  Pb(OC(O)CH2CH3)4, – propionate Al(OC(O)C6H5)3,
  – benzoate
Ca(OC(CH3)CH(CH3)CO)2, – pentanedionate
  Al(OC(C(CH3)3)CH(C(CH3)3)CO)2 – heptanedionate
(CH3)2AlNH2, (C2H5)2AlN(CH3)2, (CH3)BeN(CH3)2,
  (iC3H7)3GeNH2, (C3H7)3PbN(C2H5)2

(CH3)2Ge(SC2H5), Hg(C4H3S)2, (SCH3)Ti(C5H5)2,
  (CH3)Zn(SC6H5)
(CH3)3SnN3, CH3HgN3
(C2H5)3Sn(NCS)
(C4H9)Sn(OC(O)CH3)3, (C5H5)2TiCl2,
  (C5H5)Ti(OC(O)CH3)3

General Formula Selected Examples

TABLE 2.4 Organometallic Precursors

Organometallic Compounds Selected Examples
Metal alkyls
Metal aryls
Metal alkenyls
Metal alkynyls
Metal carbonyls
Mixed organometallic ligands

As(CH3)3, Ca(CH3)2, Sn(CH3)4, – methyl
Ca(C6H5)2, – phenyl
Al(CH=CH2)3, Ca(CH=CHCH3)2, – vinyl, propenyl
Al(CCH)3, Ca(CCH)2, – acetylnyl
Co2(CO)8, Mn2(CO)12, W(CO)6, – carbonyl
Ca(CCC6H5)2 – phenylacetylnyl
(C5H5)3U(CCH) – cyclopentadienyl/ethynyl

TABLE 2.5 Polymeric Precursors

Polymer

Polycarbosilane –[(RR’)Si–CH2–]x

–[(RR’)Si–NR–]x, where R is a organic unit
  or H
1.  –[Si(RR’)O–]x: linear, where R is an
     alkyl or aryl
2.  Sesquisiloxane: ladder
3.  –[Si(CH3)2OSi(CH3)2(C6H4)m–] siloxane-
     silarylene
4.  Random and block copolymers of the
     above
–[Si(RR’)–]n,  where R is an alkyl or aryl
  –[Si(CH)(CH)–] – Silalkylene
–[BRNR’–]n: cyclic or chain repeat units

Cage compounds of B and C

–[N = P(R2)–]n, where R is an organic,
  organometallic, or inorganic unit

–[Sn(R)2–O–R’–O–Sn(R)2–O–]n: chain,
  where R is an organic unit. Drum- or
  ladder-type structures also possible
–[Ge(RR’)–]n

Polysilazane

Polysiloxanes

Polysilane

Borazines

Carboranes

Phophasphazenes

Polystannoxanes

Polygermanes

Formula Miscellaneous

Precursor to SiC in MOD and sol-gel-type
  processes where R is an active functional
  group such as an olefin, acetylene, H
Precursor to Si3N4 or silicon carbonitride in
  a manner similar to polycarbosilanes
Used in sol-gel processing and in situ
  multiphase systems used as precursors to
  SiO2 or silicon oxycarbide

Precursors to SiC, as photoresist and
  photoinitiators
Precursors to BN in CVD/MOCVD-type
  process or sol-gel-type process
Precursors to B4C in MOCVD- or
  MOD-type processes
Most common types of functional groups
  include alkoxy, aryloxy, arylamide,
  carboxylate, and halide

Can be used in microlithographic
  applications such as polysilanes
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2.6. SELF-PROPAGATING HIGH-
TEMPERATURE SYNTHESIS (SHS) [51e60]

2.6.1. General aspects

Development of efficient and energy-saving technolo-
gies is of great importance today. Self-propagating
high-temperature synthesis (SHS) or combustion
synthesis is a relatively novel and simple method for
making certain advanced ceramic, composites, and
intermetallic compounds (Fig. 2.8). This method has
received considerable attention as an alternative to
conventional furnace technology [61e65].

The SHS or combustion synthesis approach uses
highly exothermic reactions. Such reactions typically
have high activation energies and generate a substantial
amount of heat. Once the reactions are initiated, to
render self-sustaining reactions and to form a combus-
tion wave, the temperature of the combustion can be
very high (as 5000 K) and the rate of wave propagation
can be very rapid (as 25 cm/s). This process offers an
opportunity to investigate reactions in extreme thermal
gradients (as 105 K/cm) conditions.

In a typical combustion synthesis, the reactants are
usually fine powders, mixed and pressed into a pellet
to increase an intimate contact between them. The reac-
tant mixture is placed in a refractory container and
ignited in vacuum or inert atmosphere. The products
of the reaction are extremely porous, typically 50% of
theoretical density (Fig. 2.9) .

Reactions between particulate materials are an alter-
native way to produce various types of materials consid-
ering the extreme simplicity of the process, relatively
low energy requirement, high purity of the products
obtained, the possibility to obtain metastable phases,
and the possibility of simultaneous synthesis and densi-
fication. Higher purity of products is the consequence of
high temperature associated with the combustion. Vola-
tile impurities are expelled as the wave propagates
through the sample. The possibility of forming meta-
stable phases is based on high thermal gradients and
rapid cooling rate associated with the reaction.

Two approaches are being used in SHS technology.
The first approach is the production of intermediate
products, which are then used as raw materials in
further processing; the second one is based on direct

production of finished articles, in which case synthesis,
structuring, and shaping are carried out in one stage
(simultaneous synthesis and densification).

Actually over 500 compounds have been synthesized
by the SHS method. Some of these materials are listed in
Table 2.6.

2.6.2. Chemical Classes of SHS Reactions

The chemistry of SHS is versatile. The most important
types of reactions are given below.

• Synthesis from the elements

Tiþ C/TiC

NiþAl/NiAl

3Siþ 2N2/Si3N4

ZrþH2/ZrH2

• Redox reactions

B2O3 þ 3MgþN2/2BNþ 3MgO

B2O3 þ TiO2 þ 5Mg/TiB2 þ 5MgO

MoO3 þ B2O3 þ 4Al/MoB2 þ 2Al2O3

3TiO2 þ 3Cþ 4Al/3TiCþ 2Al2O3

2TiCl4 þ 8NaþN2/2TiNþ 8NaCl

• Oxidation of metals with complex oxides

3Cuþ 2BaO2 þ 1=2Y2O3 þ 0:5ð1:5� xÞO2

/YBa2Cu3O7�x

Nbþ 2:5Li2O2 þ 2Nb2O5/5LiNbO3

8Feþ SrOþ 2Fe2O3 þ 6O2/SrFe12O19

FIGURE 2.8 Schematic illustration of the SHS
process.

FIGURE 2.9 Structure of the combustion wave [66].
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• Synthesis from compounds

PbOþWO3/PbWO4

• Reaction of the elements with decomposition
product

2TiH2 þN2/2TiNþ 2H2

4AlþNaN3 þNH4Cl/4AlNþNaClþ 2H2

• Thermal decomposition

2BH3N2H4/2BNþN2 þ 7H2

2.6.3. SHS Process and its Characterization

1. Combustion in SHS processes
For SHS systems the most popular are the

following modes of combustion:
(1) Gasless combustion
(2) Solidegas combustion
(3) Multiphase combustion

The combustion reaction is initiated locally by
supplying a short intense burst of energy (e.g.,
electric spark, laser beam, resistively heated
wire, chemical igniter, etc.). A combustion wave
then propagates through the unreacted
materials. A typical structure of the combustion
wave is shown in Fig. 2.9. However, this
structure might be more complicated when the
melting of a product and/or the formation of
new phases takes place. Combustion
characteristics include the rapid propagation of
a combustion wave (1�10�4e0.15 m/s),
generations of high temperatures (2073e3973 K;
1800e3700�C), and the rapid heating of the
product (103e106 K/s). Due to relatively fast
cooling rates, a solid product consisting of
nonequilibrium phases might also be formed
(Borovinskaya, 1974).

2. Characterization of SHS reactions
SHS reactions can be characterized by the

adiabatic combustion temperature Tad. This can be

calculated by assuming that the enthalpy of the
reaction heats up the products and that no energy is
lost to the surrounding environment. Thus, Tad is
a measure of the exothermicity of the reaction and
defines the upper limit for any combustion system.
Some selected thermochemical data of binary
ceramic compounds are shown in Table 2.7. As
a rule-of-thumb, if Tad< 1200�C, combustion does
not occur, and if Tad> 2200�C, self-propagating
combustion occurs. In the range
1200�C< Tad< 2200�C, a combustion wave cannot
propagate but can be made to do so by special
techniques such as preheating of the reactants. For
example, the reactions

Siþ C/SiCðTad ¼ 1527
�
C; Tig ¼ 1300 +CÞ or

TiþAl/TiAlðTad ¼ 1245 +C; Tig ¼ 640 +CÞ

are not self-sustaining when Tstart¼ 25�C, while the
reaction is self-sustaining.

Tiþ C/TiCðTad ¼ 2937 +C; Tig ¼ 1027 +CÞ or

The reaction TiþAl/ TiAl can be made self-
sustaining by preheating above 100�C.

3. Fundamental SHS reaction parameters:
There are a number of reaction parameters in

the SHS process such as particle size of
reactants, stoichiometry of reactants, green density,
gas pressure, size of pellets, and ignition mode.

All of these parameters have an effect on the
completion of reaction, the temporal sequence of the
reaction, the temperature profile of the combustion
zone, the velocity of the combustion wave, and the
morphology and macroscopic structure of
combustion products.

2.6.4. Activation of SHS Processes
[53,67e69]

The SHS process is very efficient only for reactions
that are highly exothermic. If the reactions are not so

TABLE 2.6 Some Materials Produced by SHS [53]
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exothermic, the front does not propagate. Such is the
case for a large number of single-phase and composite
materials, such as ceramic and intermetallic com-
pounds, but sometimes these compounds are very inter-
esting from a technological point of view. In addition,
SHS reactions are limited by kinetic considerations.
These include the rate of the reactions and the rate of
heat transfer ahead of the reaction front. The latter is
governed by the effective thermal conductivity of the
product phases.

The need for activation stems from the thermody-
namic and kinetic limitation of SHS.

Many researchers have developed a new SHS process
coupling with other activation techniques that are able
to sustain the reaction, furnishing supplementary
energy for the propagation of the combustion wave.

1. Electric field-activated SHS (FACS) [53]
The effect of an electric field on reactions can be

multifaceted; the field (in reality a current) can
have a thermal effect (Joule heating), a mass
transport effect (electro-migration), or a more
complex effect arising from reported plasma
creation in the powder compact. Modeling studies
are based on the assumption that the main effect is
Joule heating [69].

With the application of an electric field it is
possible to synthesize very interesting composites, for

example AlNeSiC. A common method for the
synthesis of this solid solution is to heat a powder
mixture of AlN and SiC at above 2100�C for several
hours, using field-activation. The mixture was
obtained by the following reaction:

Si3N4 þ 4Alþ 3C/4AlNþ 3SiC

This reaction is highly exothermic, but no self-
sustaining reaction can be established without field-
activation. However, the SHS reaction doesn’t occur
unless the applied field is �8 V/cm. At the field
between 8 and 25 V/cm, the reaction is complete with
the product containing AlN and SiC.

2. Mechanically activated SHS (MRS and
MASHS) [53]

Another way to increase the reactivity of the
green powders is by combining simultaneously or
successively ball milling (MA) and an SHS reaction,
which can be classified as follows: (1) Mechanically
induced Self-propagating Reactions (MRS) for
which an SHS reaction occurs during milling inside
the ball mill in the same activation time, when the
powder reaches a well-defined critical state. (2)
Mechanically Activated Self-propagating High-
temperature Synthesis (MASHS) which consists of
a short duration high-energy ball milling step
followed by SHS.

TABLE 2.7 Heat Capacity Cp, Melting Temperature Tm, Heat of Formation DfH298, and Adiabatic Temperature Rise DTad, for Selected
Carbides, Borides, Silicides, and Nitrides [66]

Compound

CP[ aD b10L3TDC105TL2 (J/mol K)

Temperature internal (K) Tm (K) DfH298 (Kj/mol) Tad (K)a b c

B4C 96.190 22.594 44.852 298e1200 2620 39.0 702

TiC 49.497 3.347 14.949 298e3210 3210 183.1 2912

TaC 43.292 11.339 8.786 298e4270 4270 144.7 2402

SiC 41.714 7.615 15.230 298e3100 3100 72.5 1502

TiB2 62.718 15.606 20.836 298e3190 3190 278.2 2892

MoB2 38.493 48.869 d 298e1000 2520 96.2 1205

FeB 48.367 7.740 7.573 298e1810 1920 71.1 1402

Ti5Si3 243.592 24.016 110.709 298e1200 2390 580.3 2202

TaSi2 22.845 37.321 �93.052 298e2100 2470 115.9 1502

MoSi2 67.488 12.523 7.406 298e1200 2300 131.4 1602

W5Si3 111.587 75.843 �144.306 1200e2200 2590 194.6 902

TiN 49.831 3.933 12.385 298e3220 3220 334.4 4602

Si3N4 134.198 20.041 9.665 298e4000 2170 745.8 4002

BN 15.230 30.292 d 298e1200 3270 248.3 3402

AlN 22.886 32.635 d 298e900 2500 318.4 2602
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3. SHS-coupled gas transport [53]
The activation through gas phase diffusion

transport augments the solid-phase diffusion
transport that is required to sustain the
propagation of combustion wave. Even small
quantities of gas can have a significant impact on
SHS combustion, leading to pronounced changes
in burning velocity, temperature, product
elongation, and reactants-to-products conversion
efficiency. The presence of gas transport agents is
particularly important in the systems where the
adiabatic flame temperature is below the melting
point of reactants, products, and intermediate
species. Considering the reaction:

Taþ C/TaC

I2 vapor and CO2 were chosen as the gas transport
agents. For example, TaI5 is produced via

TaðsÞ þ 51/2 I2ðgÞ/TaI5ðgÞ

At low temperature (<1000 K) and then activated
Ta is condensed by reverse reaction at>1400 K, and
carbon simply diffuses in the activated higher
specific surface area Ta to form TaC.

The SHS process has a good control of the chemical
composition, so a new application of materials product
by SHS process can be Thermal Spray.

Another recent application of SHS technique is the
synthesis of lithium nickelate (Li0.88Ni1.12O2), lithium
cobaltate (LiCoO2), and lithium manganate (LiMn2O4);
these compounds are three most popular 4 V cathode
materials used in lithium-ion batteries. For this synthesis
the stoichiometries of the reaction mixture were taken as
follows:

LiNO3 þ CoðNO3Þ2 þ 2:5NH2 � CO�NH2 ðUreaÞ
LiNO3 þNiðNO3Þ2 þ 2:5NH2 � CO�NH2 ðUreaÞ
LiNO3 þ 2MnðNO3Þ2 þ 4:2NH2 � CO�NH2 ðUreaÞ

The nitrate is responsible for the oxidation of urea to
yield a high temperature, which results in the oxidation
of the transition metals.

Recently the production of composite thin films is
becomingmore important in the engineering of surfaces;
the combustion synthesis provides an alternative way
for the production of composite films. An example is
the production of TiCeTiB2 composite targets, which
could be used in sputtering thin films. This target is
produced with the application of uniaxial pressure
during the reaction, and after it is possible to sputter it
in order to produce a film. The film produced has high
thermal stability.

2.7. HIGH-TEMPERATURE
PREPARATION OF METAL VAPORS
AND ACTIVE MOLECULES FOR USE

IN CRYOSYNTHESIS [70e72]

In developing organometallic compounds, a unique
synthetic routedcryosynthesis (cryogenic method or
matrix-isolation)dhas been exploited [70]. Accordingly,
with the enrichment of synthetic chemistry, a new area
named cryochemistry has been developed in the last 10
years. Cryochemistry mainly deals with the spontaneous
and simple synthetic reactions of high-temperature (HT)
species with other gaseous molecules or solutions at low
temperatures (of liquid nitrogen or even lower). New
compounds that are impossible or difficult to synthesize
or separate by other routes are thus readily obtained.
The so-called HT species in the reactions may be simple
substances (mainly metals) or active molecules formed
at high temperatures (from electron bombardments, laser,
and so forth). Some typical examples are given below:

From the above reactions, the key step of this type of
reaction is to use the temperature technique to form
metals, other simple substances, or activated molecules.
The following is the high-temperature reactions for
preparing such high-temperature species.

1. Solid or liquid vaporization

CaF2ðsÞ ���!1300
�
C

w1 Pa
CaF2ðgÞ
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C
���!2500

�
C

w1 Pa
C1ðgÞ þ C2ðgÞ þ C3ðgÞ

2. Solidesolid or solideliquid reaction

SiðsÞ þ SiO2ðsÞ ���!1350
�
C

w1 Pa
2SiOðgÞ

2BðsÞ þ 2B2O3ðlÞ ���!1300
�
C

w1 Pa
3ðO ¼ B ¼ B ¼ OÞ

3. Gasesolid reaction

2BðsÞ þ BF3ðgÞ ����!2000
�
C

w102 Pa
3BFðgÞ

2BðsÞ þ 2H2SðgÞ ����!1200
�
C

w102 Pa
2HBSðgÞ þH2ðgÞ

4. Gas decomposition

P2F4ðgÞ ����!900
�
C

w0:1 Pa
2PF2ðgÞ

S8ðgÞ ���!1300
�
C

w1 Pa
4S2ðgÞ

The above HT species are mostly unstable. This is
also true for all the atom or molecular vapors of
metals or nonmetals (C2, C3, C4, P2, As2, Sb2, S2, and
Se2), lower chlorides (such as BX, CX2, SiX2 (X¼ F,
Cl, Br), PI, PI2, AlF, ScF, and LaCl) and lower oxides,
sulfides, nitrides, and carbides (such as B2O2, CS,
PN, and BC2) in excited state or as free radicals.
They are the necessary basis for the cryosynthetic
reactions at low temperatures (cryosynthesis will be
discussed in more detail in Chapter 3). The HT
species mentioned above can be obtained using the
following techniques.

2.7.1. Techniques of Metal Vapor Preparation

1. High-temperature vaporization using resistors
A metal can be vaporized or sublimated in

a resistor-heated refractory oxide crucible or directly
on a resistor under vacuum or in an inert gas
atmosphere. An alumina crucible is commonly used
as shown in Fig. 2.10.

Generally, a temperature of 1800�C can be
achieved with molybdenum or tungsten wire
resistor. Such a set-up is suitable for the vaporization
or sublimation of chromium, manganese, iron,
cobalt, nickel, palladium, copper, silver, gold,
indium, and tin. The vaporization rate is usually
10e50 g$h�1, which is suitable for laboratory
operations. Some metals require special oxide
crucibles, e.g., ThO2 crucibles for titanium, and BeO
crucibles for silicon. For higher efficiency and less

contamination, many metals such as calcium,
magnesium, rate earths, silicon, uranium, vanadium,
and titanium are evaporated or sublimated directly
on refractory metal resistors. The metal resistors can
be either wires, baskets, or boats of molybdenum or
tungsten. The simplified diagrams of the
experimental arrangement are shown in Figs 2.11
and 2.12.

2. Arc vaporization
It has high efficiency and can produce metal atoms

of excited state for further reactions. The experimental
arrangement is shown in Fig. 2.13.

3. Electron bombardment
An electric beam can be focused by passing

through an electrostatic or magnetic field.
The energy density of the electric beam can reach

a level of 10 Wmn�2. This suffices the rapid
vaporization or sublimation of any substances.
Figure 2.14 shows the typical electrostatic focusing
equipment. Two points should be stressed when

FIGURE 2.10 Alumina crucible for metal evaporation [71].

FIGURE 2.11 Metal evaporation on resistance wires [71].
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using this technique in cryochemical synthesis.
One is the possible by-reactions of some scattered
electrons reflected from the heated metal with
other reactant gases. The other is the stringent
requirement for pressure in the reactor. A discharge
occurs at p> 0.1 Pa, which can influence the metal
vaporization. Nevertheless, the metal vaporization
can be improved progressively by the installation
of auxiliary instruments such as tungsten wires.
Generally, metals are difficult to evaporate or
sublimate but rare earths, molybdenum,
niobium, tantalum, ruthenium, titanium,
zirconium, and hafnium can be prepared using
this method.

4. Laser beam vaporization
A w200 W (niobium) yttriumealuminum garnet

laser unit of a miniature vaporizer is shown in
Fig. 2.15. The focused laser beam has a high energy.

This favors not only metal vaporization but also
formation of excited atoms for an easier subsequent
synthetic reaction.

2.7.2. Attainment of HT species

Many molecular species are also obtained from
other high-temperature routes similar to those
mentioned above, such as gasesolid reaction, vapor
thermolysis, and discharge reaction. The attainment

FIGURE 2.13 Arc evaporation [71]. FIGURE 2.15 Laser evaporator [71].

FIGURE 2.12 Metal evaporation using W wire basket [71].

FIGURE 2.14 Electron beam evaporatordelectrostatic focusing
type [71].
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of HT species will be illustrated in the following three
examples.

1. High-temperature synthesis of BF via gasesolid
reaction. BF is obtained through the following
reaction:

2BðsÞ þ BF3ðgÞ��!1800
�
C

Vacuum
3BFðgÞ

The apparatus is shown in Fig. 2.16. A graphite
crucible holding boron particles of 4e10 mm is
placed in the inducing coils. A temperature of
1600e1800�C can be achieved by applying a high
frequency current. The boron particles react at low
pressure (~102 Pa)BF3 is introduced to the system
and form BF. The production rate can be as high
as 95%. This high-temperature gasesolid
reaction apparatus is also suitable for synthesizing
many lower chlorides of boron and silicon. In
a liquid nitrogen reactor, the BF obtained can
undergo a series of cryochemical synthetic
reactions such as:

2. Preparation of BCl by flash thermolysis of B2Cl4

There are generally two routes in B2Cl4
thermolysis:

Route (2) is rapid and referred to as flash
thermolysis. Figure 2.17 shows an apparatus for
flash thermolysis. At low pressure (feeding pressure
8� 102 Pa) B2Cl4 gas is passed at a rate of 1e1.5
mmol$min�1 into a quartz tube of 20 mm long
and 1 mm pore. The thermolysis zone (T¼ 1100�C)
is heated with a molybdenum wire. The
thermolysis product expands and enters the
next stage of synthetic reaction in the cryochemical
synthesizing zone conditioned with liquid nitrogen.

3. Discharge synthesis of CS
CS is obtained using the discharge apparatus

shown in Fig. 2.18 via the reaction: CS2ðgÞ ��������!
AC discharge

CSðgÞ þ 1=8S8ðsÞ. The main part of the apparatus is
a Pyrex electric discharge tube of 400 mm long and
18 mm in diameter. The electrodes are welded inside
the tube. The flow rate of CS2 vapor entering the
discharge tube is 40e150mmol$h�1 with a maximum
pressure of 102 Pa. The discharge conditions are 12 kV
and 10e30 mA. The production rate is 25%. The CS
from the reaction can then react with HCl and HBr
under the condition of liquid nitrogen and form
a series of special compounds:

FIGURE 2.17 Apparatus for flash thermolysis of B2Cl4 [72].
FIGURE 2.16 Apparatus for high-temperature gas-solid reaction
[72].
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2.8. HIGH-TEMPERATURE
ELECTROLYSIS IN MOLTEN SALT

SYSTEM [73e79]

2.8.1. Basic of Molten Salt Electrolysis

Despite the wide application of molten salts, the
research on their physical and chemical properties as
ionic melts are far from adequate due to the high temper-
ature and corrosivity involved. But generally, the proper-
ties of molten salts have theoretical and practical
significance, such as specific gravity (Density), depres-
sion of freezing point, viscosity, vapor pressure, and
surface tension, which significantly influences the Batch
Composition, temperature, other electrolytic conditions
and industrial practice ofmolten salt electrolysis [74e77].

2.8.2. Electrochemical Series of Molten Salts

The electrochemical series of molten salts can be
obtained from the decomposition potentials calculated
from the thermodynamic functions of the compounds,
or measured directly from electrochemical experiments.

The relationship between the decomposition pot-
ential of molten salts and temperature can be deduced
from the GibbseHelmholtz equation, whereas that
between the mono-electrode potential and temp-
erature can be obtained from the Nernst equation:

E ¼ E0 þ RT

nF
ln a (2.3)

With increasing temperature, the decomposition poten-
tial decreases, i.e., the temperature factor is negative.

The decomposition potential of a single molten salt
can be determined theoretically from the change of the
Gibbs energy of the primary cell during the electrochem-
ical process, i.e.:

Vd ¼ �DG

nF
(2.4)

Where Vd is the decomposition potential; DG is the
change of free energy; and n is the valence potential.
Alternatively, these thermodynamic data can be
obtained from the electrochemical measurements.

Using the graphical method on the IeV curves drawn
from experiment measurements, the decomposition
potentials of single molten salts as well as salt mixtures
can be determined.

2.8.3. Anode Effect

In some electrolytic processes of molten salts, an
anode effect can sometimes occur. When it happens,
the terminal voltage increases rapidly and the current
density decreases sharply. Meanwhile, a phenomenon
of poor wetting between the electrolyte and electrode
appears. The electrolyte seems to be cut off from the
anode by a layer of gas, and fine coronas due to spark
discharge also appear around the anode.

The anode effect occurs only when the current
density exceeds a “critical value”. The critical current
density of molten salts varies, and is related to the elec-
trolytic conditions (e.g., temperature, electrolyte compo-
sition, and anode material). For example, the electrolysis
of molten Na3AlF6eAl2O3 to Al is also carried out with
a current density close to the critical current density, so
the anode effect occurs frequently.

There are various opinions about the causes of the
anode effect. It is well accepted that high interfacial
tension between the electrolyte and anode results in
poor wetting of the anode and induces the anode effect.
When a large amount of Al2O3 (O2�, AlOþ, and AlO2

�

ions) is contained in the cryolite melt, the interfacial
tension between cryolite and carbon is lowand thewetta-
bility is good. The gas is released at the anode surface in
form of small gas bubbles as shown in Fig. 2.19. The
contact between the electrolyte and anode is good, and
the electrolysis can be carried out in a normal manner.

When the content of surface active Al2O3 is decreased
in cryolite, the wettability of the electrolyte to the anode
becomes deteriorated. The liberated anode gas is in the
form of large gas bubbles, leaving convex bubble nuclei
behind after the liberation as shown in Fig. 2.20. Eventu-
ally, the gas bubbles expel the electrolyte from most of
the anode surface, forming an almost impermeable
gaseous film, and the anode effect occurs.

FIGURE 2.18 Apparatus for discharge synthesis of CS [72].
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2.8.4. Examples of Molten Salt Electrolysis-
Rare Earth Metal Preparation [76]

1. Introduction
There are two electrolyte systems for preparing

rare earth metals from molten salt electrolysis:
RECl3eMCl and REF3eMFeRE2O3 (where M¼ alkali
metal). The electrolytic preparation of mixed or
single rare earth metals of melting points lower than
1000�C is usually carried out at a temperature higher
than the melting points. The metals are in liquid
form during the electrolysis, and form lump
products after cooling. In the preparations of yttrium
and heavy rare earth metal using molten salt
electrolysis, low melting metals such as magnesium,
zinc, and cadmium are usually used as liquid
anodes to form alloys. The low melting metals are
distilled afterward and rare earth metals are
obtained. Liquid metals are also obtained
directly from the electrolyses of oxideefluoride
melts.

2. Electrolytic process of rare earth chlorides
(a) Cathode process

In the electrolysis of the mixed chlorides of rare
earth and alkali metals, the overall cathode
process can be generally divided into three
stages according to the studies on the
polarography of molybdenum cathode. In this
situation, the relationship between the current
density of cathode and potential (based on
chlorine reference electrode) is of particular
concern.
1. Region of potential more positive than the

equilibrium potential of rare earth metals. The
cathode potential is between �1.0 and �2.6 V,
at which impure cations having more positive
potentials are discharged at the cathode. Meta-
valent rare earth ions such as Sm3þ and Eu3þ

also undergo incomplete discharge:

RE3þ þ e�/RE2þ

2. Region of potential close to the equilibrium
potential of rare earth metals. The cathode
potential is around �3.0 V, and the cathode
current density is from 0.1 to several A$cm2�

(determined by the RECl3 content in the
electrolyte and temperature). In this situation,
rare earth metals are obtained directly from the
electrochemical reduction:

RE3þ þ 3e�/RE

From experiments, the liberation of rare
earth metals is carried out at a potential close to
the equilibrium potential (of corresponding
concentration and temperature), and the
overpotential is insignificant.

As mentioned previously, the rare earth
metals liberated from electrolysis can
re-dissolve in rare earth chlorides:

REþ 2RECl3#3RECl2

Or undergo exchange reactions with alkali
chlorides:

REþ 3MCl#RECI3 þ 3M

The higher the electrolytic temperature, the
more vigorous are these processes.
Therefore, the temperature of the electrolysis
should not be too high. In addition, the
secondary reaction should be controlled by
operation conditions, electrolyte composition,
and cell construction (e.g., decreasing the
contacting area between rare earth metals and
molten salt).FIGURE 2.20 Electrolysis with anode effect [77].

FIGURE 2.19 Normal electrolysis [77].
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It has been reported that at a potential
between potential regions 1 and 2 mentioned
above, the reduction of alkali ions to meta-ions
also occurs:

2Mþ þ e�/Mþ
2

The alkali meta-ions further reduce RE3þ to
metal particles that are then dispersed or
dissolved in the electrolyte.

3. Region of potential more negative than the
equilibrium potential of rare earth metals. The
cathode potential is from �3.3 to �3.5 V, at
which the reduction of alkali metals occurs:

Mþ þ e�/M

This reaction proceeds in the following
circumstances. The concentration of rare earth
ions decreases gradually during the
electrolysis. When the current is increased to
a diffusion limit, the cathode polarization
potential increases rapidly to a value at which
alkali metals are liberated. To avoid this, the
content of rare earth chlorides should be kept
sufficiently high. In addition, the potential and
current density of the cathode should be
controlled within the range of discharging rare
earth metals.

(b) Anode process
In a normal electrolytic process, chlorine is

produced at the graphite anode. The main
process is:

Cl� � e�/Cl
2Cl/Cl2[
ðAdsorptionÞ

3. Current efficiency
Generally, the current efficiency of RE separation

frommolten salt electrolysis is low. This is because the
secondary reaction such as the significant dissolution
of rare earth metals in molten salts forms substances
unfavorable to the electrolysis.

(1) Dissolution of rare earth metals in molten salts
It has long been known that a rare earth metal

reacts with its own molten salt. This is believed to
be a common phenomenon in molten salt
electrolysis (a character distinguishable from the
aqueous electrolysis) and a very important cause
for the decrease in current efficiency. The
solubility of a rare earth metal in its molten
chloride is over 10e30 mol%.

The solubility of single light rare earth metal in
its molten chlorides increases with atomic
number. This is in correspondence with the
decrease in current efficiency as shown in
Table 2.8.

The significant difference in the solubility of
rare earth metals in their molten chlorides can be
explained with “contraction of lanthanum series”.
Neodymium and samarium have smaller atomic
radii than lanthanum and cerium, and are easier
to enter the voids of molten salt and thus have
higher dissolution losses.

Because neodymium has higher solubility than
lanthanum and cerium, more water-insoluble
substances are formed from the dissolved
neodymium under the effect of air in the same
electrolysis period. In an NdeNdCl3 system, in
addition to NdCl2, NdCl2.27, and NdCl2.37, two
other compounds have been found.

On one hand, rare earth metals of large
atomic number have relatively high solubility in
molten salts, and thus high losses from the
secondary reaction; on the other hand, they also
undergo incomplete electric liberation (e.g.,
Sm3þ þ e�/ Sm2þ) and result in relatively
large idle electricity consumption. This is the
reason for the decreased electric efficiency of
light rare earth metals with increasing atomic
number.

The dissolution loss of a metal in its salt has
many factors. Generally, the loss increases with
increasing temperature.

Some studies have been carried out to
minimize the dissolution loss of metal in the

TABLE 2.8 Relationship Between the Solubility of Single Light Rare Earth Metal in its
Molten Chloride and the Current Efficiency of Electrolysis
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molten salt. It has been found that the salt of
a cation that has a more negative potential can
decrease the solubility of a rare earth metal. For
example the more the KCl added, the less the
lanthanum loss.

Addition of NaCl can also decrease the
dissolution loss of rare earth metals in their
respective salts, but with a less significant effect.

(2) Effects of slag
In the electrolysis of rare earth molten salt, slag

such as rare earth oxides, hydroxides, nitrides,
and carbides are likely to form from the secondary
reaction:

2RECl3 þ RE/3RECI2
RECl2 þO2 þ RE/2REOCl
2REþN2/2REN
xREþ yC/RExCy

ðsuch as RE3C; RE2C3; and REC2Þ
2RECl3 þH2O/RE2O3 þ 6HCl
RECL3 þH2O/REOClþ 2HCI
2CeCL3 þO2 þ 2H2O/CeO2 þ 4HClþ Cl2

In open electrolytic cells at 580e600�C, an
RECl3eKCl melt becomes turbid due to the
formation of RE2OCl4:

4RECl3 þO2/2RE2OCl4 þ 2Cl2

RE2OCl4 encounters, and further reacts with, the
dissolved rare earths, oxygen, and water in the
gaseous environment:

2RE2OCl4 þ RE/2REOClþ 3RECl2
2RE2OCl4 þO2/4REOClþ 2Cl2
RE2OCl4 þH2O/2REOClþ 2HCl

Most of these products are insoluble in molten
chloride and become the so-called slag.
Although rare earth oxochlorides (REOCl and
RE2OCl4) can dissolve in a chloride system with
high solubility, they are influenced by the
environment and change to precipitates,
eventually becoming part of the slag. These
components of slag are different from RECl3 as
they do not dissolve in water at room
temperature. Therefore, they can be detected
using water. This kind of slag is also known as
“water-insoluble substance.” The water-insoluble
substance is a challenge in the RE electrolysis
industry. It either deposits at the cell bottom and
covers the cathode surface, preventing the
accumulation of metal and thus normal
electrolysis; or disperses in the melt as particles,
increasing the electrolyte viscosity and the loss
of metals via the formation of metal fogs. The

main sources of slag are the oxo-RE compounds
from water and oxygen. When the dehydration
conditions for crystalline material are not
appropriate (such as a low vacuum degree,
a low NH4Cl content, or a too high temperature),
part of the RE chloride undergoes the following
hydrolytic reaction:

RECl3$H2O/REOClþ 2HCl

In addition to the water contained in the feed, the
dehydrated feed absorbs water (especially in
a rainy season) during storage and transportation
if not sealed or thermally insulated. Therefore,
slag is formed during electrolysis as described in
the above reaction.

4. Preparation of RE chloride feed
There are two ways to prepare the anhydrous RE

chlorides for molten salt electrolysis: the dehydration
of crystalline material and chlorination by ammonia
chloride.

In the first preparation method, the hydrated rare
earth chloride RECl3$6H2O (crystallized material) is
slowly heated to a high temperature in a vacuum
dehydrator. Generally, it is heated at 100, 120, and
200�C and takes 6e10 h to dehydrate:

RECl3$6H2O ����!100
�
C
RECl3$3H2Oþ 3H2O

RECl3$3H2O ����!120
�
C
RECl3$H2Oþ 2H2O

RECl3$H2O ����!200
�
C
RECl3 þH2O

Hydrolysis is very likely when the last hydration
water is lost:

RECl3$H2O/REOClþ 2HCl

Two methods can be used to prevent hydrolysis: one
is to increase the vacuum degree and thus reduce the
water partial pressure; the other is to add sufficient
amount of hydrogen chloride to the system and force
the reaction to proceed in the direction of forming
RECl3:

REOCl þ 2HCl/RECl3 þH2O

Hydrogen chloride can be added at the final stage of
dehydration, which can result in fairly pure
anhydrous RE chlorides. Alternatively, if the
subsequent operations are not affected, an appropriate
amount of ammonia chloride (1.5e5%) can be added to
the precondensed crystallized material while it is still
warm. The advantage of the latter procedure is that the
HCl resulting from the decomposition of NH4Cl at an
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elevated temperature has a protection effect on RECl3
from the hydrolysis:

NH4Cl/NH3þHCl

The second RE chloride preparation method is the
chlorination using a dry ammonia chloride powder.
The mechanism is to obtain anhydrous RE chlorides by
mixing loose RE oxides or carbonates with solid
ammonia chloride:

RE2O3 + 6NH4Cl 2RECl3 + 3H2O + 6NH3

200 – 400°C
=

RE2(CO3)3 + 6NH4Cl 2RECl3 + 3H2O + 6NH3 + 3CO2

200 – 450°C
=

The reaction container can be an open ceramic
evaporator. An electric furnace can be used as the
means of heating. The material can be stirred with
a nickel spade to achieve uniform temperature and
to diffuse the resultant water. A tube furnace can
also be used. Care should be taken that the container
should not be full, and a space should be reserved
for the expansion of the reactant materials during
the reaction. In addition, the gas outlet should be
downward so that water can be discharged in time.
In the preparation of RE chlorides, especially heavy
RE chlorides containing little water-insoluble
substances, it is feasible to exercise multiple
chlorination cycles. The sample is withdrawn after
primary chlorination and more ammonia chloride is
mixed to carry out the secondary chlorination. Since
most of the water has been expelled in the previous
chlorination, the secondary chlorination can be very
complete. From the differential thermal analysis, the
reactions proceed stepwise. Chlorides and
hydroxides react with excess ammonia chloride and
form various compounds. Only at a temperature
higher than 430�C, ammonia chloride volatilizes
completely from the system. If the product obtained
at 200e360�C is a hard mass, which is due to poor
water discharge, the dehydration reaction should be
continued at >350�C until the complete discharge of
water. A loose packed product material can then be
obtained.

5. Operation conditions of electrolysis
(1) Electrolyte composition

The electrolyte used in the electrolytic
production of mixed or single rare earth metals is
composed of rare earth chloride and sodium
chloride or potassium chloride (usually CaCl2 and
BaCl2 are also contained). The rare earth chloride
accounts for 30e50%, or sometimes 20e35% of the
electrolyte mass in industrial production, or
40e60% (equivalent of a 1:2e3 mol ratio of
RECl3:KCl) in the laboratory preparation. A too
high or too low initial concentration of rare earth

chloride may result in a decreased current
efficiency. This is because Kþ (or Naþ) and RE3þ

ions can be discharged together at a low RECl3
content, and the electrolyte reacts with oxygen
and becomes viscous at a too high RECl3 content
causing a high resistance and a high loss of the
rare earth metal in the salt.

(2) Electrolytic temperature
This is an important factor. The common

temperature ranges used are: 820e900�C (870�C)
for mixed rare earth metals; 820e910�C
(850e870�C) for cerium; 850e960�C (920e930�C)
for lanthanum; and 920e960�C (950�C) for
praseodymium. The effects of electrolytic
temperature can be illustrated by the electrolyses
of cerium and lanthanum. At too low
temperature, the metal disperses in the melt and
is unfavorable for accumulation; whereas at a too
high temperature, the rare earth metal has an even
higher reactivity, its loss thus increases, and so
does the salt loss due to evaporation. At high
temperature, interactions between the metal,
electrolytic atmosphere, and construction
materials become more vigorous, and the current
efficiency, recovery, and metal quality decreases.
Therefore, some studies of electrolysis at
temperatures below the melting point of the metal
have been carried out. For instance, spongy
neodymium has been synthesized from the
electrolysis of NdCl3eNaCleKCl at 750�C. The
product is melted after the electrolysis.

(3) Current density
The current density J at the cathode is generally

3e6 A$cm�2. The current density is determined
by the concentration of the rare earth ions,
circulation of the electrolyte, and electrolytic
temperature. An appropriate increase in current
density can result in a more negative cathode
potential, and favor the discharge of rare earth
metals by reducing the relative loss of the metal
and increasing the current efficiency. This is
because the current density at cathode determines
the relative speed of metal dissolution and
discharge. However, if the current density at the
cathode is too high, the possibility of alkali metal
reduction increases, and the cathode zone or even
the overall fused salt can be overheated.

6. Purity of rare earth metal products
The purity of industrial electrolytic products of

mixed rare earth metals is generally around 98%, and
that of single rare earth metals is around 99%. Purer
metals can be obtained under laboratory electrolytic
conditions. For instance, for lanthanum with a rare
earth impurity level below the lower limit of
spectroscopy, a maximum non-RE impurity of 0.03%
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has been obtained. When preparing pure rare earth
metals by electrolysis, in addition to the pure feed and
high-quality construction materials (metal container,
graphite, and sleeve tube), the electrolytic conditions
such as a low temperature and a closed system should
be used.

2.8.5. Other Applications of Synthesis by
Molten Salt Electrolysis [73e75]

1. Preparation of alloys
In addition to the preparation of rare earth metals

by molten salt electrolysis, the electrosynthesis of
RE-CM alloys has also been developed. So far,
binary alloys such as RE-Al, RE-Mg, RE-Fe, and RE-
Sn and ternary composition alloys such as RE-AleSn
and RE-AleSi have been obtained from molten salt
electrolysis. Furthermore, the characteristics of large
alloying heat of Al-rich and Mg-rich zones have
been used to produce Al-base and Mg-base rare
earth alloys using the reduction method. This simple
and convenient technique can be used in the
smelting furnaces in plants, and is proved to be
feasible in reducing the production cost of rare earth
alloys.

2. Coating films on metals
Using the interaction between high-melting metals

and molten salts, a high-melting metal can be plated
on another metal at a temperature well below its
melting point. For instance, a steel specimen and
a piece of titanium (molybdenum or chromium) can
be added to a molten salt of KCleNaF at 800�C. A
layer of titanium can be plated to the steel surface after
a period of time, although steel is not in contact with
titanium. An alloy layer is formed between the plated
film and the substrate, therefore the plated film is
dense and rigid. This is a phenomenon similar to the
anode corrosion. When the substrate specimen and
the high-melting metal are respectively connected to
the cathode and anode while applying DC, the growth
of the plated film can be controlled and a high-quality
film can be obtained.

3. Synthesis of high-melting binary metal compounds of
ceramic type

There have been many high-melting binary
compounds such as those of metal with carbon,
boron, silicon, phosphorus, sulfur, selenium, and
tellurium. They all can be synthesized through the
cathode discharge from the molten salt electrolysis.
For example, an MgOeMgF2e2B2O3e½TiO2 system
can be electrolyzed to TiB2 at 1000

�C, 20 A, and 7 V.
An Na2OeNaFe2B2O3e(1/3e1/9)WO3 system
can be electrolyzed to WB at 1000�C, 20 A, and
4 V. CaB6, BaB6, LaB6, CeB6, CrB, TiB2, and ZrB2

are all obtained using the same method. Other
possible substances from the molten salt electrolysis
are the carbides of calcium, molybdenum, silicon,
tungsten, iron, niobium, and tantalum, the
phosphides of iron, gallium, indium, manganese,
molybdenum, and tungsten, CaSi2, Li6Si2, and
a variety of sulphides of other metals. Some binary
plated films have also been prepared.

4. Synthesis of middle valence compounds
Some middle compounds that cannot be prepared

by the electrolysis of aqueous solutions can usually be
prepared by the electrochemical redox reaction of
molten salt. For example, a series of middle oxides of
high-melting metals such as Mo2O3, MoO2, U4O9, VO,
VO2, NbO, and TaO, and middle chlorides such as
ZrCl, ZrCl3, HfCl2, and HfCl3 have been prepared
from molten salt electrolysis. Russian scientists Kaliev
and Baraboshkin reported many complexes of bronze
compound series of vanadium, molybdenum, and
tungsten crystallized through the electrolysis of
molten salt [78,79]. Another example is to reduce the
molten mixture of WO3 and alkaline tungstate
electrochemically in neutral atmospheres, according
to the reaction [80]:

The electrodes can be graphite as anode and Pt or
CrNi alloy as cathode. Well-formed single crystals can
grow by applying a seed on the cathode and using about
20 mA cm�2 current density.

Figure 2.21 shows a double cell, which was con-
structed by Perloff and Wold for preparing tungsten
oxide bronze single crystals by electrolysis from a melt.

FIGURE 2.21 Double electrolytic cell [80]. Reprinted from Interna-

tional Journal of Refractory Metals and Hard Materials, 13 (1995), L. Bar-

tha, A. B. Kiss, T. Szalay, Chemistry of tungsten oxide bronzes, page 77,
Copyright (1995), with permission from Elsevier.
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[11] U. Schubert, N. Hüsing, Synthesis of Inorganic Material, Wiley-

VCH, Weinheim, 2004.
[12] A.R. West, Solid State Chemistry and Application, John Wiley

and Sons Inc., New York, 1992.
[13] P. Hagenmuller, Preparative Methods in Solid State Chemistry,

Academic Press, New York, 1972.
[14] J.M. Honig, C.N.R. Rao, Preparation and Characterization of

Materials, Academic Press, New York, 1981.
[15] V.V. Boldyrev, Reactivity of Solids: Past, Present and Future: A

“Chemistry for the 21st Century Monograph”, Blackwell Science
Ltd, Chichester, 1996.

[16] Q. Su, “Chemistry of Rare Earths”, (in Chinese) Publisher of
Henan Science and Technology, 1993.

[17] J.P. Zhong, H.B. Liang, Q. Su, G.B. Zhang, P. Dorenbos,
M.D. Birowosuto, Journal of Rare Earths 25 (2007) 568.

[18] Q. Su, H. Xie, F. Fang, J. Wang, J. Zhong, X. Li, H. Xu, N. Wu,
L. Pan and J. Li, Chinese Patent ZL 2005 1 0102388.7, China,
2005.

[19] Y.X. Pan, M.M. Wu, Q. Su, Materials Science and Engineering
B-Solid State Materials for Advanced Technology 106 (2004) 251.

[20] T.Z. Zhang, Q. Su, The Journal of the Society for Information
Display 8 (2000) 27.

[21] M. Zhang, J. Wang, Q.H. Zhang, W.J. Ding, Q. Su, Materials
Research Bulletin 42 (2007) 33.

[22] Z.W. Pei, Q. Su, J.Y. Zhang, Journal of Alloys and Compounds
198 (1993) 51.

[23] Q. Su, Q.H. Zeng, Z.H. Pei, Chinese Journal of Inorganic
Chemistry 16 (2000) 293.

[24] Q. Su, H.B. Liang, T.D. Hu, Y. Tao, T. Liu, Journal of Alloys and
Compounds 344 (2002) 132.

[25] X.M. Xun, S.H. Feng, J.Z. Wang, R.R. Xu, Chemistry of Materials
9 (1997) 2966.

[26] J.L. Zhuang, L.F. Liang, H.H.Y. Sung, X.F. Yang, M.M. Wu,
I.D. Williams, S.H. Feng, Q. Su, Inorganic Chemistry 46 (2007)
5404.

[27] W.M. Higgins, A. Churilov, E. van Loef, J. Glodo, M. Squillante,
K. Shah, Journal of Crystal Growth 310 (2008) 2085.

[28] J. Flahaut, in K.A. Gscheidner, Jr. and L. Eyring (Eds.), Hand-
book on the Physics and Chemistry of Rare-Earths, Vol. 4,
North-Holland, Amsterdam, 1979.

[29] H.B. Yuan, J.H. Zhang, R.J. Yu, Q. Su, Journal of Rare Earths 27
(2009) 308.

[30] T.E. Peters, J.A. Baglio, Journal of the Electrochemical Society
119 (1972) 230.

[31] Q. Su, J. Xu, J. Zhang, Chinese Patent ZL 02 1 52035.6, China,
2004

[32] Q. Su, X. Zhang, J. Xu, J. Zhang, Chinese Patent ZL
200310111931.0, China, 2006

[33] R.J. Yu, J. Wang, J.H. Zhang, H.B. Yuan, Q. Su, Journal of Solid
State Chemistry 181 (2008) 658.

[34] R.J. Yu, J. Wang, M. Zhang, J.H. Zhang, H.B. Yuan, Q. Su,
Chemical Physics Letters 453 (2008) 197.

[35] Y.Q. Li, C.M. Fang, G. de With, H.T. Hintzen, Journal of Solid
State Chemistry 177 (2004) 4687.

[36] R.J. Xie, N. Hirosaki, Science and Technology of Advanced
Materials 8 (2007) 588.

[37] Y.Q. Li, G. de With, H.T. Hintzen, Journal of the Electrochemical
Society 153 (2006) G278.

[38] M. Zhang, B.H. Li, J. Wang, Z.Y. Zhang, Q.H. Zhang, Q. Su,
Journal of Materials Research 24 (2009) 2589.

[39] M. Zhang, J. Wang, Z. Zhang, Q. Zhang, Q. Su, Applied Physics
B-Lasers and Optics 93 (2008) 829.

[40] F. Tessier, R. Marchand, Journal of Solid State Chemistry 171
(2003) 143.

[41] Y.I. Kim, P.M. Woodward, Journal of Solid State Chemistry 180
(2007) 3224.

[42] M. Jansen, H.P. Letschert, Nature 404 (2000) 980.
[43] Y. Kamihara, T. Watanabe, M. Hirano, H. Hosono, Journal of the

American Chemical Society 130 (2008) 3296.
[44] G. Wu, Y.L. Xie, H. Chen, M. Zhong, R.H. Liu, B.C. Shi, Q.J. Li,

X.F. Wang, T. Wu, Y.J. Yan, J.J. Ying, X.H. Chen, Journal of
Physics-Condensed Matter 21 (2009) 142203.
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Synthesis and Purification at Low Temperature
Wenqin Pang
Jilin University, China

3.1. ATTAINMENT AND MEASUREMENT
OF LOW AND ULTRALOW

TEMPERATURES

3.1.1. Attainment

1. Common cold baths
(1) Iceesalt eutectic systems

Thorough mixing of crushed ice with salt (use
ice mill to mill it) can give low temperatures. For
example, different temperatures can be reached
using the following iceesalt mixtures:

3 parts iceþ 1 part NaCl/�21�C
3 parts iceþ 1 part CaCl2/�40�C
2 parts iceþ 1 part con. HNO3/�56�C

(2) Dry ice bath
This low temperature bath is also commonly

used. Its sublimation temperature is �78.5�C.
When it is used, inert solvents such as acetone,
alcohol, and chloroform should always be added
to improve the thermal conduction.

2. Phase change cold baths
This type of low temperature bath can maintain

constant temperature. For example, in CS2 case
�111.6�C can be obtained. This temperature is the
solideliquid equilibrium point (i.e., melting point) for
carbon disulfide under standard atmospheric
pressure. Commonly used constant-temperature cold
baths (phase change) are listed in Table 3.1.

3. Laboratory Cryogenic Systems
This is an important route for synthesizing many

compounds of rare-gas such as HXY molecules
(X¼Kr, Xe, Ar, Y¼ halides CN, SH) and many
volatile inorganic compounds. Recently, a complete
range of both cryogen-cooled and cryogen-free
equipment for low and ultralow temperature

synthetic research has been developed. Refer to Table
3.2 below for guidance in choosing the right system
(for example, we introduce the products from Janis
Research Co. Inc., USA) for laboratory research
applications.

A full range of accessories and ancillary equipment
for various cryogenic equipment needs are given below:
Flexible Helium Transfer Lines; Liquid Helium Storage
Dewars and Accessories; Liquid Nitrogen Storage
Dewars; Mechanical Pumping Stations and High
Vacuum Pumping Stations; Cryostat Accessories; and
Temperature Controllers.

TABLE 3.1 Phase Change Temperature of Some Common Low
Temperature Baths

Low temperature bath Temperature (�C)

Iceþwater 0.0

Carbon tetrachloride �22.8

Liquid ammonia �33.0 to �45.0

Chlorobenzene �45.2

Chloroform �63.5

Dry ice �78.5

Ethyl acetate �83.6

Toluene �95.0

Carbon disulfide �111.6

Methylcyclohexane �126.3

n-Pentane �130.0

iso-Pentane �160.5

Liquid oxygen �183.0

Liquid nitrogen �196.0

39Modern Inorganic Synthetic Chemistry, DOI: 10.1016/B978-0-444-53599-3.10003-4 Copyright � 2011 Elsevier B.V. All rights reserved.



3.1.2. Thermometry

The most common thermometers in laboratory for
measuring low and ultralow temperature are: (1)
Thermal resistance thermometer, (2) Thermocouple,
and (3) Thermistor.

Some types (from products of Lakeshore Co. Inc.,
USA) and related properties are given in Table 3.3.

3.2. VACUUM TECHNIQUE AND ITS
APPLICATION IN INORGANIC

SYNTHESIS

Vacuum technique is a very important experimental
method in inorganic synthesis. The synthesis or separa-
tion of many volatile compounds and those sensitive to
oxygen, air, and water vapor needs to be carried out
under vacuum conditions. Some precision measure-
ments such as LEED (Low-Energy Electron Diffraction),
AES (Auger Electron Spectroscopy), and ISS (Ion
Scattering Spectroscopy) also need to be operated under

ultrahigh vacuum of 10�9 Pa. And many experiments
in the synthetic reactions, purifications, and character-
izations are apparently dependent on the vacuum
conditions. Therefore, it is highly necessary for inor-
ganic synthesists to understand and master vacuum
technique.

Vacuum is not absolute emptiness, but is a state of
gaseous space that has a pressure lower than that of
the standard atmosphere. The scarceness level of gas
in a vacuum state is usually called the vacuum degree,
and expressed with a value of pressure (Pa). To use the
international system of units (SI) suggested worldwide,
the conversion of Torr and mbar to Pa is:

1 Torr ¼ 1 mmHg ¼ 133:322 Pa

1 mbar ¼ 100 Pa

For convenience in practice, vacuum degree is classi-
fied into the following groups. This is done by referring
to the physical properties of gaseous space, the effective
ranges of common vacuum pumps and gauges, and the
application features of vacuum technique.

TABLE 3.2 Laboratory Cryogenic Systems Guide

ST STVP SVT VT Immersion VNF VPF CCR SCON

Useable cryogen Liquid Nitrogen C B B C C C C

Liquid Helium C C C C C C

Temperature range <2 K to 77 K C C C C ) C

77 K to 325 K C C C C C C C

325 K to 500 K C B C C C

500 K to 600þK B C B

Sample environment Vacuum C B C C C

Vapor/Liquid C C C C

Exchange gas B B C C

Cryogen usage liters/h LHe at 4.2 K 0.5 1.1 0.3 0.3 0.15 N/A N/A N/A 0.3

LHe at 100 K 0.1 0.2 0.2 0.4 N/A N/A N/A N/A 0.3

LN2 at 100 K 0.1 0.2 0.1 0.2 0.1 0.2 0.1 N/A N/A

Cryostat hold
time (hours)

N/A N/A 8 6 8 6e8 5 N/A 12

Initial cool-down
time (min.)

15 15 60 60 60 30 15 60 120

C, Standard model available; B, available as an option; and *, not available <4 K.

Note: Above are approximate values for basic models and vary depending on the exact configuration.

Model types of cryogenic equipment, (product from Janis Research Company Inc.): VNF: Liquid Nitrogen, Variable Temperature Cryostats-sample in Vapor; VPF:

Liquid Nitrogen, Variable Temperature Cryostats-sample in Vacuum; ST: Liquid Helium, Continuous Flow Cryostat Systems-sample in Vacuum; STVP: Liquid

Helium, Continuous Flow Cryostat Systems-Sample in Vapor; SVT: Liquid Helium, Variable temperature (Reservoir) Cryostats-Flowing Vapor; VT: Liquid Nitrogen,

Variable Temperature Cryostats-Vacuum or Exchange gas; SCON: Liquid Helium, Superconducting Magnet Systems; and CCR: Cryogen-free, Closed Cycle

Refrigeration.
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Low vacuum 105e102 Pa

Medium vacuum 102e10�1 Pa

High vacuum 10�1 to 10�5 Pa

Ultrahigh vacuum 10�6 to 10�9 Pa

Extreme vacuum <10�9 Pa

3.2.1. Vacuum Attainment [1e3]

The process of achieving a vacuum is known as evac-
uating. The equipment used is called a vacuum
pump. The pump can be water jet pump, mechanical
pump, diffusion pump, condensation pump, getter-ion
pump, or turbomolecular pump. Since covering a pres-
sure range of 105e10�11 Pada total of 16 orders of
magnitude, a vacuum is not attained with only one but
a combination of many pumps. In the laboratory,
mechanical, diffusion, and various condensation
pumps are commonly used. Table 3.4 lists the various
techniques of attaining vacuum and the achievable
pressures.

The working characteristics of a vacuum pump are
usually described with four parameters: (1) initial pres-
sure, which is the highest permissible pressure for the

pump to operate; (2) critical back pressure, which is
the highest achievable back pressure at the exhaust of
the pump; (3) ultimate pressure, which is the lowest
achievable pressure by the vacuum pump after pro-
longed evacuating of a tight system; and (4) pumping
speed, which is the throughput of the concerned pump
at a given pressure and temperature. It is very important
to understand these four parameters. For instance,
a mechanical pump has an initial pressure of 101.3 Pa
and a critical pressure of 0.1 Pa, whereas a diffusion

TABLE 3.3 Types of Thermometers in Laboratory

Type Model

Temperature

range (K)

Relative accuracy

(20 K)/mk

Reproducibility

(4.2 K)/mk

Silicon DT-670-SD 1.4e500 �14 �10

Diode DT-471-SD 10e500 �14 �10

GaAs Diode TG-120-SD 1.4e500 �14 �10

Platinum RTD PT-103 14e873 �10 �5

Cernox� RTD CX-1010-SD 0.1e325 �9 �3

CX-1050-SD-HT 1.4e420 �9 �3

CX-1080-SD-HT 20e420 �9 �3

Germanium RTD GR-200A-30 0.05e4.2 �9 �0.5

GR-200A-250 0.5e100 �90 �0.5

Carbon-Glass RTD CGR-1-500 1.4e325 �8 �0.75

Rox-type RX-102A-AA 0.05e40 �37 �15

Rhodium-Iron RF-800-4 0.65e800 �14 �5

Capacitance CS-501-GR 1.4e290 NA �10

Thermocouple Type K 3.2e1543 NA NA

Type E 3.2e953 NA NA

Thermometer Chromel-AuFe 1.2e600 NA NA

TABLE 3.4 Techniques of Attaining Vacuum and Achievable
Pressure

Vaccuum (Pa) Main vacuum pumps

105e102 Water jet pumps, mechanical pumps, and
various rough pumps

102e10 Mechanical pumps, oil or mechanical boosters,
and condensation pumps

10e10�5 Diffusion pumps and getter-ion pumps

10�5 to 10�11 Trap diffusion pumps, turbomolecular pumps,
and getter-ion pumps

<10�11 Combination pumps (getter-ion pump,
molecular pump, etc.)
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pump has an initial pressure of 10 Pa. Therefore, prior to
the use of diffusion pump, the mechanical pump should
be used to evacuate the enclosure to a pressure lower
than 10 Pa. Therefore, mechanical pumps are often
referred to as fore pumps, whereas diffusion pumps as
secondary pumps.

1. Rotary vane mechanical pump
A rotary vane mechanical pump consists of

a pump cavity, a rotor, vanes, an exhaust valve, and an
inlet port. All these parts are immersed in mechanical
oil contained in a pump casing. The pumping
mechanism is based on volume displacement. The
working principle of a single-stage rotary vane
mechanical pump is illustrated in Fig. 3.1.

Generally, a single-stage pump has an ultimate
vacuum of approximately 1 Pa. Two single-stage
pumps can be connected in a series to operate as
a two-stage pump, achieving an ultimate vacuum as
high as 10�2 Pa.

2. Oil diffusion pump
An oil diffusion pump is the main equipment for

attaining a high vacuum. The working principle is
based on the diffusion of gas molecules into
directional vapor streams. Figure 3.2 is a schematic
illustration of a three-stage metal diffusion pump. The
working medium is usually an oil of low vapor
pressure.

Generally, the critical backpressure of diffusion
pumps is about 10 Pa, so they should be used in
conjunction with mechanical pumps. The ultimate
vacuum of diffusion pumps is generally as high as
10�4 Pa, though there are slight differences according
to the oil used and the pump capacity. The
appropriate working pressure range of a diffusion
pump is 10�2 to 10�4 Pa.

3. Oil-free vacuum pump
To obtain an ultrahigh vacuum, a pump that does

not use oil as the working medium is necessary. There
are four types of such pumps with mechanical
movement, vapor stream, and adsorption as the
evacuation method: Molecular pump (Compound-
and Turbomolecular Pump); Getter-ion pumps;
Molecular sieve sorb-pump; and Titanium
sublimation pump.

3.2.2. Vacuum Measurement Principles
and Typical Measurement Ranges [1]

Some vacuum applications require a negative pres-
sure of only a few Pascals compared to atmospheric
pressure, whereas others reach absolute pressures below
10�7. This is a thousandth of a billionth of the normal
atmospheric pressure and points out the complexity of
vacuum measurement. The most sensitive vacuum
gauges measure absolute pressures of less than
10�10 Pa. This is 15 decades smaller than atmospheric
pressure. Due to physical constraints, there exists no
measurement method that covers this huge range.
Instead, for different pressure ranges we have different
principles of measurement with different accuracies.

Gas-type-independent measuring principles utilize
mechanical force interactions between gas particles
and surfaces. This is referred to as a “direct” measure-
ment. Pressure is defined as force per surface area (in
SI units: 1 N/m2¼ 1 Pa). According to the kinetic gas
theory, the force depends on the number of gas particles
per volume, but is independent of the molar mass of the
particles, i.e., the particular gas type does not affect the
measurement. Typical gauges are Bourdon gauges and
diaphragm gauges.FIGURE 3.1 Working principle of rotary vane mechanical pump.

FIGURE 3.2 Three-stage metal diffusion pump.
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Gas-type-dependent (indirect) measuring principles
do not utilize force interactions, but other physical prop-
erties of gases, which also depend on the gas density and
therefore indirectly on the pressure. Two such properties
are thermal conductivity and ionization probability.
A problem is, however, that in addition to the density,
the chemical composition of the gas also affects the
measurement. To obtain comparability between different
gas-type-dependent gauges, they are usually calibrated
for nitrogen, since nitrogen is the main component
(approx. 80%) of normal air. Typical gauges are heat
loss gauges and ionization gauges (Fig. 3.3).

Vacuum measurement can be divided roughly into
gas-type-independent and gas-type-dependent measur-
ing principles. According to the function of vacuum
gauges, some important types used for measuring high
and ultrahigh vacuum are introduced as follows.

Ionization vacuum gauges. To measure high and
ultrahigh vacuum, ionization gauges are the most
commonly used devices. For this purpose the gauge
ionizes the residual gas inside a defined gauge volume,
collects the ions, and measures the resulting ion current,
which is proportional to the pressure. The measurement
is gas-type-dependent in principle, since each type of
gas has a specific ionization probability. Therefore each
particular gas or gas mixture demands a specific calibra-
tion or at least a correction factor. Ionization vacuum
gauges are typically built in two versions: (1) Cold
cathode ionization vacuum gauges, (2) Hot cathode ioni-
zation vacuum gauges, and (3) Combined gauges.

Many vacuum processes require the application of
two or more measurement principles in order to meet
the specified measurement range and/or accuracy. In

some cases, it is reasonable to use combination gauges
that combine two or more measurement methods in
one single device. An example in this catalogue is the
ATMION wide-range vacuum gauge, which integrates
a Piranic sensor into a Bayard-Alpert ionization gauge
and thus covers a pressure range over 13 decades from
atmosphere to 10�8 Pa.

3.2.3. Common Vacuum Equipments
in the Laboratory [2,4]

A vacuum unit for use in the laboratory usually
consists of three parts: vacuum pumps, vacuum gauges,
and lines or apparatus designed to meet the requirement
of a specific experiment.

Valves (or stopcocks) are essential in a vacuum system.
The selectionandassemblyofvalves influencedirectly the
vacuumdegreeof the system.Avacuumvalve is a compo-
nent used to adjust or cut off the gas stream in a vacuum
system. There are various valves of different materials
and structure designed for different purposes. Traps are
often installed to reduce the influences of oil, water, and
mercury vapors and other corrosive gases on the system.
Sometimes, traps are also used to separate substances or
simply increase the vacuum degree of the system.

Special vacuum lines or devices are mainly used for
handling materials that are volatile or reactive with air
or water vapor. These materials are common in inor-
ganic synthesis.

1. Valves
Glass valves (or stopcocks) are the earliest and

most convenient valves. They have advantages such

FIGURE 3.3 Vacuum degree and measure-
ment [1].
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as being easy to clean and make, chemically stable,
highly insulating, and convenient for leakage
checking. When using this type of ground stopcock,
a uniform thin layer of seal grease should be applied
at the interface of the two halves of the stopcock.
The saturated vapor pressures of common vacuum
greases are all lower than 10�4 Pa. The application
temperature varies with the type of the grease. Many
common seal greases are suitable to use at room
temperature up to 130�C. Special greases can be used
at �40 to 200�C. Therefore, an appropriate grease
should be selected according to the experimental
needs.

Figure 3.4 shows several two-way and three-way
glass stopcocks. Figure 3.5 shows a “needle” glass
valve. The coil-controlled needle is mobile inside the
capillary. The diameters of the glass needle and
capillary are determined by the volumetric
throughput of gas and the intended degree of control.
In addition, ultrahigh vacuum glass stopcocks such as
ball-ground electromagnetic valves and oil-free glass
stopcocks can be made to meet the requirement. These
stopcocks are mostly opened or closed by means of
magnet. There are two types of oil-free glass
stopcocks: one uses the ground seal for opening and
closing under vacuum conditions; and the other
utilizes the property of a lowmelting GaeIn alloy that
remains in a liquid state at room temperature to cut off
the gas stream. Figure 3.6 shows these oil-free glass
stopcocks. Tin metal can also be used to make liquid-
metal stopcocks. The melting point of tin is 232�C, and
its vapor pressure below 450�C is 10�11 Pa. At an
elevated temperature, the cap of stopcock can be
raised or lowered with a screw. This simple type of
stopcock has always been highly remarkable.

In a chemical preparation process, when a joint
needs to be open or close only once, a fusing seal (for
closing) can be used in conjunction with a breaking
valve (for opening). Since a tube with a large diameter
is difficult to seal well using the fusing method after
a vacuum has been achieved, its diameter should be
reduced and the wall thickened at the position of seal.
This can be done by heating the tube to soft and
pressing axially to thicken the wall, then stretching it
along the axial direction to reduce the diameter. When
sealing such a tube, this part of the tube should be
evenly heated and stretched along the axial direction,
or using a glass rod to pull it apart.

Using a breaking valve (Fig. 3.7), a joint can be
opened. The end of a glass tube is stretched to form
a thin bent tip or a thin-wall bulb. The tube is then
fusing sealed to a larger tube to form a breaking valve.

FIGURE 3.4 Glass stopcocks.

FIGURE 3.5 Glass needle valve.

FIGURE 3.6 Two oil-free glass stopcocks.

FIGURE 3.7 Breaking valves.
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A hammer is made by enclosing a piece of steel wire
into a glass tube. The breaking valve is arranged
vertically. The hammer is slipped gently down in the
glass tube onto the bulb or the tip using a strong
magnet. Then the two ends of the valve are fusing
connected to other parts of the system. To open the
valve, the hammer is lifted up for several centimeters
with an electromagnet and dropped down to break the
bulb or tip to allow the gas to flow through. There are
many other types of breaking valves in similar
principles. Using this method, gaseous, liquid, or solid
reagents can be introduced to the system for once.

2. Traps
The main types of traps are mechanical trap, cold

trap, thermoelectric trap, ion trap, and sorption trap.
A mechanical trap with an added condensation
mechanism is used to prevent the back stream of oil
vapor in a diffusion pump. It is also used to prevent
the oil vapor from entering the fore pump. Generally,
the oil vapor pressure of a diffusion pump at the
freezing point is 10�6 Pa. Therefore it is essential to
eliminate the oil vapor in order to obtain a vacuum
degree of 10�8 Pa. In a cold trap, liquid nitrogen is
usually used as the coolant to achieve a low
temperature of �196�C. Using the cold trap, vapor
pressures of various harmful gases in the system can
be reduced considerably, and a relatively high
ultimate vacuum can be obtained. According to
experimental requirements, other coolants such as tap
water, low temperature salt water, dry ice, Freon, and
liquid helium can be used. Some common traps are
shown schematically in Fig. 3.8.

Recently, there are also many metal valves,
including metallic gate valve, used in the vacuum or
ultra-vacuum lines.

In a hot trap, decomposition of a hydrocarbon
compound on a heating board is used to form gaseous
materials (hydrogen, carbon monoxide) and solid
carbon. Latter is used to adsorb the vapors. The trap is
placed between diffusion and a mechanical pump to
prevent the back stream of oil vapor from low boiling
oil of mechanical pump. Various sorption traps can be
made using porous adsorptive materials. This type of
trap is very effective for eliminating inert gases that
cannot be adsorbed by ordinary cold traps, and cleans
the system while decreasing the partial pressure. For
instance, molecular sieve traps, active alumina traps,
and active carbon traps are all used in attaining
ultrahigh vacuum. Figure 3.9 shows two cold
adsorption traps with folded copper foil. They can be
used to achieve an ultrahigh vacuum of 10�8 Pa. The
arrangement of a trap in an ultrahigh vacuum line is
shown in Fig. 3.10.

In synthetic experiments under vacuum
conditions, traps (usually cold traps) are commonly

used to store substances that are volatile at room
temperature, or to condense volatile components in
the reactor. Cold traps are also used in the separation
of volatile compounds, such as in fractional
condensation.

3. Vacuum lines for handling materials sensitive to air
and water vapor

Figure 3.11 shows a standard vacuum line for
handling materials sensitive to air and water vapor. It
comprises three parts: the liquid or solvent stock, the

FIGURE 3.8 Cold traps.

FIGURE 3.9 Two cold adsorption traps consisting of folded
copper foils.
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reactor, and the separation system. The overall
vacuum line is carefully preevacuated to eliminate
water vapor. A and B in the Fig. 3.11 are two stock
tubes; C is a reaction flask; D is the inlet port for solid
materials; and the rest are two filtering units.

First, the liquid material or solvent is put into stock
tubes A and B. The solid material is stored in a ground
tube under nitrogen in advance, and is then
introduced to the reaction flask C at joint D against
a nitrogen stream. The system is evacuated. The liquid
or solvent is transferred to the reaction flask from the
stock tubes by means of distillation, and the distillate
is collected to the reaction flask using a refrigerant
such as liquid nitrogen or dry iceeacetone. When the
reactant and the solvent are in, the flask is sealed
through fusing and disconnected from the vacuum
system. The flask and its contents are then heated up
to a temperature, and shaken to achieve a complete
reaction. The flask is usually opened when cooled
down under a nitrogen atmosphere. If the product is
in a liquid state, the flask can be connected to the
filtering section at joint E under nitrogen atmosphere.
By evacuating, the solution is passed through filter
board F to collector G. The intended product is
collected through solvent evaporation. If the product
is a solid, the flask can be connected to the filtering
section at joint H. The product can be filtered through
filter board I. The product can also be washed with
a solvent, and trace solvent can be eliminated through
continuous evacuation.

The reaction of metal halides with appropriate
alkyl nitrile forming MX4$R.CN can be carried out in
the above vacuum line. The synthesis of many
complex compounds can also follow the above
operation procedures. For instance,
[(C2H2)5NH2]2TiCl6 can be synthesized from
TiCl4$2C2H5CN and diethylamine chloride using
chloroform as a solvent.

3.3. PURIFICATION AND SEPARATION
OF INORGANICS AT LOW

TEMPERATURE

In general, the reactions between nonmetallic
compounds and other gas types of inorganic molecules
are not possible to proceed to completion due to the
involvement of many side reactions. So the purification
and separations of raw materials and by-products are
very important and mainly depend on the following
separation methods at low temperatures:

Low temperature fractional condensation under
reduced pressure;
Low temperature fractional vaporization under
reduced pressure;
Low temperature selective adsorption;
Low temperature fractional distillation; and
Low temperature chemical separation.

3.3.1. Low Temperature Fractional
Condensation [3]

1 Description of method:
In low temperature fractional condensation, one

allows a gaseous mixture to pass through a series of
cold traps of different temperatures. The gases
condense separately in the cold traps of different
temperatures due to the different boiling points of
gases, thus achieving the separation purpose.

However, there are some problems that need to be
clarified. After the gas passes through the trap, how
low should the vapor pressure be for the gas to be
considered as completely condensed? Under what
condition will it not be condensed? It is generally
agreed that the compound is completely condensed
and quantitatively collected in the cold trap when its
vapor pressure is less than 1.3 Pa after it has passed
through the cold trap. On the other hand, if the pressure
is higher than 133.3 Pa after the gas passes through cold
trap, it is considered as not condensable.

Frequently, for pressures in the region of 1.3 Pa, the
temperatureevapor pressure data are unavailable for
compounds of interest or are not readily calculable.

FIGURE 3.10 Block diagram of ultrahigh vacuum apparatus.

FIGURE 3.11 Standard vacuum line for materials sensitive to air
and water vapor.
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This poses a problem of selecting the cold traps.
However, to separate the two compounds, we can
choose a suitable trap temperature according to their
boiling points or sublimation points at 0.1 MPa. Under
certain conditions, Fig. 3.12 can also be used.

For example, if we want to separate diethyl ether
(b.p.¼ 34.6�C) and stibine (b.p.¼�18.4�C), we choose
a cold trap that allows ether to condense
quantitatively and let stibine pass through. How do
we select the cold trap in order to achieve this
purpose? By referring to the figure we note that the
boiling point of ether is 34.6�C and reading up from
here to reach line “3” (because the boiling point
difference between ether and stibine is 53�C) we find
that the trap close to �100�C should be used to
condense the ether. From Table 3.1 we can see that
a toluene slush bath (�95�C) is very suitable. If CS2
bath is used, some stibine may be condensed out; it is
only usable when the distillation is carried out very
slowly.

One should be aware that mixed vapors should not
pass through the trap too rapidly or else the efficiency
of separation will be affected because of the following
reasons:
(1) The less volatile component may not be

completely condensed in the trap and may be
carried away by the more volatile component.
Therefore, the more volatile component may
contain some less volatile component.

(2) Due to the moderately high pressure in the
system, the more volatile component may
partially be condensed in the trap and hence the
less volatile component may be contaminated
with the more volatile component.

The mixture also should not pass through the
trap too slowly because due to slow motion, some
of the less volatile component in the trap

can evaporate and escape (even at the
low temperature of the trap it has a finite
vapor pressure). Therefore the more
volatile component may contain the less volatile
fraction.

Then what is considered as the appropriate
speed of the mixed vapors passing through the
trap? In general, when the rate is 1 mmol/min the
effect of separation is good.

Furthermore, a mixture with the boiling points
of the components differing by less than 40�C
cannot be quantitatively separated by fractional
condensation. However, they can be separated by
repeated fractional condensation, which has a low
recovery rate.

2. Application examples:
Under standard condition for temperature and

pressure (STP) condition, allowing a mixture of
83.3 ml B3N3H6 and 23.8 ml BCl3 to react for 116 hours
can give the following mixture of compounds:
B3N3H4Cl2, B3N3H5Cl, B3N3H6, B2H6, and H2.

How do we separate such a mixture of compounds?
We can use the following diagram to illustrate:

Initially, suitable traps are chosen. The first trap
selected is chlorobenzene, the second trap is dry ice,
the third trap is carbon disulfide and the fourth trap is
liquid nitrogen.
When the mixture passes through the first trap,
B3N3H4Cl2 condenses. Its vapor pressure is related to
temperature by the following equation:

log p1 ¼ �1994

T
þ 7:572

When T¼�45.2�C (227.8 K) is substituted into the
equation we obtain p1¼ 8.8 Pa, which shows that
B3N3H4Cl2 is basically condensed out. For B3N3H5Cl,
the relation between the vapor pressure and
temperature is:

log p2 ¼ �1864

T
þ 7:703

When T¼ 227.8 K we obtain p2¼ 53 Pa, showing that
B3N3H5Cl has basically escaped. In this way
B3N3H4Cl2 is separated from the other mixture of
compounds. Following this argument step-by-step,
all will be finally separated (Fig. 3.13).

1- Very good condensation and trapping when Δb.p.>120ºC 
2- Good condensation and trapping when Δb.p.>90ºC 
3- Fair condensation and trapping when Δb.p.>60ºC 
4− Poor condensation and trapping when Δb.p.>40ºC

FIGURE 3.12 Cold-trap temperatures suggested for separating
volatile mixtures [3].
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3.3.2. Low Temperature Fractional Distillation

A good example, purification of SiF4 and
28SiH4 real-

ized by fractional distillation at low temperature [5], is
described in more detail.

Silicon tetrafluoride, owing to its high saturation
vapor pressure and chemical stability and the fact that
l9F is the only fluorine isotope, is a convenient
compound for separating silicon isotopes with the
purpose of obtaining chemically pure monoisotopic
silicon, a promising electronic material. SiF4 was
obtained by the thermal decomposition of pure-grade
Na2SiF6 followed by purification by fraction distillation
at low temperature. The setup used to purify SiF4 is
schematized in Fig. 3.14.

SiF4 was distilled in a middle-fed stainless steel
column with foamed-plastic insulation. The rectifying
sections 1 were packed with 3� 3� 0.25 mm nichrome
prismatic coils. First, the condenser 2 was cooled to set
the temperature by liquid nitrogen fed at a controlled
rate. Afterwards, up to 1.5 kg of SiF4 was introduced
into the column from cylinder 6 through the condenser.
Liquid SiF4 was fed from the tank 4 into the bottom
section through a flow-control valve 3, initially at
a high rate to wet the packing and then at 1.5 1/h. The
SiF4 pressure was measuredwith gauge 5 and controlled
by varying the liquid nitrogen supply to the condenser.
The reboiler 14 was maintained at a constant tempera-
ture with the use of a Proterm �100�C microprocessor-
based temperature controller. The condenser tempera-
ture was �70�C, and the gauge pressure was 0.3 MPa.
The column was operated in the closed-distillation
mode for 4 h, and then the overhead and bottoms were
simultaneously drawn off at a constant rate into

cylinders 7 and 8, respectively. The withdrawal rate
was controlled with metering valves 9 and measured
with flowmeters 10. The withdrawal ratio was z0.002.
The overhead, bottoms, and main product were
sampled at intervals for IR spectroscopic analysis into
cell 11 through a sampling line. Hydrogen fluoride,
silane, trifluorosilane, and methane accumulated in the
overhead; hexafluorodisiloxane, carbon dioxide, and
silicon hydroxyfluoride, in the bottoms. The desired
product stayed in the feed tank. The process was termi-
nated after the Si2OF6 concentration remained constant.
The purified product was transferred through Petrya-
nov filter 12 to cylinder 13. Distillation reduced the
Si2OF6 concentration in SiF4 by one order of magnitude.
The purified product was isotopically enriched by
centrifugation at OAO GAZ. Four enriched SiF4 speci-
mens were obtained, in which the 28Si abundance was
99.6, 99.82, 99.93, and 99.96%. Note that the concentra-
tion of Si2OF6 (which was 28Si-enriched to the same
extent) in the enriched SiF4 specimens was 10�1 to
10�2 mol%.

Next, SiF4 was 28Si-enriched by centrifugation and
converted to silane by calcium hydride reduction:

28SiF4ðgÞ þ 2CaH2ðsÞ ����!200�C 28 SiH4ðgÞ þ 2CaF2ðSÞ

In the absence of a solvent the yield of silane was
found to be very low. This may be attributed to the pres-
ence of impurities in commercially available CaH2, such
as calcium oxide and hydroxide, formed due to its reac-
tion with atmospheric moisture. The reaction of these
compounds with SiF4 is thermodynamically plausible.

FIGURE 3.13 Separation by low temperature fractional conden-
sation [3].

FIGURE 3.14 Schematic representation of the SiF4 and 28SiH4

distillation system: 1. Rectifying sections, 2. Condenser, 3. Flow-
control valve, 4. Feed tank, 5. Pressure gage, 6e8. Cylinders, 9.
Metering valves, 10. Flowmeters, 11. IR spectroscopic cell, 12. Pet-
ryanov filter, 13. Receiving cylinder, and 14. Reboiler [5]. With kind

permission from Springer ScienceþBusiness Media: Inorganic Materials,
Preparation and Fine Purification of SiF4 and 28SiH4, 38, 2002, pages

283e287, A.D. Bulanov.
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Therefore, to obtain a purer CaH2, distilled calcium can
be reacted with Pd-diffused hydrogen.

The silane resulting from the reaction was found to be
isotopically diluted by less than 0.1%. The SiF4 content,
determined by IR spectroscopy, was below 0.01 mol%,
but the total fluorine content, determined by ion-
exchange chromatography, was 0.1 wt%.

The reaction yield was 90e98% in terms of SiF4 and
6e9% in terms of CaH2. The capacity of this apparatus
was about 10 g/h. The basic disadvantages of this
process are a low yield in terms of CaH2 and the neces-
sity of grinding the hydride in a very dry atmosphere.
Small amounts of moisture may passivate CaH2 and
thus reduce the reaction yield in terms of SiF4. To reduce
the total concentration of fluorine, whose compounds
are corrosive, the unreacted SiF4 was sorbed by sodium
fluoride or further hydrogenated with CaH2. As a result,
the total fluorine content was as low as 10�4 wt%. To
remove the hydrocarbons, 28SiH4 was distilled in
a quartz or metallic column similar to the column in
Fig. 3.14, but with a smaller diameter of the rectifying
sections and a smaller feed tank (300 cm3). The charge
weight was 70e180 g. The condenser temperature was
about �110�C, and the pressure was slightly above
atmospheric. The reflux rate was 0.8 of the maximum
and was z900 ml/h in the metallic column and
360 ml/h in the quartz column. The column was oper-
ated in the closed-distillation mode for 3 h, and then
the overhead and bottoms were simultaneously drawn
off at a constant rate. The withdrawal ratio was 0.001.
Methane and hydrogen accumulated in the overhead,
whereas, the other hydrocarbons and disilane, in the
bottoms. The purified product was transferred through
a Petryanov filter to a receiver.

3.3.3. Low Temperature Selective Adsorption

The amount of substance adsorbed decreases with
increase in temperature because the process of physical
adsorption is exothermic. However, when the size of the
adsorbed gas molecule (like N2, Ar, CO, etc.) is close to
that of the pores of the adsorbent, the peculiar effects
of temperature on the amount adsorbed will appear.
Figure 3.15 shows the isopiestic adsorption curves of
O2, N2, Ar, and CO on 4A molecular sieves [6]. The
amount of O2 adsorbed increases with decrease in
temperature; at 0�C, only trace amount is adsorbed
while at �196�C, the amount adsorbed can reach
130 ml/86 (18.6%). For N2, Ar, and CO, between 0 and
80�C the amount adsorbed increases with decrease in
temperature whereas between �80 and �196�C the
amount adsorbed decreases with decrease in tempera-
ture. In other words, the amount adsorbed at about
�80�C is maximum. This is because the sizes of N2,
Ar, and CO are very close to the pore diameter of the

sieve. At very low temperatures, their activation ener-
gies are very low and the sieve pores contract, resulting
in the more difficult diffusion of these molecules in the
cavities. Therefore this would cause a decrease in the
amount adsorbed as temperature decreases. From this
discussion, low temperature seems to be better to sepa-
rate O2 from the other gases.

For the separation of helium and neon at low temper-
atures let us look at the isothermal adsorption curves of
these two gases on the 5A and 13X molecular sieves
(�196�C), which are shown in Fig. 3.16. If 13X molecular
sieve is used as adsorbent, its separation coefficient, a, is
5.3 when the adsorption temperature is at �196�C; the
isothermal line of neon is also linear. When separation

FIGURE 3.15 The isopiestic adsorption curves on 4A molecular
sieves [6].

FIGURE 3.16 The isothermal adsorption curves of neon and
helium on 5A and 13X molecular sieves (�196 �C) [6].
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by selective adsorption is carried out at an appropriate
pressure, 99.5% pure neon can be obtained with the
recovery rate greater than 98%.

Pure CO is a raw material used for the synthesis of
many important chemicals, such as acetic acid, acetic
anhydride, oxalates, methyl carbonate, formic acid,
N,N-dimethylformamide (DMF), phosgene, polyisocya-
nates (TDI and MDI), and metal carbonyls. Sources of
CO, such as synthesis gas and by-product gases in steel
plants, often contain N2, H2, CO2, CH4, H2O, etc. Separa-
tion of CO from the gas mixtures is of great interest in
industries. The conventional way of separating CO
from gas mixture is the cryogenic process. This process
requires high investment and high energy consumption,
because it operates at low temperature and high pres-
sure. In addition, the process cannot be used to separate
CO from syngas with high N2 content, because N2 has
a boiling point close to CO.

Xie and Tang [7,8] have developed a CuCl/zeolite
adsorbent with high CO adsorption capacity and selec-
tivity overH2, N2, CH4, andCO2. By using this adsorbent
in aVPSA (VacuumPressure SwingAdsorption) process,
many large-scale plants have been designed and built
in China to produce high-purity CO from syngas.

Common zeolites cannot be used to separate CO from
syngas, because they have low CO adsorption selectivity
over N2, CH4, and CO2. It is well known that Cuþ ions
can form p-complex with CO. If Cuþ ions are incorpo-
rated onto the surface of a zeolite, the zeolite might
become an adsorbent with high adsorption capacity
and selectivity of CO. It has been found in Xie’s lab
that salts can disperse spontaneously onto the surface
of supports to form a monolayer or submonolayer [7].
Based on this principle, a mixture of CuCl and a zeolite
was heated at suitable temperature, and then CuCl was
dispersed onto the surface of the zeolite to form a CuCl/
zeolite adsorbent, which showed high adsorption
capacity and selectivity for CO.

Adsorbents of CuCl/zeolites are prepared by mixing
and grinding CuCl with a variety of zeolites, and then
heating the mixtures at 673 K for 4 h under nitrogen
atmosphere to make the CuCl disperse onto the surface
of the zeolite. XRD shows that the loading of CuCl
dispersed on zeolite has a threshold value. When CuCl
loading is higher than the threshold, crystalline
CuCl can be detected, while no crystalline CuCl can be
found if the loading is lower than the threshold, indicating
that all the CuCl has highly dispersed onto the surface of
the zeolite. Adsorption measurement shows that
a CuCl/zeolite adsorbent has a maximum CO capacity
when its CuCl loading is equal or close to the threshold.

Figure 3.17 shows the CO adsorption isotherms of
CuþY, CuCl/NaA, CuCl/NaX, CuCl/NaY, and CuCl/
CuþY zeolite. Adsorbents with CuCl loading are close
to the threshold of the zeolites respectively. All the

adsorbents containing Cuþ adsorb much more CO than
the zeolites without copper. Adsorbent CuþY, which is
made by ion exchange of NaY with CuCl2 and reduced
with hydrogen, has a CO capacity lower than the
CuCl/zeolite adsorbents, because the ion-exchangeable
sites in NaY are limited. The CuCl/NaY adsorbs much
more CO than CuCl/NaX and CuCl/NaA. The reason
is thatwhenCuCl is heatedwith zeolites, both dispersion
of CuCl onto the surface of the zeolites and solid ion-
exchange reaction between Cuþ and Naþ ions occur at
the same time. NaX and NaA zeolites have more Naþ

ions than NaY, and then more NaCl would be formed
after the solid ion-exchange reaction and remained in
the caves of NaX and NaA to obstruct adsorption of
CO. NaY zeolite has more cave space than NaX and
NaA, therefore, CuCl/NaY has higher CO adsorption
capacity. Peking University Pioneer Technology
Company has used this technology to produce a highly
efficient CO adsorbent with a commercial name PU-1.
The adsorbent uses an optimum CuCl/zeolite recipe
and some binder. Figure 3.18 gives the isotherms of
CO, CO2, CH4 N2, and H2 of PU-1 adsorbent. The adsor-
bent adsorbs more CO than CO2 and much more than
CH4, N2, and H2.

3.3.4. Low Temperature Chemical
Separation [3]

Sometimes the two compounds that cannot be easily
separated on the basis of the difference in their volatil-
ities can be separated by adding an excess of the third
compound that can form a relatively nonvolatile
compound with one of the components. After removing

FIGURE 3.17 Adsorption isotherms of CO on various adsorbents
at 293 K [7]. Reprinted from Advances in Catalysis, 37 (1990), You-Chang

Xie, You-Qi Tang, Spontaneous Monolayer Dispersion of Oxides and Salts

onto Surfaces of Supports: Applications to Heterogeneous Catalysis, 1e42,

Copyright (1990), with permission from Elsevier.
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the volatile component, an excess of the fourth
compound is added to the nonvolatile product to form
a nonvolatile compound with the third compound
added earlier and to displace the original component
of the mixture. Let us now refer to Fig. 3.19 for an
example.

As shown above, the impurities in sulfur tetrafluoride
are SF6 and SOF2. When a third compound BF3 is added,
an adduct SF4$BF3 of low volatility is formed only with
SF4. At this time, the whole system is cooled to �78�C
and the more volatile components BF3, SF6, and SOF2

are pumped away with a vacuum pump leaving behind
the less volatile complex SF4$BF3. To this complex, an
excess of compound Et2O is added, forming Et2O$BF3
due to the greater extent of complex formation of Et2O
with BF3 than that of SF4 with BF3. Et2O$BF3 has low
volatility and pumping at �112�C pumps off SF4 only,
leaving Et2O$BF3 behind.

For another example see Fig. 3.20. Here an excess of
a third compound, HCl, is added to a mixture of GeH4

and PH3 that is to be separated. PH3 and HCl form
PH4Cl of low volatility but GeH4 does not react. Then
evacuation is carried out at �112�C pumping away
GeH4 and leaving behind PH4Cl. Subsequently, they

FIGURE 3.18 Adsorption isotherms of CO, CO2, CH4, N2, H2 on
PU-1 adsorbent [7]. Reprinted from Advances in Catalysis, 37 (1990), You-

Chang Xie, You-Qi Tang, Spontaneous Monolayer Dispersion of Oxides and
Salts onto Surfaces of Supports: Applications to Heterogeneous Catalysis,

1e42, Copyright (1990), with permission from Elsevier.

FIGURE 3.19 Purification of SF4 at low temperatures
[3].

FIGURE 3.20 Low temperature separation of
GeH4 and PH3 [3].

FIGURE 3.21 The Xeþ PtF6 reaction: left, the gases separated by
a glass break seal; right, the yellow reaction product formed on
breaking the seal. The major product (yellow solid) which is not
soluble in HF, is probably polymeric ðXeFþÞnðPtF5Þn�n [18]. Reprinted

from Coordination Chemistry Reviews, Page 197 (2000), Lionell Graham,
Oliver Graudejus, Narendra K. Jha, Neil Bartlett, Concerning the nature of

XePtF6, Page 321, Copyright (2000), with permission from Elsevier.
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can separately be treated with KOH to give pure PH3

and GeH4.

3.4. THE SYNTHESIS OF VOLATILE
INORGANIC COMPOUNDS AT LOW

TEMPERATURE

The synthesis and purification of a large amount
of volatile inorganic compounds, such as fluorine-
containing compounds, volatile nonmetallic halides,
chalcogenides, hydrides, carbon-containing inorganic
compounds (CO, C3O2, COS, (CN)2, HCN, CNCl,
HCNO, (SCN)2), and some carbonyl compounds, should
be carried out in vacuum at low temperature. These
conditions help in handling highly volatile compounds
and complexity of by-products produced from side
reactions.

3.4.1. Synthesis of High-purity AsF5 [9e11]

AsF5 has found extensive use as a fluoride acceptor
and oxidant in the field of synthetic inorganic fluorine
chemistry. AsF5 (m.p.�79.8�C, b.p.�52.8�C) is a volatile
gas at room temperature. It is usually prepared by fluo-
rination of elemental As [12] or As2O3 [13] in the flow
system. Other methods include the fluorination of
AsF3 at low temperature [9,11,14], or fluorination of As
powder at �196�C [15] in a Ni can. Here, we present
a laboratory-scale synthesis of high-purity HF-free
AsF5 from AsF3 and F2 at low temperature. The static
conditions as well as the detailed synthesis of HF-free
AsF3 are described below.

Hydrogen fluoride-free AsF5 was replaced by the
direct fluorination of AsF3

AsF3 þ F2/AsF5

Cylindrical Ni vessels were used for the synthesis and
storage of AsF5. All Ni vessels were statically tested to
70 atmwith N2 gas, dried under vacuum and passivated
with 2e3 atm of F2 at 200e300�C for a minimum of 12 h
prior to use, all valves that had been degreased
and lubricated with KCl-F wax and outfitted with
a Teflon packing washer to render it suitable for fluorine
service.

PurifiedAsF3 (30 g, 0.227 mol) was distilled into a pre-
weighed vacuum dried and F2 passivated vessel,
weighed, and then condensed into a 1 L Ni reaction
vessel. HF and condensable impurities were removed
from commercial F2 (1.35 atm) into a 2 L Ni vessel fol-
lowed by condensation into a 30 mL Ni vessel at
�196�C.

The vessel was warmed to �183�C in a liquid
oxygen bath and the F2 was allowed to expand
through a metal vacuum line manifold and was

recondensed into the reaction vessel containing AsF3
at �196�C. The F2 was condensed, in three equal
amounts, resulting in a 50 mol% excess of F2
(0.34 mol). After each addition, the valve of the reac-
tion vessel was closed and the assembly was allowed
to warm to ambient temperature behind a blast shield.
After the final addition, the reaction vessel was
allowed to warm to room temperature. The reaction
vessel was cooled to �196�C and excess F2 was re-
moved under vacuum by pumping it through
a soda-lime column. The yield of AsF5 was essentially
quantitative. The product was subsequently stored in
and dispensed from the reaction vessel. It is important
that the amount of HF contaminant in AsF5 be kept to
a minimum as it promotes attack of the metal vessel
and valve, forming metal hexafluoroarsenates that
corrode the storage vessel and that may lead to valve
blockage. Hydrogen fluoride contaminant in the
product could also render it unsuitable for synthetic
work in glass vessels.

In instances where low levels of HF contaminant can
be tolerated, the above synthesis of AsF5 may be simpli-
fied by leaving out the F2 purification step. If commercial
or unpurified F2 is used without further purification, the
NaF treatment must be repeated.

The purified AsF5 was transferred to a 30 mL nickel
vessel for storage. The degree to which AsF5 loss occurs
as a result of reaction with NaF to form [Na][AsF6] is
difficult to assess; however, 10e20% losses have been
noted.

3.4.2. Syntheses of R3SiCo(CO)4 Type
Compounds [16]

The syntheses of several compounds having the
formulas R3SiCo(CO)4 (R¼Cl, C2H5O, C2H5) and
H3SiCo(CO)4 were reported in 1965. The synthetic route
given here is representative of these synthetic methods,
which has been used by other workers to prepare
compounds such as Cl3SiMn(CO)5, (C6H5)3SiMn(CO)5,
Cl3SiMo(CO)3C5H5. The general scheme for reaction
consists of the interaction of a silicon hydride with
a transition-metal carbonyl compound.

The complete synthetic reaction takes place by a two-
step interaction at low temperature.

The first step results in the formation of HCo(CO)4
and R3SiCo(CO)4:

R3SiHþ Co2ðCOÞ8/R3SiCoðCOÞ4 þHCoðCOÞ4
The second step results in the generation of hydrogen

gas and the formation of another molecule of R3SiCo
(CO)4:

R3SiHþHCoðCOÞ4/R3SiCoðCOÞ4 þH2
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Each synthesis is carried out in a glass pressure vessel
[16]. This vessel has been found to be suitable for reac-
tion mixtures having an autogenous pressure of up to
50 atm. The vessel under pressure is normally manipu-
lated behind a safety shield with the operator wearing
a leather glove. Volatile reactants are purified by the
use of normal vacuum-line procedures and then
condensed directly into the reactor. At the end of the
reaction period, if the reactor is cooled to liquid nitrogen
temperature and then opened to a manometer, noncon-
densable material (presumed to be H2 and CO of decom-
position) will be observed.

The silyl compounds described in the following prep-
arations react with oxygen and water vapor. All nonvac-
uum-line manipulations of these materials require the
use of inert atmospheres (deoxidized nitrogen or carbon
monoxide) and an efficient fume hood. The toxicity of
these compounds is unknown, but they are assumed
to be extremely dangerous as are most transition-metal
carbonyls.

Example: Synthesis of Tetracarbonyl(trichlorosilyl)
cobalt

2Cl3SiHþ Co2ðCOÞ8/2Cl3SiCoðCOÞ4 þH2

Commercially available trichlorosilane, HSiCl3 (about
8 g), is placed in a glass tube which can be attached to
the vacuum system through a stopcock. The HSiCl3 is
then cooled to liquid nitrogen temperature (�196�C),
and then the tube is evacuated. The stopcock is then
closed and the nitrogen bath removed. After the sample
has melted, it is solidified at �196�C and the tube evac-
uated again. The freezing and melting processes are
continued until the sample has been freed of noncon-
densable impurities (air). The contents of the tube are
then warmed slowly to room temperature while
distilling through a �132�C trap (n-pentane slush) into
a �196�C trap. The material which stops in the �132�C
trap (HSiCl3) is cooled to �196�C and then again
warmed slowly to room temperature and allowed to
distill through a �132�C trap into a �196�C trap. This
process is repeated until no HCl is observed in the
�196�C trap. The process may be represented by:

where RT means to warm the material slowly from
�196�C to room temperature. The process is carried
out without pumping unless noted. The material in the
�196�C trap (HCl) is discarded. The trichlorosilane in
the �132�C trap will have an infrared spectrum and
a molecular weight consistent with the literature.

A 2.0 g sample of powdered dicobalt octacarbonyl is
placed in a 25 mL glass reactor in a nitrogen-filled glove
bag. The reactor is evacuated; and then 5 g of trichlorosi-
lane is condensed from the vacuum system into the
reactor which has been cooled to �196�C. The Teflon
stopcock is closed, the reaction vessel allowed to warm
to room temperature, and then the reactants are
permitted to stand for 24 h. Cool the reactor to �42�C
(diethyl ketone slush), open the Teflon stopcock, and
remove the excess silane andnoncondensable substances
into the vacuum system with pumping. The remaining
dry, solid material is then transferred in a nitrogen (or
carbonmonoxide) filled glove bag to a sublimation appa-
ratus. The solid is then sublimed in vacuo twice at 30�C
using a cold finder at�5�C to give tetracarbonyl(trichlor-
osilyl)cobalt. The product is then scraped from the cold
finger in an inert atmosphere and placed in bottles with
tight-fitting caps. The compound recovered in a 64%
yield based on the cobalt carbonyl, Co2(CO)8, should be
stored in a freezer (�10�C).

The tetracarbonyl(trichlorosilyl)cobalt obtained will
be a light yellow solid (m.p. 44.5e45.0�C).

3.5. FORMATION OF RARE-GAS
MOLECULES AT CRYOGENIC

CONDITION

The rare gases have a particularly stable electronic
configuration, comprising fully filled s and p valence
orbitals. This makes these elements relatively non-
reactive, and they exist at room temperature as
monatomic gases. Pauling predicted in 1933 that
heavier noble gases, whose valence electrons are
screened by core electrons and thus less strongly bound,
could form stable molecules. This prediction was veri-
fied in 1962 by the preparation of xenon hexafluoropla-
tinate, XePtF6, the first compound to contain rare-gas
atom [17,18] and in 1963 by KrF2 [19], the first
compound to contain Kr. Since then, a range of different
compounds containing radon, xenon, and krypton have
been theoretically anticipated and prepared [20e23].
Although the lighter noble gases helium, neon and
argon are also expected to be reactive under suitable
conditions [24,25], they remain the last three long-lived
elements of the periodic table for which no stable
compound is known before 1991.

3.5.1. Synthesis of Xe[PtF6] at Low
Temperature [17,18]

PtF6, diluted with SF6 (1:6), was bubbled slowly
through a length of 1/8 inch copper tubing into a Kel-
F vessel while simultaneously flowing xenon into the
same vessel through a separate length of tubing but at
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a faster flow rate. The flow rate of the reactant gases was
regulated by passing them each through Monel Nupro
SS-4MA metering valves. These valves were each
coupled to the 1/8 inch lengths of copper tubing via
a 1/4e1/8 o.d. reducing union. The lower portion of
approximately 6 inch Kel-F reactor was maintained at
77 K. Thus the product formed by the gasegas interac-
tion was quickly quenched, along with excess xenon
and sulfur hexafluoride diluent. This technique allowed
for preparation of the approximately 1:1 product in
gram amounts. The resultant, finely divided, mustard-
yellow solid was retained on removal of sulfur hexa-
fluoride and xenon at �80�C. Further warming to
room temperature produced no other volatiles.

Many experiments were carried out at �20�C,
which involved the simple mixing by diffusion of Xe
and PtF6 after a break seal separating them had been
broken (see Fig. 3.21 for Xeþ PtF6 reaction). These
reactions [26,27] were followed both tensimetrically,
using a sensitive nickel diaphragm gauge as described
by Cromer [28] to sense the pressure [29], and gravi-
metrically. When the quantity of PtF6 greatly exceeded
that of the Xe, the stoichiometry was closer to Xe
(PtF6)2 and the product appeared deep red and more
sticky. On the other hand, when Xe was more abun-
dant, the deep yellow solid contained a composition
closer to XePtF6.

3.5.2. Photochemical Synthesis of KrF2 at Low
Temperature [19,30]

In 1962, Weeks et al. failed to obtain krypton difluor-
ide when they used UV light to irradiate a mixture of
krypton and fluorine at �60�C. In 1963, Streng mixed
krypton and fluorine (or F2O) in 1:1 ratio in a hard-glass
container and exposed them to sunlight for 5 weeks at
normal temperature and pressure. Initially, the product
was believed as KrF2, but the results were not repro-
duced and therefore, the claim was rejected. The photo-
chemical synthetic approach to prepare KrF2 was
delayed until 1975, when Slivnik obtained KrF2 (4.7 g)
by lowering the reaction temperature to �196�C and
irradiating the liquid krypton and fluorine mixture in
a 100 mL hard-glass reaction flask with UV light. Exper-
iment shows large influence of temperature on the reac-
tion. A slight increase in temperature will not give KrF2.
For example, at �78�C, UV irradiation (200e470 nm) of
a mixture of krypton and fluorine was unable to produce
krypton fluoride. This explains the failures of the photo-
chemical synthesis of krypton fluoride in the early years
because the temperatures used were �60�C and room
temperature, which are higher than �78�C.

In the photochemical synthesis of KrF2, molecular
fluorine get excited to dissociate into the fluorine atoms,
which combine with krypton to give KrF_ radicals. Then

KrF_ collides with another KrF_ or F atom to give KrF2.
Therefore, the wavelength of light has a significant effect
on the quantum yield (yield of KrF2/Wh).

For example, the quantum yield at 3100 Å is largest
because the absorption band of fluorine molecule is in
2500e3000 Å region, which is conducive to the excita-
tion of molecule and its dissociation to fluorine atom.
The impurities in the system also have a very large effect
on the quantum yield. For example, if oxygen content in
Kr(s)eF2(g) system is 10e15%, then quantum yield will
decrease by 1e2 times. The effect of xenon is even larger
and leads to the production of mainly XeF2 instead of
KrF2. When BF3 is added, the quantum yield doubles.
This may be due to the reaction of BF3 with KrF� radical
to produce KrBF4, which helps to stabilize KrF� and
reduces its dissociation. On the other hand, BF3
combines with the KrF2 form KrF2$BF3, which prevents
the photolysis of KrF2.

About 500 compounds of heavier rare gas have been
synthesized since 1962 [31]. He refers to compounds pre-
dicted by Pauling, etc. so long ago which contain fluo-
ride, oxide, and related ligands and contain Xe at
oxidation states þ2, þ4, þ6, þ8 (Fig. 3.22).

3.5.3. Synthesis of HXY Molecules by Matrix
Photogeneration at Cryogenic Conditions

A fruitful route for preparing new rare gas species
has been developed by Räsänen et al. [32]. They synthe-
sized whole series of neutral rare-gas molecules of the
type (X¼Kr, Xe; Y¼H, halogen, pseudohalogen)
(Fig. 3.23) in solid rare-gas matrices. In short, the
synthesis involves homolytic photodissociation of an
HY precursor generating isolated H atoms and Y frag-
ments, which are trapped in the matrix. The diffusion
of hydrogen in the matrix is effectively controlled by
temperature, and a selective mobilization of the hydro-
gens is achieved by careful annealing. The diffusing

FIGURE 3.22 Classical chemistry of Xe involving connections to F
and O ligands at various oxidation states of a rare gas [31]. Reproduced
by permission of The Royal Society of Chemistry.
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hydrogen can then approach a rare-gas atom with
a Y fragment as neighbor, upon which the new HXY
molecule is formed.

In the following we describe shortly the solid-state
experiments for preparing the new rare-gas containing
molecules. Solid rare gases (5e50 K) are used as the
medium for synthesis and for spectroscopic identifica-
tion of the formed species. The precursor molecules
HY (hydrogen halides, HCN, H2S etc.) are mixed with
rare gases in the gas phase and isolated in a typical
1000-fold excess of the host atoms in a polycrystalline
solid deposited onto an optically transparent substrate.
The isolated species and their photoproducts can be
monitored by measuring their infrared absorption
spectra or by measuring the time-resolved luminescence
spectra.

In order to promote the isolated precursor to photo-
dissociative repulsive states, different light sources can
be used. The dissociation energies (D0) of the hydrogen
halides HCl, HBr, and HI are 4.43, 3.75, and 3.05 eV,
respectively [33], and various UV lamps work well for
decomposing these precursors. For H2S, photodissocia-
tion at 193 nm (ArF laser) is very efficient [34], since
the absorption maximum of the precursor is near this
wavelength. Also HCN can be photodissociated at
193 nm in solid Kr and Xe even though the efficiency
is low. Additionally, water, which is always present as
an impurity, produces H atoms into the solid host
upon 193 nm excitation.

Upon photolysis, the IR absorptions of the precursor
disappear and isolated H atoms and electronegative
fragments Y are formed. This can be seen for instance
from the appearance of the spin-orbit (2P1/2)

2P3/2)
absorption at ca. 7600 and 3600 cm�1 for iodine and
bromine atoms, respectively [35]. Both the H atoms
and Y fragments are stable below the mobilization
temperature of hydrogen atoms (30e50 K). In very
diluted matrices (M/A ratio> 1000), it is possible to

convert a major part of the precursor molecules into
hydrogen atoms and Y fragments. In more concentrated
matrices, other processes like clusterization and photo-
induced reactions of hydrogen atoms produce more
complicated products and hydrogen molecules [35].

The next step in the synthesis is the raising of the
temperature to the point at which the photogenerated
hydrogen atoms start diffusing in solid Xe. Several sepa-
rate experiments have shown diffusion of hydrogen
atoms at around 45 K [36e39]. Randomly distributed
hydrogen atoms diffuse until they find an Xe atom
which has a fragment Y as a nearest neighbor. At this
stage, these three fragments H, Xe, and Y react and
form an HXY molecule. This process is described in
Fig. 3.24. Another possibility is a reaction of two
hydrogen atoms with an Xe atom between them. This
reaction produces xenon dihydride (HXeH) and it
happens in any Xe matrix which contains hydrogen
atoms. Most importantly, since HXY molecules are
formed from H and Y which are too far from each other
to be able to reform the precursor HY, species HXY and
HXeH are the major trapping sites for H atoms and Y
fragments in solid rare gases after the mobilization of
hydrogen atoms [40]. Some successful results for synthe-
sizing of HXY molecules (X¼Kr, Xe; Y¼ X�, CN, SH.)
are reported in the late 1990s [41e45].

3.5.4. First Synthesis of a Stable Argon
Compound HArF at Cryogenic Condition

In 2000, M. Räsänen was the first who reported the
synthesis of a stable argon compound HarF [45] by
matrix photogeneration route. Hydrogen fluoride was
prepared in an argon matrix by passing argon over an
HFepyridine polymer (Fluka) at room temperature,
and condensing the mixture onto a CsI substrate kept
at 7.5 K. The argon used was either 40Ar (100%; AGA)
or 36Ar (99.5% isotopically enriched; ICON Services).

FIGURE 3.24 A schematic picture of the generation of the HXY
(X¼Kr, Xe; Y¼Cl, Br, I, CN) molecules in solid rare gases; the lower
curve describes the potential energy [32].

FIGURE 3.23 The HXH, HXY and HXY (Z) molecules [32].
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By optimizing the experimental conditions, fairly mono-
meric samples of HF were obtained in the matrix
(infrared bands corresponding to HeF stretching vibra-
tions were found at vHF¼ 3962 and 3954 cm�1;
vDF¼ 2895 cm�1), as evidenced by comparison with
previous HF/Ar matrix-isolation studies. A very high
degree of deuteration (>90%) was achieved by passing
the gaseous HF/Ar mixture through a volume contain-
ing small amounts of liquid deuterated sulfuric acid.

Photolysis of the HF was performed by illuminating
the HF/Ar matrix (through an MgF2 window) with
a Kr vacuum-ultraviolet continuum discharge lamp
(Opthos), which emitted in the spectral region of
127e160 nm wavelength. Typically, only a fraction
(<30%) of HF dissociated when this light source was
used, even after extended periods of photolysis; this
most probably indicates self-limitation of the photolysis
due to formation of absorbing species, possibly
involving charge-transfer excitation of impurity oxygen
atoms.

After photolysis of the HF, three previously unknown
bands appeared in the infrared spectra at about 1969.5,
687.0, and 435.7 cm�1 in an 40Ar environment; the
highest-frequency band displayed three components,
assigned to different matrix sites. The intensities of these
new absorptions increase proportionally on annealing
the sample at about 18 K, and the absorber was found
to be stable in these experiments at temperatures below
27 K. A similar set of new absorptions was obtained in
photolyzed and annealed DF/40Ar matrices at 1466.3,
513.0, and 435.3 cm�1. In HF/36Ar samples, three
absorptions shifted to higher frequencies, these shifts
being approximately þ2, þ2, and þ7 cm�1 from the
values given above for HF in 40Ar matrix.

3.6. INORGANIC SYNTHESIS
IN LIQUID AMMONIA

3.6.1. Reactions of Metals with Liquid
Ammonia [46]

Some major reactions are summarized below:

1. Reaction of liquid ammonia with alkali metals
The solutions of alkali metals in liquid ammonia

are metastable. The reactions are rather slow under
most conditions, but in the presence of a catalyst the
reaction is rapid, forming metallic amide and
liberating H2.

MþNH3ðlÞ ¼ MNH2 þ 1

2
H2[

The rate of this reaction increases with an increase
in temperature and the atomic weights of the alkali
metals.

Certain alkali metal compounds can also react with
liquid ammonia:

MHþNH3 ¼ MNH2 þH2

M2OþNH3 ¼ MNH2 þMOH

2. Reactions between alkali earth metals and liquid
ammonia

Beryllium and magnesium do not dissolve and
react in liquid ammonia. However, in the presence of
small amount of ammonium ions as catalyst,
magnesium can react with liquid ammonia to form
insoluble amide. The reactions are:

Mgþ 2NHþ
4 ¼ Mg2þ þ 2NH3 þH2

Mg2þ þ 4NH3 ¼ MgðNH2Þ2 þ 2NHþ
4

Other alkali earth metals, similar to the alkali metals, are
also soluble in liquid ammonia, forming solutions that
slowly decompose to form metallic amides.

The salts of alkali earth metals can also react with
liquid ammonia to form the corresponding amides.

3. Reactions between rare earth metals and liquid
ammonia

In 2006, Imamura et al. [47] reported that rare
earth metals Eu and Yb are also soluble in liquid
ammonia, which easily deposit to Eu(NH2)2, Yb
(NH2)2, and Yb(NH2)3 at room temperature that
decompose to form corresponding amides at
503 K and 470 K. All the products have good
catalytic properties of hydrogenation. The
reactions are:

EuðNH2Þ2/EuNþ 1

2
H2 þNH3

YbðNH2Þ2/YbNHþNH3 þH2 þ 1

2
N2

YbðNH2Þ3/YbNþ 2NH3

3.6.2. Reactions of Nonmetals with Liquid
Ammonia

Among the nonmetals sulfur is most readily dis-
solved in liquid ammonia. The reaction in the solution
may be represented by the following equation:

10Sþ 4NH3 ¼ S4N4 þ 6H2S

Ozone at �78�C reacts with liquid ammonia to give
ammonium nitrate. The reactions are:

2NH3 þ 4O3 ¼ NH4NO3 þH2Oþ 4O2

2NH3 þ 3O3 ¼ NH4NO2 þH2Oþ 3O2

The percentage yield of ammonium nitrate is 98%,
whereas that of ammonium nitrite is 2%.
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3.6.3. Ammonolysis of Inorganic Compounds
in Liquid Ammonia

Many compounds in liquid ammonia can undergo
ammonolysis to give the corresponding amide
compounds. For example:

BCl3 þ 6NH3 ¼ BðNH2Þ3 þ 3NH4Cl

If the amide B(NH2)3 is warmed to above 0�C, it
decomposes to give imide:

2BðNH2Þ3 ¼ B2ðNHÞ3 þ 3NH3

Study shows that boron tri-iodide in liquid ammonia
at �33�C can directly yield imide:

3BI3 þ 9NH3 ¼ B2ðNHÞ3 þ 6NH4I

Compounds such as As4S6 and P4S3 can also undergo
ammonolysis with liquid ammonia, for example: As4S6
in liquid ammonia gives a bright yellow ammonium
salt, which on warming to 0�C yields a deep orange
red imide of arsenic.

3.6.4. Substitution Reactions in Liquid
Ammonia

�36�C

Example 1: ½CoðH2OÞ6�2þ þ 6NH3

¼ ½CoðNH3Þ6�2þ þ 6H2O

Example 2: ðh5-C5H5Þ2TiClþ 4NH3

¼ ðh5-C5H5ÞTiClðNH2Þ$3NH3

þ C5H6ðh5-C5H5ÞTiClðNH2Þ$3NH3

¼ ðh5-C5H5ÞTiClðNH2Þ3NH3

3.6.5. Synthesis of MgCl2$6NH3 in Liquid
Ammonia [48]

Magnesium chloride hexammoniate (MgCl2$6NH3)
has emerged as interesting functional material due
to its new properties and applications. For example,
due to the remarkable reversible ammonia storage
property, MgCl2$6NH3 has potential application in
solid-state ammonia storage/delivery system. Fur-
thermore, this new ammonia storage material has
a high volumetric ammonia density (up to 93% of
liquid ammonia). It has also been considered for
the separation of NH3 from low-pressure ammonia
plants and as sorption systems for refrigeration. In
recent years, Danish researchers have proposed
a new pathway to safe, high density, and convenient
storage of hydrogen in the form of pellets of
MgCl2$6NH3, which can hold more than 9% hydrogen
by weight. This ammonia-mediated pathway based on

MgCl2$6NH3 may be a new breakthrough in hydro-
gen storage technologies. Up to now, a variety of syn-
thesis processes have been developed to fabricate
MgCl2$6NH3.

Here we present a large-scale and low-cost synthesis
route to MgCl2$6NH3. It can be prepared by the reaction
between magnesium silicide (Mg2Si) and ammonium
chloride (NH4Cl) in liquid ammonia, which was devel-
oped by Komatsu Electronic Metals Corp. to produce
silane (SiH4). The MgCl2$6NH3 product was character-
ized by X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), and thermogravimetry
(TGA). XRD study showed that the solid product
prepared by the experiment using an Mg2Si/NH4Cl
mass ratio of 1:2.8 was phase-pure and highly crystalline
MgCl2$6NH3.

The reaction mechanism of this process is described
as follows:

Mg2Siþ 4NH4Clþ 8NH3/2MgCl2$6NH3 þ SiH4

The synthetic procedure is described as follows:
MgCl2$6NH3 products were synthesized by the magne-
sium silicide method, with the experimental appara-
tus schematically shown in Fig. 3.25. The starting
reagents used in this work were chemical purity-grade
magnesium silicide (Mg2Si), anhydrous ammonium
chloride (NH4Cl), and liquid ammonia (NH3). Four
kilograms of Mg2Si powder and 11.2 kg of NH4Cl
powder were mixed and transferred into the stainless
steel vessel. The vessel was then sealed and evacuated

FIGURE 3.25 Schematic diagram of the experimental apparatus
[48]. Reprinted with permission from [48]. Copyright 2009 American
Chemical Society.
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by the mechanical vacuum pump. High-purity nitrogen
gas was then introduced into the vessel, and it was
re-evacuated. This flushing and evacuation process
was repeated three times. After complete evacuation,
excess liquid ammonia was introduced into the vessel,
and the reaction between Mg2Si and NH4Cl was

carried out. At the same time, silane (SiH4) gas was
produced. After 20 min, the silane gas and residual
ammonia were exhausted by the hydraulic jetting
pump. Finally, a high purity of MgCl2$6NH3 product
was obtained by using an Mg2Si/NH4Cl mass ratio of
1:2.8 at low cost.

TABLE 3.5 Cocondensation and Warmup Reactions of Metal Atoms with Inorganic
and Organic Coordinating Ligands [54]

TABLE 3.6 Reactions of Si, SiO, B and BF Generated at High Temperatures with the
Inorganic and Organic Molecules [54]
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Phase identification of the MgCl2$6NH3 products was
carried out by an X-ray diffractometer.

Other than this some synthesis of binary metal chal-
cogenides and pnictides were carried out by metathesis
synthetic reactions in liquid ammonia [49e51].

3.7. CRYOSYNTHESIS OF UNUSUAL
INORGANIC COMPOUNDS [52e55]

Interaction of metal vapor or high-temperature (HT)
inorganic chemical species with inorganic and organic
ligands or molecules under cryogenic conditions led to
the creation of some new families of coordination and
unusual inorganic compounds which are difficult to
prepare by traditional methods.

Typical examples of this class of reactions and the
general methods of preparing high temperature species
have been illustrated in detail in Chapter 2. In this part,

some other types of cryosynthetic reactions and the
related synthetic techniques will be specifically dis-
cussed in more detail.

3.7.1. Types of Cryosynthetic Reactions

In this type of cryosynthetic reactions, cocondensa-
tion is carried out in vacuum at temperature as low as
that of liquid nitrogen or liquid hydrogen. It may also
be carried out in two steps, viz., cocondensation and
warm up, such as:

BF
�������!�196�C

BF2BFBF2 �������!�50�C
B8F12

There are three types of reactions:

1. Reaction of the metal atom vapor with inorganic or
organic molecule, sometimes known as the metal
vapor synthesis (MVS).

TABLE 3.7 Reactions of Silicon dihalide Radicals [54]
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2. Reaction of nonmetallic high temperature molecular
species or free radical with inorganic or organic
molecule.

3. Reaction of carbon atom vapor (including ground
and excited states)with inorganic or organicmolecule.

Typical examples of the three types of reactions are
listed in Tables 3.5e3.8, respectively.

3.7.2. Basic Apparatus for the Synthetic
Reactions

In cryogenic chemical synthesis, the six types of basic
apparatus for cocondenstation at liquid nitrogen of high

temperature species and reactant (vapor or solution) are
shown in Fig. 3.26(aef).

The reaction apparatus (a) and (b) are generally not
suitable, mainly because their condensation area is
rather small. The choice of other apparatus is decided
by the characteristics of the high temperature species
and the requirements of the reaction. It is to be noted
that in the apparatus (d) and (f), because of the reaction
vessel, which is placed in liquid nitrogen, is rotating
and the metal or the high temperature species vapor is
mixed with the reactant through jetting, when the high
temperature species reacts with the gaseous reactant or
reactant solution, the reacting substances are uniformly

TABLE 3.8 Cocondensation andWarmup Reactions of Carbon Vapor with Organic Groups [54] (C1 in
3P Ground State and 1D, 1S Meta-

stable States)

+ PCl3 PCl2-C-Cl PCl2-CCl3
+ GeCl4 GeCl3-C-Cl GeCl3-CCl3

+ -C-H (followed by elimination of H)-C-C-H

C1(3P)

C1(1S,1D)

+ (double bond insertion)

diene

+

+
C

H
, , ,

, ,
+ HC CH , C2H6

+ NH
, C2H6HCN

,+ CCl4 Cl2C CCl2 Cl3C-CCl2-CCl3Cl3-C-C-Cl

+
O

+ CO

+ + CO
O

O
+ + CO+

,,

+ RCH2OH (RCH2O)2CH2

RCH2CH2OH
CH-CH
OH

R CH=CH2
OH

R C-CH3
O

R

OH insertion
R-O insertion

C-H insertion,

+ + COCl2C O CCl2 Cl
Cl

,(CH3)3SiH+ (CH3)3Si-CH2-Si(CH3)3 (CH3)2SiH-CH=CH2

+ (C2H5)2S CS, C2H4, C2H6, C4H10

+ PCl3 PCl2-C-Cl PCl2CCl2PCl2
+ GeCl4 GeCl3-C-Cl GeCl3CCl2GeCl2
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FIGURE 3.26 Six basic apparatus for cocondensation reaction
[53,54].

FIGURE 3.27 Electron-gun type apparatus for gaseliquid
cocondensation reaction [53,54].

FIGURE 3.28 Apparatus for reacting metal atoms
with ligand solution [53,54].
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mixed and the condensation area becomes larger, result-
ing in better performance of the reaction. Given below
(Figs. 3.27 and 3.28) are the more detailed diagrams of
these two apparatus.
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Hydrothermal and Solvothermal
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Hydrothermal and solvothermal syntheses are
important branches of inorganic synthesis. Hydro-
thermal synthesis refers to the synthesis through
chemical reactions in aqueous solution above boiling
point of water and solvothermal synthesis in
nonaqueous solution at relatively high temperatures.
The development of hydrothermal and solvothermal
techniques has a history of more than 100 years, begin-
ning with the synthesis of minerals and the extraction
of elements from minerals. Nowadays, these techniques
have widely been applied in the syntheses of conven-
tional and advanced materials, treatment of wastes,
and mimicking geothermal and bioehydrothermal
processes. Zeolite and quartz industries further promote
the basic studies of hydrothermal and solvothermal
chemistry, and more and more scientists realize the
importance of developing hydrothermal and solvother-
mal reactions, upon which effective syntheses would
be established. Therefore, the investigation of hydro-
thermal or solvothermal reactions is the first step for
the synthesis of novel materials. Moreover, one needs
to consider the matching of the reactions and crystal
growth if the crystallization is involved in the process
of synthesis. Finally, we need to think about green
synthesis. Developing trends of hydrothermal or solvo-
thermal synthesis are going to the high-tech materials
and biomolecules according to liquid nucleation mecha-
nisms of hydrothermal or solvothermal process,
different from the defusing mechanisms of solid-state
reaction. In this chapter, we present the foundation of
hydrothermal and solvothermal syntheses of materials,
hydrothermal biochemistry, supercritical water oxida-
tion process, technique and methods, and ionothermal
synthesis.

4.1. FOUNDATION OF HYDROTHERMAL
AND SOLVOTHERMAL SYNTHESES [1]

4.1.1. Features of Hydrothermal Synthetic
Reactions

The hydrothermal technique is historically rooted in
the geological sciences. In the mid-nineteenth century,
the term “hydrothermal” was first used by a British
Geologist, Sir Roderick Murchison (1792e1871), to
describe the formation of minerals by hot water solu-
tions rising from cooling magma. Since then, extensive
study has been performed to study the synthesis of
new materials, the development of new hydrothermal
methods, and the understanding of reaction mecha-
nism. Chemists today commonly refer to a hydro-
thermal or solvothermal synthesis as the synthesis by
chemical reactions of substances in a sealed and
heated aqueous solution or organic solvent at appro-
priate temperature (100e1000�C) and pressure
(1e100 MPa). Normally, hydrothermal and solvother-
mal reactions are conducted in a specially sealed
container or high-pressure autoclave under subcritical
or supercritical conditions of solvent. The studies on
hydrothermal and solvothermal syntheses have
mainly focused on the reactivity of the reactants, regu-
larities of synthetic reactions and conditions, and their
relationship with the structures and properties of
products.

The main difference between hydrothermal and
solid-state reactions lies in “reactivity” which is reflected
in their different reaction mechanisms. Solid-state reac-
tions depend on the diffusion of the raw materials at
interface, whereas in hydrothermal and solvothermal
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reactions the reactant ions and/or molecules react in
solution. Obviously, the difference of reaction mecha-
nisms may lead to different final structures of products,
even if the same reactants are used. Hydrothermal and
solvothermal syntheses deal with the chemistry in prep-
aration, synthesis, and assembly of special compounds
or materials through solution route. More importantly,
many compounds or materials with special structures
and properties, which cannot be prepared from solid-
state synthesis, may be obtained by hydrothermal and
solvothermal reactions. In some cases, hydrothermal or
solvothermal reaction offers an alternative and mild
synthetic method for solid-state reactions by lowering
reaction temperature.

The nonideal and nonequilibrium states are key
features of the hydrothermal and solvothermal reaction
systems [2]. Water or other solvents can be activated
under high temperature and pressure conditions. A
series of hydrothermal and solvothermal reactions
have become increasingly important routes for the prep-
aration of most inorganic functional materials, special
compositions, structures, and condensed states and
particular morphology, such as nano- and ultrafine
powders, solegel, noncrystalline state, inorganic
membrane, and single crystals.

The operability and tunableness of hydrothermal
and solvothermal chemistry is another feature, which
bridges the synthetic chemistry and physical properties
of as-made materials. Some new hydrothermal reac-
tions have been discovered. Compared to other
synthetic techniques, hydrothermal and solvothermal
techniques have their preponderance. Till now, a variety
of materials and crystals used in many technology
fields can be prepared by hydrothermal and solvother-
mal methods. The chemical and physical properties of
the resulting materials have their own specificity and
superiority. Based on hydrothermal and solvothermal
chemistry, we may conduct unique synthetic reactions
which cannot take place in solid-state reactions due to
evaporation of reactants at high temperatures, prepare
new materials with special valence states, metastable
structure, condensed and aggregation states, produce
metastable phases or materials with low melting
point, high vapor pressure, and low thermal stability,
grow perfect single crystals with thermodynamically
equilibrium defect, controllable morphology and
particle size, and make ion-doping directly in synthetic
reaction.

4.1.2. Classification of Hydrothermal
Reactions

(1) Synthesis: powders or single crystals are formed by
chemical reaction of multicomponent reactants.

Nd2O3 þH3PO4/NdP5O14

CaO$nAl2O3 þH3PO4/Ca5ðPO4Þ3OHþAlPO4

La2O3 þ Fe2O3 þ SrCl2/ðLa; SrÞFeO3

FeTiO3 þ KOH/K2O$nTiO2ðn ¼ 4; 6Þ
(2) Heated treatment: crystal materials could be

hydrothermally treated to change or modify its
properties.

Artificial fluorine asbestos/Artificial fluorinemica

(3) Transformation: thermodynamic or dynamic
stability of crystalline materials driving the phase
transformation.

Feldspar/Kaolinite
Peridot/Serpentine
NaA/NaS

(4) Ion exchange.
(5) Crystal growth.
(6) Dehydration: Mg(OH)2þ SiO2/Chrysotile
(7) Decomposition:

FeTiO3/FeOþ TiO2

ZrSiO4 þNaOH/ZrO2 þNa2SiO3

FeTiO3 þ K2O/K2O$nTiO2 þ FeO ðn¼ 4; 6Þ
(8) Extraction.
(9) Disproportionation.
(10) Redox:

CrþH2O/Cr2O3þH2

ZrþH2O/Zr2O3þH2

MeþnL/MeLnðMe ¼ metal; L ¼ organic ligandÞ
(11) Precipitation:

KFþMnCl2/KMnF3
KFþ CoCl2/KCoF3

(12) Crystallization:

CeO2$xH2O/CeO2

ZrO2$H2O/M� ZrO2 þ T� ZrO2

Amorphous aluminosilicate ðgelÞ/zeolite

(13) Hydrolyzation.
(14) Agglomeration.
(15) Hydrothermocompression.
(16) Solidification.

According to reaction temperature, hydrothermal
and solvothermal syntheses can be classified into
subcritical and supercritical synthesis reactions. The
temperature is in the range of 100e240�C in subcritical
synthesis reaction, which is applicable to industrial
and laboratory operations. The hydrothermal and solvo-
thermal syntheses of zeolites are typical subcritical
syntheses. In the supercritical synthesis, the temperature
could reach 1000�C and the pressure could reach
0.3 GPa. By using the special properties of solvent (water
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or organic solvent) and other reactants under supercrit-
ical temperature and pressure, various syntheses with
specific features could be conducted, resulting in the
formation of numerous crystalline materials with inter-
esting structures. In addition, it should be pointed out
that some crystal materials cannot be obtained by using
other preparation approaches. Hydrothermal and solvo-
thermal chemistry has been applied in the synthesis
and preparation of complex inorganic materials. For
instance, a large number of functional materials, such
as nonlinear optical materials NaZrP3O12 and AlPO4,
acousto-optical crystal zinc lithium aluminates, multi-
functional laser crystal LiNbO3, and LiTaO3 can be
prepared under high temperature and pressure hydro-
thermal conditions. Hydrothermal and solvothermal
syntheses have also been widely used in the preparation
of ZnO2, ZrO2, GeO2, and CrO2, ferroelectric, magneto-
electric, and photoelectric solid materials such as
LaFeO3, LiH3(SeO2)2, superconducting membrane
BaPb1�xBiO3, modern artificial jewels and colored
quartz.

4.1.3. Property of Reaction Medium [3]

Reaction medium is an important constituent for any
hydrothermal or solvothermal system. It exhibits unique
properties, especially under supercritical conditions.
Water is environmentally safe material and cheaper
than other solvents and thus remains the most widely
used solvent in hydrothermal and solvothermal
syntheses as compared to organic solvents. It can be
seen that the solvent properties of water under high
temperature and pressure hydrothermal condition can
be significantly changed. For example, under high
temperature and pressure hydrothermal condition, the
density, surface tension, and viscosity of water will be
lower, and the vapor pressure and ion product will be
higher.

There are three features of hydrothermal system: first,
accelerating the reaction rate among the complex ions;
second, intensifying the hydrolyzation reaction; and
third, significantly changing the redox potential of the
reactants. Normally, there are two extreme types of basic
chemical reactions. One is ionic reaction including
metathesis of inorganic materials which could be
instantly finished at environment temperature. Another
is free-radical reaction including explosive reaction of
organic compounds. According to the electronic theory,
the reactions of organic compounds with polar bonds
usually have some characteristics of ionic reaction.
Therefore, when water is used as a medium and the reac-
tion system is heated above its boiling point in a sealed
reactor, the ionic reaction rate will be certainly acceler-
ated, which is consistent with Arrhenium equation:

dlnk/dT¼ E/RT2, e.g., the reaction rate constant k will
exponentially increase with the increase of reaction
temperature. Because of the increased ionization
constant of water caused by the increased temperature,
the ionic or hydrolysis reaction for those indissolvable
inorganic materials at environment temperature or
organic compounds can be promoted under the high
temperature and pressure hydrothermal condition.

It is well-known that the chart of pVT of water with
the temperature as high as 1000�C and the pressure as
high as 1 GPa has been accurately measured with an
error of less than 1% [4]. As shown in Fig. 4.1, within
the studied range, the ion product of water rapidly
increases with the increase in temperature and pressure.
At temperature 1000�C and pressure 1.0 GPa, the elgkw
is 7.85� 0.3; while under very high PT conditions
(1000�C and 15e20 GPa), the density of water is about
1.7e1.9 g/cm3. At this state, medium water is
completely dissociated into H3O

þ and OH�, behaving
like a molten salt.

The viscosity of water decreases with the increase in
temperature. At temperature 500�C and pressure
0.1 GPa, the viscosity of water only amounts to 10% of
its value under normal condition [5]. Hence, the
mobility of molecules and ions in water under hydro-
thermal condition is much higher than under normal
condition.

When using water as a solvent, the dielectric constant
is one of the very important properties of water. As
shown in Fig. 4.2, the dielectric constant will decrease
with the increase of temperature and increase with the
increase of pressure [6]. In fact the temperature factor
plays a leading role in the dielectric constant of water.
Knowledge of the temperature dependence of the rela-
tive dielectric constant is of great importance for under-
standing the hydration/dehydration phenomena and
reactivity of a variety of solutes in supercritical water.
According to Franck’s results, the high dielectric

FIGURE 4.1 The plots of temperatureedensity of water with
pressure as a parameter. Images reproduced with permission [4].
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constant of water is confined to a small region of low
temperatures and high pressures, while the dielectric
constant of water is about 10e30 in the supercritical
region, which is a large range [7]. Under normal condi-
tions, electrolyte will be totally dissociated in water.
However, the dissociated ions will tend to recombine
together with rising temperature and for most of the
substances this transition will occur at 200e500�C [8].

In order to better study hydrothermal synthesis, it is
important to study the correlation of pressure and
temperature for water. The pressure prevailing under
hydrothermal conditions depends on the degree of fill
of the reaction solution (as shown in Fig. 4.3) [9]. For
a typical hydrothermal synthesis experiment, the degree
of fill is usually between 50 and 80% and the pressure
between 0.02 and 0.3 GPa.

In short, under high temperature and pressure hydro-
thermal condition, water may act as a solvent or a part of
the reactants in some cases, change the chemical and

physical properties of reactants and products, accelerate
reaction, and transfer pressure.

The reaction medium of hydrothermal synthesis is
water, while the reaction mediums of solvothermal
synthesis are various organic solvents. The variety of
organic solvents with different properties offers more
room for new materials. In solvothermal synthesis, the
organic solvent not only supplies a reaction medium
but also dissolves or partially dissolves the reactants to
form solventereactant complex, which will affect the
chemical reaction rate. In addition, the organic solvent
can also affect the concentration and state of the active
species of the reactants, which could finally change the
reaction process. The first consideration in choosing an
organic molecule as solvent is the role it will play in the
synthesis. So far, several dozens of alcohols have been
used in the solvothermal synthesis. The classification of
organic solvent is usually based on the macroscopic
and microscopic molecular parameters and empirical
solvent polar parameters of compound, such as molec-
ular weight (Mr), density (d), melting point (mp), boiling
point (bp),molecular volume, heat of evaporation, dielec-
tric constant (3), dipole moment (m), and solvent polarity
ðET

NÞ. Among these parameters, solvent polarity, which is
defined as the sumof the interaction of solvent and solute
including Coulomb force, induction force, dispersion
force, H-bond, and charge transport force, is the key
one to describe the solvation property of solvent. Table
4.1 lists the solvent polarity and other parameters for
commonly used solvents in solvothermal synthesis.

4.2. FUNCTIONAL MATERIALS FROM
HYDROTHERMAL AND SOLVOTHERMAL

SYSTEMS

Inorganic solids may be prepared by two synthetic
methods, e.g., solid-phase reaction and solution reac-
tion. The solid-state synthesis usually requires relatively
high temperatures to overcome difficulties in transport-
ing the reactants to the sites of the reaction. The high
temperature of solid-phase reactions also tends to
provide routes to the thermodynamically more favored
phases in the systems of interest. This synthesis method
is a traditional approach to prepare solid-state oxides.
Transport in liquid phase is obviously much easier
than in solids. So the synthetic reactions in solution
need much lower temperature. Understanding the
mechanism of hydrothermal reactions is particularly
necessary for the suitable application of a method to
a specific synthesis and the exploration of new materials
with desired properties. Basically, the mechanism of
hydrothermal reactions follows a liquid nucleation
model. It is different from that of solid-state reactions,
where the reaction mechanism mainly involves

FIGURE 4.2 A plot of dielectric constant of water versus
temperature and pressure [6]. Reprinted from Phys. Chem. Earth, 13/14,

T. M. Seward, Metal complex formation in aqueous solutions at elevated

temperatures and pressures, p113, Copyright (1981), with permission from
Elsevier.

FIGURE 4.3 Correlation of pressure and temperature for water,
with the filling factor of the sealed reactor as a parameter [3]. Images
reproduced with permission from Wiley-VCH.
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diffusion of atoms or ions at the interface between reac-
tants. However, in the supercritical region of water, less
data are available at present, and only those for pure
water and simple saltwater solutions are known. New
methods and strategies play an important role in the
investigation of hydrothermal synthesis. Various
methods such as induced growth through crystal seeds,
structure-directing agent technique, mineralizing, tem-
plating, complexing, nonaqueous solvothermal routes,
high temperature and pressure technique, and redox
environment control make hydrothermal reactions
particularly available for new advanced solid materials.

Hydrothermal synthesis or solvothermal synthesis
has been successful for the preparation of important
solids such as zeolites, open-framework compounds,
organiceinorganic hybrid materials, metal-organic
framework materials, superionic conductors, chemical
sensors, electronically conducting solids, complex oxide
ceramics and fluorides, magnetic materials, and lumines-
cence phosphors. It is also a route to unique condensed
materials including nanometer particles, gels, thin films,
equilibrium defect solids, distinguished helical and
chiral structures, and particularly stacking-sequence
materials. In addition to the synthesis of new materials,

TABLE 4.1 Physical Parameters of the Solvents used in Solvothermal Synthesis (Unit: Omitted)

Solvent Mr d mp bp 3 m ET
N

Water 18.01 1.000 0 100 80.4 1.94 1.000

Methyl alcohol 32.04 0.791 �98 65 32.6 1.70 0.762

Ethyl alcohol 46.07 0.785 �130 78 24.3 1.69 0.654

Propanol 60.10 0.804 �127 97 20.1 1.66 0.602

2-Propanol 60.10 0.785 �90 82 18.3 1.66 0.546

Butanol 74.12 0.810 �90 118 17.1 1.66 0.602

2-Butanol 74.12 0.807 �115 98 15.8 0.506

2-Methyl-1-propanol 74.12 0.802 �10 108 17.7 1.64 0.552

2-Methyl-2-propanol 74.12 0.786 25 83 0.389

Pentanol 88.15 0.811 �78 137 13.9 1.80 0.568

2-Pentanol 88.15 0.809 120 13.8 1.66

3-Methyl-1-butanol 88.15 0.809 �11 130 14.7 1.82 0.565

2-Methyl-2-butanol 88.15 0.805 �12 102 7.0 1.70 0.321

Hexyl alcohol 102.18 0.814 �52 157 13.3 0.559

1-Heptanol 116.20 0.822 �36 176 12.1 0.549

2-Methyl-2-hexanol 116.20 0.8119 139.4

Tetradecanol 214.39 0.823 39 289

Cyclohexanol 100.16 0.963 21 160 15.0 1.90 0.500

Benzyl alcohol 108.14 1.045 �15 205 13.1 1.70 0.608

Ethylene glycol 62.07 1.109 �11 199 37.7 2.28 0.790

1,3-Propanediol 76.10 1.053 �27 214 35.0 2.50 0.747

1,2-Propanediol 76.10 1.036 �60 187 32.0 2.25 0.722

1,4-Butanediol 90.12 1.017 16 230 31.1 2.40 0.704

1,3-Butanediol 90.12 1.004 �50 207 0.682

Diethylene glycol 106.12 1.118 �10 245 0.713

Triethylene glycol 150.18 1.123 �7 287 23.7 5.58 0.704

Tetraethylene glycol 194.23 1.125 �6 314 0.664

Glycerol 92.09 1.261 20 180 42.5 0.812

Diglycerol 166.18 1.300
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hydrothermal synthesis has been important in biology
and environmental sciences, for example, in the origin
of life and in the supercritical water oxidation process
for decomposing organic wastes.

Hydrothermal or solvothermal synthesis often takes
place in the supercritical regime at reaction temperature
higher than 300�C. Until 1980s, supercritical hydro-
thermal or solvothermal synthesis was mainly used to
produce large single crystals. The vast majority of
hydrothermal or solvothermal synthesis preformed
today in the synthesis of inorganic materials are con-
ducted under much milder reaction condition (temper-
ature< 300�C). In this section, except the production of
large single crystals, we will only focus on the hydro-
thermal or solvothermal synthesis of functional mate-
rials under mild reaction conditions. The supercritical
hydrothermal or solvothermal technique will be dis-
cussed in Section 4.5.

4.2.1. Single Crystals

One of the most important applications of hydro-
thermal technique is the synthesis and growth of bulk
single crystals [10e12]. Hydrothermal technique is con-
ducive to the growth of bigger, purer, and dislocation-
free single crystals. Hydrothermal crystal growth differs
from conventional liquid-solution crystal growth at
room temperature. In a process of conventional liquid-
solution crystal growth, reagents should have a high
solubility otherwise the crystal growth will face a severe
problem of diffusion. However, slow diffusion has little
effect on crystal growth in a process of hydrothermal
crystal growth because the viscosity of hydrothermal
mediums is much lower than that of near-ambient
solutions. Because diffusion is significantly faster at
hydrothermal conditions, the growth rate of crystals is
faster and reagents of low solubility can be used to
grow crystals.

In general, the stages of crystal formation include
small aggregations of chemical precursors that give
unstable germ nuclei, some of these embryos become
large enough to be stable nuclei and spontaneous depo-
sition of more material on such nuclei results in larger
crystallites. Numerous detailed studies have been per-
formed on kinetics and thermodynamic aspects of
hydrothermal crystal growth, and basic theoretical
studies of this field have been more mature. For
example, Barrer has systematically studied the nucle-
ation, crystal growth, and reaction variables of zeolites
[2]. Because of space limitations the basic theory of
hydrothermal crystal growth will be not discussed
here. The readers can get more information about this
topic from related literature source.

Hydrothermal technique has widely been proved to
be one of the most effective approaches for crystal

growth and practically all inorganic crystals, both in
nature and in laboratory, such as native elements,
oxides, silicates, phosphates, chalcogenides, halides,
germanates, carbonates, and so on, have been prepared
and grown by this technique. Moreover, hydrothermal
technique is being employed on a large scale to prepare
electronic, magnetic, optic, ceramic, and a host of other
materials, both as single crystals and polycrystalline
materials. For example, a-quartz crystal, as a key piezo-
electric material, is already grown commercially. In fact,
hydrothermal technique is the only technique to prepare
and grow some of the inorganic crystals. For example,
because of solubility and diffusion limitations, a-quartz
crystals cannot be grown by liquid-solution crystal
growth approach. Because a-quartz phase is not stable
at the melting point and because SiO2 melts are so
viscous that they form glasses rather than crystals
when they are cooled, quartz cannot also be grown
from a melt. Under hydrothermal conditions, however,
quartz crystals grow at rates as high as 2 mm per day
without severe faults or dendritic growth, even though
solubility is only a few percent (Fig. 4.4).

In contrast to other crystal growth approaches, hydro-
thermal technique offers several advantages. As we
mentioned above, hydrothermal technique can be used
to synthesize and grow some crystals with special
valence, which are usually difficult to obtain by other
approach. It is an effective method for the preparation

FIGURE 4.4 Harvesting an early quartz growth run, AT&T
Merrimac Valley Factory, Massachusetts [12]. Reprinted from Journal of

Crystal Growth, 264, R. S. Feigelson, 50 Years of Progress in Crystal

Growth, p185, Copyright (2004), with permission from Elsevier.
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and growth of low temperature phases, such as a-quartz
and a-berlinite. It is the only approach to synthesize
some metastable materials.

In the fields of semiconductors and lasers, crystal
materials are the core components of the devices and
equipment. The crystal quality generally determines
the quality of devices and equipment. So high-quality
bulk crystals are required in order to develop devices
and equipment with enhanced performance. Technolog-
ical advances are important for growing high-quality
crystals with fewer defects and dislocations. In recent
years, numerous scientists are focusing their attention
on developing new technologies under hydrothermal
or solvothermal conditions to improve the quality of
bulk crystals.

ZnO, a third-generation semiconductor, is a potential
candidate for preparing high luminous efficiency UV/
visible light emitting diodes and laser diodes owing to
the characteristics of a wide direct band gap and large
exciton binding energy at room temperature. ZnO
single crystal can be prepared and grown by many
methods. Hydrothermal or solvothermal technique,
benefiting from a relatively low growth temperature
and an approximate thermodynamic equilibrium
growth condition, can produce ZnO crystals with fewer
defects and dislocations.

Recently, chemists have developed new hydro-
thermal or solvothermal approach to grow high-quality
and large-sized ZnO single crystals. In 2004, Ohshima
et al. reported the growth of high purity and transparent
ZnO single crystals with a large size of 50� 50� 15 mm3

by the hydrothermal method with a platinum inner
container (Fig. 4.5) [13]. In the experiment, mineralizers
of crystal growth are LiOH and KOH. In 2005, Maeda
et al. also produced 2-inch ZnO single crystals of high

purity and high crystallinity by the hydrothermal
method combined with a platinum inner container
[14]. The surface quality of the ZnOwafer was improved
by annealing and the step-and-terrace structure was
formed. In 2006, Ehrentraut et al. reported the largest
ZnO crystals of 3-inch in diameter which were grown
by a high-pressure medium-temperature hydrothermal
process employing alkaline-metal mineralizer for solu-
bility enhancement [15]. In their work, almost 100 spec-
imens 2 inch each in size can be grown on mainly (0001)
and (10�ı0) oriented seeds from one growth run. All crys-
tals developed excellent facets and the average crystal
thickness was about 1 cm in the [0001] direction. In
2008, Dem’yanets and Lyntin reported ZnO single crys-
tals with size of 3-inch were grown using commercial
500-L autoclave and protective vessels from Ti-based
alloy [16]. In the same year, Zhang et al. produced
ZnO crystals with dimensions of 30� 38� 8 mm3 by
the hydrothermal method using a mixed solution of
KOH, LiOH, and H2O2 [17]. In 2009, Huang and
coworkers designed and developed new mineralizers
for the growth of ZnO crystals, and they produced
ZnO crystals with dimensions of 30� 25� 5 mm3 by
the hydrothermal method [18]. ZnO crystal grown by
the new mineralizers has a unique electrical property
of higher carrier mobility with the presence of high
carrier concentration.

Recently, in addition to ZnO single crystals, hydro-
thermal or solvothermal technique was used to grow
some optical crystal materials, such as g-LiBO2 [19],
KTiOPO4 (KTP) [20], KBe2BO3F2 (KBBF) [21], RbBe2-
BO3F2 (RBBF) [21], CsBe2BO3F2 (CBBF) [21], TlBe2BO3F2
(TBBF) [21], YVO4, Nd:YVO4 [22], and so on. The photo-
graphs of some of the optical crystals are shown in
Fig. 4.6.

(a) (b) (c)

(d)

(e) (f)

FIGURE 4.5 Photograph of ZnO single crystals
grown by (a). Ohshima et al.; Reprinted from Elsevier,

Vol. 260, Eriko Ohshima, Hiraku Ogino, Ikuo Niikura,
Katsumi Maeda, Mitsuru Sato, Masumi Ito, Tsuguo

Fukuda, Growth of the 2-in-size bulk ZnO single crys-

tals by the hydrothermal method, Page 166, Copyright

(2004), with permission from Elsevier [13]. (b) Maeda
et al.; Images reproduced with permission [14]. (c)

Ehrentraut et al.; Reprinted from Elsevier, Vol. 52, Dirk

Ehrentraut, Hideto Sato, Yuji Kagamitani, Hiroki Sato,
Akira Yoshikawa, Tsuguo Fukuda, Solvothermal growth

of ZnO, Page 280, Copyright (2006), with permission

from Elsevier [15]. (d) Dem’yanets et al.; Reprinted from

Elsevier, Vol. 310, L.N. Dem’yanets, V.I. Lyutin, Status
of hydrothermal growth of bulk ZnO: Latest issues and

advantages, Page 993, Copyright (2008), with permis-

sion from Elsevier [16]. (e) Zhang et al.; Reprinted from

Elsevier, Vol. 310, Author(s), Hydrothermal growth and
characterization of ZnO crystals, Page 1819, Copyright

(2008), with permission from Elsevier [17]. (f) Huang

et al.; Reprinted with permission from [18] Copyright
2009 American Chemical Society.
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4.2.2. Zeolites and Related Materials [1,23]

Zeolites are basically prepared from hydrothermal
systems. In 1940s, zeolites were first hydrothermally
synthesized by R.M. Barrer and his coworkers through
the simulation of the geothermal formation of natural
zeolites. In the beginning of 1960s, scientists at Mobil
Corp. began to use organic amines and quaternary
alkyl-ammonium cations as templates in the hydro-
thermal synthesis of high-silica zeolites, which is consid-
ered a milestone in the development of zeolite synthesis.

In 1982, Wilson et al. (UCC (Union Carbide Corpora-
tion)) hydrothermally synthesized a novel family of
microporous aluminophosphates AlPO4-n [24]. Ever
since then the microporous aluminophosphates and
closely related materials with various structures, known
as open-framework materials, have been successfully
prepared [25e41] (see Chapter 16). The structures of
the open-framework materials with extra-large channels
are shown in Fig. 4.7.

In recent decades, the use of new synthetic tech-
niques, such as the solvothermal synthetic route, has
opened up many new possibilities in the preparation
of new compounds with previously unseen composi-
tional and structural diversity. Recently, many low-
dimensional open-framework materials were observed
in hydrothermal or solvothermal synthesis. These low-
dimensional materials, which constitute an important
area of materials chemistry, are rare in nature, but in
nonaqueous systems they show reasonable stability

in either one-dimensional chains or two-dimensional
layers. Among low-dimensional open-framework
materials, a number of members of a novel class of
low-dimensional aluminophosphates (AlPOs) provide
good examples, for they were well-defined by both
theoretical network modeling and experimental
synthesis [42,43]. Apparently, the organic solvent plays
an important role in decreasing the dimensionality in
AlPOs. Part of the reason for this may be the coverage
and space effects of organic solvents on certain reactive
groups of aluminum and phosphor species. Indeed, in
their structures various basic units of Al-centered poly-
hedra such as AlO4, AlO5, AlO4(OH2)2, and terminal
PeOH and/or P]O groups exist, leading to their
Al/P ratios less than unity; the common Al/P ratios
are 1/2, 2/3, 3/4, 3/5, 4/5, and 13/18, and as a result,
the networks are negatively charged with the empirical
formula AlnPnþ1O4(nþ1)

3� (n¼1, 2, 3, and 4). For
instance, a variety of low-dimensional structures with
different Al and P stoichiometries are noteworthy in
open-framework AlPOs. 2D layered AlPOs are found
as AlPO4(OH)2

�, AlP2O8
3�, Al2P3O12

3�, Al3P4O16
3�,

Al4P5O20
3�, Al13P18O72

15�, etc., among which the stoi-
chiometry of Al3P4O16

3� is known in a large number
of 2D layered compounds. A number of AlPOs also
occur as 1D infinite chain with stoichiometry of
AlP2O8

3� and Al3P5O20
6�. These 2D layers and 1D

chains are stabilized by protonated organic amines
(templates) through H-bonding interaction with certain
regularity. The templating ability of various organic

(a) (b) (c)

(d) (e) (f)

(g)

FIGURE 4.6 Photographs of optical crystals grown by hydrothermal methods. (a) g-LiBO2. Reprinted from Elsevier, Vol. 310, Colin D.
McMillen, Henry G. Giesber, Joseph W. Kolis, The hydrothermal synthesis, growth, and optical properties of g-LiBO2, Page 364, Copyright (2008), with

permission from Elsevier. (b) KTP; Reprinted from Elsevier, Vol. 292, Chang-long Zhang, Ling-xiong Huang, Wei-ning Zhou, Ge Zhang, Han-de Hou, Qing-

feng Ruan, Wei Lei, Shi-jie Qin, Fu-hua Lu, Yan-bin Zuo, Hong-yuan Shen, Guo-fu Wang, Growth of KTP crystals with high damage threshold by

hydrothermal method, Page 364, Copyright (2006), with permission from Elsevier. (c) KBBF; (d) RBBF; (e) CBBF; and (f) TBBF; Reprinted from Elsevier, Vol.
310, Colin D. McMillen, Joseph W. Kolis, Hydrothermal crystal growth of ABe2BO3F2 (A¼K, Rb, Cs, Tl) NLO crystals, Page 2033, Copyright (2008), with

permission from Elsevier. (g) YVO4 and Nd:YVO4; Reprinted from Elsevier, Vol. 310, Alfred R. Forbes, Colin D. McMillen, Henry G. Giesber, Joseph W. Kolis,

The hydrothermal synthesis, solubility and crystal growth of YVO4 and Nd:YVO4, Page 4472, Copyright (2008), with permission from Elsevier.
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amines for the inorganic layers or chains depends on
the energies of the templateelayer interactions.

4.2.3. Organiceinorganic Hybrid Materials

The field of organiceinorganic hybrid materials has
been widely recognized as one of the most promising
and rapidly emerging research areas in material chem-
istry. In the past decade, a tremendous number of papers
about organiceinorganic hybrid materials have been
published. Organiceinorganic hybrid materials are
generally produced using various methodologies of
“soft” inorganic chemistry in liquid or solegel medium.

Hydrothermal and solvothermal reactions have been
extensively applied to the synthesis of organice
inorganic hybrid materials, such as coordination poly-
mers and clusters. In contrast to other synthesis
methods, the hydrothermal and solvothermal synthetic
methods have the ability to increase the solubility of
reactants, enhance the reactivity of reactants, grow
perfect crystal materials, and prepare important meta-
stable phases which are difficult to prepare or cannot
be prepared by traditional reactions.

Over the last decades, crystalline organiceinorganic
hybrid materials have attracted much attention due to
their enormous variety of interesting structures and
wide potential applications as functional materials in
many fields. We developed our strategy based on the
hydrothermal synthesis of novel coordination polymers
and clusters by using organic N and O-based ligands,
Férey and coworkers designed and prepared the phos-
phate-free hybrid solids by the use of linear diphospho-
nates and dicarboxylates with hydrothermal method,
Zubieta described the VO and MOXI-n hybrid family
in hydrothermal system, Rao andCheetham et al. discov-
ered the porous oxalatophosphates, Yaghi paved the
way for metal-organic frameworks, and a lot of chemists
with either inorganic, coordination chemistry, or even
organic cultures came to the field of organiceinorganic
hybridmaterials prepared by hydrothermal or solvother-
mal technique [44]. This leads to an explosion of results
and a tremendous number of papers and it is rather diffi-
cult to classify the results of such “boiling” activity. The
coverage of this section is limited to some examples of
the recent hydrothermal or solvothermal syntheses as
many works in the field have been well reviewed.

FIGURE 4.7 The structures of open frameworks with large pore sizes. (a) SU-12. Reprinted with permission from [27], Copyright 2005 American

Chemical Society (b) ASU-16; Reprinted with permission from [30], Copyright 2001 American Chemical Society. (c) ZnHPO-CJ1; J. Liang, J. Y. Li, J.H. Yu, P.

Chen, Q. R. Fang, F. X. Sun, R. R. Xu, Angew. Chem. Int. Ed. 45 (2006) 2546, Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission. (d) VPO; Reprinted with permission from [34], Copyright 1996 American Chemical Society. (e) NTHU-1; Reprinted with permission from [37],

Copyright 2001 American Chemical Society. (f) NTHU-5; Reprinted with permission from [38], Copyright 2007 American Chemical Society. (g) SU-61;

Reprinted with permission from [39], Copyright 2008 American Chemical Society. (h) JLG-12; Reprinted with permission from [40], Copyright 2009 American

Chemical Society.
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Recent efforts in this field are focused on the design
and hydrothermal synthesis of novel coordination poly-
mers and clusters by using neutral donor ligands
(i.e., 4,40-bipyridine, pyrimidine, pyrazine), strictly
anionic ligands (i.e., carboxylate), and their combination.
For example, the hydrothermal reactions of V2O5,
H2C2O4, Ni(NO3)2, ethylenediamine (en) or 1,2-diamino-
propane (enMe), and water yield two layered vanadium
oxides with interlayer metal coordination complexes,
[Ni(en)2]0.5[V3O7] and [Ni(enMe)2]0.5[H2enMe]0.5[V6O14]
[45]. Both compounds consist of 3D mixed-valence
vanadium oxides with interlayers of {Ni(en)2}

2þ, or {Ni
(enMe)}2þ and H2enMe2þ. A family of inorganice
organic hybrid compounds with formula CuL(VO2)
(PO4) (L¼ 4,40-bipyridine (4,40-bipy), 1,10-phenanthro-
line (1,10-phen), and 2,20-bipyridine (2,20-bipy)) were
hydrothermally synthesized at 160�C for 120 h [46].
The use of different bidentate organodiamine ligands
in the initial reaction systems gave raise to a variety of
structures of the products with the same inorganic
composition.

Metal-organic framework (MOF, also known as
porous coordination polymer) materials are currently
the hottest materials in the field of hybrid materials
and have attracted wide scientific attention. Such
a high interest is caused not only by the enormous
variety of interesting molecular topologies but also
due to their excellent properties, with promising appli-
cations such as the storage of gases, molecular separa-
tion from the gaseous and liquid mixtures, catalysis,
sometimes showing the enantioselectivity, and sensors
for special classes of molecules. They can also be
designed as multifunctional materials with excellent
physical properties like magnetism, luminescence, and
optoelectronics. A wide variety of synthesis methods
to obtain metal-organic framework materials have
been explored, such as solvent evaporation method,
diffusion method, hydrothermal or solvothermal
method, microwave reaction, and ultrasonic methods.
Hydrothermal or solvothermal method is an important
approach to prepare MOFs and this method exploits
the self-assembly of products from soluble or insoluble
precursors. The operational temperature range is
80e260�C inside a closed space (autoclave) under autog-
enous pressure. A tremendous number of MOFs have
been prepared by hydrothermal or solvothermal
method. It is very difficult to discuss all MOFs one by
one. Here, we only give two typical cases of hydro-
thermal or solvothermal synthesis of metal-organic
framework materials.

In 2005, Férey and coworkers reported the hydro-
thermal reactions of H2BDC (terephthalic acid), Cr
(NO3)3$9H2O, fluorhydric acid, and water produced a
highly crystallized green powder of the chromium tere-
phthalate with formula Cr3F(H2O)2O[(O2C)C6H4(CO2)]3$

nH2O (MIL-101) [47]. MIL-101 has an augmented MTN
zeotype architecture and the structure is constructed
by BDC and trimeric inorganic building blocks formed
by the assembly of three octahedra sharing a m3-O
common vertex (as shown in Fig. 4.8). MIL-101 shows
very large pore sizes and surface area. Its zeotype cubic
structure has a giant cell volume (about 702,000 Å3),
a hierarchy of extra-large pore sizes (about 30e34 Å),
and a Langmuir surface area for N2 of about 5900�
300 m2 g�1. Besides the usual properties of porous
compounds, this solid has potential as a nanomold for
monodisperse nanomaterials, as illustrated by the incor-
poration of Keggin polyanions within the cages.

In 2008, Banerjee et al. prepared 25 different zeolitic
imidazolate frameworks (ZIFs) by a high-throughput
approach under solvothermal conditions (Fig. 4.9)
[48]. All ZIFs were synthesized by using the fully inte-
grated high-throughput synthetic apparatus utilizing
a 96-well glass plate as the reaction vessel. Their exper-
imental procedure for the synthesis of ZIFs, in general,
is described as follows: a solution of imidazole(s) in
DMF/DEF and a solution of a hydrated metal salt
(usually nitrate) in DMF/DEF are used as stock solu-
tions. To an imidazole(s) stock solution, a metal salt
stock solution is added. After the 96-well glass plate is
loaded with mixtures of stock solutions dispensed by
a programmed liquid handler, it is covered with a poly-
tetrafluroethylene (PTFE) sheet, sealed by fastening the
sheet with a metal clamp, then heated in an oven and
allowed to react solvothermally for 24e96 h. All of the
ZIF structures have tetrahedral frameworks: 10 of which
have two different links (heterolinks), 16 of which are

FIGURE 4.8 The structure of MIL-101. (a) Ball-and-stick repre-
sentation of one unit cell; (b) Schematic 3D representation of the MTN
zeotype architecture; (c and d) Ball-and-stick view of the two cages.
From [47]. Reprinted with permission from AAAS.
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previously unobserved compositions and structures,
and five of which have topologies as yet unobserved
in zeolites. Members of a selection of these ZIFs (termed
ZIF-68, ZIF-69, and ZIF-70) have high thermal stability
(up to 390�C) and chemical stability in refluxing organic
and aqueous media. Their frameworks have high
porosity (with surface areas up to 1970 m2 g�1), and
they exhibit unusual selectivity for CO2 capture from
CO2/CO mixtures and extraordinary capacity for
storing CO2: 1 L of ZIF-69 can hold about 83 L of CO2

at 273 K under ambient pressure.
Recently, an attractive advance in the synthetic chem-

istry of MOFs is to synthesize new MOFs by click reac-
tion. Devic et al. employed the click reaction pre-MOF
synthesis to produce a novel flexible ligand in 2007
[49]. In 2008, Goto et al. performed the cycloaddition
on previously assembled frameworks and synthesized
an azide-containing MOFmaterial that may be modified

directly [50]. In 2009, Nguyen and coworkers prepared
a Zn-based metal-organic framework material bearing
silyl-protected acetylenes and the MOF was postsyn-
thetically modified using “click” chemistry [51]. Using
a solvent-based, selective deprotection strategy, two
different organic azides were “clicked” onto the MOF
crystals, resulting in a porous material whose internal
and external surfaces are differently functionalized.

Another attractive advance in the synthetic chemistry
of MOFs is to synthesize new MOFs by hydrothermal
or solvothermal in situ metal/ligand reactions. As a
nonconventional method, solvothermal in situ ligand
reactions were first reported by Li et al. in 1998 on
the rearrangement of 2,20-dipyridylamine into dipyrido-
[1,2-a:2,030-d]imidazole in the synthesis of one-dimen-
sional coordination metal halides [52]. Till date,
a number of hydrothermal or solvothermal in situ
metal/ligand reactions have been reported. For

FIGURE 4.9 The crystal structures of ZIFs prepared by Yaghi et al. From [48]. Reprinted with permission from AAAS.
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example, in 2008, we prepared two luminescent copper
halide coordination polymers, (CuCl)3C6H7N3 and
(CuI)2C6H7N3, by in situ metal/ligand reaction under
solvothermal conditions [53]. In the process of solvother-
mal reaction, nitrogen heterocycle ligand 2,3-dihydroi-
midazo-[1,2-a]-pyrimidine was formed in situ as
illustrated in Fig. 4.10. The mechanism for the formation
of 2,3-dihydroimidazo[1,2-a]-pyrimidine in our system
involves four steps. The first step is the change of
some ethanol to iodoethane, which is an easy reaction
because there are some I- anions in our system. The
second step is the alkylation of 2-amino-pyrimidine, in
which iodoethane attacks the N atom on the ring of
2-amino-pyrimidine, making aromaticity diverted. The
third step, which is the most important one, is HIO4

oxidation of eCH3 to eCHO. The fourth step is the
formation of five-membered ring. Each eCHO and
each eNH2 dehydrate, generating 2,3-dihydroimidazo
[1,2-a]-pyrimidine. Similar to other in situ reactions,
pressure has also been proved to be effective for the
dehydrogenation of methyl when suitable transition
metal salt is present. We speculate that the process of
Cu2þ to Cuþ is very important because when we
changed Cu to other metals such as Zn, Mn, or Co, we
could not obtain this reaction. Some important solvo-
thermal (including hydrothermal) in situ metal/ligand
reactions and their mechanisms, including dehydrogen-
ative carbonecarbon coupling, hydroxylation of
aromatic rings, cycloaddition of organic nitriles with
azide and ammonia, transformation of inorganic and
organic sulfur, as well as the CuII to CuI reduction, are
outlined by Chen and Tong [54]. Here we will not
discuss them one by one.

4.2.4. Ionic and Electronic Conductors [55]

Ionic conductors are useful materials in many fields
such as energy conversion, chemical sensors, combus-
tion control, high-temperature membrane reactors, and
chemical processing. Traditionally, ionic conductors are

produced from high-temperature solid-state reactions
with the resulting aggregates requiring a subsequent
milling process. Since fabrication of advanced and
complex ionic conductors always requires homoge-
neous and pure powders with fine and uniform particle
sizes, an effective synthesis procedure is needed. Mild
hydrothermal synthesis below 240�C and under autoge-
nous pressure has been a promising route for preparing
novel ionic conductors. Compared with traditional
synthesis methods, the hydrothermal synthesis method
has some advantages, for example, mild synthesis
temperature, reaction homogeneity, high purity, and
controlled size and morphology which tend to improve
or dramatically change the physical properties of the
final products.

Co-doped nanocrystalline ceria-based compositions,
Ce1�xMxBi0.4O2.6�x (M¼Ca, Sr, and Ba, x¼ 0.01e0.15),
serve as good examples for describing the hydrothermal
synthesis and doping for ionic conductors [56,57]. CeO2-
based materials doped with aliovalent cations show
promising ionic transport properties in application to
solid oxide fuel cells and oxygen pumps. Pure phase
CeO2�d with the cubic fluorite structure shows mixed
electronic and ionic conduction, and the introduction
of lower-valence metal ions into the lattice of CeO2

greatly improves their ionic conduction due to the quan-
titative formation of oxygen vacancies and in some cases
eliminates its electronic conduction.

Ce1�xMxBi0.4O2.6�x was prepared by a hydrothermal
method. The particle sizes of all the products were in
the nanometer range due to the use of a hydrothermal
synthesis technique. The ionic conductivity has been
greatly enhanced in these co-doped systems. With
mild hydrothermal synthesis method, various types of
ionic conductors, such as HZr2P3O12, Bi17V3O33,
K8Sb8P2O29$8H2O, M3HGe7O16$xH2O (M¼NH4

þ, Liþ,
Naþ, Kþ, Rbþ, and Csþ), can also be prepared [58e63].
All the materials mentioned above exhibit excellent ioni-
cally conducting properties.

The hydrothermal technique is a promising method
for preparing advanced complex oxides and fluorides.
Hydrothermal synthesis is advantageous due to the rela-
tively mild conditions required, one-step synthetic
procedure, and controllable particle size distribution.
With the mild hydrothermal synthetic method, we
have prepared a series of functional complex oxides
with fluorite (AO2), perovskites (ABO3), scheelite
(ABO4), spinel (AB2O4), pyroligneous (A2B2O7), and
garnet (A3B2(OH)3) structures (A, B¼ chemical elements
of the main block and the transition series).

Hydrothermal synthesis favors the control of
morphology, particle size, elemental valence of synthetic
materials, and unique equilibrium defect solids. Perov-
skite oxides have provided magical structural models
for superconducting and colossal magnetoresistance,

FIGURE 4.10 The in situ reaction of 2-amino-pyrimidine and
EtOH [53].
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and the search for nanoscale and/or atomic-scale
devices with particular property by specific preparations
in the same systems has been extensively conducted.

With an aim toward stabilizing particularly mixed
valences of metal in crystals, Feng et al. carried out the
hydrothermal synthesis of normal manganese perov-
skite oxides through the disproportionation reactions
of MnO2 [64]. They obtained a family of manganese
perovskite oxides, La1�x�yCaxKyMnO3 (x¼ 0.74e0.18,
y¼ 0.01e0.14) through the partial substitution of Ca2þ

and Kþ for La3þ [64]. We found the three-oxidation
states of manganese (Mn3þ, Mn4þ, Mn5þ) in the perov-
skite oxide, La0.66Ca0.29K0.05MnO3 (structures and
physical properties are shown in Fig. 4.11). This solid
shows rectifying effect as atomic-scale pen junctions
of single crystals and films. Mn average oxidation
states in La0.66Ca0.29K0.05MnO3 were first measured by
oxidationereduction titration. The identification of
Mn5þ was made by its characteristic near-infrared (IR)
absorption spectroscopy, Mn K-edge X-ray absorption
near-edge spectroscopy (XANES), and laser-induced
(1064 nm) luminescence spectroscopy. Structurally, the
charges of three-oxidation state Mn ions at B-sites

were compensated by their three corresponding A-site
ions of La3þ, Ca2þ, and Kþ to maintain the charge
neutrality.

Complex fluorides show various interesting struc-
tures and physical properties such as piezoelectric
characteristics, photoluminescence behavior, ionic
conductivity, and nonmagnetic insulating behavior. The
preparation of complex fluorides by high-temperature
solid-state reactions was previously reported, but
requirements for the synthetic apparatus due to the
corrosive nature of fluorides limited the study by solid-
state synthesis. Mild hydrothermal synthesis can
enhance the reactivity of reactants in solution and can
be used to prepare important crystalline solids which
are difficult to prepare or cannot be prepared by solid-
state reactions. Comparing with conventional high-
temperature solid-state reactions, the hydrothermal
synthetic apparatus has the advantage of preventing
the corrosive nature of fluorides. Till date, a series of
functional complex fluorides with fluorite (AF2), perov-
skites (ABF3), scheelite, and wolframite (ABF4) struc-
tures (A, B¼ chemical elements of the main block and
the transition series) and complex fluorides doped with

FIGURE 4.11 The structure and properties of La0.66Ca0.29K0.05MnO3. (a) SEM photo; (b) HR-TEM image; (c) the work function; (d) IeV
characteristics of the atomic-scale pen junctions. With kind permission from Springer ScienceþBusiness Media: Journal of Materials Science, Three

oxidation states and atomic-scale pen junctions in manganese perovskite oxide from hydrothermal systems, volume 43, 2008, page 2131, Shouhua Feng,

Figure 4. [64].
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photosensitive rare earth elements have been success-
fully prepared in hydrothermal system. For instance,
hydrothermal syntheses of LiBaF3 and KMgF3 with
perovskite structures can be carried out at 120e240�C
in the presence of a mineralizer, HF or NH4HF2 [65].
Crystalline KMgF3 can be obtained by mixing KF and
MgF2 with deionized water, adding hydrofluoric acid,
and heating at 120e240�C under autogenous pressure
for several days. LiBaF3 can be synthesized in the same
way either from a reaction mixture of LiF, BaF2, and
water, or from LiOH and Ba(OH)2 solutions to which
NH4HF2 was added. The complex fluorides, ABF4
(A¼ Li, Na, K; B¼ Y, Eu, Ho), can be synthesized at
140e240�C, and doping of Eu3þ ions in LiYF4 and
KYF4 can be carried out by directly adding Eu2O3 into
the reaction mixtures [66e68].

4.2.5. Nanomaterials

The hydrothermal or solvothermal technique has
become one of the most important methods for the fabri-
cation of nanostructural materials. In recent years,
a tremendous number of nanomaterials have been pro-
cessed by hydrothermal or solvothermal method and
thousands of science papers about the hydrothermal/
solvothermal synthesis of nanomaterials have been
published. From the perspective of morphology of nano-
materials, the hydrothermal technique has been used to
process nanomaterials with a variety of morphological
features, such as nanoparticle, nanosphere, nanotube,
nanorod, nanowire, nanobelt, nanoplate, and so on.
From the perspective of composition of nanomaterials,
the hydrothermal technique can be used to process
almost all types of advanced materials like metal, alloy,
oxides, semiconductors, silicates, sulphides, hydroxides,
tungstates, titanates, carbon, zeolites, ceramics, and
a variety of composites. The hydrothermal or solvother-
mal technique is not only used to process simplest nano-
materials, but also acts as one of the most attractive
techniques for processing nanohybrid and nanocompo-
site materials. In short words, the great advantages of
hydrothermal technology for nanomaterials processing
are the production of particles that are monodispersed
with total control over their shape and size in addition
to their chemical homogeneity with the highest dispersi-
bility. The latest progress in nanomaterials prepared
with hydrothermal or solvothermal technique was
reviewed by Byrappa and Adschiri [69]. Readers can
get more information about this topic from this literature
source. It is not possible to discuss the processing of all
these nanomaterials using hydrothermal or solvother-
mal technology. Instead, the coverage of this section is
limited to some representative nanomaterials synthe-
sized by hydrothermal or solvothermal methods in last
two years.

A family of layered-lanthanum crystalline nanowires
with hierarchical pores was synthesized by mild hydro-
thermal reactions (Fig. 4.12) [70]. The diameter of the
pores ranged from 2 to 50 nm, covering both the micro-
pore scale and the mesopore scale. Luminescence was
introduced by doping nanowires with Eu3þ ion. By
combining the merits of hierarchical porous nanowires
and layered hydroxides, these as-synthesized products
have shown a unique bioengineering application of
capturing and releasing short DNA fragments rapidly
in dilute solution, and environmental engineering appli-
cations due to their remarkable capability to remove
organic dye from water.

Yang et al. demonstrated a new solvothermal
synthetic route for morphology-controlled preparation
of high-quality anatase TiO2 single crystals using 2-
propanol as a synergistic capping agent and reaction
medium together with HF [71]. The roles of 2-propanol
and HF in facilitating the growth of anatase single-
crystal nanosheets were explored by first-principle
theoretical calculations, revealing that the presence of
2-propanol can enhance the stabilization effect associ-
ated with fluorine adsorption over the (001) surface.
Thus, they construe that a synergistic functionality of
chemisorbed F to lower the (001) surface energy and
2-propanol to enhance this stabilization and act as
protective capping agent leads to the formation of
anatase TiO2 single-crystal nanosheets, which is a ther-
modynamically favored morphology under these condi-
tions. Liu et al. developed a facile hydrothermal method
to grow oriented single-crystalline rutile TiO2 nanorod
films on transparent conductive substrates [72]. Their
results show the growth parameters including the
growth time, the growth temperature, the initial reactant
concentration, acidity, and types of additives that could
be selectively chosen to prepare TiO2 nanorod film with
desired lengths and densities. Jia et al. presented a novel
approach for synthesizing single-crystal a-Fe2O3 nanor-
ings, employing a double anion-assisted hydrothermal
method [73]. Their results show the cooperative action
of the phosphate and sulfate ions, involving adsorption
and coordination, as a crucial factor in bringing about
the formation of the nanorings. By varying the ratios
of phosphate and sulfate ions to ferric ions, they
produced a series of hollow nanostructures with tunable
size, morphology, and surface architecture. These
hollow a-Fe2O3 nanostructures were converted via
a reduction or reductioneoxidation process to single-
crystal Fe3O4 or g-Fe2O3, respectively, having exactly
the same morphology. Yu et al. reported a straightfor-
ward solvothermal route to synthesize stable bracelet-
like hydrophilic NieCo magnetic alloy flux-closure
nanorings in high yield [74]. The NieCo nanorings
were solvothermally prepared by a synchronous reduc-
tion of cobalt(II) acetylacetonate (Co(acac)2) and nickel
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FIGURE 4.12 SEM and TEM images of nanomaterials discussed in this section. (a) Layered-lanthanum crystalline nanowires. Reprinted with

permission from [70]. Copyright 2009 American Chemical Society. (b) Anatase TiO2 nanosheets; Reprinted with permission from [71], Copyright 2009

American Chemical Society. (c) Rutile TiO2 nanorods; Reprinted with permission from [72], Copyright 2009 American Chemical Society. (d) a-Fe2O3

nanorings; Reprinted with permission from [73], Copyright 2008 American Chemical Society. (e) NieCo alloy nanorings; Reprinted with permission from
[74], Copyright 2008 American Chemical Society (f) VO1.52(OH)0.77 nanorods; Reprinted with permission from [75], Copyright 2008 American Chemical

Society. (g) MoO3 single-walled nanotubes; Reprinted with permission from [76], Copyright 2008 American Chemical Society. (h) SnO2 nanoparticles. X. G.

Han, M. S. Jin, S. F. Xie, Q. Kuang, Z. Y. Jiang, Y. Q. Jiang, Z. X. Xie, L. S. Zheng, Angew. Chem. Int. Ed. 48 (2009) 9180, Copyright Wiley-VCH Verlag

GmbH & Co. KGaA. Reproduced with permission.
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(II) acetylacetonate (Ni(acac)2) at 240�C for 3 h with
a capacity of 22 mL using triethylene glycol (TREG) as
solvent in the presence of poly(vinylpyrrolidone)
(PVP). Their results proved high nickel content in the
alloy and high PVP concentration that favor the fabrica-
tion of nanorings. Djerdj et al. reported the solvothermal
synthesis of ellipsoidal nanorods by using VOCl3 and
benzyl alcohol as reagents. The ellipsoidal nanorod has
a novel hollandite-type structure and the formula is
VO1.52(OH)0.77 [75]. Wang et al. synthesized uniform
MoO3 single-walled nanotubes with a simple hydro-
thermal method based on a thiol-assisted mechanism
[76]. Han et al. reported that octahedral SnO2 particles
with exposed high-energy {221} facets were synthesized
by a simple hydrothermal route with the assistance of
HCl and PVP [77]. The morphologies of the SnO2 parti-
cles can be controlled by changing the amount of HCl.
The octahedral SnO2 particles show excellent gas-
sensing performance due to the high chemical activity
of the exposed {221} facets. Their results demonstrate
that it is feasible to improve gas-sensing properties of
SnO2-based sensors by the surface engineering strategy.

4.3. HYDROTHERMAL BIOCHEMISTRY

In addition to new materials, currently attractive
studies on the origin of life and environmental issues
are related to hydrothermal synthesis or hydrothermal
chemistry [55]. It was hypothesized that rich chemical
reactions occurred in the warm sea and all microorgan-
isms have high-temperature ancestors. It is found that
most microorganisms living at very high temperatures
are archaea on the molecular biological tree. More and
more evidence supports the model of the hydrothermal
origin of life. However, the most interesting research,
such as that into nonenzyme hydrothermal synthesis
from inorganic to organic or biological species, needs
to be explored further for both deeper understanding
of life evolution and possible industrial applications.
In contrast to the mild hydrothermal synthesis, the
supercritical water oxidation process will effectively
decompose almost all organic wastes into smaller mole-
cules and CO2, serving as an environmental friendly
tool. Accordingly, hydrothermal synthesis (chemistry)
provides new materials, helps to clean up our environ-
ment, and helps to understand the origin of life.

Current research of hydrothermal biochemistry
provides evidences of chemical synthesis, microbiology,
molecular phylogenetic tree, and exploration of the sea,
such as simulated hydrothermal conditions, the abiotic
synthesis of H2, NH3, CH4, CH3COOH, cytosine, uracil,
peptide, and computer simulation of thermodynamic of
amino acids synthesis, molecular simulation of amino
acids into peptides on zeolite as well.

4.3.1. Warm pond: Hydrothermal Seafloor

In order to test Oparin’s hypothesis [78], early Earth
with reducing atmosphere, Miller, a student of Univer-
sity of Chicago did a well-known experiment [79]. An
apparatus was built to circulate CH4, NH3, H2O, and
H2 with an electric discharge. “Hot springs,” the hydro-
thermal-vent origin-of-life hypothesis was built up. The
hypothesis is that life originated from the Earth surface,
inorganic molecules, getting energy from light and light-
ning, became organic molecules, and they were enriched
in the surface of water. Furthermore, the organic mole-
cules formed macromolecules and at last macromole-
cules with self-organization function were evolved into
cell with replication and membrane. In 1977, during an
expedition led by Robert Ballard and sponsored by the
National Oceanic and Atmospheric Administration
(NOAA), Alvin discovered and documented the exis-
tence of black smokers around the Galapagos Islands
[80]. Existing at a depth of more than 2000 m, black
smokers emitted a strong flow of black, smoky water,
superheated to over 400�C (750�F). Corliss first
proposed the origin-of-life hypothesis [81]. This theory
was improved by increasing geological evidences,
homology analyses, and fieldworks. Two views argued
what was the source of the energy. One point agreed
that energy was from sun and another agreed that it
was from geothermal and chemical energy. Now more
and more evidences of cosmology [82], geology [83],
molecular phylogenetic tree [84,85], and the simulation
of chemical evolution support the last view [86e91].
But FischereTropsch type reaction from CO and H2 to
organic molecules did not succeed in solution, and cata-
lyst poisoning happened at high concentration of H2S
[92]. When temperature goes up to 250�C, racemization
rate of many of amino acids is faster than decomposition
rate. It is not conducive to the formation of peptide if
a large amount of water exists. Even though peptide
was formed, it decomposed quickly. In water (pH¼ 7,
T¼ 350�C), the half-life period of RNA is only 4 s.
High-energy phosphate bonds would be destroyed
when temperature is above 250�C, glycosyl would
decompose at the temperature. Of course, it is just to
discuss the thermal stability of organic matter isolating,
regardless of salt effect, pressure, mineral which can
stabilize organic molecules.

4.3.2. Evolutionary Tree and Time Evidence

Only at the molecular level can we understand evolu-
tion. Molecular sequence can explain the essence better
than the classical standard form and molecular function
to reveal evolutionary relevance. Ribosome which
makes proteins out of amino acids is at the core. It is
easy to separate ribosome RNA which is stable and
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whose sequence changes relatively slowly [93]. A small
prokaryotic ribosomal subunit, the 16S rRNA, is used to
classify all kinds of life by examining the conserved
sequence and the degree of difference, and the molec-
ular phylogenetic trees were issued [93e95]. The molec-
ular phylogenetic tree (Fig. 4.13) classified life into
three categories: archaea, bacteria, and eukaryota [96].
Archaea was close to the roots, thermophiles and
extreme thermophiles were more close to the roots. So
life came from high temperature was put forward.

By researching geographical and chemical conditions
of early Earth, it is found that Earth originated from ca.
4600 million years ago. The primitive Earth had a high-
temperature surface. Maher and Stevenson found that
probiotic chemical synthesis had commenced in hydro-
thermal system at the bottom of ocean before 4e4.2
billion years, but 3.7e4.0 billion years on land [97].
Some evidences proved that photosynthetic bacteria
lived before 3.5 billion years. 13C isotope analysis proved
life started before 3.85 billion years. Prebiotic chemical
synthesis started on early Earth which has weak
reducing atmosphere (abundant CO2 and N2) and hot
surface and was often impacted by other planets.
Possibly the bottom of ocean was the cradle of life. In
1977, Alvin found a large quantity of chemical autotro-
phic bacteria at a depth of 2.5 km, in the Eastern Equato-
rial Pacific Ocean, and the concentration of bacteria was
about 108e109/mL. In 1991, Alvin observed volcanic
activity at the Eastern Pacific ridge about 2500 m below
sea level. In March of 1992 Alvin revisited the area, and
this time Alvin found bacterial colonies at the vents, and
a 30-cm long Tevnia jerichonana e a kind of tube worm
was found. In December of 1993, Alvin revisited here
again, and found a 1.5-m long tube worm [98]. This
proved that biology could grow quickly under hydro-
thermal condition. Geochemical research for the hydro-
thermal vents at the bottom of ocean shows that the
highest temperature was about 380�C, pressure was
20e30 MPa, and the concentration of reducing gas, espe-
cially H2S was high in seafloor vent [99].

4.3.3. Chemical Ladder: Synthesis
and Evolution

The oxidation of some inorganic compounds with
strong reducibility can release a large amount of energy
which is the driving force for the evolution of life. In the
seafloor, high concentrations of H2S at the hydrothermal
vent on seafloor enable people to explore their role. In
anaerobic conditions and the closed system of 100�C,
Drobner et al. obtained FeS2 which is very stable under
hydrothermal conditions [100]. H2 was produced during
the reaction, FeS was the important starting material,
FeS2 was the usual product and the intermediate
HS group was the lively reaction group: FeSþH2S/
Fe(HS)2 and Fe(HS)2/ FeS2þH2.

Mantle environment was simulated and NH3 was
prepared from N2 in solution of 300e800�C and
10.1e40 TPa: 3(1�x) FeþN2þ 3H2O/ 3Fe(1�x)Oþ
2NH3 [101]. NH3 was prepared at pH¼ 4 and 100�C
through the reaction among FeS, H2S ,and NO3

� [102]
and it would be possible for further synthesis of amino
acids. In laboratory, HCO3

� and H2 can transform to
CH4withNieFe catalysis: HCO3

� þ 4H2/CH4þOH�þ
2H2O [86]. Because of hydrothermal activity, H2S, CO2,
CO, and trace of CH3SH would be released. On the
surface of NiS and FeS, the reaction of CH3SH and CO
achieved the fixation of carbon. Wächtershäuster found
that it had a high yield (pH¼ 6.5, 100�C). The mecha-
nism of this reaction is schemed in Fig. 4.14 [87].

FIGURE 4.13 The phylogenetic tree drawn by C.R. Woese [96].
Copyright (2000) National Academy of Sciences, U.S.A.

FIGURE 4.14 Notional representation of a hypothetical mecha-
nism of acetic acid formation from CO and CH3SH on NiSeFeS. Step
a: uptake of CO by an Fe center and of CH3SH by an Ni center. Step b:
formation of a methyl-Ni center. Step c: migration of methyl to
a carbonyl group, forming an Fe-bonded (or Ni-bonded) acetyl group.
Step d: migration of acetyl to a sulfido (or sulfhydryl) ligand, forming
a thioacetate ligand of Ni (or Fe). Step e: hydrolytic formation of acetic
acid. The free valences of the sulfur ligands are either bonded to
another metal center or to H (or CH3). Alternatively, in step d the
acetyl group may migrate to a CH3eS-ligand to form the methyl-
thioester CH3eCOeSCH3, which subsequently detaches. From [87].
Reprinted with permission from AAAS.
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It was reported that the reaction of CO2 with Fe3O4 in
the presence of different amounts of water and obtained
acetaldehyde, acetic acid and ethanol: CO2þH2Oþ
Fe3O4/CH3CHOþCH3CH2OHþCH3COOHþOthers
[103]. Feng and coworkers conducted the hydrothermal
synthesis of organic molecules from NaHCO3 and CO2,
and examined the effect of catalysts [104,105]. Since
sodium hydrogen carbonate can be translated into
CO2, which simulates the ocean environments of the
primordial Earth in a certain geological time interval.
On the basis of the observation of the final product
phenol and intermittent formic acid and formaldehyde
in the hydrothermal reactions, they proposed a possible
reaction mechanism for the formation of phenol
(Fig. 4.15). The processes seem complicated but basically
involve two simple types of reactions: the oxidative
coupling reactions (denoted as 1) and rearrangement
reactions (denoted as 2).

FeþH2O/Fe2þ þH2 HCO�
3 þH2O/CO2 þH2O

They carried out the reactions of formaldehyde with
water in the presence of metal iron powder under
hydrothermal conditions, and obtained some products
(formic acid, acetic acid, propionic acid, methyl acetate,
propyl propionate, and propyl isobutyrate), which were
important to the origin of life.

They continued their experiments with addition of
ammonia into the reaction system. During the reaction
of ammonia with acetic acid or propionic acid, they wit-
nessed the formation of two amino acids, glycine and
racemic D, L-alanine in the presence of Fe2O3. Further-
more, they carried out hydrothermal synthesis of
peptide from the racemic amino acids without any cata-
lyst. The yield of DD- or LL-dialanine is higher than that
of DL- or LD-dialanine. The racemization occurred
during the formation of oligopeptides in hydrothermal
systems and this process was dynamic. HOeCH]
CHeCN and urea were used to form cytosine and uracil
[89].

High temperature was favorable to form peptides
and low temperature was favorable to stabilize peptides.
So alternating hot and cold could prolong oligopeptides.
To prove these views, Imai et al. simulated submarine
hydrothermal system [91]. In this experiment, when
fluid containing glycine was repeatedly circulated
through the hot and cold regions in a reactor, oligopep-
tides were made from glycine. When CuCl2 was added
under acidic conditions, oligoglycine was elongated up
to tetraglycine and hexaglycine. This observation
suggests that prebiotic monomers could be oligomer-
ized in the vicinity of submarine hydrothermal vents
on primitive Earth.

4.3.4. Expectation

The possibility of life originating under hydrothermal
condition has been understood deeply and the research
will be continued. The reaction from inorganics to
organics occurred certainly under reductive hydro-
thermal condition without sunlight, oxygen, high
temperature, and high pressure. Life can grow and
reproduce under these conditions. The geothermal
power and chemical energy supplied energy for the
original life which was chemoautotrophy. It is a benefi-
cial study for carbon dioxide fixation, greenhouse
gas emissions reduction, and new energy sources devel-
opment through hydrothermal origin of life’s theory.

FIGURE 4.15 Proposed Mechanism of Phenol Formation.
Reprinted with permission from [104]. Copyright 2007 American Chemical
Society.
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4.4. SUPERCRITICAL WATERdA NOVEL
REACTION SYSTEM [106e110]

Supercritical water (SCW) is attractive medium for
chemical reactions because of its unique properties.
Supercritical water is defined as water above its critical
parameters (i.e., above its critical temperature and pres-
sure). In practice, however, the term “supercritical” is
usually restricted to water close to its critical point
(374.1�C and 22 MPa), hence close to their critical densi-
ties. At 25�C and 0.1013 MPa, liquid water has a density
of 0.997 g cm�3 and water vapor has a density of
2� 10�5 g cm�3. With increasing temperature, the
density of the liquid decreases and that of the vapor
increases. At the critical point both phases become iden-
tical and the dividing meniscus disappears. The critical
temperature, pressure, and density are 374.1�C,
22.1 MPa, and 0.322 g cm�3. Supercritical water is distin-
guished from the critical fluids such as CO2, N2 and
propane. It is a clean, powerful, and stable solvent for
organic molecules even though its molecules show
a similar polarity to the ambient water.

Most early industrial applications of the supercritical
water technology were limited to the unit operations of
separation and extraction. However, destruction of
hazardous wastes in supercritical water has recently
been commercialized after many years of process devel-
opment. New areas of research in reactions in supercrit-
ical water include biomass conversion and gasification,
synthesis of organic chemicals and organometallic cata-
lysts, and material processing. Fundamental under-
standing of the unique properties of supercritical
water has improved through both experimental investi-
gations and molecular simulations.

4.4.1. Properties of Supercritical Water [106]

The physicochemical properties of water are highly
dependent on the intensive variables of temperature
and pressure. At the critical point (374.2�C and
22 MPa), the vapor and liquid phases of water become
indistinguishable. At or near this state, water has low
density, high diffusivity, low viscosity, high compress-
ibility and a break down of hydrogen bonding. Above
the critical point, a single homogenous fluid phase exists
with properties intermediate between the gas phase and
liquid phase. The density, compressibility, viscosity, and
diffusivity of water in this region are extremely sensitive
to changes in temperature and pressure.

(1) Ion products and dielectric constants
Two of the most important properties of water are

its ion product and dielectric constant; both have
been experimentally measured over a wide range of
conditions. The dissociation constant Kw increases

with increasing temperature and density. The
density effect is greater than temperature effect. The
dissociation constant Kw of liquid water (25�C and
0.1013 MPa) is 10�14. At 450�C and 25 MPa, Kw of
water declines to 10�22, which is at least eight orders
of magnitude lower than that of 25�C. At constant
pressure, the dielectric constant of water
exponentially decreases with increasing the
temperature. The dielectric constant of water at
room temperature and high pressures is about 80,
reflecting its highly polar nature. The high dielectric
constant of normal water allows dissolution of polar
species and salvation of ions. In the near-critical
region 250e350�C, the dielectric constant of water
assumes a value between 30 and 20, equivalent to
common organic solvents such as acetone and
methanol. In this region, dramatic increases in the
solubility of organic molecules are expected.
However, the dielectric constant remains large
enough to support ionic and polar materials. Near
the critical temperature and pressure, dramatic
variation in the dielectric constant is observed, with
the dielectric constant assuming values similar to
that of steam. In the temperature range of
400e500�C, extreme pressures (>60 MPa) maintain
the dielectric constant above 4. As a consequence of
this low dielectric constant in the supercritical
region, inorganic salts, such as sodium chloride,
become insoluble in water.

(2) Structural transformation
The variations in dissociation constant and the low

dielectric constant suggest the structural evolution of
supercritical water. At the supercritical state, the
hydrogen bonding formed between water molecules
breaks, which has been proved by the neutron
diffraction data and the simulation of molecular
dynamics. With the experimental data of IR and X-
ray, and Raman spectroscopy, scientists have found
the water molecular dimmers in the supercritical
water. The isotropic Raman spectra data show that
more than 80% hydrogen bonding is dissociated in
supercritical water with density 0.8 g cm�3 at 400�C.
The water molecular dimmers were present as
bifurcated hydrogen bonding. The calculations of
simulated molecule dynamics also indicated that no
water rings were present in the supercritical water.
The results were actually contrary to the explanation
of water-cage effect in the supercritical water
oxidation of methane. However, the research of the
molecule dynamics (MD) simulation showed that
the presence of hydrogen bonding was detected at
every supercritical state; two hydrogen-bonded
molecules, which allowed cavities, substituted the
tetrahedral structure, typical of liquid water at room
temperature. Therefore, the cage effect in SCWmight
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actually be caused by cavities of two hydrogen-
bonded molecules.

(3) Thermal conductivity, viscosity, and diffusion
coefficient
The structural evolution of supercritical water

leads to significant changes in the properties ofwater,
such as thermal conductivity, diffusion coefficient,
and viscosity. Under normal circumstances, the
thermal conductivity of supercritical water is slightly
lower than that of liquid water. Liquid water has
a thermal conductivity of 0.598 Wm�1 K�1, and the
thermal conductivity of supercritical water is
0.418 Wm�1 K�1. The thermal-conducting behavior
of subcritical and supercritical water (>300�C) is
similar to that of dissociating gases, the dissociating
reaction equilibriums of which are strongly shifted
by temperature changes.

The viscosity of supercritical water at 400�C and
50 MPa is about 15 times lower than that of liquid water.
At normal conditions, the viscosities of gases and liquids
differ by about two orders of magnitude. With
increasing temperature at constant density, viscosity
increases slightly at gas-like densities and decreases
markedly at liquid-like densities. In the low-density
regime, momentum transport is dominated by transla-
tional transfer, which has been well described by the
kinetic theory of gases. In the high-density regime, colli-
sional transfer prevails, which is not yet understood in
detail. In the scope of 400e800�C and 0.2e0.8 g cm�3,
momentum transport is composed of translational trans-
fer and collisional transfer, and the viscosity weakly
depends on temperature and density. In this range,
viscosity of water amounts only to about one-tenth of
that of liquid water. The low viscosity causes high
mobility of both water and solute molecules. As the
consequences of high mobility, solute diffusion coeffi-
cients, self-diffusion coefficients, and ionic mobility are
much larger in supercritical water than in liquid water,
which help to form homogeneity in mixtures of super-
critical water and solutes.

The diffusion coefficient of supercritical water is
much larger than that of liquid water. For instance, the
diffusion coefficient of liquid water at 25�C and
0.1013 MPa is 7.8� 10�6 cm2 s�1, and that of supercrit-
ical water at 450�C and 27.0 MPa is 7.7� 10�4 cm2 s�1.

4.4.2. Chemical Applications of Supercritical
Water

Supercritical water has received attention as a
medium for the synthesis of various specialty and
commodity chemicals. Water has an advantage over
most supercritical fluids as it is safe, nontoxic, readily
available, inexpensive, and environmentally benign.

Mn-doped zinc silicate particles, Zn2SiO4:Mn2þ

(ZSM), serve as a good example for describing the fabri-
cation of inorganic materials in supercritical water
system [111]. ZSM was produced by Smith et al. at
supercritical conditions with batch reactors. Water
density in the batch reactor was 0.3 g cm�3 to give
a calculated pressure of 29 MPa at the reaction temper-
ature of 400�C. The batch reactors were heated in
a molten salt bath at the given temperature (400�C)
and time (1e4320 min) and quenched in water at
room temperature. The most stable shape and phase
of Mn-doped zinc silicate in supercritical water at
400�C and 29 MPa was needle-like-shaped a-ZSM that
was formed via two routes. One route was homogenous
nucleation from dissolved raw materials in supercritical
water producing needle-like-shaped a-ZSM particles in
one step. The other route accompanied the transforma-
tion of b-ZSM into a-ZSM through solid-state diffusion
and the alteration of shape through dissolution in
supercritical water and recrystallization for long reac-
tion time. This research contributes to future work in
the field of inorganic material science and the possi-
bility of using supercritical solvents to control the phys-
ical form and possible chemical composition of
a material.

In recent years there has been an increasing interest in
the fabrication of nanomaterials in subcritical or super-
critical water system. An attractive advantage of super-
critical hydrothermal synthesis in the field of
nanomaterials synthesis is short reaction time. Under
the special reaction conditions of supercritical water,
some nanomaterials with different morphologies have
been produced. In 2007, Adschiri et al. reported a simple,
rapid and green chemistry approach to control the shape
of ceria nanocrystals by tuning the interaction of organic
molecules with various crystallographic planes of fluo-
rite cubic ceria, using supercritical water as a reaction
medium [112]. In their experiment, the hydrothermal
reaction was performed in the reactor at 400�C for
10 min. With similar approach, they also produced
high-quality transparent cobalt blue nano pigment in
2007 [113]. Hydrothermal reaction was also performed
at 400�C and 38 MPa pressure for 10 min. In 2008,
Takami et al. synthesized cubic nanoassemblies of octa-
hedral CeO2 nanocrystals by simply heating an aqueous
solution of cerium nitrate in the presence of hexanedioic
acid in a lab-scale plug-flow reactor [114]. In their exper-
iment, they mixed heated water with flow rate of
16.0 mLmin�1 and reagent solution with flow rate of
4.0 mLmin�1 to conduct the hydrothermal reaction.
The temperatures of the heated water and the reactants
flow were set to about 300 and 250�C, respectively. The
flows of the reactants and heated water were mixed at
a junction of the plug-flow reactor and the residential
time in the isothermal zone was only 1.9 s.
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The use of supercritical water as a reaction medium
for organic chemistry is a vast topic and a multitude of
publications has been devoted to this research, far too
many to be adequately covered here. Almost any type
of organic reaction, such as hydrogenation/dehydroge-
nation, rearrangements, hydration/dehydration, elimi-
nation, hydrolysis, partial oxidation, HeD exchange,
can be performed in supercritical water. For a more
comprehensive look at reactions in supercritical water,
Savage provided an excellent review [115], and almost
an entire issue of Chemical Reviews (Chem. Rev. 99
(1999) 353e634) was devoted to the subject as well.

Supercritical water is a unique medium for organic
chemical reactions. The role of supercritical water is an
important factor in organic chemical reactions. Akia
and Savage’s studies have provided unambiguous
evidence that water has remarkable effects (as shown
in Table 4.2) for organic chemical reactions in supercrit-
ical water [107].

4.4.3. Technological Applications of
Supercritical Water [109,110,116]

Supercritical water oxidation (SCWO) is a novel and
innovative treatment process for the destruction of
hazardous waste, which is made possible due to special
properties of supercritical water. Among all of the
research with applications in supercritical water, super-
critical water oxidation has received the most attention

because SCWO has showed extremely promising poten-
tial as a waste treatment technology. In principle, SCWO
can be simply described as pressurized streams of
aqueous waste and oxidant, such as oxygen or hydrogen
peroxide, mixed and heated to supercritical conditions.
Typical SCWO process is conducted at temperatures
and pressures of 500e650�C and 25e35 MPa, respec-
tively. When water achieves critical temperature and
critical pressure (374.1�C and 22 MPa), it can act as
a nonpolar solvent because of greatly reduced hydrogen
bonding and polarity. Additionally, the dissociation
constant of water decreases from 10�14 at normal condi-
tions to about 10�23 at typical SCWO conditions.
Organic substances exhibit high to complete solubility
and gases are completely miscible in supercritical water.
On the contrary, inorganic salts exhibit greatly reduced
solubility in supercritical water. Numerous studies
have proved that a homogeneous single-phase mixture
exists at typical SCWO temperature and pressure. Addi-
tionally, at typical SCWO condition, viscosity is approx-
imately l/40th of its value at normal conditions,
resulting in high diffusivities. Thus, the reactants,
including water, organic wastes, and the oxidant, are
brought together in a homogeneous single-phase where
oxidation proceeds rapidly and should be limited
primarily by chemical kinetics and not by transport
processes. Therefore, the residence time required for
complete oxidation in the SCWO is generally less than
1 m, with efficiencies often greater than 99.99%. The

TABLE 4.2 Summary of Effects of Water for Organic Chemical Reactions in High-temperature Water (HTW)

Role of water Applicable conditions Affected reactions

Reactant/product Any, but importance increases at higher
water densities

Reaction in which water is a reactant (e.g., hydrolysis, hydration,
hydrogen abstraction)

Catalyst Any Proton-transfer reactions in which water interacts with reactant
(s), typically via hydrogen bonding

Acid/base catalyst
precursor

More important at higher temperatures
and liquid-like densities

Acid/base-catalyzed reactions

Preferential solvation/
desolvation of transition
state

Any, but probably less important at
gas-like densities

Reactions with change in soluteesolvent interactions (e.g.,
electrostatic, hydrogen bonding, etc.) between reactant(s) and
transition state; examples include reactions with a change in
polarity along the reaction coordinate

Hydrophobic effect More important at near-ambient
conditions than in HTW

Condensation reactions with immiscible organic reactants

solvent dynamics more important at liquid-like densities Very fast reactions (faster than solvent reorganization)

Density inhomogeneities Supercritical conditions Any reaction can be affected by the local composition differing
from the bulk composition

Energy transfer More important at gas-like densities; at
liquid-like densities, energy transfer is
not likely to be rate limiting

Nominally unimolecular elementary reactions

Cage effects more important at liquid-like densities Bimolecular reactions (in either forward or reverse direction)

Reprinted with permission from [107]Copyright 2002 American Chemical Society.
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oxidation of organic wastes will only result in products
such as CO2, molecular nitrogen (N2 or N2O), and water.
Heteroatoms such as chlorine, sulfur, and phosphorus
can be transformed to their mineral acids and conse-
quently be neutralized using a suitable base. Typical
undesired and noxious byproducts SO2 or NOx of
combustion processes will not be formed because their
oxidation pathways are not favored by the lower
temperatures of SCWO comparing to incineration which
is the most commonly used waste treatment technology.
SCWO has also been found successful in treating
different chemical warfare agents.

There are several common and alternative waste
treatment processes besides SCWO which include wet-
air oxidation (WAO) process, incineration, and biolog-
ical treatment. Although they have shown different
advantages when treating organic wastes, some intrinsic
drawbacks have prohibited them from being used at
several circumstances. Wet-air oxidation (WAO) is
a thermal oxidation process most commonly used for
the treatment of sludge. WAO is typically operated at
a temperature range of 175e315�C and at pressures up
to 20 MPa (below the critical point). One major draw-
back of WAO is the long residence time (1e2 h) and
another one is that the oxidation is generally incomplete.
The major shortcoming of incineration process is that
oxidation is incomplete and the oxidation products
may contain some environmentally harmful substances
such as CO and NOx. The biggest problem for biological
treatment process is that it can be used only if the
organic compounds are biodegradable. Compared to
these alternative waste treatment processes, the merits
of SCWO are obvious. SCWO can be used for wastes
with concentrations of chemical compounds from 0 to
100%. SCWO is efficient (99.99% conversion rate) and
quick (less than 1 min residence time). Oxidation prod-
ucts of SCWO are complete and environmentally
benign.

The following are the three reasons why SCWO has
not yet become a current waste treatment process.

(1) Severe reactor corrosion caused by acids, which are
formed during the waste treatment process.

(2) Serious plugging of the reactors caused by
precipitating salts at supercritical temperatures and
low densities.

(3) Due to lack of experimental data, cost evaluations,
especially for the scale-up of SCWO plants to an
industrial scale, are unreliable.

4.5. TECHNIQUES AND METHODS

Hydrothermal and solvothermal synthesis technique
involves reaction containers (e.g., autoclaves), reaction

control system, hydrothermal and solvothermal syn-
thesis process, characterization techniques (in situ),
and intermediate species.

4.5.1. Reaction Containers [11]

High-pressure vessel, popularly known as an auto-
clave, is the basic equipment of hydrothermal and
solvothermal synthetic experiment. Advances in hydro-
thermal and solvothermal synthesis of research depend
largely on the equipment available. Crystal growth or
materials processing under hydrothermal and solvo-
thermal conditions requires high-pressure vessels to
have outstanding capability of containing highly corro-
sive reagents, resisting high temperature and high pres-
sure. Experimental studies under hydrothermal and
solvothermal conditions require facilities that must
operate routinely and reliably under extreme conditions.

For different objectives and tolerances of hydro-
thermal synthetic experiment, there is a great variety
of high-pressure vessels used for hydrothermal tech-
nology. Most of the earlier workers had dealt with this
aspect in their own way. Because of the limit of space,
we will discuss only the commonly used autoclaves or
hydrothermal reactors in the hydrothermal synthesis;
they were all designed and fabricated during the twen-
tieth century. Generally speaking, an ideal hydrothermal
autoclave should have the main characteristics as
follows:

(1) Should have high mechanical strength in order to
bear high pressure and temperature experiments for
long duration.

(2) Should have excellent acid, alkali, and oxidant
resistance.

(3) Should have a simple mechanical structure and easy
to operate and maintain.

(4) Should have good sealing performance in order to
obtain the required temperature and pressure.

(5) Should have a suitable size and shape in order to
obtain a desired temperature gradient.

The top-priority parameter to be considered in select-
ing a suitable autoclave is the experimental pressure and
temperature conditions and the corrosion resistance in
a hydrothermal solution. In accordance with the above,
the materials, thick glass cylinders, thick quartz cylin-
ders, and high strength refractory alloys are usually
used to fabricate hydrothermal autoclaves. Some hydro-
thermal reactions, in which the reagents or solvents are
noncorrosive, can take place directly in the hydro-
thermal autoclaves. In contrast, in the majority of hydro-
thermal reactions, the reagents or solvents used are
highly corrosive and they can attack the autoclaves in
the high-pressure temperature range. It requires the
autoclaves to contain inert linings, liners, or cans. As
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far as we know, some materials used in the manu-
facturing of the linings, liners, and cans include Teflon,
Pyrex, quartz, graphite, Armco iron, titanium, silver,
platinum, tantalum, copper, nickel, and gold. Figure 4.16
shows the most popular Teflon-lined, stainless steel
autoclave, in which the mild hydrothermal and
solvothermal reactions are commonly performed. Such
autoclaves can be used at up to 270�C, and depending
on the engineering specification of the steel walls,
pressures of w150 MPa can be withheld.

Up to now, there is no uniform standard for the clas-
sification of hydrothermal autoclaves in the world. In
accordance with different classification standard, there
is more than one name for a hydrothermal autoclave.
The information of classification of hydrothermal auto-
claves is introduced as follows:

(a) Classification by sealing methods: self-tightened
seal autoclave and external-tightened seal autoclave.

(b) Classification by mechanical structure: flange-disc
type autoclave; internal-plug-screw type autoclave;
big-screw-cap type autoclave; and lever-press type
autoclave.

(c) Classification by pressure formation methods:
internally pressurized type autoclave and externally
pressurized type autoclave.

(d) Classification by the name of designers: Morey
autoclave; Smyth autoclave; Tuttle autoclave; and
Barnes rocking reactors.

(e) Classification by heating methods: internally heated
autoclave and externally heated autoclave.

(f) Classification by experimental system: high-
pressure autoclave and flow reactors and diffusion
reactors.

(1) Externally heated and internally pressurized
autoclave
This type of autoclave is popularly known as

a Morey autoclave since Morey first designed this
simple, gasketed, sealed steel autoclave of
25e100 mL volume in 1913 [117]. The cross-section
of a typical Morey autoclave is shown in Fig. 4.17.

The usual dimensions of a Morey autoclave are
10e20 cm length and 2.5 cm inner diameter. The
autoclave generates an autogeneous pressure
depending on the degree of filling, the fluid, and the
temperature. In the initial design stages, the
autoclave is sealed by an internally pressurized seal
gasket. For a long time reaction, the autoclave can be
used with high temperature of 600�C and high
pressure of 0.04 GPa. For a short time reaction, the
autoclave is able to withstand a high operating
temperature of up to 700�C and a high working
pressure of up to 0.07 GPa. If the working pressure is
very high, the autoclave sealed by an internally
pressurized seal gasket will have two drawbacks.
First, the autoclave is prone to leakage; second, it is
difficult to open the autoclave. In a later improved
version of Morey autoclave, the sealing way is
redesigned as a self-tightened seal. For a long time
reaction, the improved autoclave can be used with
high temperature of 600�C and high pressure of
0.2 GPa. Today most autoclaves popularly used for
hydrothermal or solvothermal synthesis in
laboratory are almost the improved versions of
Morey autoclave.
In addition to the Morey-type autoclave, there are

also several important externally heated and
internally pressurized autoclaves. One is self-
tightened cold-seal autoclave. There are two main
differences between this type of autoclave and the
Morey-type autoclave. First, the closure of the
autoclave is a self-tightened closure; second, the
plug and seal of the autoclave are outside the
furnace. Another important externally heated and
internally pressurized autoclave is cone-seal
autoclave. Unlike the Morey-type autoclave, this
type of autoclave has a cone closure. Moreover, the
plug and seal of the autoclave are also outside the
furnace.

FIGURE 4.16 General purpose autoclave popularly used for
hydrothermal or solvothermal synthesis.

FIGURE 4.17 Cross-section of a typical Morey autoclave.
Reprinted with permission from [117]. Copyright 1913 American Chemical

Society.

TECHNIQUES AND METHODS 85



(2) Externally heated and externally pressurized
autoclave
This type of autoclave is popularly known as

a Tuttle autoclave (as shown in Fig. 4.18) since Tuttle
first designed this ingenious cone-seal steel autoclave
with very small volume in 1948 [118]. The working
chamber of Tuttle autoclave is closed by a cone-in-
cone seal, so another name of this autoclave is cold-
cone-seal autoclave. In the initial design stages, the
Tuttle autoclave has a very small volume and the
entire autoclave is kept inside the furnace. Although
this apparatus can be used under very high
temperature, and the pressure can bewell controlled,
it has not beenwidely used for hydrothermal studies.
In a later improved version of Tuttle autoclave
redesigned by Tuttle, the length of working chamber
is increased and the plug and seal are outside the
furnace. Pressure is transmitted to the sample, which
is contained in a sealed working chamber, through
a hole in the closure. This apparatus is able to
withstand a high operating temperature of up to
750�C and a high working pressure of up to 1.2 GPa.
When pressure is up to 0.7 GPa, Argon is used as the
pressure medium in all experiments. The reason is
that water will freeze at room temperature when
pressure is up to 0.7 GPa. This apparatus, with
features of simple structure, convenient operation,
and low cost, is widely used for hydrothermal
synthesis and materials processing.
Barnes rocking reactor, which was first designed

by Barnes in 1963, is also an externally heated and
internally pressurized autoclave [119]. The reaction
vessel is of Type 310 stainless steel, heavily chrome-
plated on interior surfaces and with a capacity near
1100 mL. The closure is of the same materials and
uses a simple compression seal with an annealed,
Type 304 stainless steel ring for the gasket. The entire
valve and furnace assembly is agitated to speed
equilibration by rocking at 36 rpm through an arc of

30� about a horizontal axis. Tubing connections to
the reaction vessel, therefore, are made using flexible
capillary tubing or spiral coils of tubing. All tubing
and valves are stainless steel. This apparatus is
widely used for the studies about solubility of
minerals, mineral synthesis, PeVeT relations of
gases and liquids, and conductivities of liquids. This
apparatus is able to withstand a high working
pressure of up to 0.05 GPa at 25�C or 0.03 GPa at
400�C.

(3) Internally heated and externally pressurized
autoclave
All the autoclaves discussed above are externally

heated apparatuses. In contrast to these apparatuses,
another class of apparatuses in which the pressure
vessel is cooled and the sample is heated internally
has been designed by several workers. For an
internally heated and externally pressurized
autoclave, the heating system is installed inside the
equipment inside and experimental pressure is
supplied by an external high-pressure system
(Fig. 4.19). Although, all internally heated
apparatuses are significant, we will only discuss
several representative examples.

(a) Smyth and Adams autoclave [120]. This
apparatus was firstly designed by Smyth and
Adams in 1923, and was modified by Goranson in
1931 [121]. This type of autoclave is able to
withstand a high operating temperature of up to
1400�C and a high working pressure of up to
1.0 GPa.

(b) Yoder autoclave [122]. This apparatus was
designed by Yoder in 1950, and it was an
improved version of Smyth and Adams
autoclave. This type of autoclave is able to
withstand a high operating temperature of up to
1600�C and a high working pressure of up to
1.0 GPa.

(c) Burnham, Holloway, and Davis autoclave [123].
This apparatus was designed by Burnham et al. in
1969. This type of autoclave is able to withstand
a high operating temperature of up to 1500�C.

Till date, the number of hydrothermal autoclaves has
exceeded one hundred, including some novel designs
for specific studies such as controlled growth of crystal,
kinetics, thermodynamics, hydrothermal hot pressing,
microwave-enhanced hydrothermal synthesis, and so
on. Moreover, many of them have been commercially
produced by the United States, Germany, Japan, China,
and other countries. Figure 4.20 shows the photographs
of commercial hydrothermal autoclaves produced by
Parr Instrument Company (Moline, Illinois) [124]. It
would be very difficult to discuss all autoclaves in this
book. Byrappa and Yoshimura (2001) have reviewed

FIGURE 4.18 Tuttle autoclave (a) overall appearance; (b) cross-
section of cap [118].
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FIGURE 4.19 Internally7 heated autoclave (a) Smyth and Adams autoclave; Reprinted with permission from [120]. Copyright 1923 American
Chemical Society. (b) Burnham, Holloway and Davis autoclave [123].

FIGURE 4.20 Parr Instrument Company Pressure Vessels and Reactors [124].
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various autoclave designs in detail [11], and readers can
get more information about this topic from this literature
source.

4.5.2. Reaction Control Systems

Safety is the utmost important issue when working in
chemical laboratory. In hydrothermal or solvothermal
research, we should attach great importance to safety
of hydrothermal reactors/equipments. In general,
a hydrothermal reactor/equipment should have several
safety control system components including tempera-
ture control system, pressure control system, and closed
system control.

Temperature has important effects not only on the
structure of the materials used for a hydrothermal
reactor but also on the speed and result of a hydro-
thermal reaction. Therefore, we should determine a
suitable temperature for a hydrothermal reaction. In
general, the temperature control component of a hydro-
thermal reactor should include high-precision tempera-
ture controllers and high sensitive temperature sensors.

Pressure is crucial to the safety of hydrothermal
experiments. For an internally pressurized autoclave,
the pressure of a hydrothermal reaction depends on
the degree of fill and the properties of reactionmediums.
The value of pressure can be calculated from the
Clapeyron equation (PV¼ nRT). In general, for safety
reason, the degree of fill is usually between 50 and
80% for a typical hydrothermal synthesis experiment.
For an externally pressurized autoclave, experimental
pressure is supplied by an external high-pressure
system. The externally pressurized autoclave works
based on the principle of internal and external pressure
balance. The internal pressure in a sealed working
chamber depends on the degree of fill and the properties
of reaction mediums; hence the values can be calculated
from the Clapeyron equation. The value of external pres-
sure is manually set according to the internal pressure.
During the hydrothermal reaction process, the value of
external pressure must be adjusted at any time to
make it close to the internal pressure. Otherwise a large
pressure difference between external and internal pres-
sure will lead to the burst of sealed working chamber.

4.5.3. General Experimental Procedure

Hydrothermal or solvothermal technology is con-
stantly developing to keep in step with the ever-evolving
research needs of scientists. Hydrothermal synthesis
or solvothermal synthesis has been successful in the
preparation of important solids such as zeolites, open-
framework compounds, organiceinorganic hybrid
materials, superionic conductors, chemical sensors, elec-
tronically conducting solids, complex oxide ceramics

and fluorides, magnetic materials, and luminescence
phosphors. Whatever is the purpose of hydrothermal
or solvothermal experiment, an ideal experimental
procedure should be built on the basis of understanding
of reaction mechanisms and the accumulation of
chemical experience. Experimental procedure of hydro-
thermal or solvothermal synthesis depends on the
purpose of the research. Here, we only present a general
experimental procedure of hydrothermal synthesis.

(1) To choose suitable reagents;
(2) To determine the mole ratio of reagents;
(3) To explore addition order of reagents and mix the

reagents;
(4) To put the mixture of reagents into an autoclave

and seal the autoclave;
(5) To choose suitable reaction temperature, reaction

time, and reaction state (dynamic or static
crystallization);

(6) To take out the autoclave from oven and cool the
autoclave to room temperature;

(7) To open the autoclave and take out the products
from the autoclave;

(8) To process the products (such as wash, filtrate, and
dry);

(9) To observe the appearance of products by using an
optical microscope; and

(10) To characterize the products by using suitable
research Instruments.

4.5.4. In Situ Characterization Techniques

In the early mechanism studies of hydrothermal or
solvothermal reactions, chemists studied the changes
of hydrothermal/solvothermal reaction system and the
structures of the products by optical/X-ray or other
physical techniques after they rapidly broke off the
hydrothermal or solvothermal reaction. This is an effec-
tive and commonly used method by earlier chemists.
However, one of the major drawbacks of this method,
which cannot be ignored, is that reaction intermediates
can only be speculated and cannot be observed. Along
with the development of scientific and technical means,
spectroscopic techniques were used for the mechanism
studies of hydrothermal or solvothermal reactions.
Because vibrational spectrum is an important and effec-
tive means for determining the types of reaction inter-
mediates, the structures of final products, and reaction
rates, UV/visible spectroscopy is first applied for
studying hydrothermal or solvothermal reactions. For
a common steel autoclave, the hydrothermal or solvo-
thermal reaction process cannot be monitored by “look-
ing.” Moreover, it is not very reliable that reaction
intermediate states are inferred by the final products.
For real-time observation or detection of intermediate
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states, scientists designed several hydrothermal auto-
claves with quartz and sapphire windows. In recent
years, along with the improvement of hydrothermal
autoclaves, scientists have developed many in situ char-
acterization techniques for studying hydrothermal or
solvothermal reactions [125e130]. Thus, the hydro-
thermal autoclave is no longer a “black box.”

4.6. IONOTHERMAL SYNTHESIS

Recently, a novel synthesis method for preparing
inorganic functional materials, known as ionothermal
synthesis, has prompted a significant amount of
research. The term “ionothermal” was used to describe
reactions that are conducted in ionic liquids (ILs) at
high temperature. Ionothermal reactions are analogs of
hydrothermal or solvothermal approaches using ionic
liquids as solvents.

Ionic liquids, as the reaction medium of ionothermal,
are now being defined as salts composed solely of ions
with melting points below 100�C, although this strict
definition is often given some latitude as more and
more applications and insight arise from the increased
scrutiny of heterogeneous liquids. The first ILs, or
organic molten salts, were discovered in 1914, but the
discovery of air- and water-resistant species has moti-
vated a resurgence of interest during the past decade.
In contrast with inorganicmolten salts, ILs are composed
solely of ions and have a high cohesive energy density,
but in contrast their melting points are often less than
100�C. In particular, the reasons for the low melting
point of ionic liquids are not clear, although an explana-
tion is usually given: both cations and anions of ILs are
relatively complicated ions where in most cases the
charge is delocalized or shielded by side groups. A great
advantage of ILs is the variation of the ion species:
1012e1018 different liquids, binary and ternary mixtures
with versatile properties have been predicted. The
cationic parts of most common ILs are organic-based
moieties such as imidazolium, pyridinium, quaternary
ammonium, quaternary phosphonium cations, or
nitrogen-rich alkyl-substituted heterocyclic cations. The
anionic part can be organic or inorganic and include
such entities as some halides, nitrate, acetate, hexafluor-
ophosphate (PF6), tetrafluoroborate (BF4), trifluorome-
thylsulfonate, and bis(trifluoromethanesulfonyl)imide.

Ionic liquids exhibit unique physicochemical proper-
ties which are influenced both by their cationic and their
anionic moieties. In contrast with traditional solvents,
such as water or mostly volatile organic compounds,
the common properties of most ILs include low melting
temperature, tunability, nonvolatility, nonflammability,
low viscosity, high thermal and chemical stability, zero
toxicity, ionic conductivity, and heating behavior under

microwave radiation. ILs have low to negligible vapor
pressures (1e10 Pa) which enables experiments at
temperature up to 300�C. The extremely low vapor pres-
sures also allow experiments under vacuum conditions;
thus the surface of the liquid can be investigated by
surface sensitive techniques. ILs exist as liquids over
a rather wide temperature range as large as 200�C, main-
taining at the same time a very low vapor pressure. This
fact is related to their high cohesive energy density,
which is mainly given by the bare Coulombic interac-
tions between the constituents.

ILs may be the most complex of all solvents because
they are capable of virtually all possible types of inter-
actions with solutes. ILs can solubilize a variety of
organic and inorganic compounds. They can be
designed to be immiscible or miscible with water and
a number of organic solvents. ILs have attracted consid-
erable attention of chemists looking for potentially envi-
ronmentally benign alternatives to the traditional
solvents due to their unique physicochemical proper-
ties. Today, the applications of ionic liquids can be
numerous, from synthesis, separations, catalysis, elec-
trochemistry, photoelectrochemistry, phase transfer,
and magnetic or nanostructured materials. In a special
issue of Accounts of Chemical Research (Acc. Chem.
Res. 40(11) (2007)), the latest progress in ILs was
reviewed by some of the leading IL research groups.
Readers can get more information about this topic
from this literature source.

It should be noted there is a special class of ILs named
as deep eutectic solvent (DES). Unlike ILs, DES is a type
of mixed solvent composed of two or more compounds
which form a eutectic. A DES consists of ionic
compounds and molecular compounds. The melting
point of DES is much lower than either of the individual
components. As ionic liquids, DESs share many charac-
teristics of conventional ILs. DES exhibits unusual
solvent properties and is able to dissolve metal salts,
organic aromatic acid, amino acids, and some metal
oxides. Many DESs are nontoxic and biodegradable.
Compared with ILs, DESs are inert in water, and easily
prepared in a pure state. In addition, DESs based on rela-
tively available components such as urea and choline
chloride are cheaper to make than ILs, which makes
DESs particularly desirable for applications in the
large-scale synthesis of new functional materials.

ILs have widely been used in organic and polymer
synthesis, separations, catalysis, electrochemistry, and
photoelectrochemistry. The synthesis of inorganic mate-
rials in ILs is a rather new development and has
attracted increasing interest in recent years. In 2004, ion-
othermal synthesis method was reported by Cooer et al.
for preparing molecular sieves [131]. By using this
method, Morris et al. have prepared several alumino-
phosphate and cobalt aluminophosphate compounds
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in an imidazolium-based ionic liquid (1-ethyl-3-methyl-
imidazolium bromide ([emim]Br)). In ionothermal
synthesis, inorganic materials are prepared in ionic
liquids, which is different from traditional hydrothermal
and solvothermal synthesis which employs molecular
liquids. Ionothermal synthesis could in principle be
used in any situation where hydro(solvo)thermal
synthesis has been successfully implemented.
Compared with the traditional hydro(solvo)thermal
synthesis, ionothermal synthesis has interesting features
and potential advantages (as described below).

(1) ILs have many unique physicochemical properties
and the coexistence of ionic and organic groups and
the large temperature windows of ILs make them
ideal media for the reactions betweenmetal ions and
organic ligands. With these attributes, ionothermal
synthesis is considered to be more environment-
friendly and safer.

(2) In the synthesis of inorganic materials, the IL, the
reaction medium of ionothermal synthesis, can
participate as solvent, structure-directing agent, or
template agent, structure-inducting agent, charge-
compensating group, or ionic liquid (crystal)
precursor.

(3) The IL solvent systems offer a novel chemical
environment that can uniquely influence the course
of chemical reactions. Therefore, ionothermal
synthesis can result in inorganic materials with
special structure or properties, which are difficult or
impossible to obtain by using other traditional
synthesis routs.

(4) The ionothermal synthesis can be performed at
ambient pressure, which is due to the negligible
vapor pressures of almost all ILs. As a result,
ionothermal synthetic reactions avoid the high
pressures of traditional hydro(solvo)thermal
reactions and therefore eliminate safety concerns
associated with high pressures.

(5) ILs have been proven to be good medium for
absorbing microwaves. Therefore, microwave
technique can be safely used in the ionothermal
synthesis reactions.

As a new synthesis method, ionothermal synthesis
has been studied to prepare many types of solid mate-
rials such as molecular sieves and molecular-sieve
analogous, organiceinorganic hybrid materials, metal-
organic frameworks (MOFs), semiconductors, inorganic
solid materials, nanomaterials, and so on. The latest
progress of ionothermal synthesis has recently been
reviewed by Morris and coworkers [132,133].

The most successful cases of current ionothermal
synthesis are the preparation of molecular sieves,
molecular-sieve analogous, and related porous mate-
rials, and a number of molecular sieves and related

materials with both known and previously unknown
structure types have been prepared [134e144]. In
general, molecular sieves are typically prepared by
hydrothermal or solvothermal methods in aqueous or
nonaqueous conditions by using organic amines or
quaternary ammonium ions as the templates or struc-
ture-directing agents (SDAs). Distinguishing from tradi-
tional hydro(solvo)thermal syntheses, ILs in ionothermal
synthesis can not only act as reaction solvents but also
provide the template ions during the reaction process.
One most important feature of this strategy is the
removal of competition between the templateeframe-
work and solventeframework interactions, present in
hydrothermal or solvothermal synthesis (Fig. 4.21). In
principle this may lead to improved templating of the
growing molecular sieve crystal structure. The first
work in this area, published in 2004 [131], used 1-ethyl-
3-methylimidazolium bromide and urea/choline chlo-
ride deep eutectic solvents to prepare several different
materials (named as SIZ-1, SIZ-2, SIZ-3, SIZ-4, SIZ-5,
and AlPO-CJ2) depending on the conditions.

FIGURE 4.21 Schematic representations of the synthesis of
a tetrahedral (zeotype) framework under hydrothermal (Left) and
ionothermal (Right) conditions. Reproduced by permission of The Royal

Society of Chemistry [133].
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Templating or structure-directing effect is an impor-
tant issue for the synthesis of molecular sieves. If an
additional template agent, such as an organic amine, is
introduced into ionothermal synthesis system, the crys-
tallization process of molecular sieves will be altered.
The addition of organic amines into ILs will result in
better phase selectivity. Recently, Yu et al. of our lab
reported that organic amines and ILs can act as co-
template agents to prepare molecular sieve (JIS-1)
[145]. The structure of JIS-1 consists of an anionic
open-framework [Al6P7O28H]2�. Protonated methylimi-
dazolium cations along with 1-ethyl-3-methylimidazo-
lium cations act as the templates to coexist in the
intersection of the tridirectional channels in the structure
of JIS-1 (Fig. 4.22). The role of organic amines in iono-
thermal synthesis has been studied by Bao and
coworkers [146]. Their study result indicates that
a hybrid of ILs with organic amine cations can be formed
through a hydrogen bond during the crystallization of
molecular sieves. This hybrid that is formed in the gel
stage could act as a cooperative structure-directing
agent for the specific structure in the final solids. Their
results may suggest a synthesis mechanism of molecular
sieves in ILs in which the ILeorganic-amine hybrid is
required in the nucleation step, whereas the crystal
growth occurs through the occlusion of ILs.

In ionothermal synthesis, the role of water is an
important factor, and the quantity of water in reaction
system can influence phase selection. Some studies
have provided unambiguous evidence that water has
a remarkable effect on the ionothermal synthesis of
molecular sieves [147,148]. Addition of reagent quanti-
ties of water can enhance the crystallization kinetics of
molecular sieves greatly, and the main product phase
is molecular sieve. If the quantity of water is equimolar
in concentration with ILs, it will lead to the formation of
dense phases. Too much water in the ionothermal
synthesis system is detrimental to the formation of
molecular sieves.

It is worth noting that microwave-enhanced ionother-
mal synthesis is an effective strategy for the preparation
of molecular sieves and other inorganic solid materials
[149,150]. Microwave dielectric heating synthesis is an
effective method developed for the synthesis of molec-
ular sieves. Compared with conventional heating,
microwave-enhanced hydrothermal synthesis has
obvious advantages, such as fast crystal growth and
high selectivity obtained. However, the drawbacks of
microwave-enhanced hydrothermal synthesis are that
experiment is unsafe and organic templates used in
the synthesis will decompose under microwave irradia-
tion at high temperatures. ILs have been proven to be
good medium for absorbing microwaves, and the negli-
gible vapor pressure of ILs make them be heated to rela-
tively high temperature without the production of
autogenous pressure. Therefore, microwave-enhanced
ionothermal synthesis is expected to be a promising
approach to the synthesis of inorganic materials. Cai
et al. have prepared extremely well-oriented zeolite
coatings on copper-containing aluminum alloys by
microwave-enhanced ionothermal synthesis method
[150]. In their experiment, they prepared two different
types of zeolite coating with AEL structure topology.
One is pure aluminophosphate (AlPO) and another
is a silicoaluminophosphate (SAPO). Figure 4.23
shows the morphology and microstructure of SAPO
coating.

In addition to the synthesis of molecular sieves,
another focus of ionothermal synthesis is the prepara-
tion of metal-organic frameworks (MOFs). Up to now,
a number of MOFs and related materials with both
known and previously unknown structure types have
been prepared [151e159]. Similar to the synthesis of
molecular sieves, ILs in ionothermal synthesis of
MOFs can act as reaction solvents and template
reagents. Besides this, ILs can also act as reactants or
structure-inducting agents. In some cases of ionothermal
synthesis, ILs, as reactants, can participate in the con-
structing of the frameworks of final products. For
instance, under specific conditions, some ILs base on
dialkylated imidazolium cations can break down to

FIGURE 4.22 View of JIS-1 structure along [100] direction with co-
templates of the MIAHþ and EMIMþ cations located in the channels
(Top) and the two component layers (Bottom), L-a and L-b. Reprinted
with permission from [145]. Copyright 2008 American Chemical Society.
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FIGURE 4.23 SEM images of different as-
synthesized AEL coatings on AA 2024-T3. (a)
SAPO-11 (surface, inset is higher magnification); (b)
SAPO-11 (cross-section, mildly polished surface);
(c) SAPO-11 with spin-on BTSM-MEL (surface);
and (d) SAPO-11 with spin-on BTSM-MEL (cross-
section). R. Cai, M.W. Sun, Z.W. Chen, R. Munoz,
C. O’Neill, D.E. Beving, Y.S. Yan, Angew. Chem. Int.

Ed. 47 (2008) 525. Copyright Wiley-VCH Verlag GmbH

& Co. KGaA. Reproduced with permission [150].

FIGURE 4.24 SEM images of hierarchical ZnO nanostructures. Reprinted with permission from [165]. Copyright 2002 American Chemical Society.
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leave the monoalkylated imidazole species that can
coordinate to metals.

ILs are composed solely of cations and anions, and
the nature of the anions plays important parts in control-
ling the nature of the ILs. It is noteworthy that anions of
ILs in ionothermal synthesis of MOFs have extremely
important roles. The first important role of anions is
that they can be occluded into the structure of MOFs
as template reagents in certain circumstances. In most
cases, the template role of anions combines with that
of IL cations. The second important role of anions is
structure-inducting effect. In some case, the anions
themselves are not occluded into the structure of
MOFs, but the nature of anions determines the structure
constructing of final products.

In addition to molecular sieves and MOFs, ionother-
mal synthesis method has been used to prepare many
other types of inorganic materials [160e165]. For
instance, a number of nanomaterials, such as alumino-
phosphate nanorolls, NaYF4:Yb

3þ, Er3þ /Tm3þ nano-
particles, IL/Al(OH)3 hybrid nanorods/nanofibres,
and hierarchical ZnO nanostructures, were successfully
synthesized in ILs. Figure 4.24 shows the morphology
and microstructure of some reported nanomaterials. In
general, the ILs can, in most cases, participate as ionic
liquid (crystal) precursors. The detailed information of
nanomaterials prepared by ILs is given in literature
sources [166e175].
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Ultrahigh pressure inorganic synthesis is a very
effective method for synthesizing new inorganic
compounds which cannot be obtained under normal
conditions. Conditions for ultrahigh pressure synthesis
is that the pressure should be greater than 1.01� 109 Pa
at temperature ranging from ambient to 3000�C. The
inorganic compounds synthesized under these high
pressure conditions can have special valences, unique
structures, and unprecedented physical and chemical
properties [1].

As compared to the systematic study of chemistry in
the past two centuries, research can now be done at
atomic level with assistance from the latest development
in diffraction and spectroscopic techniques. However,
most studied compounds in the laboratory were
obtained under ambient pressure (1.01� 105 Pa) or pres-
sure very close to 1.01� 105 Pa [2]. In the infinite
universe, at least 90% substances exist under ultrahigh
pressure more than 1.01� 1010 Pa and this means that
only a small amount of substances in the universe
have been studied by scientists [3]. In order to expand
chemical research, pressure is a very important normal
thermodynamic variant to explore. Due to the compli-
cacy, difficulty in data acquisition, and great expense
of high-pressure experiments, the research in high pres-
sure science has improved very slowly and laboriously
for a long time. Recently, due to the rapid development
of ultrahigh pressure technique, it is possible that its
application in basic research allows for more and more
discovery in the scientific and technical research. In
fact, ultrahigh pressure research was listed by Science
magazine as one of the five most important tools in
scientific and technique discovery, highlighting its
growing importance as an experimental technique in
modern science [4].

Ultrahigh pressure is a very important research
method for physics, chemistry, and material synthesis
because it can efficiently change the atomic distances
and electron states of the substances. It can therefore
be used to tune atomic distances, to probe for informa-
tion and to aid in other special areas of the most frontier
research; even the periodic table of elements is consid-
ered to be rewritten under ultrahigh pressure condi-
tions. Pressure, as a thermodynamic parameter, has
extreme influence on substances. Pressure is one part
of the Gibbs energy equation, which along with temper-
ature, controls chemical reaction and phase transition.
Ultrahigh pressure develops another dimension of reac-
tion parameter and increases the possibility of the chem-
ical reaction. With the advances of high pressure
technique, ultrahigh pressure is not only an experi-
mental method or extreme condition, but also the third
physical parameter along with temperature and chemi-
cal stoichiometry. When ultrahigh pressure technique
is applied to inorganic synthesis, there are some
amazing physical changes (electrical conductivity,
optical absorption, and magnetic properties in addition
to the densification of the solid). The atoms in the inor-
ganic compounds synthesized under high pressure
have more of first or the second coordinates and unusual
oxidation state. In modern inorganic synthesis, ultra-
high pressure is widely applied for synthesis that cannot
be carried out under normal conditions and many new
compounds, new phases, new physical states, and new
synthetic routes are obtained. The obtained results
show that there are at least five new phases of the
substances that are stable under normal pressure at
1.01� 1011 Pa. That is to say, new substance whose
amount is many times that of current substance will be
obtained if a “pressure” parameter is applied.
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High pressure synthesis means that external high
pressure is applied to make the substances transform
or react with each other to form new phases, new
compounds, or new materials. The structure and prop-
erty changes under high pressure are normally revers-
ible and revert back when high pressure is unloaded.
Therefore, high pressure and high temperature are
used together in high pressure synthesis, which is called
high pressureehigh temperature synthesis and the
special structure and properties found under high pres-
sure and high temperature can remain after the pressure
is unloaded and the temperature is decreased [1].

P.W. Bridgman developed high pressure technique
over his lifetime and opened a new area of phase transi-
tion and physical properties under high pressure. After
he won the Nobel Prize in 1946, high pressure synthesis
of new substances and new materials began to receive
more attention. After F.P. Bundy synthesized the first
artificial diamond under high pressure conditions [5],
synthesis of new substance under high pressures
became a hot area of research. The next important mate-
rial synthesized under high pressure conditions was
cubic boron nitride (c-BN) [6], which cannot be found
in nature, but it is isoelectronic to diamond and its hard-
ness is next to that of diamond. Since then, the research
on high pressure synthesis received more and more
attention.

5.1. EXPERIMENTAL METHODS OF
INORGANIC SYNTHESIS UNDER HIGH

PRESSURE

Since the invention of the high pressure device by
Bridgeman in the 1940s [7], a lot of developments have
been made in high pressure technology such as pressure
and temperaturemeasurement technology and improve-
ments in the hydrostatic pressure. In recent years, there
has been rapid advancement in both instrumentation
and techniques, e.g., the application of “Walker type”
large volume apparatus (LVP) which has greatly
improved experimental pressure and temperature.
Therefore, high pressure technology has been exten-
sively used in inorganic synthesis and preparation.

5.1.1. High Pressure Apparatus

In the field of high pressure research, the pressure
scale has a range of 0.1e500 GPa or greater. Generating
the wide range of high pressure conditions for materials
exploration and synthesis requires a selection of
dynamic and static compression techniques, which is
distinguished from the time duration of pressing.
Dynamic extreme high pressure can be generated
through a high speed object bump on the sample or the

dynamic shock wave of an explosion to compress the
sample; therefore, it can also be called shock wave high
pressure and can generate a maximum pressure of
1012 Pa. But the equipment of shock wave is too expen-
sive and the press time duration is in the microsecond
range, so it is of restricted use in inorganic chemistry
research. There are many physical phenomena con-
nectedwith the generation of press, which can also apply
in high pressure techniques, such as thermal expansion
and phase transition. Actually, themost effectivemethod
is to press the object through various techniques. The
volume of object is reduced when bearing the press
and high pressure is produced inside the object as long
as the compression is large enough. Using this kind of
technique, we can keep the press maintained for a long
time, so it is called static high pressure technique.

In order to compress the sample, two items are neces-
sary: (i) one or more removable assembly to load the
press (called pressure head or anvil) and (ii) a compres-
sion resistance chamber (called pressure chamber) in
which the sample is placed. The spacing between anvil
and chamber is prerequisite for the moveable anvil.
The sample will flow into the spacing when it is
compressed, so the spacing must be sealed to obtain
high pressures. A pressure-transmitting media is also
needed between the anvils and chamber to obtain
hydrostatic pressure. The pressure-transmitting media
has a significant effect on the pressure conditions within
the sample chamber; and the ideal pressure-transmitting
media should remain fluid at high pressure.

Among the high-pressure apparatuses, diamond
anvil cells (DACs) are currently the most widely used.
The DAC gives laboratory access to very high static
pressures in a relatively easy and safe manner, allowing
experimental measurements at pressure above 100 GPa.
In a DAC the sample is placed between the flat faces
(culets) of two brilliant-cut diamonds. The sample
placed into DAC pressure chamber is no more than
100 mm in diameter. This sample size is in contrast
with other types of high pressure apparatus which use
larger sized sample (no less than 2 mm), called large
volume apparatus (LVP).

The simplest high pressure device is piston-cylinder
apparatus, as shown in Fig. 5.1 [8]. As a type of LVP,
the removable piston compresses the pressure media
placed in the cylinder to obtain high pressure. Simulta-
neously, the use of a webbing cylinder, compounding
cylinder, and self-tight cylinder technique can greatly
improve the pressure limit of this type in high pressure
apparatus. At present, the maximum pressure and
temperature obtained for these kinds of devices are
4 GPa and 1700�C, respectively.

Bridgman invented the high pressure anvil in 1940s.
Figure 5.2 shows the schematic sketch of typical Bridg-
man anvil [8]. Two opposite flat anvils press the
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compressible gasket in which the sample is placed. Pres-
sures up to 10 GPa can be achieved in the Bridgman
anvil apparatus. The electrical properties of samples at
high pressure are extensively studied using this kind
of device.

The above two types of LVP designs have their disad-
vantages when they are used in laboratories. For
example, the piston-cylinder device can press large
samples but cannot generate very high pressure, while
Bridgman anvil device can produce high pressure but
with smaller sample size. Alternatively, Hall has
invented the Belt type device in 1960s to solve these
problems. The schematic sketch of Belt high pressure
device is shown in Fig. 5.3 [9]. High pressure (up to
10 GPa) and high temperature (up to 2000�C) can be
generated with the Belt designs. Actually, the Belt device
is an improvement on piston-cylinder designs with two
“frustum pyramid” tungsten carbide (WC) anvils and
a large sample chamber with homologous cone angle.
Because the anvils are supported by toroidal side and
the chamber is protected by multilayer cylinder, the
Belt device can generate high pressure.

Beyond the limit of piston-cylinder (maximum 4 GPa)
and Belt apparatus (maximum 10 GPa), multianvil
devices can be used for reaching pressure exceeding
25 GPa. The pressure attained depends on the geomet-
rical design of the devices, the frictional strength of the

gasket, and the compression strength of the anvil. Devel-
opments and improvements in this area led to several
designs of multi-anvil devices. Huppertz et al. devel-
oped the three-dimensional tetrahedral anvil devices
in 1960s, which served as a basis for the hexahedral
and octahedral anvils [10]. These devices are all called
multi-anvil apparatus. Figure 5.4 shows the schematic
sketch of tetrahedral and hexahedral anvil devices [11].
In a multi-anvil system, a sample volume is compressed
between variable numbers of identical shaped anvils in
two stages, which move each other forward. The multi-
anvil apparatus simply consists of a hydraulic press. The
applied uniaxial load can vary and in the standard
experiments load can vary between 600 and 1000 tons.

FIGURE 5.1 Piston-cylinder cell (schematic). With permission from

Oxford University Press.

FIGURE 5.2 Schematic diagram of a Bridgman anvil. With

permission from Oxford University Press.

FIGURE 5.3 The “belt”: high-temperature, high-pressure appa-
ratus. “Exploded” assembly. ② Carboloy chamber, ⑪⑫ Hardened
steel binding ring ⑯ soft steel safety ring.

FIGURE 5.4 Tetrahedral (a) trigonalebipyramidal (b) and cubic
(c) multianvil geometries. Reprinted with permission from [11]. Copyright

1969, American Institute of Physics.
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Hydraulic machine is commonly used in multi-anvil
module to produce pressure by equally applying load
in all directions at the same time. The cubic module
also uses DIA set (DIA is the abbreviation for Diamond,
as the earliest diamond was synthesized in this appa-
ratus in 1953) where six anvils are driven into the sample
via uniaxial load to produce the pressure [10], as shown
in Fig. 5.5. In this module, six sets of anvil and wedge
drivers are placed in the octahedron cavity, driven by
both of the module plates, i.e., the top and bottom
module plates. The 45� angle of the wedge face ensures
that the same load is applied and moving distance of six
anvils gives a uniform pressure in the module.

In 1990, Walker et al. developed a similar module
design called the Walker module high-pressure appa-
ratus [12], which attained the high pressure in all of
the large-volume press under the basic principle of
two-stage press, as shown in Fig. 5.6 [10]. Eight truncated
cubes, usually made from tungsten carbide (WC), form
a large cubewith an octahedral hole, where the pressure-
transmitting media is placed. The large cube is placed

in a cubic gap formed by six wedged block made of
tool steel, as shown in Figure 5.6 (a and b). The cube
and wedged blocks are then placed into a steel loop,
as shown in Figure 5.6 (c). Finally, the formed piston-
cylinder apparatus is placed into the hydraulic
machine to be pressed, shown in Figure 5.6 (d). The
pressure is first applied to the wedge, then to the cube.
Pressure of 30 GPa and temperature of 2300�C can be
attained if the cubes are made from tungsten carbide.
Pressure of approximately 90 GPa may be attained
by using the anvils coated by diamond. By using the
cube with a hole and the appropriate pressure-
transmitting media, such as Boron, etc., the apparatus,
combined with the synchrotron radiation technology,
can be used for in situ high-pressure research on the
structure and physical property of the materials.

The anvils in the high-pressure apparatus are usually
made from materials with high hardness such as high-
strength steel or tungsten carbide. Because diamond is
the hardest material in nature, the apparatus using dia-
mond as anvils is called Diamond Anvil Cell (DAC) and
it will produce higher pressure. As natural diamond is
tiny, the module with the diamond anvils is a micro
high-pressure apparatus. In 1959, the pressure of
10 GPa was achieved by Wier et al. by means of the dia-
mond anvils [13]. Due to the development of the
mechanical processing technology, the DAC could reach
pressure as high as several million bars, by using the
gasket-packaged pressure media, Bevelled diamond
and the perfect center-aligning technique [14]. A typical
DAC apparatus is the Bridgman apparatus with dia-
mond as the anvils, which is shown in Fig. 5.7 [15].
The gasket with indentation and punch, which is
usually made from stainless steel, is placed between

FIGURE 5.5 Inside the DIA apparatus, uniaxial forces on steel
guide blocks apply horizontal forces on steel bolsters and attached
anvils onto cell assembly. Images reproduced with permission from
Mineralogical Society of America.

FIGURE 5.6 Schematic drawing of the assemblage of the Walker-
type module.
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the two diamond anvils. The media and sample are
placed in a hole with the diameter of 100 microns.
High pressure is obtained by applying load on the dia-
mond. The classical Mao-Bell device, which is shown
in Fig. 5.7, achieves its high pressure by following the
lever principle and uses the piston-cylinder to center
it, while others use the slider. As diamond is trans-
parent, heat conductive, and insulated, the DAC is
usually combined with synchrotron radiation X-ray
diffraction and Raman diffraction, etc., to do research
on phase transition, high pressure synthesis, and phys-
ical properties in situ under high pressure.

5.1.2. Choice of Pressure Transmitting Media

When the sample is pressurized, the high-pressure is
directly loaded on the pressure transmitting media,
instead of the sample. Without doubt, liquid or gas
media are ideal pressure media due to the homogeneous
pressure distributions around the sample chamber.
However, for most of the pressure generating ways
except for DAC, gas or liquid are very difficult to be
encapsulated, so the most popular choice of the pressure
media is solid. Some requirements for the properties of
solid media are electrical insulation, thermal insulation,
softness (with the tiny shear strength), and chemical
stability. The gaskets squeezed in the multianvil appa-
ratus should not only seal the sample chamber but
also support the anvil faces, the solid media requires
additional properties: a high coefficient of internal fric-
tion and high hardness. Two different types of pressure
media are employed to ensure that the pressure gener-
ated around the samples is as much hydrostatic as
possible. The outside media seals the sample chamber
and the internal one needs to be soft enough to maintain
a quasi-hydrostatic pressure environment around the
sample [16].

For the large-volume presses, pyrophyllite is the most
common choice of pressure media; other frequently
used media are mica, lithium hydride, carbon, sulfide,
hexagonal boron nitride, and Teflon. Additionally,

AgCl and CsCl also are commonly used as pressure
media because of their low melting points and high
flowability. Other media used for high pressure research
include CdBr2, CdI2, CoCl2, CuBr2, HgI2, Ag2S, metallic
lead and indium, hard paraffin, polyethylene (PE),
nylon, etc. In several special cases, such as under high
temperature conditions, semi-sintered ceramics with
a certain amount of porosity are employed, where the
porosity can be regulated by changing the sintering
temperature. MgO, BeO, ZrO2, AlP, Fe2O3, and Mg2SiO4

are employed as semi-sintered ceramics [17].
Pressure media can not only transmit pressure but are

also used for encapsulating materials. In order to
increase the efficiency of pressure generated, the
compressibility of pressure media must be as small as
possible. Meanwhile, to obtain nearly hydrostatic pres-
sure, the shear strength of the media materials should
be minimized. Therefore, the choice of pressure media
must be made carefully, with consideration to both
low compressibility and minimal shear strength.

When considering pressure in relationship to the
compressibility and shear strength of the media, AgCl
is the most ideal choice as a pressure media [16]. Further
consideration is needed for the large volume presses
because the pressure media is also used to seal the
samples in this case. Additionally, the pressure media
requires a high friction coefficient and hardness, and
the ideal candidate for above requirements is pyrophyl-
lite. However, under the conditions of high tempera-
tures and high pressures up to 8e10 GPa, pyrophyllite
will decompose into stishovite and alumina, which
will be very hard and unsuitable as a media anymore.
In these cases, semi-sintered ceramics are the proper
choice, and Fig. 5.8 [18] shows the relationship between
pressure and applied load when using semi-sintered
ceramics as the pressure media, which indicates that
the efficiency of pressure generation is much higher
when employing semi-sintered ceramics instead of
pyrophyllite as the pressure media. Therefore, semi-sin-
tered ceramics are the most ideal media under these
special cases. Moreover, when taking into account the

FIGURE 5.7 Schematic drawing for Mao-Bell type of Diamond anvil cell. Reprinted with permission from A. Jayaraman, J. Rev. Sci. Instrum, 57,

1013. Copyright 1986, American Institute of Physics.
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need for materials with low X-ray absorption, it can be
concluded that boron is a suitable pressure media for
in situ high pressure measurements carried out on
synchrotron radiation facilities.

Pressure media used for DAC equipment are
different from that applied in the large volume presses,
because DAC’s anvils are supported by the gaskets,
instead of the pressure media in a large volume press.
Therefore, the choice of pressure media for DAC is
mainly dependent on the liquidity of materials in order
to generate hydrostatic pressure. According to the
specific needs, a gas, liquid, or solid can be chosen as
the media. For the liquid pressure media, a 4:1 (volume
ratio) methanoleethanol mixture has been used to
ensure the hydrostatic conditions up to 10 GPa. Above
10 GPa, this mixture will transform into a glass state.
There are several other available liquid media for
higher pressure experiments. Some examples of these
mixtures in volume ratio and their corresponding
highest hydrostatic pressures are as follows: 16:3:1
mixture of methanol:ethanol:water, 14.5 GPa; methanol,
8.6 GPa; 1:1 mixture of n-pentane:isopentane, 7.4 GPa;
2-isopropoxyethanol, 4.3 GPa; petroleum ether, 6 GPa;
and silicone oil, 15 GPa. For practical applications, the
substances chosen as the liquid media need to be chem-
ically inert, pollution-free for the diamond anvils, trans-
parent, free from fluorescence, etc. Based on these
desired characteristics, liquid helium is the best liquid

pressure media in theory, but it is very hard to operate
in practice. Considering the values of shear strength,
the best solid media is NaCl, because in a DAC NaCl
will become transparent under lower pressure. Other
examples of solid materials used for pressure transmit-
ting media are In, Pb, AgCl, KI, KCl, KBr, Teflon, mica,
and pyrophyllite. The most suitable substances used
for the gas pressure media are helium and hydrogen.
Up to 70 GPa, R lines of ruby fluorescence spectra
are not broadened, which means the pressure is hydro-
static. If hydrogen, argon, and neon are chosen for the
pressure transmitting media, they will generate the
hydrostatic pressure up to 177 GPa, 9 GPa, and 16 GPa,
respectively [8].

5.1.3. Pressure Calibration

The Definition of High Pressure

In the ideal system,which is symmetrical, hydrostatic,
and independent of time, pressure is force per unit, e.g.,
pressure equals the applied force (F) divided by the
contact area (s), or p¼ F/s. Furthermore, this equation
exists only for low viscosity liquid, not suitable for those
conditions, such as solid and high viscosity liquid.

It should be noted that hydrostatic pressure here
means every point is hydrostatic, but the pressure of
each point does not have to be symmetrical in all spaces.
Due to the effect of factors such as gravity and electric

FIGURE 5.8 Pressure-vs-applied-external-load
relations for various oxide media. Reprinted with

permission from A. Onodera, K. Suito and N. Kawai,
Journal of Applied Physics, 51, 315. Copyright 1980,

American Institute of Physics.
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field in space, there are slight differences in pressure at
each point. Therefore, hydrostatic pressure is a constant
in space instead of symmetrical pressure.

Based on the definition of pressure above, we can see
that pressure has temporal distribution besides spatial
distribution. Temporal distribution means that when
pressure changes, the whole system will transform
from one thermodynamic equilibrium to another. Mean-
while, it always needs some time to reach thermody-
namic equilibrium, and this time is named as the
relaxation time s. The relaxation process is characterized
as hysteresis of depressurization during the pressure
measurement. There are mainly two factors which will
induce the influences:

(1) Influences relate to pressure transmitting media,
such as excessively high viscosity coefficient and
slow release of pressure. For solids with higher
viscosity coefficients, the influences appear more
obviously, which results in a system that is not
hydrostatic.

(2) Influences relate to high pressure devices. For
example, in piston-cylinder devices, the influence is
led by the slow release of pressure inside cylinder
during depressurization.

Pressure Unit

In the International System of Units, the pressure unit
(force per unit area) is Pascal (Pa, 1 Pa¼ 1 N/m2). On
testing apparatus, the unit of bar is normally used,
where 1 bar¼ 105 Pa. However, depending on the exper-
imental conditions or literature sources, units of pres-
sure can vary further. MPa is commonly taken as unit
of pressure in current chemical papers: 0.1 MPa equals
approximately one standard atmospheric pressure, or
1000 bar¼ 1 kbar¼ 100 MPa. For chemical research
under extreme high pressure, GPa is the pressure unit,
where 1 GPa¼ 10 kbar.

Pressure Measurement

There are many approaches to measuring pressure
which may be classified into several scales, such as
primary scale, thermodynamic absolute pressure scale,
fixed pressure points, secondary pressure scale, equa-
tion of states, and ruby scale [8].

Primary scale uses the fundamental definition of
pressure, p¼ F/s, and is limited to piston-cylinder appa-
ratus. Relative error of pressure measurement is up to
0.24%, with pressures of 2.6 GPa. Measurements at
higher pressures, up to 8 GPa, exhibit a greater relative
error of approximately 4%.

Fixed pressure point scale uses fixed phase transition
pressure of some materials to fit the pressure depen-
dence of an applied load, which can be used to measure
pressure. This scale is not so important for DAC,

because the pressure inside of DAC can be mainly
measured using the ruby scale. However, the fixed pres-
sure point scale is still used for extremely high pressure
over 200 GPa, and it also remains practical for large
volume apparatus for calibration of applied loads and
measurements of internal pressure. Construction of the
scale relies on the phase transition of some materials,
where generally there is a change in the resistance,
melting point, and volume of the material. For practical
reasons there are some requirements for phase transition
of the materials selected:

(1) The measured effect should be large;
(2) Hysteresis of the phase transition induced by

pressure should be small, because it is related to the
error of measurement; and

(3) The temperature dependence of the phase transition
must be small or nonexistent.

The recommended phase transitions for fixed pres-
sure points are listed in Table 5.1. The pressure depen-
dence of Bi’s resistance is shown in Fig. 5.9 [19]. It is
valuable to mention that the connecting methods for
resistance measurements, horizontal or perpendicular,
should be particularly noted, which is related to temper-
ature gradient of the pressure transmitting media.
A good pressure transmitting media, such as AgCl,
should be chosen near the measurement point. It is
also available to use this approach as secondary pressure
scale in other direct pressure measurement methods.

Pressure can also be calibrated with the aid of an
equation of state (EOS) through precise X-ray diffraction
and neutron diffraction. For thermodynamic equation of
state:

p ¼ �dEc

dV
þ g

E1T

V
þ ge

Ee

V
(5.1)

where g is the Grüneisen parameter, Ec (the energy of the
static lattice), and Ee (the energy of the thermal excitation
electrons) can be calculated using the Anderson linear
muffin-tin orbitals (LMTO) method, and ElT (the energy
of lattice vibrations) can be evaluated from the Debye

TABLE 5.1 Recommended Phase Transitions for Fixed Pressure
Points [8]

Phase transition Pressure (GPa) Remarks

BiIeII 2.55� 0.006 Midpoint of hysteresis

TlIeII 3.67� 0.03 Midpoint of hysteresis

BaIeII 5.5� 0.2 Midpoint of hysteresis

BiIIIeIV 7.7� 0.3 Resistance change to its
value in the high-pressure
phase
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Model, but typical accuracy is not high, at 5e10%. In
practice, a semiempirical equation of state is usually
used, such as the Murnaghan equation:

p ¼ K0

K0
0

��
V0

V

�K0
0 � 1

�
(5.2)

where the parameters K0 and K0
0 can be obtained at low

pressure.
It should be noted that there are many forms of EOSs

used under different pressure ranges. The EOS of Al can
be applied to pressure calibration for pressures up to
220 GPa [20]. The EOS of NaCl can also be used,
however, there is a drawback of a B1eB2 phase transi-
tion near 29� 1 GPa.

The ruby-luminescence scale is normally used for
DAC apparatus, and Barnett et al. [21] discovered that
its R1 line shifted linearly with pressure when they cali-
brated a rubywith the EOS of NaCl; so ruby is now often
used as a pressure calibration material. Mao et al. cali-
brated the ruby scale up to 100 GPa under nonhydro-
static pressure through EOSs of some metals obtained
from shock wave data; Bell et al. continued it up to
180 GPa based on using Au and Cu as internal stan-
dards; Mao et al. also calibrated the ruby scale in argon
media up to 110 GPa under hydrostatic conditions [22].
Two scales can be shown in one formula [23]:

p ¼ 1904

B

��
1þ dl

694:24

�B

� 1

�
(5.3)

where p is pressure in GPa and dl is wavelength shift of
R1 line in nanometers. Parameter B is equal to 7.665 for
quasi-hydrostatic conditions and 5 for nonhydrostatic
conditions. The accuracy of pressure determination is
w0.03 GPa, if R1 and R2 peaks are well resolved, with
highest accuracy up to 0.005 GPa at low temperatures.

Furthermore, for measurements with the greatest accu-
racy, ruby needs to be annealed to relieve the internal
stress before packed into the DAC. Temperature effect
should also be taken into account for the measurement;
the ruby luminescence lines shift with temperature, with
a slope of 0.0068 nm/K. This means that a DT of w0.5 K
produces the same shift as the application of 0.1 GPa of
pressure. For the most precise determination of pres-
sure, temperature should be maintained at 20�C under
atmospheric pressure.

5.1.4. Generation of High-temperature

The high temperature and high pressure apparatus
allows both of the thermodynamic variables, tempera-
ture and pressure, to be changed, and it will lead to
many applications in different fields: it can be used to
study synthesis of new materials, phase transition, and
geophysics. In a large volume anvil apparatus, the
temperature is usually generated by means of placing
the heater into the assembly. But for DAC, there are
two heating methods: one is direct resistance heating,
and another, laser heating.

The large volume anvil apparatus has the advantage
of a larger volume, but its disadvantage is that it is
very difficult to realize in situ measurements. As
compared to DAC, it is also very difficult to determine
the internal experimental conditions. For the large
volume anvil apparatus, the temperature is produced
by inserting the heater into the assembly, the actual
temperature is greatly related to the sample assembling
methods. The typical assembly for the piston-cylinder
apparatus is shown in Fig. 5.10 [24].

Usually, graphite and ametal such as Ta, Mo, or Pt are
used as heater. If the assembly contains Fe, Co, and Ni
transition metals, these metals could catalyze the trans-
formation of graphite to diamond or another interme-
diate, and result in heating termination where these
metals contact with graphite; however, NaCl or ZrO2 is
needed to protect the graphite. At high temperature,
when the pressure is higher than 14 GPa, the transition
of graphite to diamond or semi-diamond will occur. In
this case, Pt, Mo, or LaCrO4 will be chosen as a heater.
It is also possible to obtain pressure and temperature
greater than 36 GPa and 1900 K, respectively, if the
mixture of MgO and TiC or diamond is used as a heater.
Tungsten carbide (WC) anvil is an excellent heat
conductor, so it is necessary to minimize the contact
area between the anvils and the heater, which will
reduce the temperature gradient. For large volume
press, the pyrophyllite is usually used as the pressure
transmitting media. At high temperatures and pressures
above 8e10 GPa, the semi-sintered ceramics, such as
MgO, BeO, ZrO2, are chosen as pressure-transmitting
media.

FIGURE 5.9 Phase transitions in bismuth under high pressure.
With kind permission from Springer ScienceþBusiness Media: Bulletin of

Materials Science, Dual anvil high pressure cell, volume 2, 1980, A K

Bandyopadhyay, Figure 1. [19].
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A DAC can be heated internally or externally using
resistance wire heating. Internal heating can be
achieved by placing the resistance wire, for example,
Fe wire, into the sample. Manghnani et al. obtained
experimental conditions of 36 GPa and 2000 K using
this method [25]. Generally, the sample can be heated
to the temperature of 2000 K if the heating power is
7 W, and the temperature can reach 3700 K if the heat-
ing power is 8 W (W wire). However, this method has
the temperature gradient. External heating involves
placing a small furnace around the DAC, which will
lead to even temperature distribution, but there are
temperature differences between sample and outside
of diamond. This heating method could result in the
oxidation of DAC assembly parts. As a general
example, diamond, Fe, etc. is oxidized around 800�C,
but in a vacuum diamond can be kept stable for several
hours at temperatures above 1500�C. So when oper-
ating above 800�C, a special DAC and gas protection
device are needed.

Presently, laser heating is widely used in DAC. This
method has the characteristic of high temperature, but
the temperature distribution is extremely uneven as
a Gaussian distribution along the gasket and anvil,
with a temperature gradient around 1000 K/mm. Laser
heating can be greatly improved by improving the
design; for example, surrounding the sample with
a heat-absorbing substance such as Pt would form an
environment similar to the furnace and consequently
reduce the temperature gradient. Even without
improvement, laser heating of DAC can achieve pres-
sures and temperatures of 200 GPa and 1500e5000 K,
respectively [8].

Generally, an Nd:YAG laser can be used for heating,
with a wavelength of 1.064 mm and the laser beam
power of 20 W. At this frequency, many samples are

transparent, meaning that they don’t absorb the laser.
In this case, the samples can be indirectly heated by
addition of platinum powder to the samples, or heated
by a carbon dioxide laser. Whichever heating method
is used, the stability of the laser is important during
the heating process, as the fluctuation of power will
result in a deviation of 200 K with temperature up to
2000 K, although the fluctuation is normally 2 or 3%.

Two methods can be used to measure temperature for
laser heating. One method is radiation spectroscopy,
which utilizes the Plank function r(l,T)¼ r0(l,T)$3(l,T).
The method utilizes the melting point of metal, such as
Fe (1808 K), Zr (2125 K), Mo (2890 K), Ta (3269 K), and
W (3680 K), to fit the curve of radiation spectroscopy,
and then the temperature can be calibrated through
the curve. Another method to measure temperature is
to compare the relative intensity ratio of the Stokes lines
with anti-Stokes lines in Raman spectrum.

Due to big effect of temperature on pressure while the
sample is heated by laser in DAC, care should be taken
when measuring the pressure. Because the temperature
in DAC presents as Gauss distribution and temperature
gradient is large, the temperature in the edge of gasket is
usually very low, the ruby should be placed at the edge
of the gasket hole to calibrate pressure. The deviation of
pressure is normally about 2e3 GPa in high temperature
conditions. Pressure can also be calibrated through the
fluorescent property of other materials, such as
Sr4BO7:Sm

3þ. In addition, when heating is carried out
by laser, argon is usually used as pressure transmitting
media in order to insulate the diamond anvil with the
sample. Other solid materials can also be chosen as pres-
sure transmitting media, such as Al2O3, MgO, BN, and
NaCl.

High temperature and high pressure apparatuses
have achieved considerable progress, with attained

FIGURE 5.10 Experimental configurations for
nonend loaded piston-cylinder.
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pressures greater than 450 GPa and temperatures up to
5000 K. In the synthesis and preparation experiments,
the large volume press is always used, however,
different apparatuses have strengths and weaknesses
in their use. Piston-cylinder press with a small volume
can be used to synthesize a large sample. The cubic
module can also be used to synthesize large samples,
but the apparatus is very large and finds greater use to
produce diamond in industry. The concave anvil cell,
which evolved from Bridgman anvil press, can be used
to synthesize large sample in a shorter time. Even with
this advantage, the apparatus is titanic. The Belt-type
press with a moderate volume can be used to synthesize
large samples. Because Belt-type press can generate
higher pressure than that of piston-cylinder press, Belt-
type press is a popular choice at present. Nowadays,
the most advanced press is a 1000-ton super high pres-
sure apparatus designed by the American Rockland
Research. The two module types available are the Cubic
module and Walker module. The former can be used to
synthesize large samples, while the latter can generate
varied pressure according to different truncated edge
length (TEL) with the smaller chamber, the higher the
pressure that can be generated. The sinter diamond
used as anvil can achieve 90 GPa, which is the highest
pressure obtained by a large volume press. Only in the
DAC, can we achieve pressures more than 100 GPa in
inorganic synthesis. In conclusion, inorganic synthesis
at extra high pressures requires different types of high
pressure apparatus, according to the size of sample,
the pressure and the laboratory conditions.

5.2. EFFECTS OF HIGH PRESSURE ON
BASIC STATES OF MATTERS

As a thermodynamic parameter, pressure has
a tremendous impact on material. With the continuous
advance in high-pressure technology, high pressure is
no longer just an experimental means and extreme
condition, but has become a third independent physical
parameter that is beyond the temperature and chemical
composition. Under high pressure and high tempera-
ture, almost every kind of material will experience
a change in physical and chemical properties. For
instance, even the simplest substances, such as
hydrogen and water, will unexpectedly undergo a series
of novel changes under high pressure.

5.2.1. Gas Under High Pressure

With the increase of pressure, gas density will gradu-
ally increase to form a molecular solid, as shown in
Fig. 5.11. If the pressure continues to increase, molecular

solids will be converted into atomic or ionic solids. Even
the noble gases which exhibit strong chemical inertness
at normal pressure conditions undergo change at high
pressures; their chemical reactivity can become greatly
enhanced. In fact, not only can the inert gas undergo
oxidation with oxygen to form inert gas oxides such as
ArO3, combination reactions may also occur among
these inert gases to form new compounds, such as
NeHe2 [26].

Hydrogen is the simplest chemical element. At
normal temperature and pressure ranges, hydrogen
atoms exist in molecular form, or as hydrogen gas
(H2). When the temperature is below 20.4 K, hydrogen
gas changes into liquid; when the temperature is further
reduced to 14 K, the liquid hydrogen is transformed into
a solid. In 1935, Wigner and Huntington predicted by
theoretical calculations that hydrogen is likely to exist
in the form of metal under high-pressure conditions
[27]. In 1988, Hemley et al. from Carnegie Institute in
the United States found that under the conditions of
150 GPa and 77 K, the hydrogen stretching vibration
oscillator frequency showed discontinuous changes,
which indicated that a hydrogen phase transition might
have occurred [28]. This was later confirmed by the
experiments of Silver’s group from Harvard [29]. In
1989, Mao et al. raised the pressure up to 250 GPa and
found that the hydrogen molecular state still existed
under this pressure, while the sample transformed into
a black opaque material [30], and the reasons leading
to this phenomenon are unclear yet. In 1990, Mao and
Hemley found in their experiments that the infrared
reflection coefficient of hydrogen significantly increased
under the condition of 150 GPa and 295 K, so that they
firmly believed that free-electron behavior must have
occurred in hydrogen [31]; however, this view was later
proved false bymany other experiments [32e34]. Recent
experiments show that even under 300 GPa, solid
hydrogen remains in the molecular state, while there
are only some very weak interactions between these

FIGURE 5.11 The compression of a molecular fluid or gas to form
a molecular solid; with further increasing in pressure, the intermo-
lecular and intramolecular distances become comparable and typi-
cally induce phase transformations, including molecular dissociation,
shown here to form a monatomic solid.
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hydrogen molecules. Recently, Loubeyre and Pickard
et al. predicted that hydrogen’s metallization would
occur under the pressure of 450 GPa [35,36].

Carbon dioxide is a kind of gas closely related to daily
life. One major issue of study on carbon dioxide under
high pressure is whether carbon dioxide would become
a polymer like silica if carbon dioxide is shifted from
three-coordination to four-coordination under high
pressure. In 1999, Yoo et al. found in their experiments
that in the high-pressure conditions of 10e20 GPa,
carbon dioxide molecules will aggregate to form
a three-dimensional network structure similar to Tridy-
mite (a high-temperature form of quartz found as thin
hexagonal crystals in some igneous rocks and stony
meteorites) [37e39]. As shown in Fig. 5.12 [38], carbon
atoms form CO4 tetrahedrons coordinated by sp3 hybrid-
ization with the adjacent oxygen atoms. In 2006, Santoro
et al. showed that “carbonia glass” could be made when
a high-density form of solid CO2 was melted and cooled
under high-pressure conditions [40]. This phenomenon
further unveils that carbon has properties similar to
silicon and germanium from the same family of
elements.

5.2.2. Solids Under High Pressure

It is well known that solids under high pressure
conditions undergo dramatic changes in their physical
and chemical properties. The main reason for this
change is that high pressure can alter the atomic struc-
ture of the outermost electron shell, and the outermost
electrons will determine the various physical and chem-
ical properties of the atoms. For example, calcium metal
under high pressure exists as hexagonal close-packed
structures, but at pressure above 20 GPa, the metals
calcium are transformed into body-centered structure,
and the density reduced. This phenomenon can be
explained by the orbital hybridization of the 4s and 3d
electron that occurs when calcium metal is subjected to
high pressures, where Ca exhibits properties similar to
the transition metal elements. Another example is that
while the alkali metal potassiumwill not react with tran-
sition metals at atmospheric pressure, but under high
pressure conditions, it will form KeNi, KeAg alloy
compounds and other solid solution materials [41].

Under high pressure, metals exhibit increasingly
shorter interatomic distance, widen the valence and
conduction bands, and pronounce a free-electron-like
behavior. Core electrons overlapped by compression
can now be achieved experimentally. Such as lithium
and sodium, the simple free-electron metals, the elec-
tronic properties have been changed by the overlap
and they will transform under high pressure into insu-
lating states. The electrical resistance measurements on
lithium in a diamond anvil cell are up to a pressure of

105 GPa, as shown in Fig. 5.13 [42]. The data thus
provide unambiguous experimental evidence for a pres-
sure-induced metal-to-semiconductor transition in
a “simple” metallic element. And as shown in Fig. 5.14
[43], sodium transforms into an optically transparent
phase at w200 GPa, experimental and computational
data identify the new phase as a wide band-gap
dielectric.

High pressure is beneficial for the formation and
stability of high oxidation state of transition metals
[44]. For example, oxidation state of Cu is 3þ in the
compounds La2CuO4þd and La2�xNdxCuO4þd, which
are synthesized under the conditions of high oxygen
pressure. Under the conditions of high fluorine pres-
sure, the synthesized compound Cs2AgF6, has both
trivalent and pentavalent Ag. Table 5.2 shows how
high-pressure conditions can be used to further stabilize
the high oxidation states of some transition metal

FIGURE 5.12 An “ideal” crystal structure of CO2-V in P212121
with eight molecules per unit cells. Carbon atoms (blue) are tetrahe-
drally bonded to four oxygen atoms (yellow) [38]. Reprinted figure with

permission from C.S. Yoo, H. Cynn, F. Gygi, G. Galli, V. Iota, M. Nicol,
S. Carlson, D. Hausermann and C. Mailhiot, Physical Review Letters, 83,

5527, 1999. Copyright (1999) by the American Physical Society.
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compounds. In addition, some high pressure experi-
ments found in transition metal oxides and fluorides,
the MnþeX (where M is the transition metal ions, X is
either O2�or F�) bond energy is rapidly increased with
an increased n.

High pressure is also conducive in increasing the
coordination number of cations. For example, the basic
structural unit of SiO2 phase is SiO4 tetrahedron, but
in the high-pressure phase of SiO2, such as the ultra-
quartz crystal (formed by SiO2 under pressure greater
than 9 GPa), the silicon coordination numbers change
from 4 to 6. The positive quadrivalent cations with
the coordination number of 6 also exist in Si3N,
Ge3N4, Sn3N4, and other compounds with the spinel
structure [45].

5.2.3. Water Under High Pressure

Pressure and temperature have an effect on both the
structural form and the bonding of water. At 0�C or so,
with lower pressure such as several megapascals, water
molecules can be aggregated to form ice with a stru-
cture of a plane [46]. Under low-temperature and high-
pressure conditions, water and natural gas can form
natural gas hydrates. The combination of water mole-
cules is through strong hydrogen bonds, while the
acting force between the gas molecules and water mole-
cules arises from van der Waals forces. The natural gas
hydrate found has three kinds of structure: type I, type
II, and type H. Cages formed by water molecules can
capture gases such as CH4 and CO2, whose structure

are shown in Fig. 5.15 [47]. These natural gas hydrates
formed by water and CH4 are abundant in nature.
Around the world, marine and continental strata have
proven reserves that have more than twice the energy
of the world’s traditional fossil fuels (coal, oil, natural
gas, oil shale, etc.) [48]. The nature of water can capture
CO2 to serve as a CO2 storage media to achieve manual

FIGURE 5.13 Measured resistance values (right vertical axis) and derived electrical resistivity values (left vertical axis) at 25 K as a function
of applied pressure. Reprinted by permission from Macmillan Publishers Ltd: Nature [42], Copyright (2009).

FIGURE 5.14 Photographs of the Na sample taken under
combined transmitted and reflected illumination. Reprinted with
permission from Macmillan Publishers Ltd: Nature [43], Copyright (2009).
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control of CO2 content in the air, thereby reducing the
carbon dioxide green house effect.

The structure of water can vary widely under high-
pressure conditions, with 15 kinds of structure currently
known, as shown in Fig. 5.16 [49]. The phase Ih is the
normal hexagonal phase, which accounts for almost all
of the ice of the Earth’s entire biosphere; phase II is the
trigonal crystal phase, where the proton is a highly
ordered structure. When the phase Ih is pressurized at
190e210 K, it can change into the phase II; phase III is
crystal phase in tetragonal system, and can be formed
at about 0.3 GPa and 250 K. Phase IV is a metastable
trigonal crystal phase, and can be only formed under
the conditions of existing nucleation media; phase V is
monoclinic crystal phase, and can be formed at the pres-
sure of about 0.5 GPa when the temperature is approxi-
mately 250 K. This phase is the most complex of all the
known water phases; phase VI is a tetragonal crystal
phase, and can be formed at pressures of about 1 GPa,
with temperatures around 270 K; phase VII is ice in
cubic form where the hydrogen atom position in its
structure is unordered; phase VIII is a proton ordered
phase that can be obtained by cooling phase VII.
This phase is also antiferroelectric. Phase IX is a
metastable tetragonal crystal phase that can be
formed by cooling phase III. Phase X is proton-ordered
symmetry phase and formed at pressures around
70 GPa. The phase XI is the orthorhombic crystal phase
of phase Ih proton rearrangement at low temperatures
and is ferroelectric. The phase XII is metastable high-
density ice of tetragonal crystal phase which can be
obtained under 810 MPa by heating high-density amor-
phous ice [26].

TABLE 5.2 Stability of High Oxidation State of Transition
Metals [44]

Element

Oxidation

state

Electron

configuration Compounds

Cr Cr(V) t22ge
0
g La2LiV1exCrxO6

Fe Fe(IV) t32gd
1
z2d

0
x2�y2 A0.5La1.5Li0.5Fe0.5O4

(A¼Ca, Sr, Ba) (SrLa)
M0.5Fe0.5O4 (M¼Mg, Zn)

Fe Fe(V) t32ge
0
g La2LiFeO6

Co Co(III) LS/HS LnCoO3 (Ln¼ rare earth
element) SrLnCoO4

Co Co(IV) t62ge
0
g (Sr0.5La1.5)Li0.5Co0.5O4

Ni Ni(III) t62gs
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FIGURE 5.15 Structure I clathrate lattice with entrapped methane
molecules [47].

FIGURE 5.16 The phase diagram of H2O [49].

EFFECTS OF HIGH PRESSURE ON INORGANIC CHEMICAL REACTIONS 109



5.3. EFFECTS OF HIGH PRESSURE ON
INORGANIC CHEMICAL REACTIONS

For chemists, the synthesis of ammonia through
Haber process and the transformation of all allotropes
of carbon are two of the first examples highlighting the
effect of pressure on inorganic reactions. The more
comprehensive understanding of the effect of pressure
came from many aspects such as the various gas laws,
pressure as a variable in the application of the Principle
of Le Chatelier, the osmotic pressure of solution, hydro-
static pressure as it relates to the marine environment,
and pressure as a parameter of many thermodynamic
equations. Haber synthesis and synthesis of diamond
are gas and solid phase reactions, respectively. In this
section, most of the reactions discussed are liquid-phase
reactions. We are not only concerned about the physical
changes caused by pressure, but also the effect of pres-
sure on chemical reactions.

In general, the pressure variable can be used in many
ways, such as the synthesis of inorganic compounds, the
study of chemical kinetics, and the description of reaction
mechanism. The approach to use pressure is not merely
a matter of randomly choosing a reaction and subjecting
it to pressure. Based on a predictive analysis of the system
in question, the consequence of applying pressure should
ideally result either in an improved yield of product or in
an optimized yield of a specifically desired product in
a preparative procedure, or it can be expected to provide
mechanistic insight. Basic inorganic reaction is the
foundation for studying inorganic synthesis. Knowing
and understanding the effect of pressure on simple inor-
ganic reactions will help further advancements in the
research of high pressure inorganic synthesis [50].

5.3.1. Influence of Pressure
on Thermodynamics and Dynamics
of Inorganic Reaction

In the thermodynamic equilibrium of an inorganic
reaction system, increasing pressure raises the tempera-
ture of the solution while decreasing pressure reduces
the temperature. When elevating the pressure of
a system, many characteristics may change, such as the
solubility of the solute, the freezing point, or the viscosity
of the solvent. Under high pressure conditions, instead
of activation energy, the diffusion effect will control the
reaction rate. It is the consideration of these aforemen-
tioned characteristics that will improve the experimental
design and thus enhance the possibility of success.

Only thermodynamics and its application of thermo-
dynamic principle to the absolute reaction rate theory
can be used by chemists to explain and predict the effect
of pressure on reactions, either a synthesis reaction or
a mechanism reaction [51,52]. What we are interested

in it is how pressure can affect the equilibrium constant
(k), free energy (DG0,), or the free energy of activation
(DGs) of the reaction. The yields of the reaction and
the reaction rate will increase if pressure causes an
increase in k or a decrease in DGs. Knowing this, we
can determine if pressure affects equilibrium by altering
the chemical potential of the reactant or if pressure
affects the kinetics of the reaction through the transition
state. Most people tend to consider only the changes in
molar volume of the initial and transition states, or if
possible, would consider the changes in molar volume
of the products. For a reaction, if the volume of the tran-
sition state is less than the volume of initial state, pres-
sure will speed up the reaction. To go one step further,
if the volume of the products is different from the volume
of initial state, pressure will affect the reaction rate.
Strictly speaking, it should be first stated that the volume
of a chemical in solution is different from the volume of
the pure chemical, and it is easy to determine the molar
volume of materials in aqueous solution by density.

5.3.2. The Impact of Pressure on Inorganic
Reaction

Synthetic Reaction

Common chemical reactions, especially inorganic
reactions, have specific relationship with pressure. Pres-
sure can speed up or slow down the rate of synthetic
reactions, or regulate the selectivity of specific product.
This knowledge has been applied to many inorganic
and organometallic systems, such as the reaction of
gallium with nitrogen or hydrogen.

As the metal surface directly interacts with N2 or H2

under high pressure, more attention is paid to the
synthesis of metallic nitride and hydride [53]. Heating
pure gallium can produce gallium nitride in a nitrogen
atmosphere [54], and this technology has been used in
studying the growth of gallium nitride crystal as well
[55]. If the sample attains its equilibrium pressure at
a certain temperature, we can also study the decomposi-
tion reaction of the gallium nitride. Using this method,
the generation and decomposition reactions of gallium
nitride, as well as its dynamical decomposition reaction
[56], can be investigated at temperatures up to 1700�C
and pressures up to 2� 103 GPa. In addition information
on thermodynamics and dynamics, which is relevant to
the temperature and pressure, can be obtained.

Additioneelimination Reactions

A common reaction is oxidative addition, where
a four-coordinated metal complex is oxidized to a six-
coordinated compound, which usually has a larger
and more negative value of OVs, resulting from bond
formation and the flex of transition state enhanced by
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solvent power which is caused by change in charge.
When adding H2, CH3I, or HCl to Vaska compound
([trans-IrCl(CO)(PPh3)2]) or an analogous compound, it
develops a negativeOVsand its behavior is dependent
on solvent. An array ofOVs is related to the function qp
of solvent polarizability and consequently, we can
deduce that the range of OVs is about
17e18 cm3mol�1. Two IreH bonds are formed simulta-
neously, resulting in a cis-dihydro complex by the addi-
tion of H2, while the addition of CH3I causes a linear
transition state [IeCH3eIrL4] [57].

Electron Transfer Reaction

It is very useful to study the electron transfer reac-
tions under high pressure conditions. A multitude of
research involves the comparative study of the experi-
mental value and the calculated value predicted from
theMarcuseHush theory [58] in the outer electron trans-
fer reaction. For the reduction reactions, the class of the
inner region or the exterior region domain has been
completed for many years. The initial activation volume
value is determined as a standard and is used in reac-
tions to distinguish between the two-metal-center elec-
tron transfer reactions generated in the preformed
region of ligand coordination or in the region of coordi-
nation to the metal.

It has been paid more attention to the outer electron
transfer reactions, especially the symmetric self-
exchange reactions. They are more suitable for one theo-
retical study due to a simplified zero-reaction volume.
An example is the following chemical reaction equation:

MnO�
4 þMnO2�

4 /MnO2�
4 þMnO�

4

This reaction is monitored by nuclear magnetic reso-
nance (NMR) [59], and has the value of DVs,
�21 cm3mol�1. This reaction can be catalyzed by some
independent ions, such as sodium and potassium,
which also shows significantly different values of
�4 cm3mol�1 and �1 cm3mol�1.

The Radiation-induced Process

There are three possible pathways for the thermody-
namic ligand substitution reaction, combination (A),
dissociation (B), or exchange (I), which all display
unique relationship with pressure. The question caused
by this is whether the mechanisms still exist in the
process of optical excitation or radiation. It can be
concluded that in the electronic excited states of either
inorganic molecules or metal organic molecules, both
chemical and physical processes exhibit characteristics
that are related to pressure [60]. The relationship
between pressure and products or pressure and lifetime
of excited state, which are observed in light-induced
substitution reaction, clarifies the nature of excitation
of the substitution reaction in accordance to three types

of mechanisms as mentioned above. The success of this
approach led to a series of ammonia complexes of
Rhodium(III) and Cadmium(III). The equation below
shows the reaction where a light-induced (313 nm) M
(CO)6 complex is generated. This is accompanied by
a significant positive DVs value, which shows that reac-
tion mechanism is dissociation mechanism.

MðCOÞ6 þ L/MðCOÞ5Lþ CO

where M¼ cadmium, molybdenum, or tungsten; and
L¼ piperdine, pyridine, or pyruvonitrile. The reaction
mechanism for the reaction the light-excited CO replac-
ing the complex of M(CO)4(phen) shows that this reac-
tion is controlled by the property of excitation state,
which may indicate a mechanism through disassociat-
ing into LF excitation or associating into MLCT excita-
tion. The significant differences of these related
mechanisms can be solved by studying the relationship
between pressure and the light substitution reactions
induced by radio waves. The results clearly revealed
that activation volume of LF excited state is positive,
while the activation volume of MLCT excited state is
negative. Similar studies have been used to determine
the mechanism of the light substitution reactions of
(CO)5ReMn(CO)3 and CpFe(CO)2(COCH3).

The above-mentioned examples demonstrated the
effects of pressure on inorganic reactions.With the devel-
opment of solution reaction kinetics, some valid data
will be revised. Study on reaction kinetics will help to
verify the validity and accuracy of inorganic reaction
mechanisms previously studied. In many experiments
with pressure less than 150 MPa, the relationship
between pressure and activation volume has not been
found. The MarcuseHush theory is more suitable for
interpreting the high-pressure reaction kinetics in the
electron transfer reactions, because the electron transfer
reactions predict a function of the activating volume
and pressure in self-exchanged oxidationereduction
reactions. These studies will have important contribu-
tions to chemical research. It can be predicted that
further research on inorganic and classical metal organic
chemical reactions will offer more complex and useful
information by using variable high pressure technology.

5.4. EFFECTS OF HIGH PRESSURE ON
CRYSTAL AND ELECTRONIC
STRUCTURES OF INORGANIC

COMPOUNDS

5.4.1. Changes in Crystal Structure at High
Pressure

During the research on the synthesis methods of inor-
ganic compounds, high pressure methods have been
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commonly used for realizing the crystal structure transi-
tions of inorganic compounds and the syntheses of inor-
ganic compounds with new crystal structures. Due to
strong interaction between atoms in the crystal structure
of an inorganic compound, newly obtained inorganic
compounds with novel crystal structures can be easily
maintained at normal pressure, despite the difficulties
in synthesis [61e63].

In 1940s, Bridgman from Harvard University
designed a high pressure device which could generate
the pressure up to 40 GPa [7]. He pioneered the field
of high pressure science and technology and also indi-
cated that high-quality diamond could be synthesized
by combining electric heating and high pressure.
Commonly, the starting material used to synthesize dia-
mond is graphite. The crystal structure of graphite has
a hexagonal cell with each unit cell consisting of four
atoms, as seen in Fig. 5.17. In the same lattice plane,
carbon atoms are linked by a s-bond and p-bond stack-
ing, with a 1.42� 10�10 m CeC bond length. The atom
layers are linked by van der Waals interactions, with
a layer distance of 3.35� 10�10 m. Diamond consists of
carbon atoms that are arranged in a tetrahedral configu-
ration. Figure 5.18 shows a unit cell of diamond with
a face-centered cubic (fcc) structure. The lattice constant
of diamond is a¼ 0.35667 nm, and the space group is
Fd3m. The difference between the structure of graphite
and that of diamond is due to the different chemical
bonds in the atoms. The structure of graphite is built
on the interaction of three sp2 hybridized orbitals and
one 2pz orbital from the valence electrons of the carbon
atoms. The plane layer, with a hexagonal net structure,
comprises a covalent bond and a metallic bond. These
layers are linked by van der Waals interactions. In
contrast, the structure of diamond is built on the tetrahe-
dral configuration formed from the interaction of the
valence electrons of carbon atoms along the four sp3

hybridized orbitals, meaning the atoms of diamond are
linked by pure covalent bonds.

Up to now, the mechanism of the structure transfor-
mation of graphite to diamond under the conditions of
high temperature and pressure is still not confirmed.
Gou believed that [55] carbon atoms in these layers
approach each other perpendicularly along the c-axis
under high pressure, which means that the layer
distance of 335 pm is compressed. The vibration of
carbon atoms becomes intense at high temperature.
Because the carbon atoms in the layers are staggered
while the vibrational directions of vicinal atoms in the
layer are opposing, the corresponding atoms between
layers frequently approach and attract each other, which
makes their distances shorten. Half of the carbon atoms
previously at the hexagonal grid crunode are perpendic-
ularly displaced upward and the remaining half is
perpendicularly displaced downward. Due to these

displacements, plane hexagonal grids are generally con-
torted into tortile hexagonal grids. The atoms above and
below attract each other at the same time, meaning free
2pz electrons are centralized between the two atoms and
eventually form covalent bonds perpendicular to the
layers. As a result, free 2pz electrons, which formed
metallic bonds in the hexagonal grids, form covalent
bonds perpendicular to the layers and link the vicinal
atoms above and below. Only covalent bonds exist in
the tortile hexagonal grids, so each carbon atom is cova-
lently bonded to four vicinal atoms. This illustrates the

FIGURE 5.17 The crystal structure of hexagonal graphite.

FIGURE 5.18 The cell of diamond.
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transformation of graphite into diamond at high temper-
ature and high pressure. Graphite can transform into
diamond at lower pressure (5e6 GPa) and temperature
(1300e2000 K) by using graphite starting material con-
taining metallic catalyst, which is a typical example of
catalytic synthesis method at high static pressure and
high temperature.

Crystals with perovskite (CaTiO3) structure is the
important category of crystalline material, whose
formula is usually represented as ABX3. The ideal cubic
CaTiO3 cell is shown in Fig. 5.19. The cornered A site
represents the cations with large diameters, such as
La3þ, Nd3þ, Pr3þ, Sm3þ, Y3þ, Ca2þ, Sr2þ, Ba2þ, and
Pb2þ, while the body-centered B site represents the
cations with small diameters, such as Mn3þ, Mn4þ,
Cr3þ, Fe3þ, Ti4þ, and Co3þ. In addition, the face-centered
O site represents the anions of O2�, S2�, Cl�, etc. As
a result, O2� and A site cations fall in the cubic close-
packed arrangement and the small B site cations with
sixfold coordinates reside in octahedral voids packed
by O2�, forming corner-sharing BO6 octahedra. Mean-
while, the large A site cations with 12-fold coordinates
reside in the voids formed by eight corner-sharing BO6

octahedra. Because of the variety of the relative tilting
between the BO6 octahedra (23 types) [56,64] as well as
the distortion of the BO6 octahedra itself, the perov-
skite-related materials possess many excellent optical,
electronic, or magnetic properties. Furthermore, the
lower mantle of the Earth mainly consists of ortho-
rhombic perovskite Mg(Fe, Al)SiO3, meaning the struc-
ture evolution of perovskite under high temperature
and pressure plays a crucial role in exploring deep earth
structure. Consequently, perovskite-related materials
have been intensely studied as an important subject in
chemistry, material, and Earth sciences.

At ambient pressure, the low symmetry perovskite
transforms into the highly symmetric prototype cubic
perovskite with increasing temperature; this occurs
through a series of intermediates by decreasing the

tilting angle of BO6 octahedra to zero [65]. In contrast,
under high pressure, early experimental studies found
that there are two structure evolution routes for the
orthorhombic perovskite [66,67]: one is that the tilting
angle of the BO6 octahedra, as well as the distortion of
AO12 polyhedra, increases with pressure, i.e., crystal
structure tends to transform into a low symmetry form
under high pressure, and another is that the tilting angle
of the octahedra as well as the distortion of AO12 poly-
hedra decrease with pressure [68,69], i.e., crystal struc-
ture tends to transform into a high symmetry form
under high pressure. The structure evolution of perov-
skite under high pressure has close relationship with
the relative compressibility between BO6 octahedra
and AO12 polyhedra. If BO6 octahedra are more
compressible than AO12 polyhedra, the tilting angle of
BO6 octahedra decreases with pressure. On the contrary,
if BO6 octahedra are less compressible than AO12 poly-
hedra, the tilting angle of BO6 octahedra increases with
pressure [70]. Till date, the factors which determine the
relative compressibility between BO6 octahedra and
AO12 polyhedra are not clear. For many years, scientists
have attempted to answer this question, because it
provides a possibility to predict high pressure compress-
ibility of perovskite compounds. Recently, Zhao et al.
[71] proposed a bond-valence matching relationship
for the structure evolution of perovskite under high
temperature and high pressure based on the bond-
valence model. Specifically, a relationship between rela-
tive compressibility of BO6 octahedra and AO12 poly-
hedra in orthorhombic perovskite was established [70].
Based on the bond-valence model, valence Vi of cation
i is shared with several nearest anion j, and the indi-
vidual valence Sij of single bond is Sij¼ exp [(Ro� Rij)/
B], in which Ro is bond-valence parameter of the element
[72] (each different element corresponds a to different
Ro); B is commonly taken to be a universal constant
equal to 0.37 Å; and Rij is the bond length between cation
i and anion j. Therefore, the sum of all the individual
valences Sij, that is, the bond valence sum Vi equals to
the valence V0 of cation i. Therefore, the bond-valence
sum rule can be written as Vi ¼

P
Sij¼V0 [72]. Under

high pressure, the distance between atoms decreases,
or the bond length becomes shorter. According to
bond-valence sum rule, the ion valence increases with
pressure, leading to strains at site A and site B. If the
strains at both A and B sites are not balanced, the crystal
structure will be unstable. Therefore, minimum strain
energy is obtained only if the valence variations of these
sites are the same [73]. On the other hand, the relation-
ship between compressibility bi and position parameter
Mi of BO6 and AO12 polyhedra is bB/bA¼MA/MB. Posi-
tion parameter Mi is defined as Mi¼ RiNi/B exp
[(R0� Ri)/B], in which Ni is the coordinate of cation i,
and Ri the average bond length. Mi represents theFIGURE 5.19 The cell of the perfect Perovskite structure.
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variation of bond valence sum of the centered cation i of
the polyhedra induced by the variation of the average
bond length of the cation. Based on the crystal structure
data at ambient pressure and bond-valence parameter
R0, Mi can be calculated. The relative compressibility
of the polyhedra can then be attained. For BO6 and
AO12 polyhedra, the bond-valence-sum variation Mi

induced by per average bond length is usually different.
Therefore, according to the bond valence relationship,
BO6 and AO12 polyhedra have different compressibility.
If the ratio ofMA/MB< 1, then bB< bA, the tilting of BO6

octahedra as well as the distortion of BO6 and AO12

polyhedra will increase with pressure, such as the 2:4
type perovskites (A2þB4þO2�

3): CaSnO3 [74] and
MgSiO3 [76]. If the ratio of MA/MB> 1, then bB \> bA,
the tilting of BO6 octahedra as well as the distortion of
AO12 will decrease with pressure, such as the 3:3 type
perovskites (A3þB3þO2�

3): YAlO3, GdAlO3, and GdFeO3

[69]. It has been demonstrated by high pressure single
crystal X-ray diffraction that the bond valence matching
relationship is consistent with the experimental results
[70]. Therefore, the ratio of MA/MB determines the high
pressure compressible behavior of perovskite. The
greater the MA/MB deviation, the greater the compress-
ibility difference between BO6 and AO12 polyhedra,
and the more unstable BO6 octahedra become. This
will further increase the changes in the tilting angle of
BO6 with increasing pressure, making BO6 easier to
compress.

ZnS belongs to IIBeVIA compound semiconductor
materials and is a wide band gap semiconductor
(Eg¼ 3.7 eV), which is considered as one of the most
important materials for preparation of short-wavelength
light-emitting devices [75]. As shown in Fig. 5.20 (a, b),
ZnS typically has two kinds of structures at ambient
pressure; namely, wurtzite and sphalerite. Sphalerite
ZnS will change into the rock salt cubic structure

[Fig. 5.20 (c)] under the pressure between 15 and
21 GPa, and it is a reversible phase transition [76e78].
Under pressure, wurtzite ZnS will first transform into
sphalerite structure and eventually change into the
rock salt cubic structure with increasing pressure. In
a decreasing pressure process, the rock salt structure of
ZnS can only be changed back to sphalerite structure,
but will not return to wurtzite structure [79]. Sphalerite
ZnS is a semiconductor with the direct band gap [80]. In
previous electronic measurements under high pressure,
there is a significant decline in ZnS resistance at the
phase transition point where sphalerite changes into
the cubic phase. The sample also changed from the
initial transparent state to opaque and thus ZnS was
considered to be in a metallic phase transition at the
corresponding pressure [81].

Another example related to this topic is the study on
the new types of super-hard materials. Superhard mate-
rials can be divided into two categories: one is the
strong covalent compounds formed by light elements
(B, C, N, and O), such as cubic BN and diamond, and
the other one is compounds formed by precious metals
(Pt, Ir, Os, Ru, etc.) and light elements that have some
covalent and some ionic bond characters. For example,
precious metal Pt commonly used for high pressure
experiments can usually form halides, oxides, and
sulfides, but the formation of nitrides and borides is
difficult. In 2004, Gregoryanz et al. [82] first synthesized
platinum nitride (PtNx) using a laser-heat diamond
anvil cell (LH-DAC) under the pressure of 40e50 GPa
and above 2000 K. Platinum nitride has attracted great
attention due to its high elastic modulus (B¼ 392 GPa)
and special electronic structure. At present, the theoret-
ical and experimental research of precious metal
compounds (Pt, Ir, Os, etc.) is becoming one of the
important frontier topics involving high pressure
synthesis and materials science.

FIGURE 5.20 The crystal structures of ZnS. Sulfur and zinc atoms are denoted as yellow and blue balls, respectively.
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5.4.2. Electronic Structure Changes Under
High Pressures

A thermodynamic variable like temperature, pres-
sure has a significant effect on the properties of mate-
rials. Pressure reduces the volume of materials under
same temperature; at the atomic level, pressure
shortens the distance between molecules or atoms. As
the physical and chemical properties of materials
depend on the interaction between outer electron
orbits, when the distance between atoms or molecules
changes under the external pressure, the interaction
will also change, which will lead to the influences in
the energy levels to varying degrees, and affect the
nature of the material. Properties such as the band
gap, light absorption coefficient, elastic coefficient,
and bulk modulus may be altered under the condition
of high pressure.

Pressure normally affects the electronic structure by
increasing the electronic orbital overlap of the adjacent
molecules or atoms, and thus affects the nature of
the electronic orbitals. The way the pressure affects the
electronic energy levels can be used to characterize
the electronic state, verify the basic theory, observe elec-
tron transfer to form a new ground state (such as an
insulator to metal transition), and so on. For example,
lanthanide and transition metal oxide LaCoO3 with
perovskite structure is nonmagnetic semiconductor
under normal pressure and low temperature. The
ground state of Co3þ (t2g

6, s¼ 0) is in low-spin state.
However, when the temperature reaches 100 K, the
magnetic susceptibility of the oxides changes signifi-
cantly, becoming paramagnetic; the oxides begin to
transform from semiconductor to metal at 425 K. Under
ultrahigh pressure, the original cell volume and lattice
constants of LaCoO3(s) crystals are changed signifi-
cantly, as shown in Fig. 5.21. Through neutron diffrac-
tion experiments we can further determine the changes
of CoeO bond length and CoeOeCo bond angle of
the LaCoO3(s) crystals, as shown in Fig. 5.22. At room
temperature, as the pressure increases, CoeO bond
length decreases linearly, while the CoeOeCo bond
angle increases [83].

Raman spectroscopy results of LaCoO3(s) crystals at
high pressure are shown in Fig. 5.23. The results reveal
that the vibration frequency of A2g breathing vibration
mode and Eg vibration mode (JahneTeller distortion)
increases as pressure increases. When the temperature
reaches 550 K at 2.5 GPa, the intensities of the A2g

mode and the Eg mode are significantly reduced, which
signifies that LaCoO3(s) crystals change from semicon-
ductor to metallic state, which also indicates that the
transition temperature of LaCoO3(s) crystals shifted is
from 425 K at ambient pressure to 550 K under high
pressure.

Magnetite is an important compound found in the
deep earth, and was the first magnetic material discov-
ered by human beings. The molecular formula of
magnetite is represented as Fe3þ(Td)(Fe

2þ Fe3þ)(Oh)O4,
where Td stands for tetrahedral position and Oh stands
for octahedral position. At normal temperatures,
magnetite has an anti-spinel type structure with half of
the Fe3þ occupying the tetrahedral voids, while Fe2þ

and the remaining half of Fe3þ occupy the octahedral
positions. At pressures above 25 GPa, the phase transi-
tion of magnetite will take place. Mao et al. demon-
strated that the structure of high-pressure phase
magnetite has monoclinic symmetry where all of the

FIGURE 5.21 Pressure dependences of the unit-cell volume fitted
by the BircheMurnaghan equation of state and lattice parameters (in
the hexagonal setting, inset) of LaCoO3 at ambient temperature fitted
by linear functions [83]. Reprinted figure with permission from

D.P. Kozlenko, N.O. Golosova, Z. Jirak, L.S. Dubrovinsky, B.N. Savenko,

M.G. Tucker, Y. Le Godec and V.P. Glazkov, Physical Review B, 75, 064422,

2007. Copyright (1999) by the American Physical Society.

FIGURE 5.22 Pressure dependences of the CoeO bond length and
CoeOeCo angle (inset) at ambient temperature [83]. Reprinted figure

with permission from D.P. Kozlenko, N.O. Golosova, Z. Jirak, L.S. Dubro-
vinsky, B.N. Savenko, M.G. Tucker, Y. Le Godec and V.P. Glazkov, Physical

Review B, 75, 064422, 2007. Copyright (1999) by the American Physical

Society.
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Fe atoms occupy octahedral sites, named h-Fe3O4 [84].
As shown in Fig. 5.24 [85], the electrical property of
magnetite also changes accordingly under high pres-
sure. A significant increase in the resistance of magnetite
was observed at pressures from 20 to 40 GPa, followed
by the phase transition from an insulator to a metal at
approximately 50 GPa. Ding et al. used X-ray magnetic
circular dichroism (XMCD) to study the magnetic
changes of magnetite under high pressure [86]. The
results show that the magnetic dichroism decreased by
about 50% at pressure range from 12 to 16 GPa, which
could be attributed to the change from high-spin state
(HS) to intermediate-spin state (IS) of the octahedral
sited Fe2þ.

Under high pressure environment of the Earth’s
deep mantle, high pressure may change the spin state
of iron, which is one of the most important element
in the Earth, from a high-spin to a low-spin state,
which can cause the valence change of Fe2þ in the
iron-bearing silicates or oxides [87]. The configurations
of electrons in the 3d orbitals of Fe2þ with high-spin
and low-spin state (under high pressure) are shown
in Fig. 5.25. According to Hund’s rule, the energy of
3d electrons with antiparallel spins (low-spin state) is
higher than that with the parallel spin (high-spin state).
Under low pressure, the 3d electrons of Fe2þ will
occupy the eg and t2g orbitals, which cause the high
spin state. When high pressure is applied, the energy
of the electron orbitals increases with increasing pres-
sure, and the energy of eg orbitals increases more
than that of t2g orbitals due to more overlaps with
the nearest neighbor oxygen orbitals. Therefore, six
3d electrons preferentially occupy the t2g orbitals with

lower energy (low spin state), and Fe2þ doesn’t have
spin magnetic moment. The Speziale et al.’s results of
in situ high-pressure Mossbauer spectroscopy on mag-
nesiowüstite [(Mgx Fe1�x)O] confirmed the spin change
of Fe2þ [87].

Under high pressure, the superconducting transi-
tion temperature (TC) of pure metals could change
a lot. For example, at ambient pressure, the TC of
lithium metal is w0.4 mK [88], but TC was increased
to 5 K at high pressure of 20 GPa, or 14e20 K at high
pressure of 30 GPa [89,90]. The calcium metal does
not have the superconducting change under ambient

FIGURE 5.23 Left panel: pressure dependences of A2g breathing
and quadrupole (JT) Eg mode frequencies of LaCoO3 and Raman
spectra of LaCoO3 at different pressures and ambient temperature
(inset). Right panel: temperature dependencies of Raman spectra of
LaCoO3 at P¼ 2.5 GPa [83]. Reprinted figure with permission from

D.P. Kozlenko, N.O. Golosova, Z. Jirak, L.S. Dubrovinsky, B.N. Savenko,
M.G. Tucker, Y. Le Godec and V.P. Glazkov, Physical Review B, 75, 064422,

2007. Copyright (1999) by the American Physical Society.

FIGURE 5.24 The pressure dependence of the resistance of h-
Fe3O4 recorded at 295 K. The open (B) and solid (C) circles are data
points obtained during the cycles of compression and decompression,
respectively, of the highly stoichiometric Fe3(1�d)O4(d ¼ 0.0006) sample
[85]. Reprinted figure with permission from W.M. Xu, G.Y. Machavariani,

G.K. Rozenberg and M.P. Pasternak, Physical Review B, 70, 174106, 2004.

Copyright (2004) by the American Physical Society.

FIGURE 5.25 The spin diagram of electrons among 3d orbitals for
sixfold coordinated Fe2þ with the varieties under pressure [87].
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pressure, but it changes to the superconducting state
at the temperature of 1.2 K [91] and high pressure of
50 GPa, its corresponding TC rises to 25 K when the
pressure is 160 GPa [92], which is the TC record of
pure metals.

Since 1980, the research on the high temperature
superconductor becomes more and more important,
and one of its roles is to find the new high temperature
superconducting material. It has been found that
high-pressure technique is a very effective method
for exploring new superconductors. For example, Jin
et al. synthesized new chlorine-containing high-TC

superconductor Sr3�x Cax Cu2 O4þd Cl2�y under the
pressure of 5 GPa and at the temperature of 1000�C
[93], which has the TC of 80 K. The doping mechanism
of this superconductor is neither the interlayer ion, nor
the cation substitution, but a new doping, i.e., apical
oxygen doping. The partial substitution of the monova-
lent Cl� with divalent O2� introduces the hole-like
carriers. This superconductor is the first p-type high
temperature superconductor obtained by anion
doping.

A characteristic feature of all high-TC superconduc-
tors is their layered structure containing CueO layers,
which are essential for the occurrence of superconduc-
tivity in these materials and their TC is determined by
the concentration of the carrier. The use of doping and
high-pressure experiments has confirmed that super-
conducting transition temperature is closely related to
their carrier concentration [94,95], so they are the
important methods in the search for new high temper-
ature superconductor and the understanding of the
mechanism of their superconductivity. High pressure
can change the crystal structure parameters, carrier
concentration, Fermi level, etc., which is more direct
and simple than the doping. Therefore, studying the
change of the parameters of high temperature super-
conductors via high pressure has attracted more and
more attention.

5.5. MAJOR ROLES OF HIGH PRESSURE
METHOD IN INORGANIC SYNTHESIS

High-temperature and high-pressure synthetic
methods can lead to the formation of many new compo-
unds,whichareverydifficult to synthesizeunderconven-
tional conditions. This can be attributed to the unusual
physical and chemical phenomena often observed when
these thermodynamic parameters are used together and
consequently result in a number of new inorganic
compounds with unique structures. Moreover, there are
many special functions associated with the use of high
temperature and high pressure experimental methods
that conventional techniques cannot achieve [44].

5.5.1. Preventing the Decomposition of
Thermally Unstable Starting Reagents

As the decomposition temperature for the compounds
that are unstable thermodynamically will increase under
high-pressure, these compounds can be used directly
as starting materials in high-temperature and high-
pressure syntheses for synthesizing some special inor-
ganic compounds. For example, under high-temperature
and normal pressure, compounds such as HgO, PbO2,
and MnO2 will decompose into metal oxides with lower
chemical valence, making them unsuitable as starting
materials. While under high pressure, the decomposition
temperature of these compounds will be much higher, so
that they can be used as reactants in inorganic synthesis,
which leads to the new route for divalent Hg synthetic
chemistry.

As early as 1968, HgO and its corresponding oxides
were used to synthesize Hg2M2O7 (M¼V, Nb, Ta, Sb)
complex oxides with pyrochlore structure under high
temperature and high pressure [96], and the mercury
cuprate family superconductor HgBa2Ca2Cu3O8þd

(Hg-1223) with high transition temperature TC of 133 K
was synthesized under high-pressure by Morikawa
et al. using HgO as one of the starting materials
[97,98]. In other studies, Ba2Ca3Cu4O10þd (Hg-1234 and
Hg-1223) type superconductors were also synthesized
by using the same method, at pressure of 2e4 GPa [99].

The complex oxide Ln2M2O7 (M¼ Pb, Mn; Ln¼ rare
earth elements) with pyrochlore structure can also be
directly synthesized under high pressure and high
temperature, using PbO2 or MnO2 and the correspond-
ing rare earth element oxides as starting materials.
Some more examples include rare earth plumbite that
was obtained under the conditions of 300 MPa and
700�C [100], or Y2Mn2O7 synthesized at even higher
pressure [101]. It is worth noting that PbO2 will decom-
pose under atmospheric pressure at a temperature less
than 300�C, but is stable at higher temperatures when
under high-pressure conditions.

5.5.2. Improving the Densification Effect
and Consequently to Help the Preparation
of Compact Structures

The chemical reaction of A and B to C is presented in
the following equation,

Aþ B/C
V=Z V=Z V=Z

where V/Z is the molar volume of each compound.
When (VA/ZAþVB/ZB)>VC/ZC, the use of pressure
will be conducive in the synthesis of compound C.

The compounds shown in Table 5.3 were synthesized
by means of the high-pressure densification method,
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which resulted in products with more compact struc-
tures than those under atmospheric condition. For
example, MV2O6 (M¼Ni, Mg, Co, Zn, Mn, Cd) have
the structure of brannerite under normal pressure, but
will have a more closed packed structure of orthogonal
columbite when synthesized under high pressure.

Under high pressure and high temperature, the
monoxides of rare earth elements such as YbO are
obtained through the following chemical reaction [102],

Yb2O3 þ Yb/3YbO

In general, such chemical reactions will not take place
under the conditions of ambient pressure and high
temperature, however, application of high pressure
will make the divalent ytterbium stable. Moreover,
some novel materials can be synthesized under high
pressure using the different compressing ratios of the
elements which consist of the target compounds. The
compressing ratio of cation or anion is decided by their
electronic structures or the original sizes. Because of the
differential compressible ratio, the crystal structures of
the corresponding inorganic compounds may be
different, resulting in a variety of structure types. For
example, the compound A2B(IV)2O7 has a pyrochlore
structure, and the maximum rA/rB ratio for its stable
structure is less than 1.55 [103e105]; however, under
the conditions of high pressure and high temperature
(6.5 GPa, 900�C< T< 1250�C), the same structure type
can be kept until the element of Ge(IV) (rz 0.053 nm),
and the corresponding rA/rB ratio is about 1.8 [106].
This reaction takes advantage of the different compress-
ing ratios between cation and oxygen anion, and the
smaller cation was pressed into the crystal lattice to yield
a compound that is impossible to form under normal
pressure. Other inorganic compounds obtained using
same methods include those having structures similar
to rutile, corundum, or perovskite, such as SiO2,

MgGeO3, and SrGeO3, respectively [107e110]. Mean-
while, compounds bearing the structure of MgCu2

such as LaCo2 and LnFe2 (Ln¼ Pt, Nd, Yb) have also
been synthesized under high pressure according to the
characteristics of the different element compressing
ratios [111,112].

5.5.3. Decreasing Reaction Temperature
and Shortening Reaction Time

High-pressure can increase the chemical reaction rate
and the conversion rate of the product, therefore greatly
reducing the synthesis temperature and the reaction
time. Since high pressure can make the tolerance factor
small, under high-temperatures and high-pressures it
is easy to synthesize compounds which are very difficult
to obtain at high temperatures and ambient pressure, for
example, the synthesis of compounds in the mix systems
of OeF, NeF, OeN, and double rare earth oxides
LnLn0O3 (Ln¼ rare earth elements). In the mixed
systems of OeF, NeF, and OeN, if the corresponding
compounds were synthesized using conventional
methods, they often have low thermal stability because
of the differences in their reactivity and physical and
chemical properties; however, under high pressure we
can synthesize a lot of stable compounds in the system
of OeF, such as KTiO2F and Tl (I)Tl(III)O2F with a perov-
skite structure [116]. As shown in Table 5.4, the experi-
mental results demonstrate the significant difference
between ambient pressure and high pressure reaction
conditions, in which the synthesis of LaLnO3 (Ln¼Ho,
Er, Yb, Lu) under ambient pressure and at a very high
temperature (1950 K) for a few hundreds hours resulted
in only the C-type solid solution and a small amount of
LaLnO3 [117] product, but pure LaLnO3 was obtained in
less than 30 min when the reaction was conducted at
high pressure (2.9 GPa) and lower temperature

TABLE 5.3 Compounds Synthesized Under High Pressure.

Compounds Synthetic conditions Crystal structures

MV2O6 (M¼Ni, Mg, Co,
Zn, Mn, Cd)

5e8 GPa; 800e1200�C Orthogonal Columbite
[113]

Pb2(B, B’)O6 (B¼W, Mo;
B0 ¼Zn, Fe, Co, Mn)

1~3 GPa; 850�C Perovskite [114, 115]

PbSnO3 6~7 GPa; 500�C

YbO 4 GPa; 1200�C Rock Salt [102]

Ln2Ge2O7 (Ln¼Gd, Dy,
Ho, Et, Tm, Yb, Lu, Tl, Y,
Sc, In)

5e6 GPa; 900e1250�C Pyrochlore [106]

LaCo2 1e6.5 GPa; 1050e1350�C MgCu2 [111,112]

LnFe2 (Ln¼ Pt, Nd, Yb) 2e3 GPa; 1000�C
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(<1550 K) [118]. This also demonstrates the difficulty in
synthesizing double rare-earth oxides under ambient
pressure, which can be overcome easily by using high
temperature and high pressure reaction conditions,
thus making it possible to synthesize a series of oxides
LaLnO3 [119].

5.5.4. Stabilizing the Highest Oxidation States
of Transition Metals Through the Development
of High Oxygen or Fluorine Pressure

The transition element-containing compounds
synthesized under ambient pressure usually have the
normal oxidation states of transition elements; in
contrast, if they are synthesized under high pressure,
they will have higher oxidation states of transition
elements. For example, under high pressure and high
temperature conditions, the transition element-contain-
ing compounds with Fe4þ and Cu3þ have been obtained,
which is the unique character and the advantage of
high-temperature and high-pressure synthesis method.

In order to explore the relationship between the
oxidation states of the chemical bond of MnþeX and
the physical properties of the final reaction products,
the experiments are employed under high oxygen and
fluorine pressure, respectively. As the oxidation states
of M increases, the strength of chemical bond MnþeX
will promptly get stronger [119,120]. Under high oxygen
pressure, a series of new transition element-containing
compounds with new oxidation states are obtained,
and they are shown in Table 5.5 in which the relationship
between the oxidation states and the binding energy is
listed.

In the study of high TC superconductor materials,
high oxygen pressure (up to 100 MPa) was used to
remove the impurities and further change the TC of the
cuprate superconductor [122]. Karpinski et al. reported
the synthesis of the low-dimensional compound
Sr0.73CuO2 with infinite chain structure using high
oxygen pressure (220 MPa). This low-dimension
compound is not a superconductor, but an insulator
that exhibits antiferromagnetism at 135 K [123]. In the
magnetic field, there will be an obvious change when
the temperature is below 10 K, which is the

superconductive transition temperature for the
analogous compound Sr0.4Ca13.6Cu24O41.84. For the
compounds of La2CuO4þd or La2�xNdxCuO4þd

[122,124], high oxygen pressure can cause the mixing
valence state of Cu(II) and Cu(III), which will induce
their superconductivity.

Under high fluorine pressure conditions, the
compounds with unusual oxidation states such as
Na3MF6 [M¼Co(III), Ni(III), Cu(III)] and Cs2AgF6 [Ag
(III), Ag(V)] have been synthesized [125].

5.5.5. Hindering the Disproportionation
of Intermediate Oxidation States

High pressure synthesis conditions can also stabilize
the compounds with intermediate oxidation states,
which will easily undergo a disproportionation reaction.
For example, due to the instability of Cr(IV) in the tetra-
hedral position, a disproportionation reaction will take
place: 3Cr(IV)/ 2Cr(III)þCr(VI). High pressure can
shift the above reaction toward the left, and produce
the pure Cr(IV). Pd(III) also easily undergoes a dispro-
portionation reaction: 2Pd(III)/ Pd(II)þ Pd(IV), but
high pressure can inhibit this reaction, and thus make
it possible to synthesize the fluoride of Pd(III) [44].

5.5.6. The Synthesis of Light Element
Compounds which have Special Physical
Properties

Diamond and diamond-like compounds made up of
B, C, N, O, and other light elements exhibit excellent
physical and chemical properties, in particular, the
unparalleled hardness. This series of compounds are
therefore known as superhard compounds, or because
they comprised light elements, as light element
compounds.

In 1965, Hall and Compton [126] used boron and
boron oxides as reagents to synthesize the boron

TABLE 5.4 Synthetic Conditions for the Synthesis of LaLnO3.

Compounds

Pressure and

temperature Duration

LaErO3 (Type C solid
solution and small
amount of LaErO3)

0.1 MPa;1950 K 8 days [117]

LaLnO3 (Ln¼Ho, Er,
Yb, Lu)

2.9 GPa;< 1550 K Less than
30 min [118]

TABLE 5.5 Comparison of Oxidation State nþ with Binding
Energy 6(eV) for the Compounds with Perovskie
Structures [121].

Compounds Oxidation state, nD Binding energy 6(eV)

La2MgIrO6 Ir(IV) 3.18

La2LiIrO6 Ir(V) 3.67

Ba2CaIrO6 Ir(VI) 3.89

Sr2CaIrO6 Ir(VII) 3.90

Reprinted from Journal of Alloys and Compounds, 262-263, G. Demazeau, D.Y. Jung,

A. Largeteau, C. Cros and J.H. Choy, High oxygen pressures and the stabilization of the

highest oxidation states of transition elements, p191, Copyright (1997), with permission

from Elsevier.
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suboxides B2O, which is isoelectronic specie of the
carbon, under conditions of high temperature and pres-
sure (1200e1800�C, 5e7 GPa). B2O was red-brown in
color and hexagonal in structure. The compounds,
which consist of the elements in groups I, II, III, ., are
called the “periodic compounds” [127]. These
compounds may be symmetrical, such as BN, BeO,
and LiF; or asymmetrical, such as BeN2, LiN3, B2O,
B6O, B3F, the cubic phase C3N4, and boron oxides.
High-temperature and high pressure methods play an
important role in the synthesis of these covalent
compounds, which have constantly attracted scientists’
attention [128e130].

5.5.7. Preparation of Important Amorphous
and Quasicrystalline Materials using High
Pressure Methods

High pressure can be used to prepare a number of
important amorphous and quasicrystalline materials, or
induce crystal into an amorphous phase. This is because
the quenching rate under conditions of high temperature
and high pressure is at least 1000 times faster than
that under atmospheric pressure. For example, under
conditions of high temperature and high pressure
(z1000�C, 0.5e1.5 GPa), in the Li3NeCa3N2eP3N5

system, a pure glass phase, in which only N3� is as the
skeleton anion, can be synthesized. Another example
for the synthesis of amorphous phase under high pres-
sure is amorphous ZrW2O8 by Perottoni et al., which
have special property of thermal anti-expansion [131].
This type of material can be widely used in various fields
of modern science because it has a lot of unique proper-
ties, such as transmittance, hardness, high-refraction
angle, and high softening temperature. [132]. High pres-
sure is also used to induce AlPO4 partially amorphous
under the conditions of nonhydrostatic pressure, which
is used to improve the surface wear resistance of 9Cr18
steel [133]. High pressure quenching technology is also
widely used to synthesize a large number of quasicrystal
materials.

The development of high pressure technology
promotes the synthesis of new materials in the field of
materials science. The compact structure and the
increasing of the strength of chemical bond caused by
pressure lead to a series of special physical and chemical
properties which have great value in many aspects in the
field of science and technology. The syntheses of the
nitride glass and covalent materials are typical exam-
ples. Furthermore, the synthesis of high oxidation state
transition metal oxides can be achieved under condi-
tions of high oxygen or high fluorine pressure. Finally,
high pressure results in the formation of an enhanced
MeX covalent bond, which can be used to further study
the relationship between the physicochemical property

of materials and the chemical bindings. With the devel-
opment of solid-state science, the contribution of pres-
sure parameters to the synthetic routes of materials
will become increasingly important.

5.6. SOME IMPORTANT INORGANIC
COMPOUNDS SYNTHESIZED UNDER

HIGH PRESSURE

High-pressure methods have many advantages that
the conventional synthesis methods cannot match. In
the chemical reaction process, high pressure has many
functions, including inhibiting the diffusion of atom,
accelerating the action rate, improving the conversion
efficiency, reducing the synthesis temperature,
increasing the ligancy and symmetry of atom, short-
ening the bond length, improving the speed of the mate-
rial condensing, intercepting a variety of metastable
phases, and even improving the single-phase nature
and crystallinity of products. For decades, high pressure
methods have led to the syntheses of a large number of
inorganic materials that have important applications
and significant economic value.

5.6.1. Synthesis of Diamond Under
High Pressure

Diamond and graphite are two inorganic materials
composed of pure carbon. However, the different struc-
tures of these two compounds lead to great differences
in their nature. For example, diamond is thehardestmate-
rial in nature,while graphite is a good solid lubricant; dia-
mond is a broadband semiconductor, while graphite is
a real conductor; diamond is transparent, however
graphite is opaque. The crystal structure of diamond is
shown in Fig. 5.18, where each sp3 hybridized carbon
atom combines with four adjacent carbon atoms by cova-
lent bond to form a stable tetrahedral structure, with
a bond length of 0.15 nmand an angle of 109� 280 between
the bonds. The crystal structure of graphite is shown in
Fig. 5.17; each carbon atom (sp2 hybridization) combines
with three adjacent carbon atoms by covalent bond to
form the carbon atom sheet. Graphite layers are con-
nected by van der Waals force, so they are easy to slip.

The production of diamond in nature is very rare.
Usually, the production of finished diamond is only
a billionth of what is mined, so it is difficult to meet
the growing industrial demand, leading to a need for
synthetic diamond. In 1796, British scientist S. Tennant’s
precise combustion test first revealed that diamond is
composed of pure carbon. Since then, mankind has
begun a long exploration of synthetic diamond. In
1953, scientists in Sweden General Motor-Brown Boveri
United Company (ASEA) synthesized the world’s first
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man-made diamond at the pressure of about 8.4 GPa
[134], but this discovery was kept a secret at the time,
thus they lost the laurel of the inventor of the first
synthetic diamond. One year later, under high tempera-
ture and pressure conditions, Hall et al. in the US
General Electric (GE) Company used metal as a catalyst
to repeat the feat of synthetic diamond. They published
their experimental result in the journal Nature [5], and
after many years, the road to a synthetic diamond had
finally been successful.

After it was proven that diamond is a mineral
composed of pure carbon and formed in the Earth’s
mantle under high temperature and high pressure,
people have always wanted to synthesize diamond
under the condition of high temperature and high pres-
sure. It was not until the mid-twentieth century, after
Simon and Berman obtained the phase boundary equa-
tion of the graphiteediamond [135] (Eq. (5.4)) through
experiments and speculation, the study of synthetic dia-
mond developed rapidly.

p=ð108 PaÞ ¼ 12:0þ 0:0301 T=
�
C (5.4)

The ground-state energy of the graphite and diamond is
very close from the thermodynamic point of view,
making it seem feasible to synthesize diamond with
graphite as the starting material at lower temperature
and pressure conditions; however, the transformation
rate of graphite into diamond at lower pressure is almost
nonexistent due to the enormous energy potential
barrier between diamond and graphite. Further experi-
mental studies have shown that the transformation of
graphite into diamond at a high rate requires very
high temperature and pressure conditions of 3300 K
and 1.3� 104 GPa [136]. Fortunately, scientists have
found that the use of metal catalysts (Fe, Ni, Co, etc.)
can reduce the energy potential barrier between dia-
mond and graphite, allowing diamond to be synthe-
sized at a relatively low temperature and pressure
(1300e1500 K, 6e8 GPa) [5]. In 1958, the synthesis of
diamond under high temperature and pressure condi-
tions became commercial. Since then, the production of
synthetic diamond has gradually overcome the produc-
tion of natural diamond. Currently, more than 20 coun-
tries have the capacity to synthesize diamond: the
United States, Britain, China, South Korea, Japan,
France, Russia, Germany, etc.

In recent years, many scientists in the field of high
pressure have tried to use nongraphitic carbon
compounds, such as amorphous carbon, glassy carbon,
carbon nanotubes, and C60, as the starting material for
diamond synthesis [137e144]. Because C60 has a special
structure and shorter CeC bond lengths, it shows
promise of making up the high-quality synthetic dia-
mond under mild conditions. The crystal structure of

C60 is shown in Fig. 5.26 [145]. The compound looks
like a hollow sphere composed of C atoms; its surface
is composed of six- and five-membered rings connecting
to each other. Six-membered rings are also the structural
motif of the graphite layer. In graphite, the CeC bond
length is shorter than that in diamond structure
(0.142 nm vs 0.154 nm), and the rigidity of C60 is even
greater. After the high temperature and high pressure
treatment of C60, it was found that the ratio of sp3 hy-
bridization in production increases with the increase of
reaction temperature. At pressure of 12.5 GPa and temp-
erature of 450�C, the Vickers hardness of C60 polymer
was 70 GPa. When the pressure exceeded 13 GPa and
the temperature exceeded 800 K, the hardness of the
C60 polymer obtained appeared to exceed the hardness
of the diamond indenter used for hardness testing
[142,143]; however, subsequent experiments determined
that this was not the case [146e148].

In 2003, Professor Irifune at Ehime University and his
research team synthesized the nano-polycrystalline dia-
mond with graphite as the starting material [149]. The
sample was prepared under 12e25 GPa pressure and
2300e2500�C temperature conditions, using the
Kawai-type multianvil high-temperature high-pressure
devices. Transmission electron microscope (TEM)
photographs showed that the nano-polycrystalline dia-
mond is composed of a large number of diamond
particles with 10e20 nm in size, the arrangement of
particles is nondirectional. The Knoop hardness of this
kind of diamond is up to 120e140 GPa and it is signifi-
cantly better than single crystal diamond (Knoop hard-
ness 60e120 GPa) due to its nondirectional particle
arrangement [150]. After several years of effort, the
same research team could synthesize nano-polycrystal-
line diamond with diameters of about 5 nm and thick-
ness of several millimeters; there are no cracks and
impurities in glomerocrysts [151].

FIGURE 5.26 The crystal structure of C60 Reprinted with permission

from Macmillan Publishers Ltd: Nature [145], Copyright (1991).

SOME IMPORTANT INORGANIC COMPOUNDS SYNTHESIZED UNDER HIGH PRESSURE 121



In summary, although the production of synthetic
diamond far exceeds the production of natural dia-
mond, the current size of synthetic diamond can only
be from a few microns to several millimeters due to
the limitations of high temperature and high pressure
technology, which severely restricted the application of
synthetic diamond in large scale. Therefore, it will take
a long time to replace the natural diamond with the
synthetic diamond completely.

5.6.2. Synthesis of Cubic Boron Nitride
(c-BN) Under High-pressure

The hexagonal boron nitride (h-BN) is a kind of pure
man-made material composed of B and N. B, C, and N
are adjacent elements in Periodic Table of Elements,
which are similar in many aspects. For example, their
atomic radii are approximately equal and they are also
isoelectric. The hexagonal boron nitride (h-BN) and
graphite have very similar crystal structures (Fig. 5.27).
Because graphite can be converted into diamond under
high temperature and pressure condition, it is believed
that h-BN could also be converted into another
compound whose structure is similar to diamond, that
is, cubic boron nitride (c-BN). In 1957, Wentorf et al. in
the US General Electric synthesized c-BN from h-BN at
high temperature and pressure [6]. The c-BN has a sphal-
erite structure, with an sp3 hybridized bond between B
and N. The structure of c-BN is similar to that of dia-
mond, which is nested by two face-centered cubic
lattices along the cube diagonal stagger a quarter length
(Fig. 5.28) [152]. However, there are some differences
between them. In diamond structure, the two face-
centered cubic lattices consist of the same atoms, but
in c-BN structure, they are different. The atoms in c-
BN are close packing of spheres which are formed by
B atom layers and N atom layers arranged alternately
with each other.

The c-BN has many characteristics such as high hard-
ness, wide band gap, high stability, and high impedance,
which lead to a wide range of applications. Although the

hardness of c-BN is less than that of diamond, its chem-
ical inertness and the thermal stability are superior to
diamond. This gives c-BN an obvious advantage in the
mechanical processing of high speed steel containing
high vanadium, high tantalum, high cobalt, and other
alloy structural steel, tool steel, mold steel, etc. The
c-BN is greatly complementary with the diamond in
this aspect.

During earlier periods, people thought the h-BN/c-
BN system was analogous to the graphite/ diamond
system. It was believed that h-BN could be converted
to c-BN at high temperature and pressure because the
h-BN was the thermodynamically stable phase at room
temperature and ambient pressure, while the c-BN is
the thermodynamically stable phase only at high
temperature and pressure [153,154]. Recent experiments
and calculations have shown that c-BN is also thermody-
namically stable phase in the ambient temperature and

FIGURE 5.28 Crystal structure of cubic BN. Light spheres repre-
sent B, dark spheres represent N [152].

FIGURE 5.27 The crystal structures of graphite
(left) and h-BN (right).
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pressure. But this doesn’t mean that c-BN can be formed
directly from h-BN under ambient temperature and
pressure conditions. This is because there is an enor-
mous energy potential barrier between h-BN and c-BN.
From a thermodynamics point of view, although h-BN
could be converted into the c-BN at ambient tempera-
ture and pressure conditions, from a kinetic point of
view, there need higher temperature and pressure for
the phase transition from h-BN to c-BN. In addition,
it was also found that adding a catalyst in the h-BN
could greatly reduce the energy barrier and thus
decrease the temperature and pressure required for the
synthesis of the c-BN [155].

Wentorf first synthesized c-BN in 1957 under high
temperature (1400�C) and high pressure (6 GPa) condi-
tion, using Mg as catalyst and h-BN as a raw material.
Since then, the synthesis of c-BN has been rapidly
developed. Many kinds of catalysts have been discov-
ered and used for the synthesis of the c-BN, for
example, alkali metals, alkaline earth metals and their
nitrides, borides, boron nitride, water, ammonium
salt, etc.

Usually when h-BN is heated to 1400e1600�C at
a pressure of 4.0e6.0 GPa in the presence of a catalyst,
c-BN is formed if given enough time. This has become
the main method to produce c-BN in industry after
many continuous improvements and developments. To
increase the pressure of hydraulic unit, enlargement of
the reaction chamber, search for high efficient catalyst,
and more reasonable technology are the research objec-
tives for the synthesis of c-BN single crystals with excel-
lent quality, large sizes, and high hardness

5.6.3. High Pressure Synthesis of C3N4

The diamond had been regarded as the hardest
substance for a long time, therefore the hardness of other
substances were frequently measured using diamond as
reference. At the end of 1980s, this conventional idea
was first challenged by Liu and Cohen, the Physics
Professors of California University at Berkeley. Starting
with the crystal structure of b-Si3N4, they replaced the
silicon element with carbon and applied the First-Princi-
ples with Pseudo-potentials method [156,157] to predict
a theoretical new compound b-C3N4 that did not exist in
nature. The calculated results indicated that b-C3N4

combined with covalent bonding, and the CeN bond
length (0.147 nm) was shorter than CeC bond length
(0.154 nm) in diamond. In the early 1990s, Liu confirmed
that the elastic modulus of b-C3N4 exceeds that of dia-
mond on the basis of ab initio calculations. Thus, it is
thought that the hardness of b-C3N4 may surpass that
of diamond. It must be pointed out, however, that the
shear modulus of b-C3N4 represents the hardness of
the material rather than the elastic modulus. That is to

say, the value of bulk elastic modulus is not always
consistent with the value of hardness. Even so, it was
the first time for human to predict theoretically a new
material with the hardness close to that of the diamond,
and people paid more attention to the synthesis of
C3N4.

Based on the importance of new C3N4 materials both
in theory and application, many researchers began to
investigate the materials by theoretical calculation after
the structure of b-C3N4 was depicted by Cohen. So far,
five different types of structures of C3N4 were obtained
by calculation: such as a phase (a-C3N4), b phase
(b-C3N4), cubic phase (c-C3N4), pseudo-cubic phase
(pc-C3N4), and graphitic phase (g-C3N4). Except for
g-C3N4, the theoretical hardness of the four C3N4 poly-
morphs is comparable with the diamond.

Many reports have claimed that superhard material
C3N4 has been synthesized, but there has been no
convincing evidence. For example, in 1998 Nguyen
et al. reported that C3N4 materials were synthesized
under high temperature and pressure [128]. But in their
papers, only several peak positions of the relatively
sharp diffraction peaks of the corresponding powder
XRD pattern in their products are consistent with theo-
retical values, and there was no evidence to support
a synthetic compound which simultaneously consisted
of silicon and carbon elements. In the same year, Nesting
et al. also reported two kinds of the CeN materials that
were synthesized under high temperature and pressure
[158]. Energy loss spectroscopy verified that the first
CeN materials indeed consisted of C and N elements,
but the elemental analysis showed that the ratio of
C:N was 3:2. The second CeN materials crystallized in
hexagonal system with a¼ 0.7815 nm, c¼ 0.6219 nm by
indexing analysis. It is not generally in good agreement
with any theoretical structures of C3N4. So far, no theo-
retical predication about the structure of C3N4 has
been verified.

According to the discovery of g-C3N4, it is thought
that the synthesis of superhard material C3N4 has
a bright prospect. In 2006, a new C3N4 phase [159] was
synthesized by Ming et al. using g-C3N4 as the starting
material by means of diamond anvil cell (DAC), under
conditions of 3e23 GPa and 1300e3000 K. X-ray diffrac-
tion data revealed that the structure of the new C3N4

phase was cubic, which is inconsistent with the theoret-
ical calculation. In 2009, the shock-wave technique was
used to synthesize the superhard material C3N4 under
high pressure (16 GPa) and dicyandiamide (C2H4N4)
was used as the precursor [160]. The results show that
the XRD pattern was in accordance with the theoretical
value. For example, a-C3N4, b-C3N4, and g-C3N4 are
recognizable in the products. The mass ratio of carbon
to nitrogen is about 1.00:2.98 and nitrogen is mostly
bonded with carbon.
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5.6.4. The Synthesis of Superconductors
Under High Pressure

In 1911, the Dutch physicist, Heike Kamerlingh
Onnes discovered that the resistance of pure mercury
suddenly vanished at 4.2 K [161] and he stated that
mercury had passed into a new state, which on account
of its extraordinary electrical properties may be called
the superconductive state. There was no complete
microscopic theory on superconductivity until 1957,
when the BCS theory was finally proposed by three
American physicists: John Bardeen, Leon Cooper, and
Robert Schrieffer [162]. At that time, all known critical
transition temperatures (TC) of discovered superconduc-
tors were very lowduntil 1985, the highest TC was only
23.2 K [163]. In 1986, the Sweden physicists, Bednorz
and Mueller discovered superconductivity in
a lanthanum-based cuprate perovskite material, which
had a TC value of 36 K and the first of the high temper-
ature superconductors [164]. Subsequently, high
temperature superconductor researches have been
developed rapidly and the TC scores are constantly
updated.

High pressure plays an indispensable role in the
synthesis of high TC superconductors. In general,
several kinds of pressure effects should be taken into
account:

1. Increasing the density of material;
2. Improving the coordination number of ions;
3. Propitious to the process of substitution;
4. Reducing evaporation of volatile components;
5. Changing of solubility of individual components; and
6. Providing the atmosphere for reduction or oxidation.

Thus, high pressure technology plays a crucial role
and cannot be replaced in the synthesis of new super-
conductors. Soon after the new discovery of supercon-
ductivity at TC as high as 36 K in the LaeBaeCueO
(LBCO) cuprates [164], Chu et al. reported that the corre-
sponding TC value was raised to 52 K under high pres-
sure [165]. An unprecedented large positive pressure
coefficient of TC of LBCO led the researchers to realize
that high pressure could lead to an even higher transi-
tion temperature. They then tried to use another meansd
chemical pressure to replace physical pressure to
improve the superconducting transition temperature.
They simulated the effects of external pressure by
replacing La ion with the smaller isovalent Y ion. This
led to the next giant leap in raising TC above the temper-
ature of liquid nitrogen, as first demonstrated in the
YeBaeCueO (YBCO) cuprate [166]. Later, by in situ
high-pressure study, it was found that pressure may
increase the TC value of p-type superconductors to
a large extent. However, pressure had little impact on
the transition temperature of n-type superconductors

without vertex oxygen in the CueO plane, revealing
the importance of the vertex oxygen. In addition,
compared with the other cuprate superconductors,
spin-ladder type compound Ca13.6Sr0.4Cu24O41 had no
CueO plane and it had no superconductivity at ambient
pressure, but became superconducting at high pressure
with TC¼ 12 K [167]. Therefore, the unique structure
and superconductivity of this compound have become
a focus of attention.

The crystal structures of the known high-temperature
superconductor materials are of the perovskite-type
close packed structure, which makes the high-temper-
ature and high-pressure synthesis method play
a unique role in the research of high TC superconduc-
tors. In the recent years, almost all the new cuprate
superconductors have been synthesized under high
temperature and high pressure, including the
following several series: infinite layer, Cu-based,
halogen-based, ferrous pnictide compounds, and
BaeCueO compounds. It is now common practice to
use high oxygen pressures (up to several hundred or
several thousand bars) during the synthesis to control
the oxygen content and hence vary TC of cuprate
superconductors, in addition by suppressing the
appearance of unwanted impurity phases [122]. In
1997, Moriwaki et al. [98] demonstrated a high pres-
sure synthesis route of these compounds directly
from a mixture of the component oxides. In the same
year, Lokshin et al. [99] reported a series of Hg-1234
(HgBa2Ca3Cu4O10þd) and Hg-1223 (HgBa2Ca2Cu3O8þd)
synthesized at the pressure of 2e4 GPa. After carefully
studying the relationship between the products purity
and the reaction temperature and pressure, the ratio
of the starting materials, they found that the amount
of Hg-1234 in the products was related to the oxygen
content in the starting materials. In addition, they also
found that there is a strong correlation between the
value of TC and the unit cell parameter. For example,
Hg-1223 with a¼ 0.3852 nm exhibits superconductivity
at the maximum transition temperature of 135 K. Atti-
field et al. had investigated a series of A2CuO4

(A¼ La, Nd, Ca, Sr, Ba) and found that TC reached
the maximum value of 39 K at a mean-A site cation
radius of 0.122 nm [168]. Both of these works indicated
great sensitivity of superconducting critical transition
temperature to crystal lattice strains. Locquet et al.
have utilized this dependency to double the TC value
(from 25 K to 49 K) in La0.9Sr0.1CuO4 thin films grown
on the SrLaAlO4 substrate [169]. This work could
provide a powerful route for turning the properties of
the superconductor thin film.

Another interesting family of superconductors
synthesized under high pressure is the rare earth-
containing superconductors, particularly those contain-
ing Pr3þ ions. But the parent substance itself of these
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superconductors including Pr3þ ions, PrBaCuO2 does
not manifest superconductivity. The reason for this
phenomenon is still not clear. In 1997, Chen and his
coworkers synthesized a series of compounds
(R1�xPrx)2 Ba4Cu7O14�d (R¼Nd, Sm, Eu, Gd, Ho, and
Tm) and found that the superconductivity was sup-
pressed with increasing Pr content [170,171]. Yao et al.
have synthesized nearly single phase orthorhombic
Ca-doped Pr-123 in a highly oxidizing environment
(using KClO4 as oxygen source) [172]. This material
was superconducting with TC¼ 52 K. By changing the
environment, a high tetragonal material was formed
and its TC value was increased to 97 K. High pressure
synthetic methods have also been used to explore
new families of ceramic superconductors. In 1997, Iyo
et al. reported the synthesis of (M, C) (Ba, Sr)2Ca2Cu3O9

(M¼Al and Ga) superconductors [173]. The partial
substitution of C4þ for Al3þ or Ga3þ was found to
enhance TC.

In recent years, an iron-based family of high temper-
ature superconductors obtained via high pressure
synthesis has been receiving attention. This discovery
soared research into the iron-based “pnictide” family
of superconductors. In 2008, Takahashi and his
colleagues found lanthanum oxygen fluorine iron arse-
nide (LaO1�xFxFeAs), an oxypnictide that supercon-
ducted below 26 K [174]. Meanwhile, research from
other groups, mainly from China, demonstrated that
replacing the lanthanum in LaO1�xFxFeAs with other
rare earth elements such as cerium [175], samarium
[176], neodymium [177], and praseodymium [178] led
to superconductors that work at 52 K. It is believed
that the discovery of iron-based pnictide family will
help researcher to better understand the mechanisms
of high temperature superconductivity. High pressure
method offers more opportunities to expand the search
for higher TC and better properties of superconductor
materials.

5.6.5. The High Pressure Synthesis and
Properties of the Compounds Containing
Special Oxidation State Transition Metals

High pressure helps in the formation and subsequent
stability of high oxidation state transition metals [36]. In
1972, Demazeau et al. synthesized the compound
LaCuO3 containing Cu3þ by using La2CuO4 and CuO
as raw materials, KClO3 as the oxygen source at 6 GPa
and 950�C [179]. In 1995, La1�xSrxCuO3, including
Cu3þ and Cu4þ, was synthesized by Darracq et al. under
high oxygen pressure conditions at 7 GPa and 1000�C
[180].

In recent years, inorganic synthesis under ultrahigh
pressure has made great and rapid progress resulting

in a large number of novel and important research
results as well as the construction of ultrahigh pressure
inorganic synthesis laboratories. So far, scientists have
made remarkable research results using high pressure
inorganic synthesis technology in the research frontiers
of nanomaterials, superconducting materials, superhard
materials, silicate with special structure, pressure-
induced phase-change inorganic materials, etc.
[181e204].

In the near future, the research topics in the field of
inorganic synthesis under ultrahigh pressure should
include:

(1) Reaction of inorganic compounds and mechanism of
chemical combination, summarization of the
synthetic regularities, synthesis of inorganic
compounds that help to deeply understand the new
physical phenomena and have important
application backgrounds;

(2) Design of the various precursors, nanomaterials, and
synthetic products at the atomic and molecular
levels, research of the boundary chemical reaction in
solid nanomaterials, and ultrahigh pressure
synthesis of compounds which are difficult to
synthesize under normal conditions;

(3) Synthesis and reaction mechanism of the single
crystals of new inorganic compounds under
ultrahigh pressure;

(4) High pressure capture of metastable phases with
new structures, new physical properties, and new
applications through controlling conditions and
research on kinetic theory under high pressure;

(5) Synthesis of new compounds that does not exist in
thermodynamic equilibrium phase diagram,
combining ultrahigh pressure synthesis technology
with nonequilibrium synthesis technology;

(6) Research on the inorganic synthesis reaction
mechanism under the conditions of in situ ultrahigh
pressure;

(7) Study of the application of the compounds which
have been synthesized under ultrahigh pressure;

(8) Research on ultrahigh pressure devices with large
volume chamber used for inorganic synthesis; and

(9) Search of new synthetic routes in order to lower the
pressure and temperature for the synthesis of the
known important materials already made up under
high pressure.
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Inorganic photochemical synthesis with light irradia-
tion (both ultraviolet and visible) has been one of the
most fruitful synthesis methods for obtaining new and
unique structured inorganic compounds and materials.
The early studies of inorganic photochemical synthesis
were mainly focusing on organometallic coordination
compounds due to interest in their unique photophysi-
cal properties [1], electron transfer mechanism [2,3],
and their possible use in solving energy crisis [4,5].
Later, the study on photochemical synthesis was greatly
expanded to the synthesis of organometallic coordina-
tion compounds with unique structures, and specific
photochromic, catalytic, and electronic properties.
Over the last several decades, inorganic photochemical
synthesis made significant progress along with the rapid
establishment of numerous photophysical investigation
techniques [6] and electron transfer theory [7]. In addi-
tion, great progress in our understanding of photophys-
ical and photochemical processes occurred during the
study of photochemical reactions. Investigations of the
harvest of sunlight have resulted in the development
of photochemistry of compounds ranging from small
organometallic compounds to supramolecular systems
[8,9]. The studies on photochemical, photo-assisted reac-
tions, and photolysis have led to the establishment of
many new facile synthetic routes for syntheses of metal,
metal oxide and semiconductor films, and nano-sized
particles [10,11]. The studies on photochemical reactions
and photocatalysis have manifested that photochemical
synthesis of clean fuels such as H2 may become an ulti-
mate solution for our energy crisis and global warming
problems [12e14].

Photochemical synthesis is different from other
synthesis methods because it is selective. This selec-
tivity occurs because light absorption features of reac-
tants determine their reaction products. In a general
way, the synthesis processes can be photochemical,
photo-assisted/photo-induced, and even photolytic,

depending on the reaction systems. The species gener-
ated by photon excitation or photolysis can be primary
species for final products or precursors that react subse-
quently to form new species and then to final products.

In this chapter, we will first briefly introduce the basic
concepts and experimental methods for inorganic
photochemical reactions and then outline the photo-
chemical synthesis of organometallic compounds,
inorganic compounds, films, nanomaterials, and photo-
catalytic generation of H2 via water splitting. We do not
intend to give a comprehensive review of the field but
rather focus on the basic ideas of the syntheses.

6.1. THE BASIC CONCEPTS

Photochemical reaction is a chemical reaction of
excited electronic states of substances. The electrons in
the excited electronic states undergo various photophys-
ical and chemical processes to lower their energy and
carry out electron transfer reactions [15].

For organometallic complexes, electron transitions can
take placewithin the transitionmetal ion, within a ligand,
between different ligands, frommetal to ligand, and from
ligand to metal. When these different transitions occur
upon photo-excitation, different photochemical reactions
may be involved. For transitionmetal complex containing
more than one metal species, electron transfer between
the different metal species can also occur. Light with
different wavelengths can selectively excite these tran-
sitions, and thereby direct the photochemical reaction
pathways of the metal complex toward desired products.

Inorganic solid crystal materials upon photo-
excitation undergo different photophysical processes
compared to molecules due to their band structures.
Light with energy larger than the band gap of the solids
excite the electrons in the valence band to the conduc-
tion band. A thereafter electron migration occurs toward
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the solid surface and on the way of migration the elec-
trons can recombine with the positively charged holes,
and be trapped by defects and imperfections in the solid.
The number of defect sites and imperfections in the
crystal structure affect the migration of the excited elec-
trons and reactions occurring on the solid surface.

Photon energy. The photon energy of light (normally
with 200e800 nm wavelengths) in photochemical reac-
tions is inversely proportional to the wavelength:

E ¼ hv ¼ hc=l; (6.1)

where E is energy (J), h is Planck constant,
6.62� 10�34 J s, n is the frequency of the light (s�1), c is
the light velocity under vacuum, 2.998� 108 m s�1, l is
the wavelength of the light (nm).

The molar absorbed photon energy is described by:

E ¼ NAhv ¼ NAhc=l; (6.2)

where NA is Avogadro constant, 6.023� 1023 mol�1.
Therefore, the energy obtained by a substance absorbing
one mole of photons (6.023� 1023 photons or one Ein-
stein) is:

E ¼ ð6:62� 10�34 � 2:998� 108 � 6:023� 1023Þ=10�9

� l� 103 ¼ 1:197� 105=lðkJ mol�1Þ: (6.3)

Using this equation, if the light wavelength is known,
the light energy can be easily calculated using the above
equation.

Light absorption. A photochemical reaction takes place
under light irradiation. During this process, light is
absorbed and the efficiency of light absorption depends
on the electronic structures of the substance and the
match of the bond or band energy with the light energy.
For organic compounds, the common transitions are
n/ p*, p/ p*, n/ s*, and s/ s*. Here, n represents
a nonbonding orbital and * stands for an antibonding
orbital. These transitions, in general, have high extinc-
tion coefficients, and the value can be as high as
105 Lmol�1 cm�1. Organic ligands in organometallic
complexes generally maintain their noncomplexed
absorption characteristics but differences can be
observed due to interactions of the ligands with their
central transition metal ions.

The ded transitions of a transition metal ion in
a complex have a much lower absorption extinction
coefficient compared to their organic ligands due to their
(octahedron) symmetry forbidden property. The ded
transition occurs in the visible spectral region with
extinction coefficients only about 101e102 Lmol�1 cm�1.
Transitions from central metal ion to ligand and from
ligand to central transition metal ion generally occur in
the UV and short wavelength visible spectral region.
Their absorption extinction coefficient is relatively large
and can be in the order of 104 Lmol�1 cm�1.

Light absorption by inorganic solids such as semicon-
ductors is determined by their band structures. Their
absorption spectra generally have a critical absorption
wavelength below which the light with higher energy
(short wavelength) is absorbed. The critical absorption
wavelength depends on the band gap of the semicon-
ductor. The larger the band gap, the shorter the critical
absorption wavelength. The band gap can vary when
particle size of a semiconductor reaches its nano-size
regime (quantum size effect [16]). The quantum size
effect enlarges the band gap of the semiconductor,
resulting in an absorption onset shift toward shorter
wavelength (higher energy).

Light absorption by a dilute solution of a compound
without photochemical reaction upon light irradiation
can be described by BeereLambert law:

I ¼ I0 e
�acl; (6.4)

where I0 is the incident light intensity, I is the trans-
mitted light intensity, c is the concentration of the
compound (mol L�1), l is the light pathlength, i.e., the
thickness of the solution cell (cm), and a is the absorp-
tion extinction coefficient. In practical applications, the
equation has the form:

logðI0=IÞ ¼ 3cl: (6.5)

Here, 3 is the molar extinction coefficient of the light-
absorbing compound, 3¼ a/2.303.

For solid powder materials, due to scattering of light
by particles of the materials, the BeereLambert law
cannot be used. In this case, the KubelkaeMunk equa-
tion [17] is applied under diffuse reflectance conditions:

f ðRNÞ ¼ ð1� RNÞ2=2R ¼ k=s; (6.6)

where R is the absolute reflectivity of the solid layer, s is
the scattering coefficient, k is molar absorption coeffi-
cient, and N means that the solid layer should be thick
enough with no transmitted light. From the above
equation, it can be seen that when s is a constant, the
KubelkaeMunk equation can be expressed as:

f ðRNÞ ¼ ð1� RNÞ2=2R ¼ c=k0: (6.7)

Here, c is the sample concentration, k0 is the parameter
associated with particle size and molar absorptivity,
k0 ¼ s/2.3033. Under diffuse reflectance conditions, this
equation can be regarded as the “BeereLambert law”
for solid powder materials.

Quantum yield. The StarteEinstein law states that
a chemical reaction can take place only after a molecule
absorbs one quanta of photon energy. This law is no
doubt proper for the initial reaction. However, in some
cases, a molecule, after it absorbs one photon, can
undergo chain reactions to formmore than one molecule
or can continuously absorb two photons in order to form
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a molecule. Under these conditions, the StarteEinstein
law is no longer applicable. To overcome this difficulty
in accounting for the photon utilization efficiency, the
concept that describes the photochemical reaction
yielddquantum yield, Fdis introduced and it is
defined as:

F ¼ molecules produced or molecules consumed

=photons absorbed

Following this equation, the quantum yield can be
obtained if the number of molecules produced or
consumed and the number of photons absorbed are
known. From the quantum yield, one can clearly under-
stand the efficiency of a photochemical reaction Thus,
the concept of quantum yield is more meaningful than
the StarkeEinstein law in practice.

6.2. EXPERIMENTAL TECHNIQUES

Light sources. Nowadays, most popularly used light
sources are mercury lamps. Other light sources like
halogen lamps, xenon arc lamps, and phosphor-coated
lamps are also used. Light emitting diodes (LED) may
also be used but their narrow wavelength range may
limit their use. The mercury lamps are convenient and
easy to use and provide light with wavelengths ranging
from ultraviolet to visible (200e750 nm). Based on the
mercury vapor pressure in the lamps, they can be catego-
rized into low pressure (0.6665e13.33 Pa), medium pres-
sure (1.013� 104e1.013� 105 Pa) and high pressure
(2.026� 107 Pa) mercury lamps. The low pressure
mercury lamp mainly emits 253.7 and 184.9 nm light at
ambient temperature. The high energy 184.9 nm light is
normally of low intensity due to absorption of the glass
material of the lamp. If high-quality quartz is used for
the lamp, this wavelength of light can be intense. For
the low pressure mercury lamps, other wavelength light
is also emitted but the intensity is low. Medium pressure
mercury lamps operate at a relatively higher temperature
and a few minutes warm-up is normally needed. The
light emitted from this type of lamp has wavelengths of
265, 310, and 365 nm with relatively high intensities.
This type of lamp has a wider wavelength range and is
suitable for excitation of organic compounds. High pres-
sure mercury lamps have even more characteristic emis-
sion lines compared to the low and medium pressure
mercury lamps and for certain wavelength regions, the
emission becomes continuous.

For some photochemical reactions, single mono-
chromic light is needed. In these cases, laser light sources
can be used. If more than one single wavelength light is
needed, a combination of different lasers with different
wavelengths can be assembled. For a laser unit, some-
times different wavelengths lasers can be obtained by

changing the type of gases or mixing different gases
with different ratios in the laser resonance cavity. The
current tunable laser instrument can provide radiation
with a range of wavelengths. The most commonly used
lasers include argon and argon-pumped lasers, metal
vapor-pumped dye lasers, and solid-state lasers.

If lasers are not available due to cost issues, the
narrow wavelength window light can be obtained by
using window or cutoff glass filters. Selection of these
filters depends on the details of the photochemical
experiments where selective excitation of some chro-
mophores or removal of some unwanted light from
the light sources to avoid side reactions may be
needed.

Reactors. Reactors for photochemical synthesis vary,
depending on the purposes. Effective use of the light
source is normally the main concern. The Pyrex vessels
used for photochemical reactions are transparent to the
light with wavelengths> 300 nm, while quartz vessels
allow light of wavelengths> 200 nm to pass through.
The light source can be located in reactor center sur-
rounded by photochemical reactants or can be set
around a reaction vessel with reflection mirrors to reflect
all the light to the reaction vessel. Sometimes, optical
lenses may be used to focus light into reaction zones
or areas. This is often encountered in film and nanopar-
ticle making processes.

Photon actinometer. For measurement of quantum
yield, the number of photons from the light source and
the number of photons absorbed by a substance are
needed. To obtain such information, actinometers are
used. Two types of actinometers are commonly
employed in photochemical reactions: a solution chemi-
cal actinometer and an electronic actinometer [18]. For
solution photochemistry with light wavelengths of
250e450 nm, the potassium ferrioxalate solution acti-
nometer is the most widely accepted standard actinom-
eter [19]. This actinometer uses a solution of potassium
ferrioxalate solution with a concentration of about
3� 10�3 mol L�1. Under photo-irradiation of the solu-
tion without de-gasing, ferrioxalate anions absorb
photons to form nonphoton-absorbing ferrooxalate
anions with one-photon-to-two-ferrooxalate-anions
correspondence. The photochemical reactions are
described as follows:

h
FeIIIðC2O4Þ3

i3�
/
hv
h
FeIIðC2O4Þ2

i2�
þ $C2O

�
4 ðAÞ

$C2O
�
4 þ

h
FeIIIðC2O4Þ3

i3�
/C2O

2�
4

þ $
h
FeIIIðC2O4Þ3

i2� ðBÞ

$
h
FeIIIðC2O4Þ3

i2�
/

h
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þ2CO2 ðCÞ
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The ferrooxalate anion can be measured by moni-
toring the 510 nm absorption of its red colored complex
with 1,10-pyrrolidone. In the wavelength range of
254e360 nm, the quantity of the ferrooxalate anion
generated photochemically is almost constant, having
an average quantum yield of 1.24. With this known
quantum yield and the measured concentration of fer-
rooxalate anion, the number of photons absorbed by
the ferrioxalate solution is obtained.

Besides this most popular solution chemical actinom-
eter, many other solution chemical actinometers have
also been developed. A compilation of them can be
found in the IUPAC technical report given by Kuhn
et al. [18]. Depending on the systems of interest,
different chemical actinometers can be chosen, but
before using an actinometer, details of the method of
use need to be known and the original references need
to be consulted to obtain a full understanding of the
methods.

An electronic actinometer [18] is an integrated
system with an Si photodiode or a photomultiplier
that compares the transmitted light with the reflected
light from a beam splitter. This type of actinometer is
more convenient to use, but it is easily damaged by
intense light and self-deterioration may lead to large
measurement errors. Therefore, frequent calibration is
needed.

6.3. PHOTOCHEMICAL SYNTHESIS OF
ORGANOMETALLIC COMPLEXES

Organometallic complexes are a group of compounds
with wide applications. Study of their photochemical
properties and reactions has led to the photochemical
syntheses of these materials. Almost all transitionmetals
in the periodic table [20] are involved. The most studied
systems are those with versatile photochemical reactions
[21], specific photophysical properties [22], and catalytic
applications [23]. Photochemical synthesis has been
a route for synthesizing or “molecular engineering”
new and unusual organometallic complexes and
a huge number of new compounds with novel structures
and properties have been obtained [24,25]. The unique-
ness of photochemical synthesis is that it allows the
synthesis of organometallic complexes which cannot
be easily made or cannot be made at all by conventional
thermochemical synthesis methods. In addition, photo-
chemical synthesis often has processing and cost
advantages for synthesis of compounds when thermo-
chemical synthesis is possible. From a practical point of
view, simple routes of synthesis are always preferred.

Photochemical syntheses via photochemical reac-
tions involve many reactions such as photosubstitution,
photo-isomerization, photosensitized metalemetal bond

cleavage, photosensitized electron transfer, and photo-
oxidation and reduction. However, no matter which
reaction is referred, the key step of these photochemical
reactions is to activate the metal centers for reactivity. In
the early days, the field was very active due to interest
in photosynthesis occurring in nature and in photochem-
istry of transition metal coordination compounds
[1,20,24]. Nowadays the photochemical reaction studies
have been greatly expanded to syntheses of organome-
tallic compounds with more practical applications
such as supramolecular assemblies [26], photochemical
molecular devices andmachines [8,9], and photocatalysis
[23]. In the following sections we briefly discuss these
photochemical reactions.

6.3.1. Photosubstitution

Photosubstitution is the most commonly used
synthesis method for making organometallic complexes
[20,21,27]. The initial photochemical step in photosubsti-
tution is to photochemically detach a ligand of the
organometallic compound to create a vacant coordina-
tion site on the metal ion center. To achieve this, match-
ing the wavelength of light with the optical absorption
feature of the bond of the ligand targeted to be
detached is important. After the ligand is photochemi-
cally detached from the metal ion center, a coordina-
tively unsaturated intermediate is formed. The
intermediate is chemically very reactive and has the
tendency to bond to any species nearby to saturate
the coordination [28]. The detached ligand can come
back to the metal ion center or other species can occupy
the vacant site. Competition exists. If the other species
gets coordinated to the ion center, photosubstitution is
achieved. For synthesis purpose, one needs to consider
all the factors involved including property of the
solvent, property of the ligands, concentrations of the
ligands, and chemical nature of the ligands, to create
a condition which favors the desired product.
Competing processes of ligands other than the desired
ones are always present and our task is to minimize the
unwanted processes. Overall, the type of photo-
substitution reactions and the degree of substitution
depend on the properties of central metal ions, the
ligand field, the type of excited states, and the reaction
conditions such as temperature, pressure, and solvent.
For photochromic applications using photosubsti-
tution reactions, ligand configuration also needs to be
considered [29].

A lot of studies on photosubstitution in the past were
focused on transition metal complexes which are not
thermally reactive. These complexes are mainly those
of transition metal complexes having d3, low spin d5

and d6 six-coordination, and d8 square-planar configura-
tions [20,30e32]. Many photosubstitution reactions take

6. INORGANIC PHOTOCHEMICAL SYNTHESIS132



place via one-step reaction of the complex excited state
with a substituting ligand as follows:

h
½MLx�nþ

i�
þL0/

h
MLx�1L

0
inþ

þL

where L is the ligand, M is the central metal ion, L0 is
a substituting ligand, and * represents an excited state.
This type of ligand photosubstitution is very common for
d3 and d6 six-coordinated transition metal complexes [24].

If the metal coordination compound has more than
one type of ligand, detaching which ligand depends
on the properties of the coordination compounds and
the wavelength of light used. Under visible light irradi-
ation, photo-aquation of Cr(III) amine/chlorine coordi-
nation compounds takes place mainly on the NH3

ligand not on the Cl� ligand. This is in contrast to the
thermal chemical reaction where Cl� substitution is
the main reaction. The difference between the photo-
chemical and thermochemical substitutions lies in the
different reactivity of the ground state and the excited
state of the complex. Using photo-aquation reactions,
different ligand-substituted transition metal coordina-
tion compounds have been synthesized and details
have been summarized in [24] with the types of prod-
ucts and their quantum yields.

Formetal coordination compoundswith a chain ligand
such as (C5H4R)Mn(CO)3, R]COCH3, COCH2SCH3,
CO(CH2)2SCH3, COCH2OCH3, (CH2)2CO2CH3, and
CH2CO2CH3 after detaching a CO ligand by photolysis,
the side chain could effectively trap the coordinatively
unsaturated metal center, forming a ring through the
coordination of S and O on the side chain to the metal
center [33]. Due to the favorable conformation of the
side chain on the metal center, ring closure following
photolysis is extremely fast and the quantum yield for
the side chain substitution can reach unity. Comparing
complexes with different side chains, the quantum yields
can vary to some extent, probably due to the different
ring strain and different rate for replacement of solvent
coordinated intermediates [33].

Photosubstitution does not just occur on one ligand.
In some cases, one ligand can substitute two carbonyl
ligands on the complex to form new coordination
compounds [34]:

h5-C5H5VðCOÞ4 þ RChCH /
hv

C6H6

h5-C5H5VðCOÞ2RCCH

þ 2CO

where R¼H, n-C6H5, n-C4H9, CMe3, and in the absence
of other ligands, photosubstitution led to dimerization
[35], and thus multimetal-containing coordination
compounds are obtained:

2h5-C5H5VðCOÞ4 !hv
THF

ðh5-C5H5Þ2V2ðCOÞ5 þ 3CO

For the reaction above, the yield of the two-metal-
containing compound can reach 90% [36].

For highly symmetric transition metal carbonyl,
M(CO)6 with inert d6 configuration, photosubstitution
results in release of CO and forms coordination
compounds with different ligands:

MðCOÞ6 þ L/
hv

MðCOÞ5Lþ CO

The eighth subgroup transition metal-containing coordi-
nation compounds, M(CO)5, can be photo-substituted
similarly [20].

For coordination compounds containing two metals,
the two metals can either form a metalemetal bond or
be linked by a ligand bridge. The former, upon light irra-
diation, undergoes metalemetal bond hemolytic
cleavage and forms two active metal carbonyl radicals.
The two active metal carbonyl radicals then undertake
thermal substitution reactions [37], for example,

�
MnðCOÞ5

�
2
þ2pph3/

hv �
MnðCOÞ4ðPPh3Þ

�
2
þ2CO

Further reaction under light irradiation leads to removal
of CO ligand and formation of a metalemetal bond,

 

5-C5H5(CO)2Mn(AsMe2)M(CO)n

THF h

5-C5H5(CO)2Mn(AsMe2)M(CO)n-1 + CO

where M¼Mn, Re, n¼ 5; M¼Co, and n¼ 4 [38].
Similar to two-metal-containing compounds, photo-

reaction of tri-metal carbonyl coordination compounds
mainly leads to metalemetal bond cleavage. However,
the bond-cleaved intermediates can further react to
form either segments of the coordination compounds
or ligand-substituted complex, for example [39],

OS3ðCOÞ12 þ PPh3 ���!hv
Toluene

OS3ðCOÞ11PPh3 þ CO

OS3ðCOÞ11 þ PPh3 ���!hv
Toluene

OS3ðCOÞ10ðPPh3Þ2 þ CO

OS3ðCOÞ10 þ PPh3 ���!hv
Toluene

OS3ðCOÞ9ðPPh3Þ3 þ CO

Similarly, photolysis of some four-metal coordination
compounds leads to compound segments, but for some
compounds, photosubstitution can be the main reaction
leading to multimetal multiligands coordination
compounds, particularly, for coordination compounds
containing second and third row transition metal ions
[40,41].

Besides the metal carbonyl coordination compounds,
other coordination compounds with ligands such as
hydride, isocyanide, olefin, aromatics, and alkyls can
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also undergo photosubstitution to form corresponding
ligand-substituted compounds [24,42]. Metal hydride
coordination compounds form dehydrogenated coordi-
nation compounds upon photolysis, which cannot be
obtained thermally. The photo-generated dehydrogen-
ated compounds are active reactants and can be used
for further synthesis of many other organometallic
complexes [43].

Photolysis of metaleisocyanide coordination
compounds leads to detachment of ligands and there-
fore generates active species for substitution reactions.
The Cr, Mo, and W six-phenyl-isocyanide coordination
compounds experience photolysis in very pure pyridine
solvent, forming pyridine-substituted products:

MðCNRÞ6!
hv

py
MðCNRÞ5ðpyÞ þ CNR

Reference [44] summarizes the quantum yields of these
reaction products upon irradiation of light with different
wavelengths.

For aromatic-ligand transition metal coordination
compounds, photolysis can lead to partial or complete
ligand substitution, forming new complexes. For
example [45]:

Here L3 can be monodentate ligands such as
(CNC6H4Me)3, (CO)3, and (P(OPh)3)3 or tridentate
ligands such as h6-C6Me6 and PhP(CH2PPh2)2. High
quantum yields were obtained for this reaction, for
example, when L3¼ PhP(CH2PPh2)2, the photosubstitu-
tion quantum yield for p-xylene at 436 nm is 0.57 [45].

In some cases, photosubstitution can also take place
between the coordinating aromatic ligand and the
aromatic solvent molecules:

ðh6 � arene1ÞRuCl2ðPR3Þ

þ arene2/
hv ðh6 � arene2ÞRuCl2ðPR3Þ þ arene1

This substitution reaction, in some cases, is quite effi-
cient, for example, with cumene as solvent, the substitu-
tion efficiency can reach 100% [46].

Recently, it is found that photosubstitution of poly-
pyridine ruthenium(II) complexes is an efficient route
to obtain new ruthenium(II) compounds, although
thermal synthesis of this type of organometallic coordi-
nation compounds is common. The reason for extensive
study of this type of organometallic coordination
compounds is their potential use in solar energy conver-
sion processes [47,48] and as components of luminescent

sensors [49e51], light emitting diodes [52], and photo-
switchable molecular devices [53e55]. Photosubstitution
of polypyridine ruthenium(II) complexes takes place
after their metal-to-ligand charge-transfer (MLCT) band
is photo-excited. Thermal population of their low-lying
ded states from their MLCT excited state leads to expul-
sion of their weaker ligands and subsequent substitution
by other ligands [56,57]. Starting from [Ru(terpyridine)
(phen)Cl]þ complex, a series of photo-substituted
ruthenium [Ru(terpyridine)(phen)L]nþ complexes,
such as L¼CH3CN, CN�, pyridine, isoquinoline, dmap
(4-dimethylaminopyridine), ptz (phenothiazine), and
mqt (4-(40-methylpyridinium)pyridine), were synthe-
sized by irradiating their corresponding degassed
acetone solutions with white light from a slide projector
for 3e8 h at ambient temperature [58]. The product
yields range from 78% to 96%. The photochemical
synthesis is shown to be a very efficient route for obtain-
ing these new polypyridine ruthenium complexes.

Photosubstitution canalsobeused to synthesizepiano-
stool organo-iron complexes [CpFeL1L2L3]

þ bearing
a variety of ligands (Cp¼ h5-C5H5, L¼ neutral 2-electron
ligand) via visible light photolysis of any member of the
family of [FeCp(arene)][PF6] sandwich complexes (are-
ne¼ h6-arene) including those in which the arene is
mono-, bis or tri-substituted [59]. A more facile access to
the family of piano-stool family with the Cp* ligand
involves photolysis/photosubstitution of the isolable
tricarbonyl Fe complex using visible light [60,61].

6.3.2. Photo-isomerization

Here the photo-isomerization reaction is the stereoi-
somerization of organometallic compounds. The
purpose of the study of this type of reaction is to
synthesize, under light irradiation, those stereoisomers
which either cannot be synthesized by other synthetic
means or can be synthesized but with undesirably
low reaction rate. Many photo-isomerization reactions
are reversible and the reaction conditions determine
the direction of the reactions. This sets up the basis
for the photochromic applications [53] and molecular
switch. However, these applications mainly involve
organic compounds and are much less common for
organometallic compounds [62].

(1) Reversible cis- to trans-isomerization.
Ru(II)(bipyridine)2 coordination compound

undergoes cis- and trans-photo-isomerization [63]:

cis� ½RuðbipyÞ2ðH2OÞ2�2þ þ #
hv

trans� ½RuðbibyÞ2
�ðH2OÞ2�2þ

This reaction is reversible but the forward reaction
has a higher quantum yield than the reverse reaction
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(0.043 versus 0.025). d6 ion coordination compounds
such as Co(NH3)3(H2O) also undergo similar photo-
isomerization reactions [64]. The trans-(n-Pr3P)PdCl2
coordination compound in chloroform converts to the
light-stable cis-isomer under UV light irradiation
[65,66]:

trans� ðn� Pr3PÞ2PdCl2#cis� ðn� Pr3PÞ2PdCl2
Due to its very long decay time (103 h), characterization
of the cis-isomer can be carried out with normal optical
spectrometry. Cis- to trans-photo-isomerization reaction
of Pt planner coordination compounds is also reversible,
but the relative concentration of the cis-/trans-isomers
changes with solvent. For trans-PtCl2(Et3P)2 to its cis-
isomer reaction, the quantum yield is about 10�2 when
the ligand field band is photo-irradiated (l> 300 nm)
[67].
(2) Isomerization of ligands in organometallic

coordination compounds. Some organometallic
coordination compounds undergo isomerization
and form ligand isomerized compounds upon light
irradiation. For example, solid trans-[Ru(NH3)4
Cl(SO2)]Cl, when irradiated with the 365 nm light at
low temperature, isomerizes [68]:

The reaction is reversible at room temperature.
Similarly, Co coordination compounds can also
undergo such reaction [69]:

However, the above isomer product is unstable to
temperature and it either slowly returns back to the orig-
inal reactant or decomposes to Co ion.

Because of the instability of the ligand isomerized
products, prolonged light irradiation can cause the
ligand isomerized products themselves to further react
with solvent molecules or with other ligands [70]:

½PdðMeEþ 4dienÞNO2�þ /
hv ½PdðMeEþ 4dienÞðONOÞ�þ

/
hv ½PdðMeEþ 4dienÞS�2þ½NO2��

where S represents solvent molecule, MeEþ4dien¼ 4-
methyl-1,1,7,7,-tetraethyl diethylenetriamine.

Recently, studies on photochromic compounds of
ruthenium-polypyridine-dmso compounds such as trans-
and cis-[Ru(tpy)(Me-pic)(dmso)](OSO2CF3) and cis-[Ru
(tpy)(Br-pic)(dmso)]-(PF6) (tpy¼ 2,20: 60,200-terpyridine;

Me-pic¼ 6-methyl-2-pyridinecarboxylate; dmso¼ dimethyl
sulfoxide, Br-pic¼ 6-bromo-2-pyridinecarboxylate) have
shown photo-triggered S-to-O isomerization following
metal-to-ligand charge-transfer (MLCT) excitation
[71e76]. The S-to-O photo-isomerization is controlled
by the rotation vibration of the dmso ligand about the
RueS bond. The quantum yield of the isomersization
of these compounds therefore depends on the interac-
tion of other ligands with the dmso ligand.

6.3.3. Photosensitized Metalemetal Bond
Cleavage Reaction

Photosensitized metalemetal bond cleavage reaction
is one of the most important photochemical reactions for
synthesis [24]. Here the coordination compounds are
either binuclear or multinuclear, as seen from the exam-
ples given above in the photosubstitution reactions. Pho-
tosensitized metalemetal bond cleavage is not specific
on the kind of metals. As far as the reaction product is
concerned, the reactions proceed with fragmentation
followed by formal oxidation and substitution on the
metal centers.

(1) Metalemetal bond cleavage reaction of binuclear metal
coordination compounds. For metalemetal bond
cleavage reactions of binuclear metal coordination
compounds, the most studied are the binuclear
metal carbonyl coordination compounds, M2(CO)10,
and their derivatives (M¼ group VI, VII, and VIII
transition metals) [77e80]. In the metalemetal bond
cleavage reactions, solvent determines whether the
metalemetal bond is broken, by a homolytic or
heterolytic process. The cleavage pathway
determines the final products formed by either
substitution or insertion. For synthesis purposes, it is
extremely important to choose the proper solvent.
Metal Mo and W carbonyl coordination

compounds (h5-C5H5)2M2(CO)6 exhibit different
homolytic cleavage rates in the presence of different
halogenated hydrocarbons [81]:

ðh5 � C5H5Þ2M2ðCOÞ6 þ 2PhCH2Cl /
hv

C6H6

2h5

� C5H5MðCOÞ3Clþ PhCH2CH2Ph

The reactivity order follows the sequence CCl4>
CHCl3> PhCH2Cl>CH2C12. If donor solvents are
used, these binuclear coordination compounds undergo
heterolytic cleavage-substitution reactions [82,83],

ðh5 � C5H5Þ2Mo2ðCO6Þ þ X/
hv

h5 � C5H5MoðCOÞ3X
þ ½h5 � C5H5MoðCOÞ3��

here X¼Cl, Br, and SCN.

 

S

O

O

Ru(II)
h O

S

O

Ru(II)
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(2) Metalemetal bond cleavage reaction of multinuclear
metal coordination compounds. Study of metalemetal
bond cleavage reactions of multinuclear metal
coordination compounds has also focused on metal
carbonyl coordination compounds and their
derivatives. M3(CO)12 (M¼ Fe, Ru, Os) coordination
compounds mainly carry out photofragmentation.
For example [84,85],

Ru3ðCOÞ9ðPPh3Þ3 þ 3L/
hv

3RuðCOÞ3PPh3L
½Fe3ðCOÞ11�2� þ 4PPh3/

hv
2FeðCOÞ3ðPPh3Þ

þ½FeðCOÞ4�2� þ CO

here L¼CO and PPh3.

6.3.4. Photo-induced Electron Transfer
and Redox Reactions

One of the most important consequences of electron
excitation is the increase of electron affinity and the
decrease of ionization potential of the molecule. Long-
lived excited state molecules easily transfer their
electrons to other molecules. The early inorganic photo-
chemists’ attention mainly focused on intramolecular
photoredox and ligand photosubstitution reactions [24],
and nowadays, studies are more focused on conversion
of solar energy to chemical energy using coordination
compounds and new coordination compounds with
unusual oxidation states and chemical properties [20,31].

The electron-excited states in the electron transfer
reactions vary. Based on the molecular orbital involved
in the electron transitions, the excited states can be
divided into the following types:

(1) Metal centered (MC) or ligand-field excited states;
(2) Inner ligand or ligand centered (LC) excited states;

and
(3) Electron transfer excited states.

The charge transfer can occur from metal to ligand
(MLCT) or from ligand to metal (LMCT). In addition,
charge transfer to solvent (CTTS) as well as between
metals in the multinuclear coordination compounds
can also occur. However, it needs to be mentioned that
the assignment for the various excited states is arbitrary
and when the states cannot be described with localized
molecular orbital configurations, the assignment
becomes unimportant. In addition, the sequence of
orbital energy levels can change, which, upon excitation,
leads to different excited states. The details of orbital
energy levels depend on the type of ligand, the nature
of metal, and the metal oxidation state. For example,
the coordination compounds with the same Ir3þ ion,
such as Ir(phen)Cl4

�, Ir(phen)2Cl2
þ, and Ir(phen)3

3þ,
have different lowest excited states, MC, MLCT, and

LC, respectively. The same type of coordination com-
pounds with different metal ions such as Rh(bipy)2Cl2

þ

and Ir(bipy)2Cl2
þ have lowest excited states MC and

MLCT, respectively.
Via photo-redox reactions, transition metal coordina-

tion compounds with low valence states can be prepared
[86]:

The first reaction above is a photo-redox reaction
which generates a univalent iron coordination com-
pound and the second reaction is a photochemical
reduction which removes H2.

Some square planar d8 coordination compounds also
undertake such reaction [87]:

MðC2O4ÞL2/
hv

2CO2 þML2

Here M¼Ni, Pd, and Pt. An interesting 16e� square
planar coordination compound can be converted into
inorganic analoguedcarbon-olefin 14e� metal coordina-
tion compound upon light irradiation. By this reaction,
coordination compounds with low valence metals such
as Pt0 and Rhþ can be synthesized [88].

Photochemical reactions of organometallic compounds
normally need to avoid the presence of oxygen because
the excited states and intermediates react with oxygen to
form metal oxides. However, under certain conditions,
this oxidation may be used to synthesize metal oxides
with organometallic ligands [89e92]. The synthesis of
(CpV)mOn clusters by irradiation of CpV(CO)4 in the
presence of controlled amounts of oxygen [92], and the
synthesis of Cp*MoO2Cl from Cp*Mo(CO)3Cl [91] are
examples of this kind and give novel partially oxidized
organometallic compounds.

6.4. PHOTOCHEMICAL SYNTHESIS OF
INORGANIC COMPOUNDS

6.4.1. Photochemical Synthesis
Via Photosensitization

Photosensitized reactions are photochemical reactions
in the presence of sensitizers. The function of a sensitizer
is to transfer energy or to participate in photochemical
reactions to form a radical which then reacts with reac-
tants and converts back to the sensitizer. In many
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inorganic photochemical reactions, mercury is a common
sensitizer. Upon light irradiation, mercury is excited
and becomes excited mercury. The excited mercury
collides with reactant molecules and transfers the energy
to the reactant molecules to make them more reactive.

a. Hydrides of main group elements
The hydrides of the main group elements such as

B, Si, and Ge, P, As, and Se, polymerize via mercury
photosensitized reactions [93e98]:

2B2H6 þHgð3P1Þ/B4H10 þH2

2SiH4 þHgð3P1Þ/Si2H6 þH2

2GeH4 þHgð3P1

�
/Ge2H6 þH2

2PH3 þHgð3P1

�
/P2H6

2AsH3 þHgð3P1

�
/As2H6

These reactions occur because the MeH (M¼ B, Si,
Ge, P, As, Se) bond energies are within the range of
294e378 kJ mol�1 and absorb light with energy
matching the released energy of excited mercury.
Many nonmetal halides such as BCl3, SiCl4, CCl4, and
AsCl5 also have similar bond energies and can be
mercury-sensitized to form corresponding
compounds [93,101].

Polymerization of silicon hydride and ethylene or
acetylene to form a Si-containing alkane has been
achieved via mercury photosensitization reaction and
the resulting Si-containing alkane products have very
high purity and are easily separated and purified [99].
Cyclic C3F6 compound can also be synthesized using
mercury photosensitization reaction [100].

b.Metal carbonyl complexes
In addition to the examples given above, mercury

photosensitization can also be used to synthesize
metal carbonyl and their ligand-substituted
complexes. This is also due to the energy match of
transition metal-carbonyl bond energies with the
energy released from the excited mercury, as were
observed for the hydrides of the main group IV, V, and
VI elements. The photosensitization reaction is also
one of the main synthesis routes for these complexes
[102].

6.4.2. Photochemical Synthesis of Boranes
and their Derivatives

Although photochemical synthesis of boron
compounds was not studied as extensively as their ther-
mochemical synthesis due to the lack of visible light
absorption of boranes, the study of photochemistry of
boranes using short wavelength UV light (<280 nm)
provided synthetic strategies for the formation of
a variety of new boron compounds [93]. The synthesis

can be carried out via mercury sensitization as
mentioned in the above section or via direct photolysis.
The latter generates radicals and the subsequent reac-
tions between the radicals form the products. By this
method, tetraborane, decaborane, and icosaborane
were photochemically synthesized [93,103e105]:

B2H6ðhv ¼ 184:9 nmÞ/B4H10 þ B5H11 þH2

þ�ðB2H2dÞn
B5H9ðhv ¼ 193 nmÞ/B10H16 þ B10H14 þH2

2B10H14ðhv ¼ 272 nmÞ/B20H26 þH2ð10% yieldÞ
For icosaborane, B20H26, isomers are present in the final
product [93,104,105].

6.4.3. Synthesis of Chlorine Gas
Via Photolysis

Industrial chlorine gas is obtained via either electrol-
ysis of aqueous NaCl solution or oxidation of HCl on
a Cu catalyst [106]. The former demands a lot of elec-
tricity while the latter necessitates handling of corrosion
at 450�C and catalyst deactivation. Photochemical
synthesis of chlorine gas can overcome these problems
and may be a useful approach to provide chlorine gas
for wastewater treatment for poor and developing coun-
tries [32]. The photolysis is based on the flowing
reactions:

½FeðOH2Þ5CI�2þ þH2O/
hv ½FeðOH2Þ6�2þ þ CI,;

½FeðOH2Þ4CI2�þ þH2O/
hv ½FeðOH2Þ5CI� þ þCI,;

Cl,�2 þ Cl,�2 /Cl,�3 þ CI�
Cl�3 /Cl2 þ Cl�

In these reactions, photolysis of [Fe(OH2)5Cl]
2þ and

[Fe(OH2)4Cl2]
þ with 270e400 nm light generates Cl$

radicals. The Cl$ radical and Cl� react to form Cl2
$�,

and subsequently, Cl2
$� disproportionates to Cl2 and

Cl�. For these reactions, the concentrations (need to be
high) of [Fe(OH2)5Cl]

2þ, [Fe(OH2)4Cl2]
þ and Cl� and

pH (need to be low) are important factors to control.
The quantum yield of the process is in the range of
0.09e0.13 [32]. The kinetic spectroscopic method gives
a quantum yield in the range of 0.46e0.57 [107].

6.4.4. Photochemical Synthesis of Fluorides

XeF2 is one of the inorganic compounds synthesized
when the era of noble gas chemistry just began
[108,109]. It has been widely used as a fluorinating and
oxidizing agent to react with metals or metal oxides to
form metal fluorides or oxyfluorides, as a medium
strong Lewis base to react with metal penta- and tetra-
fluorides and with the compounds that are weak fluo-
ride ion acceptors to form ionic or covalent adduct
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compounds, and as a ligand to metal ions to form coor-
dination compounds [110]. XeF2 can be prepared from
gaseous mixtures of xenon and fluorine thermally or
photochemically. The thermal preparation method uses
a large excess of xenon over fluorine in the presence of
catalyst in order to minimize formation of tetra- or
higher fluorides [111]. In contrast, photochemical
synthesis with the same mixture is simple and gives
rise to pure XeF2 product. The reaction can be performed
in Pyrex flasks with sunlight or UV light from a mercury
lamp but the pressure within the reaction vessels needs
to be carefully monitored in order to avoid XeF4 forma-
tion (a compound that forms highly explosive XeO3

when it is hydrolyzed). Irradiation of a 2:1 molar ratio
Xe/F2 gaseous mixture with UV light and about 1 mol%
of HF as catalyst can give up to 1 kg pure XeF2 in a
10 L reactor [112].

Similarly, KrF2, O2F2, SF6, and ClF5 can be prepared
via irradiation of corresponding gas mixtures at liquid
nitrogen temperature [113e115]. Other compounds
such as S2F10 and CF2(NO)2 can also be synthesized via
photodecomposition of SF5Br and photolysis of amixture
of CF2I2 and NO in the presence of mercury [116,117].
Ninety-nine percent yield can be achieved for S2F10
[118] while for CF2(NO)2, the yield is about 10% [119].

6.5. SYNTHESIS OF INORGANIC THIN
FILMS VIA PHOTOCHEMICAL

REACTIONS

6.5.1. Laser-assisted Thin Film Formation
of Inorganic Materials

Inorganic metal and metal oxide thin and ultrathin
films are technologically important materials due to
their applications in integrated circuits and related opto-
electronic components [120,121], as gating materials for
information processing, data storage and high density
charge capacitance [122e130], as electrolytes for electro-
chemical energy conversion and storage [131e134], as
electron conductors and transparent electrodes in
a variety of photochemical technologies such as solar
cells, membranes for water splitting and gas separation
[135e139], and as passive oxide films for corrosion resis-
tance of metal surfaces [140]. Chemical vapor deposition
(CVD) and atomic layer deposition (ALD) are well-
known processes for making such inorganic thin films
on substrates. In recent years, laser-assisted processes
have become useful routes for making them [141,142].
In the laser-assisted processes, laser photolysis of
precursors generates reactive species to form thin films
on substrates and for oxide ultrathin films formed via
oxidation of a surface of metal or nonmetal substrate,
photon irradiation of gas phase oxygen generates active

oxygen species such as atomic oxygen radicals and
ozone molecules which then oxidize the substrates
surface forming oxide films. In term of the precursor
formation mechanism, laser-assisted film formation can
be a thermal process, similar to what was seen in the
chemical vapor deposition (CVD), but as far as photo-
chemical synthesis is concerned, laser-assisted film
formation should be a process where photochemical
(photolysis) process is the main step. Gas or adsorbed
reactants absorb laser light and form dissociated or
ionized precursors which then form films on the surface
of substrates or substrates absorb laser light forming
electronehole pairs on the substrate surface, and then
reactants react with the electronehole pairs, depositing
a film on the substrate surface. The latter process is the
main reaction step in laser lithography. Compared to
the conventional CVD and ALD film-making processes,
laser-assisted film deposition and laser-assisted
substrate surface oxidation for ultrathin oxide films
provide technically easily controlled processes and
high quality films. For some materials, laser-assisted
process is even the only process for making films.

When carrying out laser-assisted film formation
procedures, the following factors need to be considered:

Reactant: The reactants should contain the atoms
needed for the film formation. Their absorption
spectra, volatility, and possible routes of cleavage
should be clearly understood. The gas phase reactants
normally used are hydrides, halogenated
compounds, alkyl, carbonyl, and acetylacetone
compounds of corresponding metals,
semiconductors, or insulators. For oxide films where
the metal ions are provided by the substrates, laser
generated atomic oxygen or ozone molecules in the
gas phase are the reactants. For laser-assisted film
deposition, ideal precursors are compounds which
can be photolyzed with low intensity of light in the
range of the irradiative laser wavelengths and form
thin film with no impurities. The newly formed
species and their volatile products should be
relatively inert and the newly formed species should
have enough vapor pressure to favor a rapid
deposition onto the substrate surface. Therefore, the
choice of proper precursors is important and
determines the quality of the thin films and whether
the specification of the films can be achieved for
actual applications. For the ultrathin oxide films
formed via reaction between photo-generated active
atomic oxygen or ozone and the substrate elements,
the photochemistry of oxygen molecules and the
chemical properties of the formed oxide films need to
be understood.
Substrate: The features of absorption spectra and the
thermal conductivity of the substrates should be
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known for film depositing on them. For the ultrathin
oxide films formed via oxidation of the substrates, the
band gap of the oxides and their corresponding
optical properties for light absorption need to be
clearly understood.
Laser and its geometric shape: The wavelength of laser
should satisfy the need for cleavage of the reactants
while for generating atomic oxygen and ozone
molecules for ultrathin oxide films, a short
wavelength UV light matching the oxygen and ozone
molecule absorption bands needs to be employed.
A widely used light source is the low pressure
(<0.1 Torr) mercury lamp (185 and 254 nm). In some
cases, other light sources such as 222 nm KrCl* laser
and high pressure Hg lamp with filter (restricted to
280e420 nm) have also been used [143,144]. The
selection of the geometric shape of the laser depends
on the real applications. In the process of laser-
assisted film formation, there are two geometric
categories for laser irradiations: the focused type and
the unfocused or weakly focused type. In the focused
type, the light beam is focused via lenses onto the
substrate surface covered with reactant vapors. This
type of laser arrangement is often called “laser direct
writing”. Photolysis of molecules near or adsorbed on
the substrate surface causes newly generated species
to deposit onto the substrate surface. If the substrate
is laterally moving or fixed, thin films with different
shape (line or point) are formed on the substrate
surface. Taking advantage of this kind of laser
geometric shape, sub-micron-sized films can be
deposited on the substrate surface. In the unfocused
or weakly focused type, an intense laser pulse is
employed. With this type of irradiation shape, large
area of thin films can be prepared. Another form of
unfocused or weakly focused irradiation is to focus
the laser into a line shape with cylindrical lenses and
allow it to pass just above the substrate surface. In this
case, the laser initiates the chemical reactions in the
gas phase but not on the substrate surface, thus
avoiding heating the substrate surface by the laser
light. The third form of the unfocused or weakly
focused irradiation is projection printing. This is also
a large area irradiation but the lucifuge pattern needs
to be placed in the light path. With this irradiation
shape, deposited thin films with different designed
patterns can be obtained. The above-mentioned three
types of irradiation shapes with no focus or weak
focus can be used individually or in combination.
Deposition and film formation models: Many photolysis
deposition models have been proposed to illustrate
and predict the local photolysis film growth rate of
gas phase and surface adsorbed reactants. These film
growth models only take into consideration the initial
photolysis process, and not the chemical reactions of

the photolysis products and their recombination. An
early simple model [145] predicts that if the gas phase
photolysis was the main process, the thin film growth
rate at the deposition center is positively proportional
to 1/u. Here u is the radius of the laser beam. If the
surface photolysis is the main process, the deposition
rate is positively proportional to 1/u2. A recent rather
detailed model for laser gas phase deposition with
a Gauss distribution laser beam is described as [146]:

kphotolysis ¼ fnftsdðlÞ
2½pðu2 þ r2Þ�1=2

8w4 þ r4

8w4 þ p1=2r4
:

Here, n is the gas density, Ft is the photon flux, sd is the
photolysis cross-section, r is the radial coordinate, u

is the laser half-width at 1/e of the laser intensity,
f¼ ap/2, and ap is the sticking coefficient of the surface-
deposited atoms. The above equation predicts that, for
r/u<< 1, the growth rate decreases with 1�(r/u)2/2.
For r/u>> 1, the growth rate decreases with 1/r. There-
fore, due to the slow decrease of the growth rate when
r/u is large, it may be expected that the photolysis depo-
sition area is more spread out than that of a laser with
a Gaussian distribution.

For the ultrathin oxide films formed via reactions of
gas phase photo-generated atomic oxygen and the
surface of substrate, various film formation and growth
models have been proposed [142]. Different from the
deposition models discussed above, these oxide film
formation models only consider the initial stage of
oxidation of the substrate surface and transportation of
electronic and ionic species through the newly formed
oxide film. The function of photon irradiation is to
increase the concentration of active oxygen species and
to create an electric field. The latter originates from the
space charge formed within the oxide film by photon
irradiation and accelerates the diffusion of the charged
species in the oxide film. A detailed model proposed
by Kazor and Boyd [147] has the following form:

X2 ¼ a=b½1� expðbtÞ�

Here, X is the thickness of the oxide film, a ¼ UDeffDn
and b ¼ [(eUDeffs)/23kT](n1/6þ n2/3), t is time. a/
b¼X2

lim represents the square of the limiting oxide
thickness. U is the volume of the oxide per oxidant
unit. Deff is the effective diffusion coefficient of the ionic
oxidant. Dn¼ n2� n1, n1 and n2 are the oxidant concen-
trations at the surface and interface of an oxide layer of
thickness at time t, X(t), respectively. s is the effective
planar charge density, 3 is the dielectric constant of the
oxide, k is the Boltzmann constant, and T is the substrate
temperature. This kinetic rate model has been used to
explain the low temperature photo-enhanced oxide
growth on Si [147e150].
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After considering these factors for laser-assisted film
formation, we now give a brief summary of inorganic
thin films made with this technique. The laser-assisted
thin film studies mainly focused on fabricating integra-
tion circuits, production of solar energy cell, infrared
sensor manufacture, and exploration of the correspond-
ing materials. In recent years, the field of photolysis of
solid surface modulated adsorbed molecules has devel-
oped rapidly.

(1) Metal films
The precursors most widely used for making metal

films are those of alkylates of metals such as Al, Zn,
Cd, and Hg; carbonyl compounds of metals such as
Cr, Mo, W, Fe, and Ni; halogenated compounds of
metals such as Ti and W; and acetylacetonate
compounds of metals such as Cu, Pd, Pb, and Au
[141]. Depending on the nature of the precursors, the
lasers with wavelengths of 193 nm (ArF laser),
248 nm (KrF laser), 257 nm (Arþ ion laser), 308 nm
(XeCl laser), etc. have been selected. All these lasers
are within the UV range and provide light which
matches the absorption bands of metal to ligand
electronic transitions. This match is important
because the laser photolysis of the metal
coordination compounds is actually a metaleligand
bond cleavage process. Another aspect is that metal
precursors generally have multiple ligands, and
photolysis of them normally needs more than one
photon to complete the last metaleligand bond
cleavage to generate the species for film formation.
The detail of the specific process depends on the
kind of metal complexes and the number of ligands.
Due to the existence of organic ligands in the metal
precursors, the most easily occurring contamination
during the laser photolysis film formation process is
carbon. To avoid this, precursors with no carbon
such as hydrides and fluorophosphides or with
organic fragments that are stable during photolysis
can be used. Carbon contamination can also be
avoided by controlling the gas phase by adding
some compounds with high volatility.

(2) Semiconductor films
The most studied systems are those of the group IV

element semiconductors such as Si, Ge, GeeSi alloy,
C, and SiC; the group IIIeVelement semiconductors
such as GaAs, InSb, and InP; and the group IIeVI
element semiconductors such as HgTe, HgCdTe, and
CdTe [141]. For Si films, the most studied
compounds are monomer and polymeric silanes.
Chlorosilane had also been used recently [141]. For
group IIIeV compound semiconductors, films have
been obtained via photolysis of methyl and ethyl
compounds or hydrides of the III and V group
elements. For group IIeVI compound

semiconductor thin films, formation of an abrupt
interface structure is important owing to their
narrow band gaps. Films with abrupt interface could
be obtained via laser photolysis of precursors at low
temperatures in order to avoid diffusion of atoms.
For such cases, photolysis of gas phase compounds
needs lens-focused laser beams.

(3) Insulator films
Using suitable semiconductor or metal precursors

and N2O as an oxygen source and NH3 as a nitrogen
source, oxide and nitride insulator films such as
SiO2, Si3N4, Al2O3, AlN, and G eO2eSiO2 have been
synthesized [141]. Other insulator thin films such as
Cr2O3/CrO2 and TiC have also been made. In the
formation processes of these insulator films, one
reactant strongly absorbs the light while the other
weakly absorbs the light. The strongly light-
absorbing reactant decomposes during the
photolysis and dominates the whole reaction
process. The excitation of the reactants can be
achieved directly or via mercury sensitization.

(4) Ultrathin oxide films via photo-assisted oxidation of
substrate surfaces
Tsuchiya et al. [142] have reviewed this field and

found that band gap is one of the most important
parameters for the photon-assisted film formation.
They discussed the semiconductor substrates such
as Si, Ge, SiGe, GaAs, InAs, InP, and GaSb and oxide
film materials and classified the latter into four
groups based on their band gaps: (a) highly
transparent oxides (>8 eV) such as Al2O3 and SiO2;
(b) intermediate bandgap oxides (5e6 eV) such as
ZrO2, Y-doped ZrO2, HfO2, and Y2O3; (c) low
bandgap oxides (3e4 eV) such as CeO2, TiO2, SrTiO3,
Ba1�xSrxTiO3 (BST), ZnO, Ta2O5, InSnO2, Ti1�x

CoxO2�d, and Fe-doped SrTiO3; and (d) strongly
correlated electron compounds such as VO2 and
YBi2Cu3O7�d. For large bandgap oxide films
such as Al2O3 and SiO2, the self-limiting thickness
isw1.5 nm for SiO2 [151] andw1 nm for Al2O3 [152]
at near room temperature due to transparency of the
oxide film materials to UV light and very slow
diffusion of oxygen or aluminum through the film.
For intermediate bandgap oxide films, the primary
photon energy (for 185 nm) is close to the band gap
of the materials and the penetration of the 185 nm
light is generally sufficient to go through the entire
nanoscale film. For the low bandgap oxide films, due
to strong absorption of the 254 and 185 nm light, the
electron concentration is significantly perturbed by
the photon irradiation and the light penetration is
strictly limited to near the surface. For the last
strongly correlated electron compound films, the
photon irradiation may create a difference in defect
concentration throughout the film thickness if UV
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light is used. For the semiconductor materials given
above, ultrathin oxide film formation under UV
irradiation can be carried out at room temperature
and lead to good quality and dense conformational
oxide films with good electrical characteristics. For
the IIIeV compounds, ultrathin films containing
segregated oxides can form with linear, logarithmic,
or parabolic growth rates, depending on the systems
([142] and references therein). Overall, compared to
the conventional film synthesis methods such as
CVD and ALD, the synthesis of films of these oxides
with different band gaps by the oxidation method
under UV light irradiation gives films with less
oxygen vacancies, better crystallinity, sharp abrupt
interface, less contamination, lower leakage current,
and better electric properties. In addition, the film
syntheses under UV light irradiation can be carried
out at much lower temperatures compared to those
for conventional syntheses. In addition, the thickness
of the oxide films obtained under UV light
irradiation is self-limited and determined by the
diffusion of oxygen species through the oxide films.
This is different from films from conventional
synthesis methods. The superior quality of the films
formed under UV light irradiation results from
better control of the oxygen vacancies and
stoichiometry in the films.
It should be pointed out that although many

studies have been carried out on the laser-assisted
thin film formation of metals, semiconductors, and
insulators, the details of the reaction mechanisms are
still unclear. The initial reaction involves laser
photolysis, but the film formation involves a lot of
intermediate species. Which species determines film
formation and how the film is formed still need to be
clarified. Two possibilities are from atomic species or
from the molecules with subsequent decomposition.
For UV-light-assisted ultrathin oxide films via
oxidation of substrate surfaces, a detailed
understanding is still needed including the role of
species migration in oxide films and the kinetics of
film formation.

6.5.2. Film Formation Via Solution
Photochemical Deposition

In the preceding section, we introduced film forma-
tion via photolysis of gases on solid substrate surfaces
and photo-assisted oxidation of substrate surfaces. In
recent years, film formation via photochemical deposi-
tion on solid surfaces in liquid solutions has been widely
studied [153e163]. This photochemical deposition
proceeds on a substrate plate surface in the solution
which contains the species to be deposited. Upon photo-
chemical reactions, the newly formed species react with

those ions that already existed in the solution and form
insoluble compound. Then these compounds deposit on
the surface of the substrate plate being photo-irradiated
and a film forms. With this method, numerous semicon-
ductor thin films such as sulfides, CdS, ZnS, PbS, CuS,
In2S3, SnS, Bi2S3, Cd1�xZnxS, CuInS2, and (Bi, Sb)2S3;
selenides, CdSe and ZnSe; and oxides, ZnO and SnO2,
have been fabricated. Because the films can only be
formed in the photo-irradiated areas, this method can
be used to fabricate patterned thin films with the help
of a masking template. The photochemical deposition
method is easy to operate, scale up, and control. The
light source can be just mercury lamps. Depending on
the nature of the compounds to be photochemically acti-
vated, different wavelengths from light sources can be
selected.

For metal sulfide thin film formation, the solutions
need to have not only the metal ions but also photo-
generated electrons and sulfide anions such as thiosul-
fate or sulfite. The latter two are responsible for
providing electrons and controlling redox reactions for
S formation. Detailed reactions are as follows:

S2O
¼
3 þ hv/Sþ SO¼

3
2S2O

¼
3 þ hv/S4O

¼
6 þ 2e�

SO¼
3 þ S2O

¼
3 þ hv/S3O

¼
6 þ 2e�

Then metal ions such as Cd2þ react with S and elec-
trons and form a CdS thin film,

Cd2þ þ Sþ 2e�/CdS:

For the reactions to proceed smoothly, the solution
acidity needs to be controlled. For a good quality of
thin films, sometimes, post-thermal annealing is a neces-
sary step. When the same method is used for preparing
multiple sulfide thin films such as Cd1�xZnxS, CuInS2,
and (Bi, Sb)2S3, the reactions need to proceed in two
steps. Thermal annealing is also needed after the film
formation. The concentration and pH in each step
need to be controlled.

A similar method can also be used for making tellu-
ride thin films using sodium tellurite as a telluride
source in the presence of sulfite anions. The latter
provides photo-generated solvated electrons upon light
irradiation to reduce tellurite. For telluride thin film
formation, only UV light can initiate the reaction. Oxide
films such as ZnO and SnO2 can also be made using the
same method. Here photo-generation of solvated elec-
trons is an important step, but the reaction mechanism
is still unclear.

Photochemical synthesis of Prussian blue (PB) and its
analogues films from an acidic ferricyanide solution
forms another class of film materials with promising
applications in various fields such as magnetic materials
[164e167], molecular sieves [168], catalysis [169,170],
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solid-state batteries [171e173], electrochromic devices
[174,175], biosensors [176e178], photo-image formation
[179,180], and ion-selective detection [181e183]. In the
photochemical film formation reaction with 365 nm
UV light irradiation [184], the rate-determining step is
the photochemical reduction of Fe(CN)6

3� ions to Fe
(CN)6

4� ions in the aqueous solution of 1 mM Fe(CN)6
3�

and 0.2 M KCl. The Fe(CN)6
4� ions subsequently coordi-

nate with free Fe3þ ions dissociated from Fe(CN)6
3� in

acidic medium (pH¼ 1.6) to form Prussian blue film
on the illuminated gold CDtrode (Kodak, Mexico) elec-
trode surface. The reactions are described below:

Fe ðCNÞ3�6 þH2O!hv FeðCNÞ4�6 þHþ þOH,

Kþ þ Fe3þ þ FeðCNÞ4�6 /KFeFeðCNÞ6
In the first photochemical reaction, water is an electron
donor. The deposition rate of the blue film was found
to be determined by ferricyanide concentration, solution
pH, and light intensity [185,186].

Another photochemical method for making thin films
is the thin film-photolysis method [187e193]. The
general procedure for this method involves several
steps. First, one needs to choose suitable precursors for
organometallic coordination compounds in solution;
second, one needs to coat the solutions onto substrate
plates using spin-coating techniques; the third step is
irradiation of the spin-coated films with light of proper
wavelengths to decompose the organometallic coordina-
tion compounds to form newmetal or metal oxide films;
and the last step is to remove the organic debris from the
films using proper solvents. Because the reactions take
place only in the light irradiated area, this method can
be used to make thin films with designed patterns by
using masked templates. Using this method, thin metal
films such as Co, Cu, Ni, Pd, and Pt; thin metal
oxide films such as Cr2O3, CuO, NiO, d-UO3, NiCoOX,
ZrO2, HfO2, and ReO3; and thin complex oxides films
such as SrBi2Ta2O9 (SBT), PbZrxTi1�&xO3 (PZT), Pb0.67
La0.22(Zr0.2Ti0.8)O3 (PLZT), and Pb0.988(Zr0.52Ti0.48)0.976
Nb0.024O3 (PZTN) have been fabricated. Compared to
the conventional solegel and chemical vapor deposition
methods, the thin-film-photolysis method has advan-
tages of simplicity, convenience, easy of control and
lack of corrosion damage, etc.

6.6. PHOTOCHEMICAL SYNTHESIS
OF NANOMATERIALS

Nano-sized materials exhibit many unique physical
and chemical properties. Syntheses of them have been
very active in recent years. Among the numerous
synthesis methods for nano-sizedmaterials, photochem-
ical synthesis plays a very important role [194e211]. The

synthesis can lead to nano-sized metal, semiconductor,
binary or tertiary metal and semiconductor composite
materials, and even 2D particles. Distinct from the other
synthesis methods, photochemical syntheses of nano-
sized materials have to be carried out in an oxygen-
free environment because oxygen if present in the
solution competes for the photo-generated reductants.
Surfactants and polymers are also used in the photo-
chemical syntheses of metal nanoparticles for stabiliza-
tion of the newly formed nano-sized particles. In recent
years, other compounds such as dendrimers, ionic
liquids, and DNA macromolecules have also been used
for this purpose ([212] and references therein).

Depending on the chemical nature of the precursors,
photochemical syntheses can proceed via either direct
photolysis or photo-induced and photosensitized reac-
tions. If direct photolysis is used to make nano-sized
metal particles, the metals in the corresponding metal
precursors must exist in their zero valence state. After
breaking the metaleligand bonds by photolysis, nano-
sized metal particles are then formed. With this method,
uniform and narrow-distributed Pd metal particles with
sizes of 0.22, 5 and 10 nm have been synthesized [197].
The amount of surfactant used in the preparation seems
very important, the higher the concentration of the
surfactant, the smaller the metal particles.

If the photo-induced reductions are used to make
nano-sized metal particles, the metal ion precursors
are reduced either by solvent molecules or their ligands
upon direct photo-excitation of the precursors [212]. Via
this method, Ag, Au, Pt, Co, Ni, and Fe metal nanopar-
ticles have been synthesized from their corresponding
inorganic and organic precursors and UV light of wave-
lengths 254, 308, and 353 nm [213e241]. In a very recent
study, tin nanoparticles were synthesized by decomposi-
tion of tin(II) dimethylamine compound with UV light
[242]. Inspired by this work, a photochemical polythiol
process [243] has been developed for making monodis-
persed bismuth, copper, lead, and antimonymetal nano-
particles. In this process, thiol first reacts with the metal
salts forming metal thiolates and then visible light leads
to ligand-to-metal charge-transfer (LMCT) in the metal
thiolates to reduce the metal cations. Via this method,
very high yields of metal nanoparticles have been
obtained by using very small amounts of solvent.

If photosensitized reductions are used to make nano-
sized metal particles, organic or inorganic sensitizers are
added. Photo-excitation of the sensitizers generates
intermediates which then reduce the co-existing metal
ions to M0. Compared to the photo-induced reductions,
the photosensitized reductions have advantages of fast
and efficient nanoparticle formation and flexibility of
light excitation wavelength because the excitation is on
the sensitizers and not on the metal ion precursors. Via
this method, Ag, Cu, Au, AuAg alloy, and Ag/Cu
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composite nanoparticles have been synthesized
[194,244e251].

Photophysical properties of semiconductor nanopar-
ticles can also be used to help making metal and
metalesemiconductor nano-sized composite particles
[200e211]. The basic idea of this method is that, photo-
excitation of semiconductor nanoparticles in a suspen-
sion generates electrons in its conduction band and
holes in its valence band. The holes in the valence
band react with the reducing agents such as ethanol
present in the suspension forming CH3CH$OH radicals
and the electrons in the conduction band migrate out
and are trapped on the semiconductor nanoparticle
surface. The CH3CH$OH radicals further react with
the semiconductor nanoparticles to give up their elec-
trons. Then the metal ions in the solution react with
the electrons accumulated on the semiconductor nano-
particle surface and are reduced to form metal nanopar-
ticles which deposit on the surface of the semiconductor
nanoparticles. After completion of all these reactions,
a metalesemiconductor nano-sized composite material
is formed. By changing the photochemical reaction
conditions, various composition-controlled metale
semiconductor nanostructures, multicomponent alloys,
and coreeshell structures are synthesized. In recent
years, using semiconductor nanoparticles such as TiO2,
ZnO, SnO2, CdS, and ZnS, metalesemiconductor
nano-sized composite materials having photochemical
reduced metals such as Ag, Au, Cu, Pt, Pd, and Cd
have been prepared [200e211].

Similarly, metal alloys can also be introduced to form
metalesemiconductor nano-sized composite materials.
But it is worth mentioning that if the two metals in
a tertiary two-metal alloy composite have different
reducibility, the easily reducible metal after reduction
can facilitate the reduction of the less easily reducible
metal to form an alloy. For example, in the composites
of ZnO/Ag/Cu, ZnO/Ag/Cd, and ZnO/Ag/Zn, the
easily reducible Ag made the Cu, Cd, and Zn reduction
much easier [200].

Another phenomenon, which was observed when
photophysical properties of semiconductor nanoparticles
were used to make metalesemiconductor nano-sized
composite particles, is the photocorrosion. Photocorro-
sion depends on the particle size of the semiconductors
and is determined by the reduction potential of the semi-
conductor nanoparticles which changes with particle
size. If the reduction potential of the semiconductor
nanoparticles is increased with the increase of the
particle size to the value that reduction of the metal
ions of the semiconductors cannot easily occur, the pho-
tocorrosion of the semiconductor is stopped. Therefore,
controlling the particle size of the semiconductor nano-
particles is important to avoid photocorrosion during
the process.

The examples given above in this section all involve
syntheses using photoreduction reactions of photo-
generated electrons. Actually, photo-generated posi-
tively charged holes can also be used in photochemical
synthesis. An example is given below to demonstrate
this strategy which involves synthesis of a specific com-
posite material simultaneously using photo-generated
electrons and holesdphotochemical synthesis of Pt
particle-containing nano-sized hollow carbon sphere
composite material [252]. In this synthesis, a solution
was prepared which contains Pt(IV) precursor and
benzophenol as well as highly dispersed nano-sized
TiO2 particles as a photocatalyst. Upon photon excita-
tion of the TiO2 particles, conduction band electrons
and valence band holes were generated. The electrons
reduced the Pt(IV) precursor to Pt nanoparticles and
the holes oxidized the benzophenol which then poly-
merized on the surface of the TiO2 nanoparticles. A
subsequent 700�C-vacuum treatment carbonized the
polymers to form a carbon shell on the TiO2 nanopar-
ticles. The TiO2 nanoparticles were then removed by
HF treatment resulting in a specific composite material
of hollow carbon spheres with a wall thickness of
about 4 nm. Each hollow sphere contained a few Pt
nanoparticles.

6.7. PRODUCTION OF H2 VIA
PHOTODECOMPOSITION OF WATER

H2 can be produced via various photochemical
approaches [12,13,253]: photocatalytic dehydrogenation
of hydrocarbons and alcohols, photocatalytic reduction
of Hþ from acidic solutions, photo-assisted wateregas
shift reactions, photobiological synthesis, photodecom-
position of H2S, and photocatalytic water splitting.
Among these approaches, photocatalytic water splitting
for H2 production is one of the most widely studied
subjects. Since Fujishima and Honda in Japan in the
early 1970s [12,13] discovered that TiO2 could split water
to form H2 and O2 upon light irradiation, H2 production
via photo-splitting of water has become a popular hope
for solving the energy crisis. The study of this subject has
continued for a number of decades due to concerns
about the energy crisis, global warming, and the search
for new clean energy sources. In laboratory studies,
man-made light sources are normally used while in
the actual applications sunlight should be used. There-
fore, using sunlight to produce H2 via photo-splitting
of water has become the ultimate goal of current
research of this field. Indeed, if this can be achieved
with sufficient efficiency, the world will no longer have
the energy crisis and global warming problems.

The systems for using visible light to photocatalyti-
cally split water to produce H2 can be categorized into

PRODUCTION OF H2 VIA PHOTODECOMPOSITION OF WATER 143



photochemical, semiconductor, photobiological, and
hybrid systems. In the redox reactions of photocatalyti-
cal water splitting for producing H2 and O2, the main
step is to assemble a system which absorbs visible light.
The absorbed light is then effectively transformed into
oxidation and reduction energies (charge separation),
which are adequate and sufficient for driving multi-
electron transfers to split water into H2 and O2. Thus,
the transformation from light energy to chemical energy
(H2 formation) is completed. When trying to build up
a system like this, spectroscopic properties, photophys-
ical processes, thermodynamics, and dynamic processes
need to be considered.

Themain reactions of photocatalytic water splitting to
produce H2 and O2 can be described as follows:

SþA#
hv

S0 þA�

4S0 þ 2H2O/
cat1

4Sþ 4Hþ þO2

2A� þ 2H2O/
cat2

2Aþ 2OHþH2

Here Sþ can be transition metal coordination compound
ions, metal ions, or photo-generated positive charged
holes of semiconductors, A� can be transition metal
coordination compound ions or photo-generated elec-
trons of semiconductors. The first reaction is mainly
a photo-generated charge separation process for gener-
ating strong oxidizing and reducing agents. The second
and third reactions are the subsequent catalytic oxida-
tion and reduction of water in the presence of catalysts.
The standard oxidation and reduction potentials of
water, E0 (pH¼ 7) are þ0.82 Vand �0.41 V, respectively,
therefore, for transferring one electron, we need 1.23 eV
energy. In order to achieve oxidation and reduction of
water, the potentials of Sþ and A� must satisfy the
requirement for the oxidation and reduction reactions.

Homogeneous and heterogeneous visible light photo-
chemical systems for producing H2 were widely studied
in the middle of 1970s and very recently, study of this
system has become active again [254e257]. The most
widely studied system for visible light photochemical
hydrogen production is the system containing transition
metal complex ion [Ru(bpy)3]

2þ, bpy¼ bipyridine, as
a photosensitizer, methyl viologen molecule as an elec-
tron carrier, EDTA molecule reacting with PSþ and
subsequently being decomposed, colloidal Pt as a cata-
lyst, and visible light of wavelengths 400e600 nm. In
a study with [Ru(bpy)3]

2þ¼ 5.65� 10�5 M, MV2þ¼ 3�
10�3 M, EDTA¼ 0.1 M and colloidal Pt¼ 1.92� 10�5 M,
pH¼ 5, the quantum yield reaches 0.17 [254]. However,
the actual technical assessment of the system gives the
quantum yield no more than 0.1 [256]. In recent years,
investigation of these systems has continued. The main
problems for practical application involve the stability
of the photosensitizers, side reactions of hydrogenation

of MV2þ, and subsequent treatment of the oxidized
EDTA products.

Semiconductor photochemical systems for H2 pro-
duction started in the early 1970s when Fujishima and
Honda [12,13] discovered water splitting in the presence
of TiO2 upon UV light irradiation. These investigations
continued for a number of decades. The original
discovery involved using a TiO2 crystal as an anode
and Pt metal as a cathode in a photo-electrochemical
cell containing an aqueous solution of electrolyte.
When the TiO2 crystal electrode was irradiated with
UV light, O2 formed on the TiO2 crystal electrode, and
H2 was formed on the Pt electrode. Later, Bard
[258,259] in the United States proposed that the same
process that occurred in the normal photo-electrochem-
ical cell can be achieved in a microphoto-electrochemical
cell with nano-sized Pt particles deposited on TiO2

crystal powder. Because TiO2 crystals have a band gap
of 3.0 eV and can only absorb UV light with low
quantum yield, much of the work in this field focused
on finding stable semiconductor materials that adsorb
visible light. The main reactions of water photo-splitting
to H2 and O2 on semiconductors (taking TiO2 as an
example) can be described as follows:

TiO2/
hv

TiO2ðe�cb þ hþÞ

2e�cb þ 2H1/
Pt

H2

4hþ þ 2H2O/O2 þ 4Hþ

where cb means conduction band. The reduction poten-
tial of photo-generated conduction band electrons and
the oxidation potential of the valence band positively
charged holes should satisfy the oxidation and reduction
potentials required for water oxidation and reduction
reactions, i.e., e�cb should have more negative potential
than that for reduction of water to H2, and valence
band positively charged holes should have more posi-
tive potential than that for oxidation of water to O2.

Although photophysical properties of many semicon-
ductors satisfy or partially satisfy the requirement for
water photo-splitting, they are not stable under water
photo-splitting conditions. Until now, more than 130
semiconductor materials with different chemical
compositions such as oxides and complex oxides, and
semiconductors materials with tunnel and layer struc-
tures have been studied [260e262], but most of these
materials require UV light and H2 yields are only
between several tens and a few hundred micromoles
(mmol h�1 g�1) [14,263]. Complex oxides such as
CuFeO2, CuMnO2, CuCrO2, CuAlO2, which have a dela-
fossite structure and absorb visible light, have been
reported [264e266]. These complex oxides have Eg

about 1.25e1.34 eV and when they are combined with
Cu2O and also present in a basic solution containing
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S2�, SO3
2�, and S2O3

2� reducing agents, H2 is produced
but with very low rates. The material with the current
quantum yield record is Cr/Rh-modified GaN/ZnO
which gives a quantum yield of 0.025 for photo-splitting
pure water with visible light at wavelengths of
420e440 nm [267e269].

For hydrogen production using semiconductor
photochemical systems, adding NaOH and Na2CO3

facilitates hydrogen generation, and increases the rate
of hydrogen formation [14]. The particle size of semicon-
ductors and the perfection of crystals have effects on
charge separation. Gas phase water vapor and water
thin films are easier to be photo-split compared to
aqueous solutions [14]. Searching for stable semiconduc-
tors with visible light sensitivity and high quantum
yield is still the target of the research in this field.

For practical application of a visible light water split-
ting system, the efficiency of H2 generation has to be
greater than the energy consumption for operating the
system. Recently, Feng et al. estimated the critical
conversion efficiency of light energy to be w15% using
a hypothetical system with 20,000 tons annual hydrogen
production with Na2S/Na2SO3 as sacrificial reagent
[270]. To achieve an economically viable system, the effi-
ciency still has a long way to go.

Hybrid systems appeared to be interesting alterna-
tives to produce H2 in recent years [271e275].
Combining ultrasonic and photocatalysis process to
produce H2 and O2 is one example of this kind. Nor-
mally, visible light cannot directly split water into
hydrogen and oxygen because water does not absorb
the light. However, ultrasonic can directly split water
molecules into H� and OH� radicals. These radicals can
react with each other forming H2 and H2O2,

Ultrasonic splits water into H$

and OH$ radicals
H2O/H$ þOH$

Radical reactions H$ þH$/H2

OH$ þOH$/H2O2

Photocatalysis decomposes
H2O2 into O2 and H2O

H2O2/1=2O2 þH2O

Thus, combining ultrasonic wave chemistry and pho-
tocatalysis can achieve direct water splitting into H2 and
O2. This method is simple and can be realized, as long as
an aqueous solution that contains photocatalyst nano-
particles is simultaneously irradiated with ultrasonic
and UVor visible light. However, to effectively separate
H2 and O2, ultrasonic wave irradiation and light irradi-
ation need to be provided alternately, ultrasonic wave
being first, and followed by light irradiation. In this
way, ultrasonic wave irradiation generates H2 and light
irradiation generates O2. In laboratories, the ultrasonic
source can be such as frequency 200 kHz and power

200 W. The light source can be a 500 W xenon lamp.
The photocatalysts can be either TiO2 or BiVO4. For
TiO2, UV light is needed while for BiVO4, visible light
can be employed. The reaction needs to be operated
under inert gas. In an experiment with 200 mg TiO2 pho-
tocatalyst, ultrasonic wave irradiation for 1 h generated
about a few tens of micromoles of H2 and for the same
period of light irradiation, about half of the quantity of
O2 was obtained. It has been found experimentally
that this method is suitable for producing H2 and O2

with seawater [271].
Another example is solar energy cell electrolysis of

aqueous solution for H2 production [272e275]. The
idea of this method is simple: electrolysis of aqueous
solution needs electricity and the electricity is provided
by a solar energy cell. Electrolysis of aqueous solution
for production of H2 is therefore achieved by using
a solar cell photovoltaic panel for the electrolysis cell.
In a recent study [275], a system with a commercially
available amorphous silicon photovoltaic panel (peak
voltage is 8e10 V, current is 0.95 A, area is 1280 cm2,
solar energy to electric energy efficiency is 4.5%), BiOx

and Bi-doped TiO2 mixture as a anode, stainless steel
as a cathode, NaCl and Na2SO4 aqueous solution as
electrolyte, can produce H2 with a rate of 0.18 mmol/
min and O2 with a rate of 0.028 mmol/min, H2/O2 ¼
w7. If organic reducing agents such as benzophenol
and organic acid were added to the aqueous solution,
the H2 production rate can be increased by 20e30%.
The energy usage efficiency for total H2 production
can reach 30e60% which is comparable to the energy
usage of the industrial scale electrolysis using alkaline
electrolyte or proton exchange film.

Hydrogen production in large scale using solar
energy via photolysis of water with sufficient efficiency
is our ultimate goal and still has a long way to go. As
mentioned above, the practical application of a sunlight-
driven water splitting system needs the efficiency well
over the critical conversion efficiency of light energy
(compensation for the energy needed for the system to
operate). The discovery and development of new types
of photocatalyst materials which can fulfill the require-
ment will be the targets for this field.

6.8. SUMMARY

Inorganic photochemical synthesis is one of the most
important methods for synthesis of inorganic com-
pounds, multifunctional inorganic materials, new types
of inorganic nanoparticles, and clean fuels such as H2 for
solving the energy crisis and global warming problems.
Many of the compounds and materials synthesized via
photochemical methods exhibit unique structural
features and physicochemical properties for which the
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materials via conventional synthetic methods are not
able to provide. This uniqueness of photochemical
synthesis arises from the difference between excited
state chemistry and ground state chemistry, as exempli-
fied by many examples of the syntheses of organome-
tallic coordination compounds. For other inorganic
materials such as film and nanoparticles, the uniqueness
is from the better control of the synthesis and of the
photo-generated electrons and electronic holes. In recent
years, combination of photochemical synthesis with
other synthesis methods opened up new and simple
synthesis routes for materials science and engineering.
Research on water splitting to produce H2 using visible
light (sunlight) has made the photochemical synthesis
method even more attractive. If the massive production
of clean fuel H2 using solar energy could be realized in
the future, we would not have any energy crisis and
the world would also become much cleaner than ever
before. At that time, inorganic photochemical synthesis
would become a part of our daily life. If solar energy
was used to produce ammonia from photolysis of N2

and the synthesis of fertilizer via photochemical method
became a method to provide enough fertilizer for crops,
inorganic photochemical synthesiswould become a solid
basis for human life and growth. It is certain that inor-
ganic photochemical synthesis will become more and
more important in the future.
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G. Ventimiglia, G. Vecchio, Chem. Mater. 16 (2004) 1260e1266.
[237] R. Krasnansky, S. Yamamura, J.K. Thomas, R. Dellaguardia,

Langmuir 7 (1991) 2881e2886.
[238] K. Judai, J. Nishijo, C. Okabe, O. Ohishi, H. Sawa, N. Nishi,

Synth. Met. 155 (2005) 352e356.
[239] J. Nishijo, C. Okabe, J. Bushiri, K. Kosugi, N. Nishi, H. Sawa,

Eur. Phys. J. D 34 (2005) 219e222.
[240] K. Kosugi, M.J. Bushiri, N. Nishi, Appl. Phys. Lett. 84 (2004)

1753e1755.
[241] J. Nishijo, O. Oishi, K. Judai, N. Nishi, Chem. Mater 19 (2007)

4627e4629.
[242] K. Soulantica, A. Maisonnat, M.-C. Fromen, M.-J. Casanove,

B. Chaudret, Angew. Chem. Int. Ed. 42 (2003) 1945e1949.
[243] S.C. Warren, A.C. Jackson, Z.D. Cater-Cyker, F.J. DiSalvo,

U. Wiesner, J. Am. Chem. Soc. 129 (2007) 10072e10073.
[244] M. Sakamoto, T. Tachikawa, M. Fujitsuka, T. Majima, Chem.

Phys. Lett. 420 (2006) 90e94.
[245] M. Sakamoto, T. Tachikawa, M. Fujitsuka, T. Majima. Erratum,

Chem. Phys. Lett. 442 (2007) 170.
[246] M. Sakamoto, T. Tachikawa, M. Fujitsuka, T. Majima, Adv.

Funct. Mater 17 (2007) 857e862.
[247] M. Sakamoto, T. Tachikawa, S.S. Kim, M. Fujitsuka, T. Majima,

ChemPhysChem. 8 (2007) 1701e1706.
[248] M. Sakamoto, T. Tachikawa, M. Fujitsuka, T. Majima, Chem.

Mater 20 (2008) 2060e2062.
[249] T. Itakura, K. Torigoe, K. Esumi, Langmuir 11 (1995) 4129e

4134.
[250] K. Esumi, T. Matsumoto, Y. Seto, T. Yoshimura, J. Colloid

Interface Sci. 284 (2005) 199e203.
[251] N. Kometani, Y. Kohara, Y. Yonezawa, Colloids Surf. A

313e314 (2008) 43e46.
[252] Y.H. Ng, S. Ikeda, T. Harashi, et al., Chem. Mater. 20 (2008)

1154e1160.
[253] A.J. Esswein, D.G. Nocera, Chem. Rev. 107 (2007) 4022e4047.
[254] E. Amouyal, Sol. Energy Mater. Sol. Cell 38 (1995) 249e276.
[255] C. Konigstein, R. Bauers, Int. J. Hydrogen Energy 22 (1997)

471e474.
[256] J.R. Bolton, Sol. Energy 57 (1996) 37e50.
[257] K. Sakai, H. Ozawa, Coord. Chem. Rev. 251 (2007) 2753e2766.
[258] A.J. Bard, J. Photochem. 10 (1979) 59e75.
[259] A.J. Bard, Science 207 (1980) 139e144.
[260] F.E. Osterloh, Chem. Mater. 20 (2008) 35e54.
[261] A. Kudo, Int. J. of Hydrogen Energy 32 (2007) 2673e2678.
[262] L.J. Guo, L. Zhao, D.W. Jing, Y.J. Lu, H.H. Yang, B.F. Bai,

X.M. Zhang, L.J. Ma, X.M. Wu, Energy 34 (2009) 1073e1090.
[263] R.M. Navarro, F. del Valle, J.A. Villoria de la Mano,

M.C. Alvarez-Galvan, J.L.G. Fierro, Adv. Chem. Eng. 36 (2009)
111e143. and refernces therein.

SUMMARY 149



[264] S. Saadi, A. Bouguelia, M. Trari, Solar Energy 80 (2006) 272e280.
[265] Y. Bessekhouad, M. Trari, J.P. Doumerc, Int. J. Hydrogen

Energy 28 (2003) 43e48.
[266] M. Younsi, A. Aider, A. Bouguelia, M. Trari, Sol. Energy 78

(2005) 574e580.
[267] K. Maeda, K. Teramura, D.L. Lu, T. Takata, N. Saito, Y. Inoue,

K. Domen, J. Phys. Chem. B 110 (2006) 13753e13758.
[268] K. Maeda, K. Teramura, D.L. Lu, T. Takata, N. Saito, Y. Inoue,

K. Domen, Nature 440 (2006). 295e295.
[269] K. Maeda, K.K. Teramura, D.L. Lu, N. Saito, Y. Inoue,

K. Domen, Angew. Chem. Int. Ed. 45 (2006) 7806e7809.

[270] X. Feng, W. Mao, W. Yan, Int. J. Hydrogen Energy 33 (2008)
3644e3650.

[271] M. Kaneko, I. Okura (Eds.), Photocatalysis Science and Tech-
nology, Kodansha and Springer, 2002, p. 203.

[272] R. Friberg, Int. J. Hydrogen Energy 18 (1993) 853e882.
[273] G.E. Ahmad, E.T. El Shenawy, Renew. Energy 31 (2006)

1043e1054.
[274] P.A. Lehman, C.E. Chamberlin, G. Pauletto, M.A. Rocheleau,

Int. J. Hydrogen Energy 22 (1997) 465e470.
[275] H. Park, C.D. Vecitis, W. Choi, O. Weres, M.R. Hoffmann,

J. Phys. Chem. C 112 (2008) 885e889.

6. INORGANIC PHOTOCHEMICAL SYNTHESIS150



C H A P T E R

7

CVD and its Related Theories in Inorganic
Synthesis and Materials Preparations

Ji-Tao Wang
Fudan University, China

7.1. BRIEF HISTORY OF CHEMICAL
VAPOR DEPOSITION

Chemical vapor deposition (CVD) is a technology
used for forming solid powders in the gas phase or
depositing films on substrates from precursors in the
gas phase. Many precursors are liquids or solids under
ordinary conditions, and they are first vaporized for
use in CVD. The name of CVD comes from the book
“Vapor Deposition” written by Dr J. M. Blocher and
others at the beginning of the 1960s [1]. Dr Blocher
was respected as “Sir CVD” for his promotion of CVD
international academic activities. During 1960s this tech-
nology had another term of “vapor plating,” but later
the term of “vapor deposition” was generally accepted.
Based on the process mainly being physical or chemical,
vapor deposition has been divided into two kinds,
namely physical vapor deposition (PVD) and chemical
vapor deposition. For instance, vacuum vaporization,
spattering, ion plating, etc. usually belong to PVD; and
vapor depositions based on chemical reactions or
plasma-enhanced chemical reactions are called CVD or
plasma-enhanced chemical vapor deposition (PECVD
or PCVD). In fact, due to the development of science
and technology, there are some cases that crossly belong
to both parts, such as reaction spattering and reaction
ion plating, in which metals are vaporized by spattering
or ion bombardment and reacted to produce oxides or
nitrides, that combines both physical and chemical
processes.

The ancient original form of chemical vapor deposi-
tion might be cast back to the cave-dweller’s time.
Cave dwellers burnt wood for warming or cooking,
and deposited black carbon layers on the cave wall or
on the rock. These carbon deposits were formed from

decomposition of organic gases during the burning of
wood or cooking food. Therefore, the site of cave
dwellers’ barbecue discovered by archaeologists was
also the most ancient site of original chemical vapor
deposition. However, these were unconscious carry-
over of cave dwellers. Their purpose was only warming,
protecting from wild animals, or cooking food at that
time. With the progress of human beings, the technology
of chemical vapor deposition had also been developed
consciously. Especially in the ancient China, necroman-
cers or magicians like the alchemists in ancient Europe
looked for elixir to become “celestial” or “immortal”.
They were using a technology of “sublimation and
refinement”, which was the early stage of chemical
vapor deposition. As written by a famous Chinese scien-
tist in the Preface of the book, “Crystal Growth” [2]: “We
should pay attention on the manufacture of silvered red.
Silvered red was synthetic cinnabar. Li Shi-Zhen cited
a book called ‘Secrets of Elixir’ written by Hu Yan: ‘For
sublimation and refinement of mercury sulfide powders
(silvered red), put 1 kg sulfur crystals into a new frying
pan. After sulfur is melt, add 0.5 kg mercury in it. Stir-
fry the mixture till it becomes sandlike materials. After
no liquid mercury particles could be found, grind and
put the material into a pot. Close the pot with a flat stone
cover, and truss up the pot with cover by iron lines. Seal
the pot, and calcine it with fire. After cooling, open the
pot. Mercury sulfide powders adhere to the pot wall,
and cinnabar crystals close to the cover.’ Here, the
synthesis of cinnabar frommercury and sulfur by chem-
ical vapor deposition has been described, and the
process was called ‘sublimation and refinement’ at that
time. During the transformation in chemical vapor
deposition, different sizes of forming crystals are located
at different places. The smaller ones are called silvered
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red, and the bigger ones are called cinnabar. The growth
of optoelectronic crystals like gallium arsenide is still
mainly based on the technology of ‘sublimation and
refinement’. Such a technology was generally used in
China in the ancient time of elixir.” Up to now, the
synthesis of cinnabar from mercury and sulfur cited by
Li Shi-Zhen (1518e1593, Ming Dynasty of China) from
“Secrets of Elixir” written by Hu Yan might be the most
ancient written record about chemical vapor deposition
in the history of human beings. Dr Blocher in 1989 at the
beginning of the seventh European CVD Conference
made an introduction about that to scientists and
experts from the other parts of the world [3]. During
1950s the technology of CVD attained its modern devel-
opment stage. At that time the technology of CVD was
mainly applied to coatings on cutting tools. This was
due to a strong necessity of the mechanical industry in
Europe. If tungsten carbide base hard alloy cutting tools
are coated with CVD complex layers of Al2O3, TiC, and
TiN, the cutting performance will be much better.
Coated cutting tools have good toughness with long
cutting life, and their economic benefits are very remark-
able. Therefore, the technology has been spread and
applied practically. Usually the golden yellow TiN layer
is the last layer on cutting tools, so complex coated tools
have a bright gold color. German scientist DrW. Ruppert
was one of the leading scientists of CVD coating tech-
nology in Europe. Since 1960s and 1970s due to the
researches and production of semiconductors and inte-
grated circuits (IC), CVD technology has been devel-
oped more quickly and more generally. The CVD
technology of ultrapure silicon, called polycrystalline
silicon or simply poly-silicon, was the unique way to
produce semiconductor grade of silicon material and
epitaxial silicon in industry. The productions of epitaxial
single-crystal gallium arsenide and other IIIeVor IIeVI
semiconductors are also based on CVD technology.
Many film depositions, such as various doped epitaxial
single-crystal semiconductor films, polycrystal films,
semi-insulated oxygen-doped poly-silicon films, insu-
lated silicon dioxide films, silicon nitride films, phos-
phosilicate glass, borosilicate glass, and metal tungsten
films, were widely deposited using CVD technology
for producing integrated circuits. During manufacturing
various special semiconductor devises, the CVD tech-
nology of gallium phosphoarsenide and gallium nitride
epitaxial layers, siliconegeranium alloy epitaxial layers
and silicon carbide epitaxial layers, and so on have
been very important in the preparation of light emission
devices (LED). Japan made outstanding progress in the
key process of gallium nitride epitaxial growth and first
realized the industrial production of blue light emission
devices in the world. With the increase of the integra-
tion of integrated circuits and the minimization of semi-
conductor devices the new technology of atomic layer

chemical vapor deposition (ALCVD or ALD) became
one of the basic processes in fabrication of integrated
circuits. In about 1970, former Soviet Union scientists
Deryagin, Spitsyn, Fedoseev, etc. created a new tech-
nology of the activated low-pressure CVD diamond
synthesis by introducing atomic hydrogen. Research
on the new diamond technology became a world-wide
upsurge after 1986. Especially, at the beginning of the
twenty-first century the growth of about 10-carat-size
gem-quality single-crystal diamonds has been reached
by American scientists Chih-shiue Yan, R.J. Hemley,
Ho-kwang Mao, etc. This is an important breakthrough
in diamond syntheses. Some fundamental creative
progresses in researches on CVD have been reached in
China. In 1987, Dr Blocher as Chairman of the 10th inter-
national CVD conference highly commended the simu-
lation model of low-pressure chemical vapor deposition
(LPCVD) in his invitation letter to J.-T. Wang: “On
behalf of the Program Planning Committee of the Tenth
International Conference on Chemical Vapor Deposi-
tion, I am pleasure to ask your participation in the
Conference as an invited speaker, to present your
work on the modeling of LPCVD reactors. Such
modeling has not only improved the fundamental
understanding of the technology in a scientific sense,
but has led to very signification increases in the effi-
ciency of processing of silicon wafers for use in micro-
electronic applications.” In 1990 J.-T. Wang and J.-O.
Carlsson proposed a thermodynamic coupling model
for the activated low-pressure CVD diamond growth.
In 2002, J.-T. Wang further created a new field of
nonequilibrium nondissipative thermodynamics, which
provided a theoretical base for the calculation of
nonequilibrium phase diagrams, and demonstrated
experimentally nonspontaneous reaction(s) taking place
with energy provided from other simultaneous sponta-
neous reaction(s) through thermodynamic coupling.
The transformation from graphite to diamond under
low pressure is a typical nonspontaneous reaction,
the realization of which is driven by the association
of atomic hydrogen. There are really a lot of
nonspontaneous reactions in the living bodies.
These nonspontaneous reactions in living bodies may
be discussed by comparing with the activated
low-pressure CVD diamond growth (by providing
external energy). Due to these researches, modern ther-
modynamics together with the whole discipline of
thermodynamics has drastically been developed.

7.2. TECHNICAL FUNDAMENTALS
OF CVD

CVD is a kind of technology for deposition of solid
materials from their gas or vapor precursor(s) through
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chemical reaction(s). Therefore, the CVD technology in
inorganic synthesis and materials preparations has the
following characters.

• Step Coverage and Shape Preservation. Usually, the
depositing reactions take place on the gasesolid
surface of solid substrates, so thin films are covered on
substrates with nice step coverage and shape
preserving characters. Therefore, this is very nice for
the application of CVD to coating tools and to the
fabrications of IC and other semiconductors. Now it is
very important in filling up deep trenches (more than
several hundred nanometers deep and about 65 nm
wide) in the fabrications of IC. This is also the reason
for CVDs being used more generally than PVD in the
IC industry. We can also know that the CVD
technology is a very fine process in inorganic
synthesis and materials preparations.

• Purification of Materials. CVD technology can also be
used for purification of some solid materials. For
instance, silicon can be changed into silane (silicon
tetrahydride, SiH4), and then after pyrolysis of silane
in CVD process, bulk or ingot ultrapurified
polycrystalline semiconductor silicon (or simply
called poly-Si) can be obtained. For purification of
silicon, silane trichloride (SiHCl3) can also be reduced
by hydrogen in CVD process, and bulk or ingot
ultrapurified semiconductor silicon can be obtained
similarly. The bulk or ingot poly-Si can be fused for
growing single-crystalline silicon ingot for fabrication
of integrated circuits.

• Free-Standing Films. Free-standing films can also be
grown on some substrates, which are easy to be
separated from the grown films. For instance, free-
standing diamond films, deposited using DC Arc
Plasma Jet CVDmethod onto graphite substrates with
titanium interlayers, have been reached. The Ti
interlayers were deposited by arc ion plating
equipment. The titanium carbide (TiC) was detected
on both sides of the interlayers, which play an
important role with respect to reasonable adhesion
with film and diamond nucleation. The semi-
translucent or even the optical grade free-standing
diamond films are obtained. The shape of the free-
standing diamond films only depends on the shape of
the substrate.

• Crystals or Powders Formation. In CVD technology
crystals or powders can also be produced. For
instance, cinnabar crystals or mercury sulfide
powders can be produced by CVD processes. During
the CVD process, the deposition reaction can take
place inside the gas phase but not on the surface of
substrate. The synthetic inorganic material can be
formed as very fine powders, or even as nanometer-
sized particles, called nanometer-sized ultrafine

powders and nanowires. This is a new technology
with nice prospects. Nanowires and nano-powders
are usually of some new characters of excellence. For
instance, nano-sized silicon dioxide called silica
hydrated white carbon black may be used as
a replacement for carbon black in rubber with better
quality, nanometer titanium dioxide is a kind of
photocatalysis, carbon nanotubes (CNTs) are of ultra-
strength character, and so on.

There are some requirements of CVD technology to
precursors, products, and reaction types. For instance,

• The raw materials should be gases, or liquids and
solids, which are easy to be vaporized.

• The corresponding reactions should produce solid
deposits and keep other byproducts in the gas phase.

• The reactions should be controlled.

CVD reactions can usually be divided into the
following types [4].

7.2.1. Simple Pyrolysis Reactions

Usually, hydrides of low period elements in groups of
IVB, IIIB, and IIB are gaseous compounds, such as CH4,
SiH4, GeH4, B2H6, PH3, AsH3, and so on. They are easy
to decompose and release the corresponding elements.
All of them are very nice to be used as precursors in
CVD technology. Among them CH4 and SiH4 can be
decomposed to directly form solid films. GeH4 can be
mixed with SiH4, after pyrolysis SieGe alloy film can
be obtained. Some typical reactions are:

CH4 ��������!600�1200�C
Cþ 2 H2

SiH4 ��������!600�800�C
Siþ 2 H2

0:95 SiH4

þ 0:05 GeH4 ��������!550�800�C
Ge0:05Si0:95 ðSi-Ge alloyÞ

þ 2 H2

Some organic alkoxide compounds of elements are un-
stable under high temperature. After pyrolysis the corre-
sponding oxide of the element will be produced, such as:

2AlðOC3H7Þ3 ������!
w420�C

Al2O3 þ 6C3H6 þ 3H2O

SiðOC2H5Þ4 ��������!
750�800�C

SiO2 þ 4C2H4 þ 2H2O

The instabilities of hydrides or organic alkyl compounds
can be used to produce other solid deposits through gas
phase reactions with other gas compounds, such as:

GaðCH3Þ3 þAsH3 ��������!630�675�C
GaASþ 3CH4

CdðCH3Þ2 þH2S ����!475�C
CdSþ 2CH4
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Besides, some carbonyl compounds of metals are
gases and easy to be vaporized. After pyrolysis, the
metal film is formed with release of CO, so these
carbonyl compounds are suitable to be used in CVD
technology. For instance,

NiðCOÞ4 ��������!
140�240�C

Niþ 4CO

PtðCOÞ2Cl2 ����!
600�C

Ptþ 2COþ Cl2

Note that metal compounds are usually inorganic salts
and are very difficult to be changed into gases or
vapors and to be used in CVD technology. However,
their organic alkyl compounds are of much higher
volatility. So these organic alkyl metal compounds are
used as precursors in CVD technology for deposition
of these metal films. Therefore, such special CVD
processes are usually called metal-organic chemical
vapor deposition (or MOCVD). Sometimes, other
organic alkoxides, such as tri-isopropoxy-aluminum
[Al(OC3H7)3] and some metal ethyl acetoacetate coordi-
nation compounds (or b-diketone coordination com-
pounds), do not include CeM bond (carbonemetal
bond), so these compounds are not really metal organic
compounds, but metal-containing compounds or metal
coordination compounds. These compounds are
usually volatile, often used in CVD technology, and
are included in the MOCVD technology.

7.2.2. Reductioneoxidation Depositions

Hydrides or organic alkyl compounds of some
elements are usually gases or liquids and solids with
very high volatility. So they are suitable for use in
CVD technology as precursors. When they are injected
into the reactors together with oxygen, then the corre-
sponding oxide films are deposited. For instance,

SiH4 þ 2O2 ��������!325�475�C
SiO2 þ 2H2O

2SiH4 þ 2B2H6 þ 10O2 ��������!300�500�C
2B2O3$SiO2

þ 10H2O

Al2ðCH3Þ6 þ 12O2 ����!450�C
Al2O3 þ 9H2Oþ 6CO2

Halogen is of one negative valence. Many halides are
often gases or volatile matters. They are also suitable for
use as precursors in CVD technology. The correspond-
ing element films are formed through the reduction of
hydrogen. For instance,

WF6 þ 3H2 ������!w300�C
Wþ 6HF

SiCl4þ2H2 ��������!1150�1200�C
Siþ 4HCl

Hydrogen reduction of trichlorosilane is the main
process for the industrial production of semiconductor
ultrapure silicon with the purity of >99.9999999%, or
called 9 N (Nine) purity.

SiHCl3þH2 ��������!1100�1150�C
Siþ 3HCl

7.2.3. Deposition Through Synthetic Reactions

In most of the CVD technology, the inorganic film
or special form depositions take place through sy-
nthetic reactions from two or more precursors. For
instance,

3SiH4þ4NH3 ����!750�C
Si3N4 þ 12H2

3SiCl4 þ 4NH3 ��������!850�900�C
Si3N4þ12HCl

2TiCl4 þN2 þ 4H2 ��������!1200�1250�C
2TiN þ 8HCl

7.2.4. Deposition Through Chemical
Mass Transportation

Some materials are very easy to decompose at higher
temperature, after transportation to colder places the
film or crystal deposition together with the synthetic
reaction takes place, such as the above mentioned
CVD HgS. The detailed reaction equation can be
written as:

2HgSðsÞ#T2

T1

2HgðgÞ þ S2ðgÞ

Sometimes the original materials are not easy to
decompose, so some kinds of other materials (called
transport reagent or “transporter”) should be added
to promote the gaseous intermediate formation. For
instance,

2ZnSðsÞ þ 2I2ðgÞ#
T2

T1

2ZnI2ðgÞ þ S2ðgÞ

Usually, in these chemical mass transportations T2> T1,
that is, the formation of gaseous compounds is at the
higher temperature T2, and the reverse deposition is at
the lower temperature T1. However, sometimes the situ-
ations are different, and the reverse deposition is at
higher temperature. For instance, inside the tube of
iodine tungsten lamp (or bromine tungsten lamp) the
chemical mass transport is from the lower temperature
to the higher temperature places. For approaching the
sunlight the working temperature of tungsten wires
should be increased. After the increase of the tungsten
wire working temperature (2800e3000�C) the volatility
of tungsten increases very much. In this way the
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volatilized tungsten is condensed on the lower tempera-
ture (w1400�C) inside wall of the quartz tube, the quartz
tube is darkened and the lifetimes of the tungsten wire
and the lamp are shortened. If a little of iodine (or
bromine) is sealed inside the lamp quartz tube, when
the lamp is working, the gaseous iodine (or bromine)
will react with the deposited tungsten film on the inside
wall of the quartz tube to form tungsten tetraiodide (or
tetrabromide). Tungsten tetraiodide (or tetrabromide)
at that time will be a gas and will be transported inside
the tube. The gaseous tungsten tetraiodide (or tetrabro-
mide) will be decomposed and deposited on the thinner
white heated tungsten wire, make the thinner part of the
tungsten wire recover into its original size, and iodine
(or bromine) is released into the gas phase for the contin-
uous cyclical process. This is a very clever way to greatly
increase the tungsten wire temperature and the lifetime
of halogen tungsten lamps, by utilization of the chemical
mass transportation CVD process.

W(s) + 3 I2 (g) W I 6 (g)
1400°C

~ 3000°C

7.2.5. Plasma-enhanced Chemical Vapor
Deposition (PECVD or PCVD)

Under the low vacuum conditions, DC, AC, radio
frequency (RF), microwave (MW), or electron cyclotron
resonance (ECR) can be used for generation of the
glow discharge to produce plasma inside the deposition
reactor. Due to collisions between positive ions, elec-
trons, and neutral reaction molecules the deposition
temperature may be greatly decreased. For instance,
the reaction between silane and ammonium takes place
usually at about 850�C for the deposition of silicon
nitride, but under plasma-enhanced reaction conditions,
the formation of silicon nitride will be only at about
350�C. In this way, the CVD technology can be exten-
sively applied to the final passivation process of IC
chips. Under the high temperature as 800�C, IC chips
will be destroyed. In PECVD process at 350�C, the depo-
sition of silicon nitride films will not destroy the IC
chips, but will improve the stability of devices by the
passivative layers. These low-temperature deposited
films are usually hydrogen-containing films, and their
formulas are somewhat alterable, so they are usually
written as SiOx (or SiOxHy). Some examples of PECVD
reactions are:

SiH4þxN2O ������!w350�C
SiOxðor SiOxHyÞ þ.

SiH4 þ xNH3 ������!w350�C
SiNxðor SiNxHyÞ þ.

SiH4 ������!w350�C
a� SiðHÞ þ 2H2

The last reaction equation of pyrolysis of silane may be
used for manufacture of amorphous solar cells.

7.2.6. Atomic Layer Chemical Vapor
Deposition (ALCVD or ALD)

This technology had been found many years ago, but
it has been developed for a practical important tech-
nology only after a long time. Only one atomic layer is
deposited in each deposition step. The ALD process of
aluminum oxide (Al2O3) films may be taken as an
example. Tri-methyl-aluminum (TMA) is taken as
a precursor. TMA reacts with hydroxyl groups on the
surface of substrate to form one atomic layer of
aluminum, and at the same time methane is released
until the original surface hydroxyl groups are
exhausted. Only one atomic layer of aluminum is depos-
ited on the substrate. The aluminum layer is covered by
methyl groups, so it is impossible to deposit more
atomic layers of aluminum. This is the self-limited char-
acter of ALD. In the next step water is the precursor for
the oxygen atom deposition, the remainder methyl
groups on the aluminum atoms are hydrolyzed by
water, and released as methane molecules at the same
time. After such an alternate deposition period of
aluminum atoms and oxygen atoms, the substrate
surface is recovered by hydroxyl groups, and is ready
for the next period of atomic later deposition. Each
period of deposition takes about a few seconds, and after
several periods of deposition, or longer, the required
film thickness can be reached. The controlling precision
in ALD technology is much better than that in ordinary
CVD technology, So ALD is especially suitable for filling
deep trenches with excellent coverage. Therefore, ALD
is an important technology for IC fabrication at the
present time. ALD technology can be used for deposi-
tion of insulated films, semiconductor films, metallic
films, and so on.

7.2.7. Enhanced Deposition by Other
Energy Resources

With the development of new technology, laser
enhanced chemical vapor deposition has also been
used, such as:

WðCOÞ6 ������!
laser beam

Wþ 6CO

Usually the reaction takes place at about 300�C on the
surface of substrate without laser beam. If the laser
beam is parallel to the surface of substrate, and the
distance between the laser beam and the substrate
surface is about 1 mm, then the bright tungsten film
will be deposited on the substrate surface at the room
temperature.
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Other energy resources, such as flame combustion or
hot filament, can also be used for the enhancement of
deposition reactions. The introduction of the external
energy may also be used for changing the quality or
crystal structure of the deposit. For instance, methane
or other hydrocarbons can be pyrolyzed at high temper-
ature for production of carbon black. Carbon black
consists of amorphous carbon and tiny graphite particles.

CH4 ��������!800�1000�C
C ðcarbon blackÞ þ 2H2

The pyrolysis of 1% methane in hydrogen at high
temperature and low pressure will produce graphite
and amorphous carbon as well. However, if the hot fila-
ment or plasma is introduced for the formation of atomic
hydrogen from molecular hydrogen, then diamond but
not graphite will be deposited under the pressure of
about 0.1 MPa or lower.

CH4 ������������������!
hot-filament or plasma
800� 1000�C

C ðdiamondÞ þ 2H2

Under such conditions graphite can be etched away
together with the deposition of diamond. This realizes
the transformation from graphite to diamond under
low pressure, which has been regarded as thermody-
namically impossible before.

C ðgraphiteÞ þH2 �����������!
plasma
800� 1000�C

CH4C2H2 þ K

þ �����������!
plasma
800� 1000�C

C ðdiamondÞ þ 2H2

7.3. EQUIPMENT OF CHEMICAL
VAPOR DEPOSITION

CVD equipment usually consists of: (i) gas controlling
part, (ii) deposition reactor, (iii) deposition temperature
controller, (iv) pressure controlling part, and (v) vacuum
pump. For plasma-enhanced or other energy resource-
enhanced CVD the energy power controlling part is
also needed. The structure and working principle of
the CVD reaction chamber is the most important part,
which is usually designed specially for different kinds
of processes. Usually CVD equipment can be divided
into the following types [4,5].

7.3.1. Equipment for Manufacture of Ultrapure
Semiconductor Poly-Si

Figure 7.1 shows a reaction camber for the poly-Si
deposition under normal pressure. In the camber there

is heating bridge, consisting of three silicon rods and
connected with electric power to keep it at about
1150�C. At the center of the bottom the gas mixture of tri-
chlorosilane and hydrogen comes into the camber
through a gas inlet tube. Ultrapure silicon deposits on
the heating rods continuously and the rods become
bigger and bigger. Finally, ultrapure poly-Si can
be used for manufacture of semiconductor single-
crystalline silicon.

SiHCl3 þH2 ��������!1100�1150�C
Siþ 3HCl

7.3.2. Equipment for Silicon Epitaxy
and Poly-Si Film Deposition

Figure 7.2 shows equipment for silicon epitaxy or
poly-Si film deposition under atmospheric pressure.
Figure 7.2(a) shows the simplest horizontal reactor and
Fig. 7.2(b) shows a vertical reactor. Due to the ultrapure
requirement the camber is usually made of ultrapure
quartz and the susceptor is made of ultrapure graphite,
which is easy to be heated by RF or infra-red (IR). These
reactors are mainly for silicon epitaxy by hydrogen
reduction of SiCl4 to grow a few micrometers of silicon
epitaxial layers on silicon wafers. Epitaxy is the method
ofdepositingamonocrystallinefilmonamonocrystalline
substrate with the same frame of crystal. Homoepitaxy is
a kind of epitaxy performed with only one material. In
homoepitaxy, a crystalline film is grown on a substrate
of the same material. Heteroepitaxy is a kind of epitaxy
performed with materials that are different from each
other. For instance, silicon epitaxial layers may grow on
sapphire (Al2O3) or spinel (MgAl2O4). That is heteroepi-
taxy, in which a crystalline film grows on a crystalline
substrate of a different material. They are often used in
semiconductor industry. The equipment, as shown in
Fig. 7.2, may also be used for epitaxial growth of GaAs,
GaPAs, GeeSi alloy, SiC, and so on. They can also be
used for deposition of silicon oxide, silicon nitride,
poly-Si, or metal films. From Fig. 7.2(a) to (b), the
throughput in each run changes from 3e4 wafers/run
to 6e18 wafers/runs, or even more.

7.3.3. Equipment of Hot Wall LPCVD

Figure 7.3 shows equipment of hot wall low-pressure
chemical vapor deposition (LPCVD), which has been
regarded as an important breakthrough of processes in
the IC industry at the end of 1970s [6]. Referring to the
ordinary CVD processes at atmosphere pressure, as
shown in Fig. 7.2, the excellences of LPCVD are: (1)
the throughput in each run has been increased from
several or ten wafers per run to 100e200 wafers/run,
(2) the thickness within-wafer uniformity has been
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improved from �(10e20%) to �(1e3%), and (3) the
production cost has been decreased about one-tenth.
LPCVD process in IC industry has widely been used
even up to now. With the wafer diameter increases
(from 3e4 inches in 1970s to 12 inches now), the furnace
has been rotated from the horizontal (as shown in
Fig. 7.3) into vertical structures, but the principles are
still the same. The key factor in this process is how to
keep the thickness uniformity of deposited films on
wafers at different places (at the different wafer posi-
tions inside the furnace as shown in Fig. 7.3). A simula-
tion model for the film thickness distribution in the
LPCVD process was proposed by Ji-Tao Wang in 1980

[5,7e12]. Theoretical calculated results agree with exper-
imental data. The model can be used as a theoretical
guide for operation and automatic control. The details
of this model will be discussed later in this chapter.

7.3.4. Equipment of Plasma-enhanced CVD
(PECVD)

The CVD deposition temperature may be decreased
down to several hundred degrees even to the room
temperature through the plasma enhancement. Figure 7.4
shows two kinds of PECVD equipment. Figure 7.4(a)
shows the simplest PECVD equipment in laboratory
withplasmageneratedby inductance coupling. Figure 7.4
(b) shows a kind of PECVD equipment with two parallel
planar electrodes for plasma generation. Substrates are
loaded on the lower planar electrode with temperature
controller. Pressure keeps usually at about 133 Pa. Plasma
is generated by capacitance coupling discharge. Due to
collisions between activated particles (electrons, neutral
reactant molecules, species, and ions) in the gas phase,
the substrate keeps usually at about 350�C, anddeposited
SiOx or SiNx films are used as the final passivation
layers of integrated circuits to increase their reliability.

FIGURE. 7.2 Equipment for epitaxial
growth or for film deposition.

FIGURE. 7.1 Industrial equipment for
manufacture of semiconductor ultrapure
silicon (poly-Si) by hydrogen reduction of
trichlorosilane.

FIGURE. 7.3 Equipment of hot wall LPCVD.
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7.3.5. Equipment of Atomic Layer
Deposition (ALD)

Figure 7.5 shows the principle and equipment of
atomic layer deposition (ALD). Figure 7.5(a) shows
steps in a period for ALD of Al2O3. (1) Inject the water
vapor carried by nitrogen to cover the surface of
substrate. (2) Purge the byproduct of methane with
nitrogen and keep a monolayer of hydroxyl groups

left on the substrate. (3) Inject tri-methyl-aluminum
(TMA) carried by nitrogen onto the substrate covered
by monolayer of hydroxyl groups. (4) Purge the
byproduct of methane with nitrogen and keep a mono-
layer of aluminum with methyl groups left on the
substrate. In this way ALD process is going on cycle
by cycle to reach the Al2O3 thickness as required. The
technology of ALD fulfills the accurate requirement in
the development of IC industry. Figure 7.5(b) shows
a kind of ALD equipment.

7.3.6. Equipment of Tracklayer APCVD

For the industrial fabrications, equipment of track-
layer atmosphere pressure chemical vapor deposition
(APCVD) was designed to continuously produce phos-
phosilicate glass films (SiO2$xP2O5) from silane (SiH4),
phorsphine (PH3) and oxygen at 400�C, as shown
in Fig. 7.6. Equipment can also be used for low-
temperature silicon oxide or other film deposition.

FIGURE. 7.4 Equipment ofplasma-enhanced
CVD (PECVD).

FIGURE. 7.5 (a) Principle and (b) equipment of atomic layer
deposition (ALD). FIGURE. 7.6 Equipment of tracklayer APCVD.
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7.3.7. Equipment of Barrel CVD Reactor

For the coatings on hard alloy cutting tools, equip-
ment of barrel CVD reactor, as shown in Fig. 7.7, is often
used in industry. The advantages are of very high
throughput and independent of tool shapes. Several
thousands of coated cutting tools can be produced in
each run.

7.3.8. Equipment of Gallium Arsenide (GaAs)
Epitaxial Growth

As mentioned above, structures of CVD reactors may
be quite different, and should be based on the special
requirement. For instance, equipment of gallium arse-
nide (GaAs) epitaxial growth should be designed with
both the gas source inlet and the solid source and with
special temperature distribution, as shown in Fig. 7.8.
At the beginning, the reaction is mainly between arsenic
trichloride (AsCl3) and liquid gallium. After a solid film
of GaAs is covered on the liquid gallium, the further
reactions of GaAs epitaxial growth take place between
AsCl3, byproduct HCl, and other intermediates together
with chemical transformations. Inside the reactor,

reactions are rather complex. Some reactions close to
the gallium source are as follows.

4AsCl3 þ 6H2/As4 þ 12HCl

As4 þ 4Ga/4GaAsðsÞ
4GaAsðsÞ þ 4HCl/4GaClþ 2H2 þAS4

AS4/2AS2

GaClþ 2HCl/CaCl3 þH2

7.4. SOME THEORETICAL MODELS
OF CVD TECHNOLOGY

7.4.1. The Simple CVD Kinetic Model

There were some general kinetic descriptions for
silicon epitaxial growth and film deposition, but the
simple CVD kinetic model called the CVD growth rate
model proposed by Grove [5] will first be discussed
here. If the reaction related with mass transport is a
first-order reaction, then this model provides a simple
explanation for the difference between the mass
transport-limited regime (or called diffusion-limited
regime) and surface reaction-limited regime (or called
kinetically limited regime). Theoretical predictions
agree with experimental observations. Therefore, this
model is often cited in textbooks.

Figure 7.9 shows schematically the model. Supposing
that the inlet gas flow is perpendicular to the paper, CG is
the SiCl4 concentration in the main flow, CS is the SiCl4
concentration on the growing surface, J1 is the flux of
SiCl4 due to the mass transport from the main flow to
the growing surface, and J2 is the flux of SiCl4 consumed
by the chemical reaction for the epitaxial growth or for
the film deposition, (atoms cm�2 s�1). Therefore, J1 can
approximately be expressed by a linear equation.

J1 ¼ hGðCG � CSÞ (7.1)

Here, hG is the mass transport coefficient of SiCl4 in the
gas phase (cm s�1). We know that there is a nearly immo-
bile layer on the solid substrate in the gas flow, which is

FIGURE. 7.7 Barrel CVD reactor.

FIGURE. 7.8 Equipment of GaAs epitaxial growth. FIGURE. 7.9 The simple kinetic model of CVD.
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called a stagnant layer. Supposing that the thickness of
stagnant layer is d and the concentration difference
between two sides of the stagnant layer is (CG� CS),
then the concentration gradient in the stagnant layer is
approximately (CG� CS)/d. Based on Fick’s law, the
flux of SiCl4 molecules across the stagnant layer is:

J1 ¼ DG
ðCG � CSÞ

d
(7.2)

Here, DG is the SiCl4 diffusivity or diffusion coefficient
in H2 (cm2 s�1). Comparing Eqn (7.1) with Eqn (7.2),
the following equation is obtained.

hG ¼ DG

d
(7.3)

On the other hand, the hydrogen reduction of SiCl4 for
the Si epitaxial growth is usually regarded as a first-
order reaction, so

J2 ¼ krCS (7.4)

The proportional coefficient kr is called chemical surface-
reaction rate constant (cm s�1). The relationship between
chemical reaction rate and temperature T can usually be
expressed by Arrhenius equation, i.e., reaction rate is
proportional to e�E=kBT. Here, E is the activated energy
of chemical reaction. kB is the Boltzmann constant.
Therefore, the value of kr will decrease quickly with
the decrease of temperature T.

Under stationary growth conditions, J1＝J2¼ J rela-
tion is established, so hG(CG� CS)¼ krCS. The following
equation can be obtained:

CS ¼ hGCG

kr þ hG
(7.5)

From Eqn (7.5), it is known that if kr>> hG, CSz 0. It
means that if the reaction rate on the growing surface
is much higher than the mass transport rate of SiCl4 in
the gas phase, then the concentration of SiCl4
approaches zero. The process belongs to the diffusion
(or mass transport) limited regime. If kr<< hG, CSz CG.
It means that if the reaction rate on the growing surface
is much slower than the mass transport rate of SiCl4 in
the gas phase, then the concentration of SiCl4
approaches its concentration in the main flow. The
process belongs to the surface reaction (or kinetically)
limited regime. From the flux J under stationary growth
conditions, it is very easy to get the epitaxial growth rate
or the film deposition rate r. That is:

r ¼ J

N
¼ krCS

N
¼

kr
hGCG

krþhG

N
(7.6)

After rearrangement,

r ¼ krhG
kr þ hG

CS

N
(7.7)

Here N is the number of silicon atoms incorporated into
a unit volume of the film (5.02� 1022 atoms cm�3). If the
total number of molecules per cubic centimeter in the
gas phase is CT, and molar fraction of SiCl4 is x, then
CG¼ CT x. That is:

r ¼ krhG
kr þ hG

CT

N
x (7.8)

From Eqn (7.8), the following conclusion can be
obtained:

• The epitaxial growth rate or the film deposition rate is
proportional to the molar fraction of SiCl4 in the inlet
gas. This agrees with experimental observations, if the
concentration of SiCl4 is sufficiently low.

• If kr<< hG, then r ¼ kr
CT

N x. Based on Arrhenius
relation between kr and T, it is easy to conclude that
the growth rate is proportional to the negative
exponential of the reciprocal of temperature. That is,
the growth rate increases exponentially with the
temperature, which agrees with experimental data as
shown in the low temperature region of Fig. 7.10.

• If kr>> hG then r ¼ hG
CT

Nx. Based on theoretical
analysis of gas, the mass transport of gas molecules is
not sensitively related to temperature. Under such
conditions the epitaxial growth rate or the film
deposition rate is also not sensitively related to
temperature. This agrees with experimental data as
shown in the high temperature region of Fig. 7.10.

Some factors such as the substrate etching of byprod-
ucts and the influences of gas flow on the growth rate are
out of consideration in this simplemodel, so it is difficult
to accurately describe the change of the growth rate in
practical reaction systems. However, the general
descriptions of some kinetic characters are nice for the
epitaxial growth and the film deposition.

FIGURE. 7.10 Relationship between epitaxial growth rate or poly-
Si film deposition rate and temperature.
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7.4.2. LPCVD Simulation Model

Hot wall low-pressure chemical vapor deposition
(LPCVD) technology has been extensively applied to
manufacture integrated circuits. In each run of this
process 100e200 wafers can be loaded, the throughput
has been greatly increased, the production cost is low-
ered, and that is an important breakthrough in the IC
fabrication technology [6]. In 1976 this technology
was first utilized in production by Motorola and
Fujitsu, and then it was quickly extended to other
factories in the late 1970s. The within-wafer uniformity
of each wafer is excellent. So the key effect is to ensure
the wafer-to-wafer uniformity of this process during
the large-scale fabrication. In 1980, a simulation model
of the LPCVD process was proposed by Ji-Tao Wang
[5,7e12] to mainly control such a wafer-to-wafer
uniformity [13e17]. Based on the practical operation
in LPCVD process, Figure 7.11 can be used as a physical
model for the mathematic treatment. j is the wafer
number or called the wafer position. The total number
of wafers is L. h(j) is the conversion efficiency of silane
in the gas flow at the position j. p is the pressure at the
gas inlet end. Dp is the pressure difference between the
inlet end and the exhaust end. In this physical model
an assumption has been included. That is, the radial
concentration gradient of the reactant is zero in the
reactor. Because the within-wafer uniformity of each
wafer is excellent in LPCVD technology (thickness
deviation is usually <�1%), the assumption is well
accepted. Based on the assumption, the conversion effi-
ciency h of silane in the reactor can be written as a one-
dimensional function of the distance z from the inlet
end of the deposit region. If j is used for indicating
the position of the silicon wafer, then h¼ h(j) can be
obtained.

For simplicity, the poly-Si LPCVD process will first be
discussed. Under such a low pressure, the factor of
absorption can be negligible, and the pyrolysis of silane
can approximately be regarded as a first-order reaction.
That is, the deposition rate is proportional to the partial
pressure of silane.

r ¼ krpC (7.9)

where kr is the reaction rate constant and C is the concen-
tration of silane.

During the pyrolysis of one silane molecule, two
hydrogen molecules are produced.

SiH4 ��������!600�650�C
Siþ 2H2

Therefore, the relationship between C and h should not
directly be written as C0(1� h). A correctional term of 1/
(1þ hC0) for the total amount of gas should be
introduced.

C ¼ C0ð1� hÞ=ð1þ hC0Þ (7.10)

Put Eqn (7.10) into Eqn (7.9), and consider all of r, kr, p,
and h as a one-dimensional function of the axial position
j, the following equation can be obtained.

rð jÞ ¼ krpð jÞC0½1� hð jÞ�=½1þ hð jÞC0� (7.11)

Based on Arrhenius equation, it is known that:

krð jÞ ¼ Ae�E=RTð jÞ (7.12)

where E is the activated energy, R is the gas constant, A
is the factor before the exponent term, and T (j) is the
temperature at the wafer position j. From Fig. 7.11 the
value of p( j) is:

pð jÞ ¼ p� jDp=L (7.13)

In the LPCVD system, usually Dp<< p. For simplicity,
p may be used instead of p( j).

According to the gradient consumption of silane
inside the deposition region, it is known that silane in
the gas flow at the position ( jþ 1) has been consumed
along its way from the position 0 to the position j. There-
fore, h( jþ 1), the conversion efficiency of silane at the
position ( jþ 1) equals:

hð jþ 1Þ ¼
Xj

i¼ 0

½SðiÞrðiÞ�u=FC0 (7.14)

Here, u ¼ dSi ~V=M. r(0) is the average deposition rate
from the beginning of the deposition region to the
position 1. r(i) is the deposition rate at the position
i. S(0) is the deposition area before the position 1. S(i)
is the deposition area of wafer, tube wall, and boat at
the position i. F is the total gas flow at the inlet end.
u is the ratio of the consumed gas volume of silane
and the formed deposit volume of the solid thin films.
dSi is the density of silicon. ~V is the volume of 1 mol
gas under the standard conditions. M is the weight
of 1 mol Si (g).

Combining the equation of r(j) with the equation of h
( jþ 1) together with the initial condition (the conversion
efficiency of silane at the inlet end equals zero), a set ofFIGURE. 7.11 Simulation model for poly-Si LPCVD process.
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cyclical step-up simulation formulas for LPCVD poly-Si
process will be obtained as follows:

hð0Þ ¼ 0
. .

rð jÞ ¼ Ae�E=RTðjÞpð jÞC0½1� hð jÞ�=½1þ hð jÞC0�
hð jþ 1Þ ¼ Pj

i¼ 0

½SðiÞrðiÞ�u=FC0

. .

(7.15)

This is a set of cyclical step-up algebraic equations, so it
is very easy to write a software and to calculate by
a computer. Figure 7.12(a) and (b) shows the comparison
between theoretical curves and LPCVD poly-Si experi-
mental data reported in the literature. The agreement
between theory and experiments confirms that the theo-
retical simulation model is acceptable, and could be
used as guide for the LPCVD process. During the theo-
retical derivation mentioned above, the kinetics of the
silane pyrolysis has been regarded as a first-order reac-
tion without the consideration of absorption effect. For

the practical use, the absorption and some other effects
should be under consideration, if necessary.

The theoretical simulation model is not only suitable
for the LPCVD poly-Si process but also suitable for other
LPCVD processes, such as for the LPCVD silicon nitride
process [18]. In LPCVD poly-Si process there is only one
reactant of silane, but in LPCVD silicon nitride process
two reactants e dichlorosilane (DCS, SiH2Cl2) and
ammonia (NH3) e are needed. Therefore, the physical
model of LPCVD silicon nitride for the mathematic
treatment is shown in Fig. 7.13.

There are two main reactions in the LPCVD silicon
nitride process:

SiH2Cl2ðgÞ þ 4

3
NH3ðgÞ ¼ 1

3
Si3N4ðsÞ þ 2HClðgÞ

þ 2H2ðgÞ

NH3ðgÞ ¼ 1

2
N2ðgÞ þ 3

2
H2ðgÞ

Their kinetic equations are as follows, respectively.

r1 ¼ Ks$pSiH2Cl2$pNH3
=½1þ K1$pSiH2Cl2 þ K2$pNH3

�
(7.16)

r2 ¼ Kd$pNH3
(7.17)

where r1 and r2 are the deposition rate of silicon nitride
and the pyrolysis rate of ammonium. Ks, K1, K2, and Kd

are kinetic constants. pi is the partial pressure of species
i. If the molar ratio of precursors (NH3/SiH2Cl2) is N,
then initial concentrations of SiH2Cl2 and NH3 are as
follows, respectively.

X1 ¼ 1=ðN þ 1Þ (7.18)

N=ðN þ 1Þ (7.19)

The initial concentrations of NH3 could be divided
into two parts:

• Stoichiometric NH3 part is equal to:

4=3ðN þ 1Þ (7.20)

FIGURE. 7.12 Comparison between theoretical curves and
LPCVD poly-Si experimental data reported in the literature [13].

FIGURE. 7.13 Simulation model of LPCVD silicon nitride
“Images reproduced with permission.”
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• Excess NH3 part is equal to:

X2 ¼ ðN � 4=3Þ=ðN þ 1Þ (7.21)

When the conversion efficiencies of SiH2Cl2 and the
conversion efficiencies of excess NH3 are represented
by h1 and h2, respectively, then after both the deposition
of silicon nitride and the pyrolysis of ammonium the
total gas volume will be a function of h1 and h2.

V ¼ 1þ 5

3
X1$h1 þ X2$h2 (7.22)

Therefore, concentrations of SiH2Cl2 andNH3 should be:

C1 ¼ X1ð1� h1Þ=V (7.23)

C2 ¼ ½4X1ð1��h1Þ=3þ X2ð1� h2Þ�=V (7.24)

Their kinetic equations could be rewritten as:

r1 ¼ Ks$C1$C2$p
2=½1þ K1$C1$pþ K2$C2$p� (7.25)

r2 ¼ Kd$C2$p (7.26)

where pi is the total pressure. A set of cyclical step-up
simulation formulas for LPCVD silicon nitride process
will similarly be obtained like that for LPCVD poly-Si
process.

h1ð0Þ ¼ 0
h2ð0Þ ¼ 0
. .
. .

r1ð jÞ ¼ Ks$C1ð jÞ$C2ð jÞ$p2=½1þ K1$C1ð jÞ$pþ K2$C2ð jÞ$p�
r2ð jÞ ¼ Kd$C2ð jÞ$p

h1ðjþ 1Þ ¼ Pj
i¼�L0þ1

½SðiÞr1ðiÞ�u0=FC0
1

h2ð jþ 1Þ ¼ Pj
i¼�L0þ1

½SðiÞ$r2ðiÞ þ 4
3SðiÞ$r1ðiÞ$u0�=FC0

2

. .

. .

Here, L0 is the length (the unit is a wafer number) of the
deposition region before the wafer region, u0 is the
volume ratio of the consumed SiH2Cl2 gas volume and
the volume of the solid deposit. F is the total gas flow
at the inlet end. The unit of gas flow is cubic centimeters
of the gas volume per minute under the standard condi-
tions (sccm).

Figure 7.14(a)e(e) shows a series of comparisons
between the theoretical simulation calculations and
experimental data reported in the literature [16]. The
agreement between theory and experiments is excellent.
Based on this simulation model and the corresponding
software a series of virtual experiments can be done by
computer. It will be very nice to master the rules of
LPCVD process, and to use them for controlling the
practical operation in fabrication. Table 7.1 shows a set
of apparent kinetic parameters for LPCVD silicon

nitride process. In fact, all of these kinetic data and
kinetic equations (Eqns (7.16) and (7.17)) are obtained
with the help of this theoretical simulation model.

7.4.3. Thermodynamic Coupling Model
of Activated Low-pressure CVD Diamond
Synthesis

Diamond is the hardest material in all known mate-
rials. Moreover, diamond has many other outstanding
characteristics. The heat conductivity of diamond is
better than that of silver and copper. Diamond is of
a high refractive index and excellent transparency. Dia-
mond is very valuable in industry and is also regarded
as jewelry and symbol of treasure. In the nineteenth
century and at the beginning of the twentieth century
the diamond synthesis has been claimed many times,
but all of those were not true. The phase diagram
of carbon had been calculated based on the classical
thermodynamics in about 1920s and 1930s. It was
known that under low pressures the stable phase of
carbon is graphite, and diamond is a metastable phase
of carbon. Scientists even calculated that a very high
pressure of about 15,000 times of atmosphere is needed
to realize the transformation from graphite to diamond.
Under such a theoretical guide, the high-pressure
diamond synthesis had been reached in 1954. This is
an important breakthrough in diamond synthesis, but
it has also incorrectly been concluded that it is thermo-
dynamically impossible to realize the diamond
synthesis under low pressures. In about 1970, the former
Soviet Union scientists Deryagin, Spitsyn, etc. realized
the diamond synthesis under low pressures via the gas
phase from methane or graphite with the activation of
super-equilibrium concentration of atomic hydrogen
(super-equilibrium atomic hydrogen, SAH). In 1976,
they published the new progress together with beautiful
photos of the diamond crystals grown on non-diamond
substrates, as shown in Fig. 7.15 [19]. However, nearly
no scientist in the West believed their achievement.
Later, the new technology of the activated low-pressure
diamond synthesis was confirmed by Japanese scientists
Setaka and his colleagues in about 1980 [20], and by
American scientist Roy in 1986 [21]. Since then the
activated low-pressure diamond synthesis, or called
the activated CVD diamond growth, has become amajor
focus of research throughout the world in 1990s.

The activated CVD diamond syntheses can be
reached by different activation methods, such as hot fila-
ment process, plasma process, combustion process, and
so on, as shown in Fig. 7.16. The low-pressure CVD dia-
mond growth can also be realized from graphite via the
vapor phase, as shown in Fig. 7.16(c). From these figures,
it can be found that all of these processes are closely con-
nected with the generation of super-equilibrium atomic
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hydrogen (SAH). In recent years, about 10-carat-size
single-crystal gem-quality diamonds have been
obtained by Chih-shiue Yan, R.J. Hemley, and
Ho-kwang Mao in Geophysical Laboratory, Carnegie
Institution of Washington, as shown in Fig. 7.17 [22].
This is a more important breakthrough in low-pressure

diamond syntheses and in diamond syntheses. Up to
now, the carat-size single-crystal gem-quality diamonds
are still very difficult to be obtained by high-pressure
processes.

There were at least three theoretical models proposed
in 1989 for explanation of the reason why diamond can

TABLE 7.1 Apparent Kinetic Parameters for LPCVD Silicon Nitride Process and L0 Values (For Simulation Calculations of Fig. 7.14)

T (�C) KS (nmminL1 PaL1) K1 (Pa
L1) K2 (Pa

L1) Kd (sccm PaL1 cmL2) L0 (wafer numbers)

700 5.6� 102 0.94 0.23 4.5� 10�6 5

750 6.8� 102 0.75 0.026 1.5� 10�5 10

800 1.1� 103 0.49 0.0045 3.8� 10�5 20

850 1.3� 103 0.26 0.0030 1.5� 10�3 40

900 2.3� 103 0.19 0.00025 2.9� 10�3 40

FIGURE. 7.14 Comparison between theoretical simulation curves (dashed lines) and experimental data of LPCVD silicon nitride “Images
reproduced with permission.”
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grow from the vapor phase under low pressures. For
instance, Sommer’s quasi-equilibrium model [23], Yar-
bough’s surface reaction model [24], and Bar-Yam’s
defects stabilization model [25] all of them were
proposed in 1989. Among them, the defects stabilization
model was published in the journal Nature. However,
due to the influence of classical thermodynamics, no
satisfying model has been found among them. In the

February 1990 issue of the journal Science, a review
paper “Current Issue and Problems in the Chemical Vapor
Deposition of Diamond” was published. An objective
comment on these models was that “All of these formu-
lations suffer from being inconsistent with at least some
experimental results.” [26] Especially, the phenomenon
of the diamond growth together with the simultaneous
graphite etching takes place under low pressures, as
show in Fig. 7.16(c), which puzzled a lot of scientists.
In 1990s or even in 2005 it was said that the low-pressure
CVD diamond growth was still regarded as a “thermo-
dynamic paradox” perhaps “violating the second law
of thermodynamics”; or explained by an incorrect so-
called “nano-thermodynamics” [27e33].

In April 1990, a “chemical pump” model was
proposed by Ji-Tao Wang and Jan-Otto Carlsson at the
Diamond Symposium of the Eighth International
Conference on Thin Films of the Eighth International
Conference on Thin Films at San Diego of United States
[34]. It has been pointed out that the diamond stable
growth under low pressures with the existence of SAH
is a normal phenomenon. The transfer of carbon atoms
from the stable graphite phase in the lower energy level
to the metastable diamond phase is driven by the
“chemical pump” due to the association of SAH. Such
an idea includes the most fundamental conception of
modern thermodynamics e thermodynamics coupling
(or called reaction coupling in chemistry). That is, a non-
spontaneous reactionmay take place with compensation
(or coupling) by another simultaneous spontaneous

FIGURE. 7.15 Beautiful photos of the diamond crystals
grown on non-diamond substrates were published by Deryagin,
Spitsyn, etc. in 1976.

FIGURE. 7.16 Equipment for activated
CVD diamond growth: (a) hot filament
process, (b) combustion process, and (c)
microwave plasma process.

FIGURE. 7.17 Synthetic diamond obtained in Carnegie Institution
of Washington. (left): A brilliant cut single-crystal diamond produced
from activated low-pressure chemical vapor deposition process
(placed on mirror). (right): Five-carat single-crystal CVD diamond
(without seed) 12 mm high and 6.7 mm in diameter cut from a 10-
carat (8� 8� 12 mm3) block.
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reaction. However, in quantitative calculations there
were some obvious shortcomings at that time. In 1995,
thermodynamic data of SAH and activated graphite
was quantitatively derived. In this way the chemical
pump model was improved into a thermodynamic
coupling model for the activated low-pressure diamond
growth [35e45]. In 2002, a new field of nondissipative
thermodynamics, which is the theoretical base of calcu-
lations for nonequilibrium phase diagrams, was estab-
lished [46,47]. In nonequilibrium phase diagrams of
carbon, diamond may be more stable than graphite
with the existence of SAH. Such a conclusion is directly
against the traditional conclusion coming from classical
thermodynamics.

Carnot theorem proposed by Carnot in 1824 told us
that reversible heat engines are of the highest efficiency
of energy conversion from heat to work. However, now
it is known that Carnot theorem should be extended into
the extended Carnot theorem. That is, nondissipation
(not reversibility) is the necessary and sufficient condi-
tion for the highest efficiency of any energy conversion
(including heat-work conversion by heat engines). For
simplicity, the assumption of cyclical process, such as
Carnot cycle, was introduced into classical thermody-
namics as early as in 1865 by Clausius. Therefore, clas-
sical thermodynamics is only suitable for simple
systems without thermodynamic coupling (or called
uncoupling systems, i.e., only spontaneous processes
under consideration). This is the reason for classical
thermodynamics to be limited into equilibrium phase
diagram calculations. In modern thermodynamics,
complex systems with both nonspontaneous processes
and spontaneous processes (or called coupling systems)
are under consideration, so under nonequilibrium
conditions nonequilibrium phase diagrams can also be
calculated. In equilibrium conditions it is impossible to
grow diamond from graphite under low pressures, but
in nonequilibrium conditions it is possible to stably
grow diamond from graphite under low pressures.
Both of these conclusions agree with the second law of
thermodynamics. A lot of experimental data for the acti-
vated low-pressure diamond growth reported in the
literature agree excellently with theoretical calculations
of nonequilibrium phase diagrams.

7.5. THERMODYNAMIC COUPLING
DURING THE LOW-PRESSURE CVD

DIAMOND GROWTH

7.5.1. Key Points of Thermodynamic Coupling
Model in Modern Thermodynamics

We know that: for the low-pressure diamond growth
from the vapor phase a large amount of super-

equilibrium atomic hydrogen (SAH) generated by hot
filament, microwave, or RF-plasma is needed. So there
are two main reactions inside the system.

Reaction 1:

C ðgraÞ ¼ C ðdiaÞ;
DG1 > 0 ðT; p � 105 PaÞ

Under isothermal isobaric conditions, the change of
Gibbs free energy DG1> 0 means that the transforma-
tion from graphite (gra) to diamond (dia) (i.e., Reaction
1, denoted by subscript 1) cannot take place spontane-
ously. T is the temperature of substrate. P is the pressure.

Reaction 2:

H� ¼ 0:5H2;
DG2 << 0 ðTactivation >> T; p � 105 PaÞ

DG2<< 0 means that the association of SAH (H)) (i.e.,
Reaction 2, denoted by subscript 2) can take place spon-
taneously releasing a large amount of energy.

Whole System or Whole Reaction¼ (Reaction 1)þ c

(Reaction 2):

C ðgraÞ þ cH� ¼ 0:5cH2 þ C ðdiaÞ;
DG ¼ DG1 þ cDG2 ðTactivation >> T; p � 105 PaÞ

If the reaction rate ratio c¼ r2/r1 is not too small
(c>> jDG1/DG2j, i.e., with sufficient concentration of
SAH), it must be DG< 0. That is, the reaction between
graphite and SAH to produce diamond under low pres-
sures (i.e., the Gibbs free energy change of the whole
systemDG< 0, without subscript here) is thermodynam-
ically reasonable. From theoretical calculations it is
known that jDG1/DG2jz 0.05, but it was known from
hot filament process: c¼ 0.28>> 0.05. Therefore, it has
been demonstrated that the whole reaction toward the
right side agrees with the second law of thermody-
namics. In this way, the second law of thermodynamics
for isothermal isobaric complex systems in modern ther-
modynamics should bewritten as (DG1> 0,DG2< 0, and
DG� 0). Thismodel provides not only an explanation for
the possibility to growdiamond under the activated low-
pressure conditions, but also an explanation for the
important role of SAH during the stable diamond
growth from the vapor phase. This does not only agree
with experiments, but also provides a theoretical basis
for establishment of a new field, nondissipative thermo-
dynamics, i.e., (DG1> 0, DG2< 0, and DG¼ 0) under
isothermal isobaric conditions. This is also the theoretical
basis for calculations of nonequilibrium phase diagrams.

7.5.2. Mechanism of Thermodynamic Coupling

As mentioned in the last paragraph, the key for
the low-pressure diamond growth is the introduction
of SAH generated by plasma or hot filament. If
atomic hydrogen in Reaction 2 is of the equilibrium
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concentration, then DG2 equals zero. There is no driving
force or thermodynamic coupling, so there is no possi-
bility to realize the stable diamond growth under low
pressures. Moreover, thermodynamics provides infor-
mation for the possibility of the reaction, but for the
practical realization a reasonable kinetic mechanism or
path is still needed.

Under the activated low-pressure condition, the
mechanism for the diamond (but not graphite) growth
from a mixture of methane or hydrocarbons and
hydrogen is very attractive, as shown in Fig. 7.18. This
mechanism can also provide an explanation for the dia-
mond growth from graphite via the gas phase.
Figure 7.18 shows only one of the idealized possible
mechanisms. For brevity, only the simplest six-member
ring clusters on surfaces are discussed. The simplest
six-member aromatic hydrocarbon is benzene, and the
simplest six-member aliphatic hydrocarbon is cyclo-
hexane. A single six-member cluster on a graphite
surface in hydrogen can then be treated as a benzene
molecule, which is physically adsorbed on the graphite
surface. However, a single six-member cluster on
a (111) diamond surface in hydrogen can be considered
as a cyclohexane molecule, which has adsorbed chemi-
cally on the surface, reacted with the diamond hydroge-
nated surface and released three hydrogen molecules.
The graphite clusters are unsaturated. On acceptance
of SAH more saturated hydrocarbons (cyclohexane,
cyclohexene, decahydronaphthalene, etc.) are formed.
The atomic hydrogen provides sufficient energy for
decomposition of the cluster into smaller fragments
(CH4, C2H2, C2H4, etc.). This results in etching of the
graphite cluster as well as in etching of graphite itself.
However, hydrogen shows only weak etching effect or

no etching effect on diamond. SAH promotes the dia-
mond growth with the simultaneous graphite etching.

The overall effect of SAH from an energy point of
view is to increase the energy of graphite and to change
the energy of diamond slightly. SAH plays the role of
changing the relative chemical potential energy and
the original stable graphite phase to a metastable phase.

Up to now, it is very clear that the activated low-pres-
sure diamond growth is reasonable in both thermody-
namics and kinetics. The shortcoming of kinetics is
mainly to provide a qualitative explanation. For quanti-
tative calculations for the influences of temperature,
pressure, composition, and so on should be on the
basis of thermodynamics, especially modern thermo-
dynamics.

7.6. NONEQUILIBRIUM PHASE
DIAGRAMS FOR THE LOW-PRESSURE

CVD DIAMOND GROWTH

Phase diagram has its clear definition in thermody-
namics. Phase diagrams for equilibrium systems are
called equilibrium phase diagrams, while phase
diagrams for nonequilibrium systems are called
nonequilibrium phase diagrams. There is a special case
in nonequilibrium systems, which is independent of
time, called stationary nonequilibrium systems. The cor-
responding phase diagrams are called stationary
nonequilibrium phase diagrams. Stationary nonequilib-
rium phase diagrams are independent of time, so they
can be drawn on paper for discussion. Only stationary
nonequilibrium phase diagrams are discussed here,
but the word “stationary” is often omitted. The activated

FIGURE. 7.18 Mechanism for the activated low-
pressure CVD diamond growth.
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low-pressure diamond growth system is a typical
example close to the idealized stationary nonequilib-
rium system. The diamond growth rate is very slow,
and all other parameters nearly keep constant for several
hours, several days, or even longer. Calculation of phase
diagrams (CALPHAD) on the basis of nondissipative
thermodynamics, i.e., (DG1> 0, DG2< 0, and DG＝ 0)
under isothermal isobaric conditions, is really a creative
research work. According to the whole reaction equation
mentioned above, diamond is more stable than graphite
with the existence of SAH. Such a basic phenomenon
should also be included in nonequilibrium phase
diagrams. Experiments show that the graphite etching
rate increases with the concentration of SAH, but the
diamond etching rate is close to zero and nearly inde-
pendent of the concentration of SAH. The etching rates
are closely connected with their stability, so the whole
reaction can be rewritten as follows:

C ðgraÞ þ cðH� � 0:5cH2Þ ¼ C ðdiaÞ;
or C ðgra�Þ ¼ C ðdiaÞ;
DG0 ¼ DG ðTactivation >> T; p � 105 PaÞ

Here, C(gra))¼ [C(gra)þ c(H)� 0.5H2)], and is called
activated graphite. Supposing that the concentration of
SAH is in equilibrium concentration of atomic hydrogen
at the activated temperature, then all thermodynamic
data of SAH (such as entropy S, enthalpy H, and heat
capacity at constant pressure Cp) can be quantitatively
calculated on the basis of fundamental thermodynamic
principles. Put these data of SAH together with thermo-
dynamic data of graphite and molecular hydrogen into
the expression of activated graphite, such as entropy of
activated graphite Sgra)¼ Sgraþ c(SH)� 0.5 SH2), so all
thermodynamic data of activated graphite can be
obtained. Using these data of activated graphite instead
of ordinary graphite data, and the ordinary CALPHAD
software, which is based on the minimization of Gibbs
free energy, a series of new nonequilibrium phase
diagrams for the activated low-pressure diamond
growth can be obtained.

Figures 7.19e23 are some typical nonequilibrium
phase diagrams of CeH, CeO, and CeHeO systems
for the activated low-pressure diamond growth. In all
of them there is a diamond stable region for the diamond
growth. Inside the diamond stable or growth region the
diamond growth together with the graphite etchingmay
take place simultaneously. That is, in ordinary equilib-
rium phase diagram diamond is a metastable phase
and graphite is a stable phase under low pressures,
but in nonequilibrium phase diagrams here diamond
is a stable phase and graphite is a metastable phase
during the existence of SAH even under low pressures.
All of these nonequilibrium phase diagrams agree
with the world-wide reported reliable experiments.
Especially, in Fig. 7.23 theoretical calculated results

FIGURE. 7.20 T� p�X nonequilibrium phase diagrams of CeH
system. (Diagonal region is the diamond growth region.)

FIGURE. 7.21 T� pe�X nonequilibrium phase diagrams of
CeO system. (Diagonal region is the diamond growth region.)

FIGURE. 7.19 T�X nonequilibrium phase diagrams of CeH
system. Diagonal region is the diamond growth region, and experi-
mental data for the diamond growth reported in the literature (,,O
& B) are just dropped in the diamond growth region. (The abscissa
shows the composition of the system by atomic ratio, similar cases
thereinafter will not be repeated.)
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agree quantitatively with Marinelli’s critical experi-
mental data, measured by spectroscopic analysis. It
well confirmed correctness of thermodynamic coupling
model and theory of nonequilibrium phase diagrams in
modern thermodynamics.

The conception of thermodynamic coupling (or called
reaction coupling in chemistry) had already been
referred to 1865 Clausius’ famous paper, in which ther-
modynamic coupling was called “compensation”
between nonspontaneous process and spontaneous
process, but Clausius did not write out its mathematic
expression. In the same system, two reactions with
DG1> 0 and DG2< 0 may take place simultaneously, if
Gibbs free energy of the system DG＝ (DG1þ c DG2)�
0(c¼ r2/r1). Based on the conception of reaction
coupling, a lot of phenomena and processes in living
systems may be explained. However, no quantitative
example, especially in living system, had been found.
Therefore, in the last 60 years or longer, arguments on
reaction coupling in chemistry lasted. Now, the success
of the activated low-pressure diamond growth and its
thermodynamic coupling model provides a powerful
and quantitative demonstration. For instance, under
the typically activated low-pressure CVD diamond
growth conditions (substrate temperature T¼ 1200 K,
total pressure p¼ 104 Pa and hot filament temperature
Tactivation¼ 2400 K), the transformation from graphite
to diamond (DG1¼ 6.96 kJ) does not take place sponta-
neously. The association of SAH (DG2¼�112.72 kJ) is
a spontaneous reaction. Based on the experimental
data of the reaction rate ratio c¼ 0.28, then the change
of Gibbs free energy for the whole system or for the
whole coupled reaction DG¼ 6.96� 0.28� 112.72¼
�24.60 kJ< 0. It means that the reaction from graphite
and SAH to produce diamond and molecular hydrogen
agrees with the second law of thermodynamics. This
creates a new way for inorganic syntheses or material
preparations on the basis of thermodynamic coupling
in the twenty-first century. In fact, thermodynamic
coupling has already been used for the low-pressure
cubic boron nitride synthesis and could also be used
for the preparation of new materials, such as CNx. A
lot of phenomena in living systems also show that ther-
modynamic coupling has been well utilized. This also
opens a nice prospect for bionic syntheses.

Due to the promotion of thermodynamic coupling
model for the activated low-pressure diamond growth,
Carnot theorem has already been extended into the
extended Carnot theorem. Reversibility is a sufficient
but not a necessary condition for the highest energy
conversion efficiency, while nondissipation is a neces-
sary and sufficient condition for the highest energy
conversion efficiency. Based on the extended Carnot
theorem, without any out-of-thermodynamic assump-
tion, a complete classification of thermodynamics

FIGURE. 7.22 Ternary composition projective nonequilibrium
phase diagram of CeHeO system (0.01e100 kPa, Diagonal region is
the diamond growth region between 700 and 1900 K).

FIGURE. 7.23 Comparison of the theoretical ternary nonequilib-
rium phase diagram at fixed temperature and pressure with Mar-
imelli’s critical experiments. (b) An enlarged part. Diagonal region is
the diamond growth region.
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discipline can be constructed, as shown in Fig. 7.24 [48].
More about modern thermodynamics are out of the
scope of this book. For readers who are interested in
them, related books or references written by Ji-Tao
Wang [49e55] may be referred.
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Microwave-assisted Inorganic Syntheses
Jingping Zhao, Wenfu Yan

Jilin University, China

The use of microwave as an energy source for
chemical reactions and processes has been extensively
investigated over a wide range of subjects since the
last century [1e8]. Large numbers of reactions in
organic and inorganic synthesis have been studied.
Their applications include cyclo-addition reactions [9],
synthesis of radio-isotopes [10], fullerene chemistry
[11], polymers [12], carbohydrates [13], homogeneous
[14]/heterogeneous catalysis [14,15], medicine [16,17],
green chemistry [18], SiC [19], GaN [20], CuFe2O4

[21], and La2CuO4 [21]. Many review papers have
covered almost every aspect from accelerated synthesis
speed, microwave effects to microwave equipment
[22e27].

8.1. BASIC PRINCIPLE OF MICROWAVE
RADIATION, MICROWAVE HEATING,

AND MICROWAVE EQUIPMENT

8.1.1. Basic Principle of Microwave Radiation
and Microwave Heating

Microwave heating has been widely used in chemical
synthesis. If microwave heating is regarded as an alter-
native to conventional oven heating, then its interest
and potential in synthesis chemistry are limited. It is
very important to understand the principle of micro-
wave radiation and microwave heating because many
chemical reactions show significant differences under
microwave heating conditions in aspects of the reaction
rate and product selectivity, as compared to conven-
tional heating.

The basic principle of microwaves can be described
by the following equation:

l0 ¼ c

f
(8.1)

The wavelength l0 of microwave is related to the
frequency f according to Eq. (8.1). The frequency indi-
cates the numbers of oscillations of the electric or
magnetic field in 1 s. Microwaves lie in the electromag-
netic spectrum between infrared waves and radio
waves. Usually, the wavelength is from 0.01 to 1 m
and the frequency range is between 0.3 and 30 GHz.
A typical electromagnetic spectrum is shown in
Fig. 8.1 [28].

Microwave radiations in general are of a low energy
as compared to other radiations (Table 8.1 [28]). The
quantum energy of microwave is only about 0.0016 ev
at 2450 MHz and it is too weak to break any chemical
bond even hydrogen bond. However, microwave
energy will affect many chemical reactions in different
ways.

When a material is exposed to a microwave radiation,
three different sets of conditions may occur depending
on the nature of the material. If the material is

FIGURE 8.1 A typical spectrum of common electromagnetic
radiations [28].
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a conductor such as metals, microwave will be reflected
from these materials and will not generate heat. If the
material is insulator such as china, the material is trans-
parent to microwave energy and again no heat will be
generated. If the material is dielectric such as water,
microwave energy will be absorbed by the material
and heat will be generated. The last case is the most
interesting aspect to chemists.

In general, microwave energy absorption has two
main mechanisms. One is dipole rotation and another
is ionic conduction.

Dipole rotation is the mechanism normally referred to
as dielectric heating. Molecular rotation occurs in mate-
rials containing polar molecules having an electrical
dipole moment, which will completely or partially align
themselves continuously in an electromagnetic field. As
the electromagnetic field alternates, the molecules
change their direction. The rotating molecules push,
pull, and collide with other molecules distributing the
energy to adjacent molecules and atoms in the material.
Molecules can rotate with electromagnetic field up to
106 Hz in liquid or glass systems. However, the rotation
cannot follow the field changes all the time as it depends
on the size and the dielectric coefficient of the molecules.
In such cases, the field energy is converted to kinetic and
thermal energy. Temperature is the average kinetic
energy of the atoms or molecules in a material. Thus,
dipole rotation is a mechanism by which energy in the

form of electromagnetic radiation is converted to heat
energy.

Molecular friction is often used as an easy under-
standing term for describing this behavior. The mobility
and ability to orient molecules or the “molecular fric-
tion” decide the nature of absorption and conversion
of the energy.

Ionic conduction is a mechanism normally referred
as ions movement with the electronic field. When the
electric field is changed, ions with the same charge
migrate away from the field. Obviously, the ion move-
ment will affect the chemical reaction in a different
way as compared to the reaction under conventional
heating.

Based on the above principle, microwave radiation
affects chemical reactions mainly by dipole rotation
and ionic conduction of the reactants. If a simple chem-
ical reaction can be shown as:

Aþ B/C (8.2)

The reaction rate of the reaction can be described as:

k ¼ Ae�Ea=RT (8.3)

The equation gives the dependence of the rate
constant k of chemical reactions on the temperature T
and activation energy Ea, where A is the pre-exponential
factor or simply the pre-factor and R is the gas constant.
The A factor can be understood as a description of the
probability of reaction molecules to align in right orien-
tation for band formation. Given the small temperature
range in which kinetic studies are carried, it is reason-
able to approximate the activation energy as being inde-
pendent of the temperature. The most that people agree
is that the activation energy Ea is most likely not to be
significantly affected by microwave radiation because
of the nature of microwave radiation. The temperature
T is the physical measurement temperature which is
the combination of Bulk temperature Tb and Instanta-
neous temperature Ti. The bulk temperature is achieved
with conduction. Tb is equal to Ti in most of conven-
tional heating reactions. However, in a microwave heat-
ing reaction system, the transfer of microwave energy is
rapid and direct with any absorbing materials. The
microwave energy can be directly delivered to the mole-
cules. The rapid energy transfer creates nonequilibrium
condition resulting in high instantaneous temperature
Ti. The high Ti activates a higher percentage of molecules
above the required activation energy. Due to rapid
energy transfer under microwave heating condition, Ti
is much larger than Tb. Thus, reaction kinetics is
controlled by Ti under microwave radiation condition.
In general, a reaction can be accelerated from 10 to
1000 times under microwave heating. According to
some researchers, when a reaction is at 150�C

TABLE 8.1 Typical Energy of Common Radiation and Chemical
Bonds [28]

Radiation type Typical frequency (MHz) Quantum energy (eV)

Gamma rays 3.0� 1014 1.24� 106

X-rays 3.0� 1013 1.24� 105

Ultraviolet 1.0� 109 4.1

Visible light 6.0� 108 2.5

Infrared light 3.0� 106 0.012

Microwaves 2450 0.0016

Radio 1 4� 10�9

Chemical bond type Chemical bond energy (eV)

HeOH 5.2

HeCH3 4.5

HeNHCH3 4.0

H3CeCH3 3.8

PhCH2eCOOH 2.4

0.21
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(Tb¼ 150), and Ea is 50 kcal/mol, the reaction rate will
increase 10 times if Ti is 167�C. If Ti increases to 185�C,
the reaction speed is about 100 times faster. If Ti rises
to 206�C, the reaction will speed up 1000 times. The
instantaneous temperature is associated with the
“superheating” or “hot spots” [29,30] which are gener-
ated by rapid transfer of microwave energy on local
area of particular dielectric substances. However, it
should be indicated that “superheating” is a local
molecule-level overheating and is different from the
overheating caused by delay of boiling under a conven-
tional heating condition. The “superheating” and “hot
spots” are the characteristics of microwave-heated
reactions.

Based on the basic understanding for microwave
heating, rapid and direct energy delivery is a unique
feature affecting the reactions. Due to the rapid energy
transferring under microwave heating, a microwave-
heated reaction system may reduce reaction dramati-
cally up to 10e1000 times, increase yield and product
selectivity. It may also allow those reactions to occur
which are otherwise not possible. The microwave accel-
erated-processes may be greener than a conventional
process.

8.1.2. Microwave Equipment

Although the microwave frequencies cover from 0.3
to 30 GHz, there are only very limited frequency bands
that can be used in microwave heating equipment. The
frequencies used in microwave ovens were chosen on
the basis of two strict constraints: (i) there should be
one of the industrial, scientific, and medical (ISM)
frequency bands set aside for noncommunication
purposes; and (ii) besides 2.45 GHz, three additional
ISM bands exist in the microwave frequencies range,
but are not used for microwave heating. Bands at
5.8 GHz and 24.125 GHz are not used for microwave
heating because of the very high cost of power genera-
tion at these frequencies. The third, centered at
433.92 MHz, is a narrow band which requires expen-
sive equipment to generate sufficient power without
creating interference outside the band and is only avail-
able in some countries. For household purposes,
2.45 GHz has the advantage over 915 MHz in that
915 MHz is only an ISM band in the ITU Region 2 while
2.45 GHz is available worldwide. Therefore, almost the
entire commercial microwave heating equipment either
for scientific or for domestic purposes has a fixed
frequency at 2.45 GHz. Consequently, any results and
conclusions discussed here are based on the microwave
heating with fixed frequency at 2.45 GHz. If the micro-
wave frequency is different from the fixed 2.45 GHz,
many of these results and conclusions may not be
reliable.

Microwave accelerated reactions are carried out
under domestic household microwave oven and labora-
tory microwave heating equipment. Most domestic
microwave ovens allow users to choose between several
power levels from 500 to 1500 W. In most ovens,
however, there is no change in the intensity of the micro-
wave radiation. The temperature is controlled by
turning on and off the magnetron in which the micro-
waves are generated. The temperature inside micro-
wave oven is not monitored. Therefore, the reaction
temperature in such oven can vary to a large/great
extent depending on the microwave absorption of the
reactants, reaction medium, and quantity of the reaction
materials. Under such condition, the reaction tempera-
ture is not controlled. This type of microwave oven is
only used on some of the studies in 1970se1980s of
last century. Due to the lack of temperature control of
this type of microwave oven, the reactions carried out
in this oven are usually without a reliable temperature.
The results are almost of no comparison value.

With the development of microwave heating equip-
ment, more sophisticated laboratory microwave ovens
have become available. One of such microwave equip-
ment is developed by CEM (Fig. 8.2). A laboratory
microwave oven usually has sophisticated temperature
control system which is able to monitor the tempera-
ture of single or batch of reactors directly or indirectly.
Microwave power can be controlled continually. Using
such microwave oven, the reaction temperature can be
accurately controlled and results are much more
comparable. Based on the principle of microwave heat-
ing, we know that absorption of microwave for a given
substance also depends on the wavelength of the micro-
wave radiation. Therefore, the microwave heating

FIGURE 8.2 CEM Laboratory Microwave Oven [28]. Courtesy of
CEM (www.cem.com).

BASIC PRINCIPLE OF MICROWAVE RADIATION, MICROWAVE HEATING, AND MICROWAVE EQUIPMENT 175

http://www.cem.com


equipment with variable frequency and continuous
variable power output is ideal equipment for compre-
hensive studies on microwave associated synthesis
chemistry. However, under current regulation and tech-
nique restrictions, majority of the research associated
with microwave heating is carried out at a fixed micro-
wave frequency. If the associated microwave frequency
is changed, the results and conclusions are needed to be
verified.

8.2. SYNTHESIS OF INORGANIC
MATERIALS UNDER MICROWAVE

HEATING

As described above, microwave heating can be
a promising alternative to conventional heating. The
following sections will discuss the syntheses of the
various inorganic materials.

8.2.1. Reactions in Liquid Media

8.2.1.1. Microwave-assisted Hydrothermal
Synthesis: porous Materials

A large number of compounds or materials have been
synthesized under hydrothermal conditions: porous
materials, superionic conductors, chemical sensors, elec-
tronically conducting solids, complex oxides and
ceramics, fluorides, magnetic materials, luminescence
phosphors, etc. [31].

Porous materials like zeolites are usually synthesized
under hydrothermal conditions. Synthesis of zeolites
under microwave heating condition has demonstrated
some special effects comparing to the synthesis carried
out under conventional hydrothermal condition. Much
has been written about special “microwave effects”,
particularly where it has been claimed that reactions
proceeded faster in microwave heating environment
than under conventional conditions at the same
temperature.

The early application of microwave heating in zeolite
synthesis is NaA and ZSM-5 which was patented by
Mobil in 1988. Since then, the microwave heating has
been applied in many microporous and mesoporous
materials synthesis. Some of the results are reported
and summarized [23].

A typical explanation for accelerated zeolite synthesis
under microwave heating conditions includes the
following aspects.

1. Microwave heating is able to transfer microwave
energy rapidly to the reaction system resulting in the
rise in the temperature of the reaction mixture and
hence accelerating the reaction (crystallization) speed
[32].

2. Microwave heating may lead to more uniform
temperature distribution in the reaction mixture [33]
as it can deliver the microwave energy directly to the
molecules of the reactants rather by the conventional
heat conduction.

3. Microwave radiation can generate “superheating” in
the reaction mixture [34]. Under atmospheric
pressure, the boiling point of a liquid under
microwave heating may rise temperature by 10e30�C
to that of the conventional boiling point.

4. In heterogeneous systems, there may be significant
different heating effects due to the heterogeneity of
the dielectric species. In these cases, it is very possible
for some regions to be hotter than others resulting in
regional hot spots in macro or microscale. The
superheating, hot spots as well as the ionic
conduction my affect the orientation of the reactant
molecules or crystallization route [29,30].

5. Microwave heating changes the association
between reaction species in the reaction mixture
[35,36].

6. Microwave energy enhances the dissolution of the
reaction gel [35,37,38].

8.2.1.1.1. MICROWAVE-ASSISTED SYNTHESIS

OF ALUMINOUS-SILICATE ZEOLITES

Following the early studies on the microwave-assis-
ted syntheses of zeolites, many laboratories reported
the microwave-assisted syntheses of aluminous-silicate
zeolites. A typical research on the Na2OeSiO2eA2O3e
H2O system shows that under microwave heating, the
crystallization fields for hydroxysodalite of NaA and
NaX were essentially same as those obtained under
conventional heating. However, the crystallization time
of the NaA under conventional heating is 10 times
longer than that under microwave heating. The crystal
size distribution obtained from the microwave-assisted
synthesis is slightly narrower (0.5e1.4 mm) than that
obtained from the conventional hydrothermal synthesis
(0.2e1.3 mm).

For the same synthesis system, when the composi-
tions of the mixture were xNa2Oe1.0Al2O3eySiO2e
240H2O, where x¼ 6.2 and y¼ 10.0, respectively,
a well-crystallized NaY could be synthesized in 1.5 h
at 110�C under microwave heating without seeding.
Using the same reaction mixture, the synthesis takes
9e10 h at the same temperature under conventional
heating condition. Thus, the synthesis is speeded up
for about six times under microwave heating.

It is well known that pure NaY is usually difficult to
be synthesized at a higher temperature than 150�C
under conventional heating condition because P-type
zeolite is an unavoidable impurity phase frequently
obtained at higher temperature [39]. Therefore, most of
the industrial processes for NaY production usually
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use a low synthesis temperature (usually ca. 90e100�C).
At this temperature, the NaY crystallization usually
takes about 10e30 h. However, under microwave heat-
ing, the FAU structure of NaY could be detected by
XRD after about 5 min at 150�C, and a complete crystal-
lization took only further 10e15 min [5]. The crystalline
product had an average crystal size of 0.5e1.0 mm
without any XRD detectable crystalline impurity. Even
after extending the microwave heating time to a total
of 120 min, there was no other XRD detectable crystal-
line phase formed. This suggests that the microwave
energy has made an effective and apparently selective
contribution to the formation of FAU structure. It
appears that use ofmicrowave energymay have a partic-
ularly advantage in encouraging the nucleation of single
phase under favorable conditions rather than exerting
any unique influence upon crystal growth.

Highly siliceous zeolite Y is widely used as catalysts
in FCC process to increase the yield and selectivity.
Usually, a high silica zeolite Y needs a longer crystalliza-
tion time and many cases require templates and seeding
or posttreatment of dealumination. However, a fairly

siliceous and pure NaY can be synthesized in less than
1.5 h at 150�C using microwave heating with seeding.
A typical product had an SiO2/Al2O3 ratio of 4.7 as
calculated from unit cell parameters. Unfortunately,
the true comparison of microwave heating with conven-
tional heating at higher temperature cannot be made
because pure NaY cannot be obtained from conventional
heating under these conditions.

The acceleration effect of the microwave heating on
the crystallization of Faujasite-type zeolite is summa-
rized in Table 8.2 [3]. It demonstrates that microwave
heating can reduce about 2/3rd of the crystallization
time at 110�C compared to conventional heating.
A much higher crystallization temperature of up to
150�C can also be used under microwave heating
without generating impure crystalline phases.

8.2.1.1.2. MICROWAVE-ASSISTED SYNTHESIS

OF [Al]ZSM-5

[Al]ZSM-5 can be synthesized from a reaction mixture
having a typical composition of 5.0Na2Oe0.2A2O3e
60SiO2e4.0TPABre900H2O. The very well-crystallized

TABLE 8.2 Aluminosilicate Zeolites Prepared by Microwave Synthesis

Zeolite type

Microwave hydrothermal treatmentdcomposition, microwave

oven, power, time, temperature Synthesis characteristics

Sodalite (SOD) 1.9:1:2.66:128 (SiO2/Al2O3/Na2O/H2O), CEM MARS X microwave,
1200 W max, 7 min at 160�C no gel aging

Spherical particlesz 2 m size

NaY (FAU) 10:1:14:800 (SiO2/Al2O3/Na2O/H2O), Snowtex-N Colloidal Silica
source, CEMMARS-5, XP-1500 oven 300 W max, 100�C for 0.5e4 h,
20 mL in a 50 mL vessel heating rate of 20e200�Cmin�1

2 h at 100�C produced 180e280 crystal size,
96% yield, particle size increased with
reaction time, heating rate did not strongly
effect the formation of NaY

NaY (EMT) 2.4:0.5:0.85e1.0:10:0.5e0.8:140 (Na2O/NaF/Al2O3/SiO2/
[18-crown-6]/H2O), fumed silica (BDH), CEMMDS-2100 oven, 14 h
at 170�C, or 20 min at 150�C, high silica NaY in 1.5 h at 150�C

z6� reduction in synthesis time over
conventional, synthesis can be carried out at
higher temperatures without formation of
zeolite P

NaY (FAU) SiO2/Al2O3¼ 25, Na2O/SiO2¼ 0.88, H2O/Na2O¼ 45e90, domestic
oven Matsushita Electric Co. NE-S30, 120 s to 100e120�C at 600 W,
cooled, then repeated using 200 W power

10 min at 100�C fully crystalline NaY

NaY(FAU) 8e10:1:3e4:100e135(SiO2/Al2O3/Na2O/H2O) Aerosil 200 silica
source, domestic Sharp R-10R-50, 200 mLTeflon autoclave in which
two 30 mL vessels are placed, 30 s, 120�C then 10 min at 100�C

Impurities such as Zeolite P observed, fast
heating avoids the formation of secondary
phases, decrease in crystallinity observed
with increase in Si/Al

NaY(FAU) 16:1:3:400 (SiO2/Al2O3/Na2O/H2O), Aerosil 200 silica, Panasonic
NN 7856, 900 W max pulsed, 900 W 120�C in 30 s, 18e25 min @
120�C, solution aged for 24 h, PTEE vessels with 5 cm inside
diameter

Used pulsed power to control the reaction
temperature

NaY(FAU) 1:10:6:400 (SiO2/Al2O3/Na2O/H2O), 10e60 min refluxing <100 nm crystal sizes formed, uniform crystal
size produced

NaY(FAU) 10:1:6:240 (SiO2/Al2O3/Na2O/H2O), Ludox HS-40 silica, Custom
continuous microwave reactor, Sharp r-10R50 oven, 140�C,
3.5 mLmin�1, 12 min residence

Average crystal size of 0.4 mm, SiO2/
Al2O3¼ 4, conventional synthesis with rapid
heating produced similar reaction results as
microwave synthesis

Tompsett, G. A.; Conner, W. C.; Yngvesson, K. S.: Microwave synthesis of nanoporous materials. ChemPhysChem. 2006. Vol.7, Page 296. Copyright Wiley-VCH Verlag GmbH & Co.

KGaA. Reproduced with permission from [3].
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[Al]ZSM-5 can be obtained from this gel under micro-
wave heating at 170�C without seeding in less than 3 h.
The XRD patterns of the products show that the nucle-
ation takes less than 1.65 h and the crystal growth
needs about 1 h.

The above result shows that the [Al]ZSM-5 can be
formed very rapidly under microwave heating. The
particle size of the [Al]ZSM-5 synthesized under micro-
wave heating is about 3e4 mm and no other crystalline
phase is observed. Compared to conventional oven heat-
ing, the time taken for complete crystallization of the gel
under microwave heating is only few hours, which
speeds up the reaction (twice or more than twice). With
further studies, 5% (byweight, based on the total amount
of silica) of colloidal ZSM-5 was added into the typical
reaction mixture as seeds. Using the seeded mixture,
the crystallization of [Al]ZSM-5 takes about 2e3 h at
175�C under conventional heating. However, very well-
crystallized [Al]ZSM-5 can be obtained from the same
reaction mixture in 5 min at 175�C under microwave
heating [30]. The particle size is about 0.3e0.5 mm.

A similar study on [Ti]ZSM-5 is also carried out at
similar conditions using a reaction mixture having
composition of 1.0NH4Fe0.03TiCl3e1.0SiO2e0.5TPABre
30H2O. The crystallization is similar to the aluminum-
based fluoride system of 2.0NH4Fe0.14AlCl3e1.0SiO2e
0.5TPABre30H2O. The nucleation takes about 7 h and
the crystal growth needs only about 1.5 h which is similar
to that in an alkaline system. This shows that microwave
heating has no unique influence on the crystal growth in
either fluoride or alkaline synthesis systems. It suggests
that nucleation is themajor factorwhich controls the over-
all crystallization time in the fluoride-basedMFI synthesis
system. Under conventional heating, the crystallization
will take about 20 h at 175�C. All of these studies dis-
cussed in this section suggest that the microwave heating
can usually speed up the crystallization of zeolite with
MFI structure 2e3 times.

ForMFI type of zeolites, microwave heating can cut at
least half of the crystallization time as compared to the
conventional heating without seeding. But under seed-
ing condition, microwave heating can accelerate the
crystallization by more than 20 times.

Some synthesis details of MFI and MEL zeolites
synthesized under microwave heating are summarized
in [3].

8.2.1.1.3. MICROWAVE-ASSISTED SYNTHESIS

OF MICROPOROUS ALUMINOPHOSPHATES

Microporous aluminophosphates AlPO4-n have
neutral frameworks, without any associated cations
and significant catalytic activity. However, the substitu-
tion of heteroelements into these frameworks may
introduce possibilities for many types of applications
as catalysts and catalyst supporting materials. When

silicon or metal substitution happened, the frameworks
will produce a negative charge and resulting potential
acid sites, whilst the presence of the framework transi-
tion metal may generate redox activity.

An early study reported [35] that AlPO4-5 would be
synthesized in 60 s at 180�C under microwave heating.
A large series of synthetic parameters such as composi-
tions, temperature, and heating time were investigated
in order to determine their effects on the synthesis. An
interesting process occurred during the use of two-stage
synthesis in which the mother liquor was decanted after
60 s heating and heated again at 180�C for further 60 s.
Although the particle size of the products at the first stage
was fairly big and contained amorphous materials, the
product at the second stage had a very narrow size distri-
bution of the single crystals and was free from impurity.
It was also found that a small amount of HF would
increase the crystal size.Duet al. [40] found that abroader
range of composition of the reactionmixture can result in
the formation ofAlPO4-5 crystals undermicrowave heat-
ing condition, which is different from that formed under
conventional heating. So far, many porous phosphates
have been successfully synthesized under microwave
heating, such as SAPO, MAPO, VAPSO, CoAPO, and
MnAPO. Some of the results are summarized in [3]. For
this type of porous materials, the synthesis is speeded
up in most of the cases by microwave heating.

8.2.1.1.4. MICROWAVE-ASSISTED SYNTHESIS

OF MESOPOROUS MATERIALS

Mesoporous materials with uniform porous dimen-
sions were discovered by Mobil in 1992 [41]. The surface
area of mesoporous materials is usually high (over
1000 m2 g�1) with a narrow pore size distribution. A vast
number of mesoporous materials containing pore size
from 2 to 100 nm were produced [42] and modified by
incorporation of metal elements. Although this kind of
mesoporous materials exhibits unique catalytic, adsorp-
tion, and separation properties, their synthesis often
required several days. In 1996, mesoporous silica
(MCM-41) was synthesized byWu [43] under microwave
heating. Recent studies found that many of the mesopo-
rous materials could be prepared under microwave heat-
ing condition and the synthesis could be significantly
accelerated. Someof these results are summarized inTable
8.3 [3]. The particle size of the mesoporous materials
prepared under microwave heating is usually smaller
than those prepared under conventional heating, which
suggests that the nucleation is fast and homogeneous
under microwave heating conditions. Kim et al. [44]
reported that the additive of ethylene glycol (EG) could
improve the crystallinity and morphology of MCM-41
due to the higher dissipation factor of EG than that of
water leading to fast energy transformation from micro-
wave energy to thermal energy.
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TABLE 8.3 Mesoporous Silica-based Materials Prepared Under Microwave Heating

Mesoporous material Composition and synthesis Product characteristics

MCM-41 NaAlO2 (0.083 g), C16H33NMe3Cl/OH (9 mL)þ TMA
silicate (2 g; 10%)þ silica (1 g), Questron microwave,
160�C for 1 min then 150�C for 80 min

Hexagonal phase forms after 20 min at 150�C, small
crystallites

MCM-41 NaAlO2, CnH2nþ1NMe3X (XhCl, Br, nh 12, 16),
mesitylene, aerosil or TEOS, 650 W, 1e30 min

MCM-41 1:0.167:0.5:40.5:0e8.1 (SiO2/MTAB/NaOH/H2O/EG),
CEM MDS-2000 630 W max, 100e150�C in 1e30 min,
then 100�C 30 min (60 W)

Uniform fine particles, rodlike

MCM-41 1:0.167:0.5:40.5:0e8.1 (SiO2/MTAB/NaOH/H2O/EG),
CEM MDS-2000 630 W max, 100e120�C for 40 min

Ethylene glycol improves crystallinity and
formation of uniform, round z0.2 mm
MCM-41 crystals. EG has a higher dissipation
factor

Ti-MCM-41 1:0.02:0.2:0.25:31 (SiO2/TiO2/TEAOH/CTMACI/H2O),
CEM MDS-2100 950 W max, 100e120�C 10 mine5 h

Accelerated rate, 3 nm pores, narrow distribution,
morphology disordered and wormlike, no long-
rage order

B-MCM-41 1:1:0.6:0.2:55 (HDTMABr/SiO2/EN/H3BO3/H2O),
CEM MDS 200, 95�C for 4 h

MCM-48 Prepared microwave radiation-induced
dispersion of magnesia or calcium oxide,
impregnation with magnesium acetate
solution, and ion exchange with cesium nitrate
solution

MCM-48 1:0.15:0.5:80 (TEOS/CTABr/NaOH/H2O), 100�C for 1
or 2 h, CEM MDS-2000 microwave oven

Spherical 1rodlikemm crystals formed

SBA-15 SiO2 (0.01 mol), EO20BO70EO20(1 g), NaCl (7.7 mol),
HCl (0.06 mol), ethanol (0.44 mol), H2O(1.94 mol).,
CEM MARS-5 microwave 1200 W max, 15e120 min at
100�C

Ti-SBA-15 SiO2/TiO2 (0.02 mol), EO20BO70EO20(2 g), HCl
(0.12 mol), H2O(3.92 mol)., CEM MARS-5 microwave
1200 W max, 120 min at 100�C

Zr-SBA-15 SiO2/TiO2 (0.02 mol), EO20BO70EO20(2 g), HCl
(0.12 mol), H2O(3.92 mol)., CEM MARS-5 microwave
1200 W max, 20 min at 100�C

Si/Zr ratios of 10, 20, 40, and 80 successfully
synthesized

SBA-16 1:0.000317:6.68:137.9:1.4e8.4 (SiO2/F127/HCl/H2O/
EG), CEM MARS-5 microwave 1200 W max, 60 min
at 100�C

dodecahedral particles z 2mm size.

FDU-1 1:0.00735:6.155 (TEOS/EO39BO47EO/HCl/H2O),
15e180 min at 100 �C, microwave not specified

best sample obtained after 60 min, uniform
nanopores, increased synthesis times decreased
the uniformity of pore entrance sizes

PSU-1 1:0.12:2.6:100e280 (SiO2/CTACI/HCl/H2O), CEM
MARS-5 1200 W max, static 100�C 2 h

Cage-like framework produced, similar
to FDU-1 and SBA-16, Not obtained
using conventional hydrothermal
synthesis

microemeso
disordered silica

SiO2 (0.01 mol):EO20BO70EO20 (0/034/0.069/0.10/
0.14/0.17): C10TAB (3.56.2.85/2.14/1.42/0.71) mmol,
or C12TAB (3.34/2.59/1.94/1.29/0.65) mmol, or
C16TAB (2.74/2.19/1.64/1.09/0.55) mmol, HCl
(0.06 mol): H2O (1.94 mol), CEM MARS-5 1200 W
max, 2 h at 100�C

Tompsett, G. A.; Conner, W. C.; Yngvesson, K. S.: Microwave synthesis of nanoporous materials. ChemPhysChem. 2006. Vol.7, Page 296. Copyright Wiley-VCH Verlag GmbH & Co.

KGaA. Reproduced with permission from [3].
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8.2.1.1.5. MICROWAVE-ASSISTED PREPARATION

OF MEMBRANES OF POROUS MATERIALS

The preparation of nanoporous membranes is a very
attractive aspect because the membranes often provide
enhanced separations, catalytic activity and selectivity.
However, the preparation of high-quality membranes
is not easy. Under microwave heating condition, the
formation of particles with smaller and more uniform
size make it possible to prepare thinner, dense, better
orientated, and more aligned membranes.

(a) AlPO4-5 and SAPO-5 membranes
In 1995, the preparation of AlPO4-5 membrane

from very small orientated crystals under
microwave heating condition was reported [45]. The
temperature, microwave heating time, power, and
aging time affected the thickness of the membrane
and the orientation of the AlPO4-5 crystals. The
AlPO4-5 crystals in the membranes prepared under
conventional heating are not usually oriented.
However, they may be oriented under microwave
heating condition. Tsai et al. [46] prepared a well-
aligned SAPO-5 membrane under microwave
heating. Some studies [47] suggested that
microwave heating limits the nonisothermal
process, resulting in homogeneous heating in the
reaction solution. Therefore, a large number of
nuclei would form in the reaction solution in a very
short time, leading to the very small and uniform
crystals which help to form dense and well-
orientated membranes.

(b) LTA membranes
LTA membranes have been extensively studied

because of the convenient and facile synthesis of

LTA-type zeolite. Some of the reported results are
summarized in [26]. According to these results,
comparison of a proposed mechanism of microwave
heating and conventional heating effects on
membrane formation is illustrated in Fig. 8.3 [26]. It
is generally agreed that microwave heating
significantly enhanced the formation of small and
uniform crystals, resulting in more controllable,
better orientated, less gradient membranes. It is
found that microwave heating can affect the
morphology of LTA-type zeolite during membrane
formation, resulting in less perfect, aggregated, and
dense membrane.
Usually it is a problem to use metallic materials in

microwave environment because of the arcing.
However, some laboratories have studied zeolite A
membrane preparation on copper and stainless steel
substrates under microwave heating [48]. According
to their results, zeolite A membranes with 0.3e1 mm
thickness could be rapidly formed on the copper but
not on stainless steel base. Their results suggested
that the nucleation of zeolites on the metallic
substrates depended on the active sites of the
surface, heating method, and the aging procedure of
the reaction solution.

(c) Silicalite-1 (MFI structure) membranes
Silicalite-1 (MFI structure) membranes were

prepared on silicon wafer support under microwave
heating [49,50]. It was found that microwave heating
provided an efficient preparation process for such
membranes.

(d) Other zeolite-type membranes
Other zeolite-type membranes such as Sodalite,

Faujasite, and ETS-4 have also been successfully
prepared under microwave heating [26]. Some of the
results are summarized in [26].

A well-crystallized Sodalite membrane supported
on a-Al2O3 was synthesized in 45 min under micro-
wave heating [51]. It is eight times faster than the
synthesis conducted under conventional heating
condition. The microwave heating also shows the
preference to the Sodalite formation, resulting in the
pure Sodalite membrane rather than the NaX and
NaA co-existed membrane which is often obtained
by conventional heating. A Faujasite membrane sup-
ported on g-Al2O3 was prepared by two-stage
synthesis under microwave heating [52]. Titanosilicate
(ETS-4) membrane was also synthesized in less than
1 h by a microwave heating associated preparation
procedure [53], which is significantly shorter than
the preparation time of 36e48 h under the conven-
tional heating. It shows the significant acceleration
effects of microwave heating again in membrane
preparation.

FIGURE 8.3 Comparison of synthetic model of zeolite membrane
under different heating environments. Reprinted from Journal of

Membrane Science, Vol. 316, Yanshuo Li, Weishen Yang, Microwave

synthesis of zeolite membranes: A review, Page 3, Copyright (2008), with
permission from Elsevier [26].
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8.2.1.2. Microwave-assisted Solegel Synthesis

Solegel processing refers to the hydrolysis and
condensation of alkoxide-based precursors such as Si
(OEt)4 (tetraethyl orthosilicate). Disregarding the
nature of the precursors, the solegel process can be
characterized by two steps: (1) Formation of stable
solutions of the alkoxide or solvated metal precursor
(the formation of the sol). (2) Gelation resulting from
the formation of an oxide- or alcohol-bridged network
(the formation of the gel) by a polycondensation reac-
tion, which usually results in a dramatic increase in
the viscosity of the solution [54]. Microwave-assisted
solegel synthesis has been applied to prepare cathode
material [55], positive electrode materials [56], carbon
ceramic electrode [57], titanium dioxide, and perov-
skite thin films [58,59], phosphors [60], organice
inorganic hybrid [61], aluminum fluoride [62], oxide
[63], etc. The advantages of the microwave heating on
the preparation of materials via solegel process will
be illustrated with the help of microwave-assisted sole
gel synthesis of LaPO4:Eu

3þ, Liþ nanophosphors as an
example [60].

In phosphors, small and spherical particles are desir-
able because it is easy to process them into devices with
high resolution and high screen coverage, intense emis-
sion, and long service life. The conventional synthesis
method via solid-state reaction conducted at high
temperature for LaPO4 normally resulted in irregular
particles shape and size. Therefore, over the last few
decades various solution-mediated routes, including
solegel, precipitation, watereoil microemulsion, pol-
yol-mediated process, and hydrothermal method, have
been tried to reduce the reaction temperature and obtain
high-quality LaPO4-based nanoparticles. However, the
success of the efforts on the simple and mass fabrication
of LaPO4 nanocrystals with narrow particle size distri-
bution and uniform morphology is still very limited.
Among these methods, the solegel process is superior
to other preparation methods because the well-mixed
reactants ensure the homogeneity of the final product.
However, the cost and the toxicity of the conventional
solegel process are high because of the utilization of
alkoxide precursors. In the microwave-assisted solegel
approach that combines the merits of solegel and the
special heating effect of the microwave irradiation, the
fast and mass preparation of uniform, spherical Liþ

and Eu3þ, co-doped LaPO4 nanoparticles are achieved
[60]. In this method, the use of ethylenediamine tetraace-
tic acid (EDTA) and citric acid (CA) as double chelating
agents ensure the formation of homogeneous, trans-
parent, metalecitrateeEDTA gels, while that of micro-
wave irradiation as a heating source promotes the
prompt thermal decomposition of the gels into uniform
spherical LaPO4-based nanoparticles. In addition, the

general inorganic salts instead of alkoxides are used as
the main precursors.

The detailed synthetic procedure can be found in
Ref. [60]. Figure 8.4 shows the thermogravimetric/
differential scanning calorimetry (TG/DSC) study of
the thermal decomposition procedure of the
LaePecitrateeEDTA gel precursors [60]. There are three
weight loss regions from ambient temperature to 950�C.
The first region occurred at 25e200�C (about 4.8%), the
second one occurred at 200e400�C (about 29.5%), and
the third one occurred at 400e800�C (about 47.6%).
Correspondingly, three discrete, phase transformation
regions can be observed in the DSC curve centered at
around 100, 287, and 691�C. The first weight loss was
assigned to the elimination of water. The second weight
loss region can be ascribed to the pyrolysis of NO3

� and
organic phases (CA and EDTA) to give an amorphous
inorganic phase, which is confirmed by the XRD anal-
ysis. Subsequent elimination of the remaining organic
materials (carbon and organic compounds) occurs in
the temperature ranging from 400 to 500�C and crystal-
lized LaPO4 inorganic phase is simultaneously formed.

The XRD studies of the as-obtained Li0.1La0.9PO4

nanoparticles as a function of microwave heating
temperature show that the materials heated at below
500�C are almost amorphous. The main planes of [111],
[120], [�112]/[012], and [103]/[�311], referring to the
monoclinic structured LaPO4 appears, which indicates
the formation of inorganic phase LieLaePeO at
a temperature ranging from 300 to 400�C. For the sample
heated at 500�C, all diffraction peaks can be readily
indexed to phase-pure LaPO4. However, the wide and
weak diffraction peaks suggest the poor crystallinity as
well as fine particle size. When the heating temperature
was further increased from 600 to 1000�C the intensity of

FIGURE 8.4 TGeDSC curves of the as-synthesized metale
citrateeEDTA precursors. Reprinted with permission from [60]. Copyright
2008 American Chemical Society.
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all diffraction peaks gradually increased and the peak
width gradually narrowed.

Figure 8.5(a) shows an scanning electron microscopy
(SEM) image of the Li0.05Eu0.05La0.9PO4 sample heated
at 800�C for 20 min. The sample is composed of uniform
and spherical nanoparticles with a size of about 100 nm.
The transmission electron microscopy (TEM) images
of this sample are shown in Fig. 8.5(b and c), respect-
ively, which clearly demonstrates that the obtained
Li0.05Eu0.05La0.9PO4 particles were spherical and aggre-
gated from smaller nanoparticles. Figure 8.5(d) is an
high resolution transmission electron microscopy
(HRTEM) image of this sample, which indicates that
the obtained Li0.05Eu0.05La0.9PO4 primary nanoparticles
are well crystallized and ordered in crystallography.

8.2.1.3. MICROWAVE-ASSISTED CRYSTALLIZATION

Due to the special heating mechanism and the high
heating efficiency, the microwave irradiation can signifi-
cantly affect the crystallization behavior of the materials
during the synthesis. Compared to the synthesis con-
ducted under conventional heating, the microwave heat-
ing can result in narrower particle size distribution,
more uniform shape, and novel morphology [64]. More
importantly, the crystallization behavior can be finely
tuned by adjusting the synthetic parameters such as the
reaction temperature and time and the composition of

the synthetic system [65e68]. The influence of the micro-
wave heating on the crystallization of the materials will
be discussed with the morphology control of silicalite-1
crystals [66,68] as examples.

Xu and coworkers systematically studied the influence
of the properties of solvent on the crystallization behavior
of the silicalite-1 (Si-MFI) crystals [65,66,68]. Usually, sili-
calite-1 (Si-MFI) crystals can be synthesized from the reac-
tion system TEOSeTPAOH-H2O under microwave
heating with a typical coffin-like shape. In their studies,
the properties of the solvent were finely tuned by intro-
ducing second or third alcohol as cosolvent. First, a series
of alcohols including ethylene glycol, methanol, ethanol,
1-propanol, isopropanol, n-butanol, and hexanol were
used and the molar ratio of the components in the final
gel was 1.0SiO2:0.357TPAOH:xalcohol:4.0EtOH:1H2O,
where x is 2, 4, or 8 for each batch. The microwave
synthesis was typically conducted in a two-step model.
For each step, the synthetic conditions (temperature, dura-
tion,maximumpower)were defined as (T1, t1,P1) and (T2,
t2, P2), respectively. The detailed information on the
synthetic parameters and resulting crystal morphologies
are summarized in Table 8.4 [68] and the SEM images of
the resulting products are shown in Fig. 8.6 [68].

The results show that the polarity of alcohols used as
the cosolvent significantly affects the morphology of the
resulting Si-MFI crystals. The alcohols with relatively

(a)

(c) (d)

(b)

FIGURE 8.5 (a) SEM and TEM images of the as-
obtained Li0.05Eu0.05La0.9PO4 nanoparticles under
(b) low and (c) high magnification. (d) HRTEM
pattern of this sample. Reprinted with permission from

[60]. Copyright 2008 American Chemical Society.
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high polarity (dielectric constant) resulted in isolated
single crystals of Si-MFI, while alcohols with relative
low polarity led to the self-stacked Si-MFI crystals. As
shown in Fig. 8.6(aec), when methanol, ethanol, and
ethylene glycol with relative high dielectric constants
were used as the cosolvent, the crystal shape is well
defined. Further decreasing the dielectric constants of
the cosolvent resulted in the loss of well-defined shape
of the Si-MFI crystals, as well as the stacking of indi-
vidual crystals (Fig. 8.6(deg)). The crystals are stacked
on top of one another along their b direction to form
“fiber-like” self-stacked morphology. The ‘‘fiber’’ cannot
be destroyed even by long time and strong ultrasonica-
tion which indicates that strong chemical bonds might
exist between the individual crystals. In contrast to the
microwave-assisted synthesis, the synthesis of all the
above-described batches under conventional heating
gave only single crystals with hexagonal plate shape.
Considering the fact that the self-stacking phenomenon
of crystals is related to the condensation of surface
SieOH bonds among individual crystals at the early
stage of the synthesis, it is suggested that low polarity
(dielectric constant) alcohol solvents might favor the
formation of abundant SieOH groups in the precursor
species and on the surface of the nanocrystals formed
at the early stage of the microwave-assisted crystalliza-
tion. The SieOH groups of individual crystals might
undergo further condensation to form self-stacked crys-
tals. Therefore, it is believed that the self-stacking of the
Si-MFI crystals under microwave conditions is related to
the rapid condensation of abundant surface TeOH
groups among individual crystals.

While the diols were used as the cosolvent under
microwave heating condition, the reaction system of
TEOSeTPAOHeH2OeDiol with the molar ratio of

SiO2:TPAOH:EtOH:Diol:H2O¼ 1.0:0.357:4.0:x:y, where
x¼ 6e9, y¼ 21.55e45.55 can produce the Si-MFI crystals
with tunable sizes, shapes, and aspect ratios [66]. The
diols included the ethylene glycol (EG), diethylene
glycol (DEG), triethylene glycol (TEG), and tetraethy-
lene glycol (tEG). The average length (L), width (W),
thickness (T), and the aspect ratio (L/W and L/W/T)
of the Si-MFI crystals are summarized in Table 8.5 [66]
and the SEM images of the Si-MFI crystals are shown
in Fig. 8.7 [66].

The results in Table 8.5 and Fig. 8.7 show that the well-
defined Si-MFI crystals become longer, narrower, and
thinner when the ratio of the number of carbon and the
hydroxyl of the diols (C/OH), a parameter roughly
reflecting the hydrophobic and hydrophilic properties
of the molecule of the cosolvent, is gradually increased.
In contrast to the microwave-assisted synthesis, the
synthesis of all above-described batches under conven-
tional heating gave only typical Si-MFI crystals with
hexagonal plate shape and with almost same size and
aspect ratios of L/W and L/W/T. This indicates that the
special heating mechanism of the microwave affects the
growth rates of the Si-MFI crystals along different planes.
The combination of the microwave heating and the utili-
zation of the diols significantly changed the growth
kinetics of the Si-MFI crystals.

8.2.1.4. MICROWAVE-ASSISTED SYNTHESIS

OF NANOMATERIALS

Nano is a hot topic in the past decades because nano-
materials, notable for their extremely small feature size,
have the potential for wide-ranging industrial, bio-
medical, and electronic applications [69e78]. Many
methods have been developed to synthesize and
prepare the nanomaterials. Among these methods,
microwave-assisted synthetic method has been proved
to be highly efficient on the morphology control and
shape selectivity. Nanosized oxide [79], metal [80],
sulfide [81], carbide [82], carbon [83], fluoride [84],
semiconductor [85,86], and phosphate [87] have been
successfully synthesized and prepared by this method.
The “specific microwave effect” on the control of nano-
material growth will be illustrated with the microwave-
assisted synthesis of CdSe and CdTe nanocrystals in
microwave-nonabsorbing alkanes [86]. The controlled
growth of nanomaterials can be achieved by selective
heating the chalcogenide precursor. The selectivity
offered by microwave heating shows the “specific
microwave effect”, which is defined as the ability to
selectively heat molecular precursors that are highly
polarizable in the presence of molecules that are less
polarizable. Here, the chalcogenide precursor selec-
tively absorbs the microwave energy, which appears
to result in the instantaneous nucleation and growth
upon microwave irradiation. The nanocrystals can be

TABLE 8.4 The Summary of the Synthetic Parameters and
Morphologies of the Resulting Si-MFI Crystals

Sample no. Cosolvent Dielectric constant Morphology of product

1 Ethylene 37.0 Isolated single crystals

2 Methanol 32.6 Isolated single crystals

3 Ethanol 24.3 Isolated single crystals

4 1-Propanol 20.1 Stackedþ isolated

5 Isopropanol 18.3 Stacked crystals

6 n-Butanol 17.8 Stacked crystals

7 Hexanol 13.3 Stacked crystals

Aging time: 24 h; reaction composition (in molar ratio): TPAOH:

SiO2:Alcohol:EtOH:H2O¼ 0.357:1:8:4:21; Microwave condition: t1¼ 90 min

T1¼ 80�C, P1¼ 250 W; t2¼ 60 min, T2¼ 180�C, P2¼ 400 W.

Reprinted fromMicroporous and Mesoporous Materials, Vol. 104, Xiaoxin Chen, Wenfu

Yan, Wanling Shen, Jihong Yu, Xuejing Cao, Ruren Xu, Morphology control of self-

stacked silicalite-1 crystals using microwave-assisted solvothermal synthesis, Page 296,

Copyright (2007), with permission from Elsevier [68].
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(a)

(c)

(e)

(g)

(f)

(d)

(b)

FIGURE 8.6 SEM images of Si-MFI crystals crystallized by using different alcohol cosolvents under microwave radiation conditions:
(a) ethylene glycol, (b) methanol, (c), ethanol (d) 1-propanol, (e) isopropanol, (f) n-butanol and (g) hexanol. Reprinted from Microporous and

Mesoporous Materials, Vol. 104, Xiaoxin Chen, Wenfu Yan, Wanling Shen, Jihong Yu, Xuejing Cao, Ruren Xu, Morphology control of self-stacked silicalite-1

crystals using microwave-assisted solvothermal synthesis, Page 296, Copyright (2007), with permission from Elsevier [68].
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grown rapidly and controlled by a combination of reac-
tant concentration and power, while size is indicated by
the reaction temperature. The detailed preparation
information of nanocrystalline CdSe and CdTe can be
found in Ref. [86].

Since the precursor is only activated under micro-
wave irradiation (the cleavage of the TOP-Se or TOP-
Te bond), the accessibility of the chalcogenide monomer
to growing nanocrystal is controlled by the microwave.

This results in a remarkable controllability over the reac-
tion path which reveals that the precursor is the domi-
nant absorber in the reaction and the solvent acts
merely as a reaction moderator to control the explosive
growth. Figure 8.8 shows the ability to synthesize
CdSe and CdTe nanocrystals in nonpolar, low boiling
alkane solvents (decane, octane, heptanes) under micro-
wave heating condition [86].

The isolated nanocrystals are elliptical (aspect ratio
1.2) and exhibit narrow size dispersities (6% rms in
CdSe, 12% rms in CdTe) based on TEM analysis
(Fig. 8.9). The CdSe crystal motif is wurtzite while the
CdTe is like zinc blend as confirmed by their powder
XRD patterns.

8.2.2. Solid-state Reactions

Solid-state reactions conductedunder conventionheat-
ing usually involved high temperature and long reaction
time due to their special reaction mechanism. However,
this kind of reaction can be significantly accelerated under
microwave irradiation heating because of its rapid heat-
ing, selective coupling, and enhanced reaction kinetics.
The key requirement is that one or more of the major
constituents of the batch must be a microwave absorber
and couple strongly to the microwave field at room
temperature. So far, the microwave energy has been
used to process many types of materials, including
organics, ceramics, polymers, glasses, solegels, metals,

(a)

(c) (d)

(b)

FIGURE 8.7 SEM images of the Si-MFI crystals crystallized from the microwave-assisted solvothermal synthesis system in the presence of
the diols: (a) EG, (b) DEG, (c) TEG, and (d) tEG. A schematic identifying the crystal faces is shown on the right part of the figure. Reprinted from

Microporous and Mesoporous Materials, Vol. 119, Xiaoxin Chen, Wenfu Yan, Xuejing Cao, Jihong Yu, Ruren Xu, Fabrication of silicalite-1 crystals with
tunable aspect ratios by microwave-assisted solvothermal synthesis, Page 217, Copyright (2009), with permission from Elsevier [66].

TABLE 8.5 Influence of the Type of Diols on the L, W, T, L/W
Ratio and L/W/T Ratio of Si-MFI Crystals

Diols EG DEG TEG tEG

Ratio of the carbon and
hydroxyl of the diols (C/
OH)

1 2 3 4

Length (mm) 1.05 1.23 1.20 1.19

Width (mm) 0.56 0.33 0.27 0.26

Thickness (mm) 0.25 0.16 0.13 0.11

L/W 1.88 3.74 4.43 4.56

L/W/T 7.52 23.38 34.08 41.45

Gel composition (in molar ratio):

SiO2:TPAOH:EtOH:Diols:H2O¼ 1:0.357:4.0:7:21.55.

Reprinted fromMicroporous and Mesoporous Materials, Vol. 119, Xiaoxin Chen, Wenfu

Yan, Xuejing Cao, Jihong Yu, Ruren Xu, Fabrication of silicalite-1 crystals with tunable

aspect ratios by microwave-assisted solvothermal synthesis, Page 6, Copyright (2009),

with permission from Elsevier [66].
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and composites [88]. In the following sections, the solid-
state reactions conducted under microwave heating will
be illustrated under various categories, viz.: (1) micro-
wave-assisted solid-state synthesis, (2) microwave-
assisted processing of ceramics, (3) microwave-assisted
processing of glass forming, (4) microwave-assisted SHS
synthesis of materials, and (5) microwave-assisted solide
gas synthesis.

8.2.2.1. Microwave-assisted Solid-state Synthesis

The simplest, very illustrative, and technologically
important microwave-assisted solid-state synthesis is
that of b-silicon carbide (b-SiC) [89] which is so far the
most widely used nonoxide ceramics for many industrial
applications because of its attractive properties at high
temperature such as high strength, high hardness, high
wear, and thermal shock resistance. The carbothermal
reduction of quartz by coke is the main method of b-SiC
production. However, this method is an energy-intensive
process and involvesmanysteps in synthesizingapowder
of pure phase b-SiC. In addition, the particle size of the
powder is relatively coarse. Under microwave heating

condition, formation of phase-pure b-SiC can be achieved
by reacting Si and amorphous C powder mixture in
a tubular microwave reactor at 1300�C in less than
5 min, resulting in sub-micron-sized particles. The
detailed synthesis process can be found in Ref. [89]. The
powder X-ray diffraction (XRD) patterns of the end
product of Si and C reaction carried out at different
temperatures under a microwave field are compared in
Fig. 8.10 [89]. From Fig. 8.10, it can be noted that at
900�C, b-SiC is themajor phase coexisting with unreacted
Si. With the increase in reaction temperature, the amount
of unreacted Si decreases until it completely disappears at
1200�C resulting in phase-pure b-SiC. The powder XRD
patterns carried out on product synthesized at 1300�C
for different holding times are shown in Fig. 8.11 [89]. At
1200�C, phase-pure b-SiC forms only after 15 min
whereas at 1300�C, the phase-pure b-SiC forms in just
5 min.

8.2.2.2. Microwave-assisted Processing of Ceramics

Microwave heating can provide cheap and time
effective processing routes for ceramic systems.

FIGURE 8.9 TEM images of (A) 5.8 nm CdSe and
(B) 4.3 nm CdTe nanocrystals. Both images are taken
at high magnification on a high resolution (Tietz
Tem-Cam F415 slow scan CCD). Reprinted with

permission from [86]. Copyright 2008 American Chem-

ical Society.

FIGURE 8.8 Optical absorption and photo-
luminescence of (A) CdSe and (B) CdTe using
solvents of different alkyl chain lengths. CdSe/
CdTe was grown at 240 �C/220 �C for 30 s/5 s
with the power set to 300 W. Reprinted with

permission from [86]. Copyright 2008 American

Chemical Society.
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Microwave-assisted processing of ceramics is fast
emerging new field in ceramic processing and material
synthesis. Under microwave heating, the synthesis of
tungsten carbide (WC)-based ceramic composites,

fabrication of transparent ceramics, sintering of
powdered metals, and the design of a continuous micro-
wave system have been achieved [90]. WC-based
ceramics are commonly used for cutting tools and dril-
ling instruments due to their unique combination of
properties like hardness, toughness, and strength.
Conventional methods for the synthesis of WC with
Co as a binder phase involve high temperatures and
lengthy synthesis cycles of the order of one day. In
a conventional synthesis method, the carbide specimen
is subjected to high temperatures (up to 1500�C) for
long periods in order to achieve a high degree of sinter-
ing. Such conditions unfortunately favor undesirable
WC grain growth in the presence of Co liquids. Conse-
quently, the mechanical strength and hardness of the
tool are diminished. It is a well-known fact that finer
microstructures can provide superior mechanical prop-
erties and a longer lifetime of the product. After in-
troducing the microwave heating, it was observed
that microwave processed WC/Co bodies exhibited
better mechanical properties than the conventionally
processed ones. A fine and uniform microstructure
(~1 micron size grains) with very little grain growth and
nearly full density was achieved without adding any
grain-growth inhibitors when sintered at 1250e1320�C
for only l0e30 min. Table 8.6 provides a comparison
between microwave and conventionally processed
WC/Co cements [91].

In addition to the synthesis of WC/Co ceramic,
microwave energy has been used to synthesize impor-
tant ferroelectric materials and other ceramic powders
by adopting the concept of the pre-reduction of phases,
such as TiO2 and Ta2O5, to give a highly microwave
absorptive precursor material and thereby enhancing
the reaction kinetics dramatically. The main idea was
to create a defect structure to make microwave coupling
more efficient at room temperature. It was reported that

FIGURE 8.10 Powder X-ray diffraction patterns of powders which
were synthesized in a microwave furnace at different temperatures
and at a constant holding time of 30 min. Reprinted from Materials

Research Bulletin, Vol. 40, L.N. Satapathy, P.D. Ramesh, Dinesh Agrawal,

Rustum Roy, Microwave synthesis of phase-pure, fine silicon carbide powder,
Page 1871, Copyright (2005), with permission from Elsevier [89].

FIGURE 8.11 X-ray diffraction patterns of powders, which were
synthesized in a microwave furnace at different holding times and at
a constant temperature of 1573 K. Reprinted from Materials Research

Bulletin, Vol. 40, L.N. Satapathy, P.D. Ramesh, Dinesh Agrawal, Rustum
Roy, Microwave synthesis of phase-pure, fine silicon carbide powder, Page

1871, Copyright (2005), with permission from Elsevier [89].

TABLE 8.6 A Comparison of Microwave and Conventional
Processes for the Synthesis of WC-Co Composites

Microwave Conventional

Sintering temperature (�C) 1300 1450

Total cycle time 90 min 12e24 h

Sintering time (minutes) 10 60

Density (% TD) 99.8 99.7

Average grain size (mm) 0.6 2

Bending strength (MPa) 1800 1700

Hardness (Rockwell A) 93 91

TD, theoretical density.

Reprinted from Current Opinion in Solid State & Materials Science, Vol. 3, Dinesh K

Agrawal, Microwave processing of ceramics, Page 480, Copyright (1998), with

permission from Elsevier [91].
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by using pre-reduced TiO2 and Ta2O5 oxides precursor,
BaTiO3, PZT (Pb(Zr0.52Ti0.48)O3), and BMT (Ba
(Mg0.33Ta0.67)O3) could be synthesized at astonishingly
low temperatures, i.e., between 300�C and 900�C in
5e12 min. Conventional methods for the synthesis of
these phases require temperatures in the range of
900e1400�C and several hours. Pure stoichiometric

metal oxides, such as Ta2O5 and TiO2, do not couple
with microwave energy efficiently unless heated to
temperatures where they become dielectrically loss
(>1000�C). By partially reducing these phases to oxygen
defective states such as Ta2O5�x and TiO2�x, their ability
to absorb microwave energy at lower temperatures is
radically enhanced.

TABLE 8.7 Summary of Main Applications of Microwave Irradiation in Glass Fabrication and Improvement

Process/study Description/observations

PHYSICAL TREATMENT OF GLASS

Bending of glass to obtain curved glass Two MW sources were used; sometimes, conventional heating was used before MW
treatment

Lamination of class sealing of glass A film covered the glass and was subjected to further MW heating

Sealing of glass This was used, in particular, to seal glasses to aluminum or hard plastics in vehicles.
“Ceramiceglassemetal” and “ceramiceglasseceramic” MW techniques were reported.

Vitrification of hazard wastes,
in particular radioactive waste

A composite of a borophosphate or borosilicate glass with wastes was MW-formed

MW-heating studies for various
types of glasses

High concentrations of alkali metals contributed toMW-heating glasses. Preheating, films on
glasses, and MW melting of glasses were studied. Uniform MW heating was developed.

Glass repair The glass was covered with a protective solegel precursor and MW-heated

Glass layers deposition Glass layers were MW-deposited on a performed glass

Modification of glass surface Interchange of K by Na in glasses with the use of microwaves

Studies of color changes MWdevitrification of Li2OeZnOeAl2O3eSiO2 glass at 700e800
�C led to color changes from

yellow to violet

Luminescence studies in glasses Luminescence in MW-obtained glasses based on SiO2, doped with Er3þ and containing
additives of Ge, Al, K, N, F, was studied.

Elimination of bubbles and humidity MW irradiation allowed their elimination

Superconductivity/ionic conduction Local superconductivity in MW-obtained glasses was studied. lonically conducting glass
2AgleAg2O-2(0.95B2O3$0.05SiO2) was MW-synthesized.

SINTERIZATION OF VARIOUS TYPES OF GLASSES

Common alumosilicate and
phosphate glasses

A series of glasses (for instance, 15BaOe10PbOe5SrOe70P2O5,PbOeB2O3eZnOeTiO2)
were MW-drying and polishing techniques for optical glasses were proposed

PREPARATION OF METAL-REINFORCED GLASSES

Metal-reinforced glasses borosilicate glasses, reinforced with 10% Mo, W, Al, Ti, Ni, and Fe (2e50 mm in size),were
MW-fabricated

FILM DEPOSITION ON GLASS SURFACES

Metals and nanodiamonds Elemental Cu, Ag, Au, Sn/C, nanodiamonds were MW-deposited on glasses

Oxides Various oxides, such as TiO2,MgOeAl2O3eTiO2, ZnO, SieAleOeN, and InO, were MW-
deposited on glasses

Paints MW-deposited paints for use in vehicle and architectural glass

SINTERIZATION OF GLASSeCERAMICS

Obtaining glasseceramics MW heating was used to prepare a host of glasseceramics, based on LieAleSi,
SrOeFe2O3eB2O3, CaOeZrO2eSiO2, R2OeAl2O3eB2O3eSiO2 hydroxyapatite, perlite/
glass, CaeMgealumosilicate with SiC

Reprinted with permission from [88]. Copyright 2010 American Chemical Society.
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8.2.2.3. Microwave-assisted Processing of Glass
Forming

Microwave heating is a much-faster process (requiring
minutes rather than hours), yielding good product quality,
in comparison with the prolonged conventional thermal
treatment of glass precursors and also provides an
extremely easy and automatically temperature-controlled
route to change/improve the properties of glasses already
fabricated by conventional methods [92]. The only require-
ment is that at least one component of the charge used for
making glass is microwave-active. Preheating the precur-
sors, applying themicrowave adsorbing coating, or hydra-
tion can significantly enhance the microwave adsorption.
In the processing of glass forming, the principal advan-
tages of microwave heating are rapid heating and a capa-
bility to affect hot areas of the glass selectively while
leaving the cooler areas unaffected. Therefore, control
over uniformity and rate of the heating is very difficult.
It is still difficult to apply microwave heating widely in
the glass industry because glasses will crack if theyare
not uniformly heated. To obtain a uniform heating of glass,
the uniform irradiation of electromagnetic wave is
required. Usually, the glass-forming precursors can be
melted in a domestic microwave oven, typically within
5 min and quenched into glasses [93]. Under microwave
heating, silica glasses, phosphate glasses, optical glasses,
glasses reinforced with metals, glasses containing other
elements, coating glasses with inorganic and other films,
and glasseceramics and composites can be synthesized.
The main applications of microwave heating in glass
production and its improvement are given in Table 8.7 [88].

8.2.2.4. Microwave-assisted Self-propagating
High-temperature Synthesis (SHS)

Self-propagating high-temperature synthesis (SHS) is
a method that can produce materials via exothermic
reaction. This combustion process is ignited by point-
heating a small part of the prepared sample. The heat
should be enough for initial burning of surrounding
material which in turn, generates heat that burns the

following part of the mixture. With this method it is
possible to obtain various products of both inorganic
and organic nature with unusual properties, for
example, powders, metallic alloys, ceramics with high
purity, corrosion-resistance at high-temperature or
super-hardnessity. In addition, with the simultaneous
application of external pressure, it is possible to make
products in highly dense forms as has been demon-
strated by investigations with TiC, TiB2, and SiC [94].
Recently, microwave radiation has been used to ignite
the SHS reactions [95]. Initiating combustion synthesis
with microwaves typically results in ignition in the
center of the body and the combustion wavefront prop-
agating radially outward, which usually produces mate-
rials morphology completely different to that resulting
from surface ignition, and may lead to a more complete
conversion of reactants. This method will be illustrated
by the synthesis of barium ferrite (BaF), BaFe12O19.

The starting materials are citric acid (C6H8O7$H2O),
barium nitrate, Ba(NO3)2, and iron nitrate nonanhy-
drate, Fe(NO3)3$9H2O. The atomic ratio of Fe/Ba is
strictly controlled to be 12 in order to obtain a single-
phase BaFe12O19. First, the iron nitrates are dissolved
into deionized water to get a clear solution, then an
aqueous solution of citric acid (2 mol/L) is mixed with
the nitrate solution with the ratio of metal ions/citric
acid to be 1. The resulting solution is heated at 60�C in
a water bath with vigorous stirring followed by the
dropwise addition of NH3$H2O until the pH value is
stabilized at 7. A viscous gel is formed when water is
evaporated and then the gel is treated at 300�C to get
brown ashes. After grinded in an agate mortar, the
brown ashes are calcined at 950�C in a microwave
oven to get the pure barium ferrite (BaF), BaFe12O19.

8.2.2.5. Microwave-assisted Solidegas Synthesis

Microwave-assisted reactions between solid (metal
powders) and gases have been reported in the synthesis
of metal halides, oxyhalides, and nitrides [96,97]. The
types of apparatus developed for these syntheses are
illustrated in Fig. 8.12 [96]. The fluidized-bed apparatus

FIGURE 8.12 (a) Fluidized-bed apparatus and (b)
suspended-sample apparatus. Images reproduced with

permission from [96].
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(a) is made wholly of silica. The metal powder is placed
above the silica frit, and the reactive gas allowed to flow
in a vertical direction. In the suspended-sample appa-
ratus (b) the metal sample is placed on the reaction plat-
form and the flask evacuated before filling with the
reactive gas. The types of reaction conducted with this
method, the quantities of metal used, the metal mesh
size, and the techniques used to characterize the prod-
ucts are summarized in Table 8.8 [96].

8.3. SYNTHESIS OF INORGANIC
MATERIALS ASSISTED WITH DIFFERENT

MICROWAVE FREQUENCIES

Microwave heating is affected by mainly two factors.
One is permittivity (dielectric constant) (30) which is the
extent to which the electric field is able to produce
a polarized response in a molecule or assembly of mole-
cules. The other is dielectric loss (300) which is indicative
of the ability of a medium to convert dielectric energy to
heat. The dependence of the heating rate is given by
300/30, defined as loss tangent (tan d). Dielectric loss
tangent (tan d) depends on the temperature, composi-
tion and physical state of the reactants, and the
frequency of the electromagnetic waves. In the variable
frequency microwave heating, a selected bandwidth is
swept around a central frequency in a specified time
which keeps the microwave energy focused at any given
location for not more than a fraction of a second. There-
fore, variable frequency microwave heating results in

time-averaged heating. In the presence of standing
waves of electric fields during fixed frequency micro-
wave operation, arcing occurs from a charge build-up
in conductive materials. Arcing problems and localized
heating are eliminated with variable frequency micro-
wave heating. Thus, the application of different micro-
wave frequencies during the synthesis process could
affect the properties of materials.

Nyutu et al. [98] have done a lot of research on the
variable frequency microwave-assisted synthesis of
nanocrystalline tetragonal barium titanate and crypto-
melane-type manganese oxide [99]. The results of study,
on the synthesis of nanocrystalline tetragonal barium
titanate, are given in Table 8.9 [98] and the SEM images
of samples prepared at different microwave frequencies
for 2 h are shown in Fig. 8.13 [98]. Their results show that
the particle sizes, morphologies, and surface areas of the
products are influenced by the microwave frequency
and bandwidth sweep time. High microwave frequency
(5.5 GHz) and variable frequency (3e5.5 GHz to 1 s) led
to spherical particles with narrow and more uniform
particle size distributions. BaTiO3 were prepared using
the standard 2.45 GHz yielded particles with a cubic
microstructure. They speculated that the dependence
of crystallization behavior of barium titanate on micro-
wave frequency could be due to different transverse
magnetic modes at different frequencies.

8.4. PLASMA-ASSISTED SYNTHESIS
OF INORGANIC MATERIALS

Plasma is a gaseous state of matter containing electri-
cally charged particles where the sum of these charges is
zero. The charged particles can be electrons, ionized
atoms or molecules, and nanoparticles. Plasmas show
electric conductivity because the charge carriers are
mobile. In the plasma process, the degree of ionization
is important and the ratio of charged particles over the
neutral ones may be quite small. A plasma-containing
particle is called “dusty plasma.” The plasma can be
classified as equilibrium and nonequilibrium plasmas.
In equilibrium plasma, the energy of all charged parti-
cles, often called temperature, is equal; whereas in
nonequilibrium plasma, electrons have the highest, the
heavier ions a lower, and electrically neutral particles
have the least energy.

There is a huge variety of plasma processes for the
synthesis of inorganic materials, especially nanosized
powders [100]. Plasma processes are a special variety
of gas phase processes with a bundle of essential advan-
tages in the synthesis of nanosized powders such as the
high efficiency with respect to energy consumption and
extreme narrow particle size distributions because
particle formation in plasma synthesis is, in contrast to

TABLE 8.8 Details of theMicrowave-assisted Solidegas Reactions

Compound Mass/g Size/mesh Gas Method Characterization

CrCl3 2.08 �100 Cl2 a XRPD

WCl6 12.0 �16 Cl2 bþ c IR, m.p. c, MS

InCl3 3.21 �14 Cl2 a XRPD, d

TeCl4 10.0 �100 Cl2 a XRPD, d

WOCl4
e 12.0 �16 Cl2þO2 bþ c XRPD, d

WO2Cl2
e 12.0 �16 Cl2þO2 bþ c XRPD, d

TiN 50.0 �100 NH3/N2 f XRPD

Cr2N 20.0 �100 NH3 bf XRPD

TiBr4 5.0 �100 Br2þAr bþ c, f XRPD, IR, MS, d

CuBr 8.0 Turnings Br2þAr b XRPD, d

a Suspended sample arrangement as described in the text. bA porcelain boat

containing the metal is placed in a large Schlenk, containing the gas. Microwave

power is applied, and further gas admitted as required or as in the case of Cr2N,

a flow system is created in a suitable silica vessel. cThe air/moisture-sensitive

product(s) is then purified by sublimation onto a cold finger in the same Schlenk.
dElemental analysis. eWOCl4 and WO2Cl2 were formed in the same reaction and

separated by sublimation. fFluidized-bed reactor

Images reproduced with permission from [96].
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TABLE 8.9 Summary of the Experimental Conditions and the Resultsa

Sample Microwave frequency Time (h) Phases detected by XRD Phases detected by Raman

1 2.45 2 C, BC Td

2 4.00 2 C, BC Td

3 5.50 2 C Td

4 3e5.5, sweep l s 2 C Td

5 2.45 10 C Td

6 4.00 10 C, BC Td

7 5.50 10 C Td

8 3e5.5, sweep l s 10 C Td

9 2.45 20 C Td

10 4.00 20 C, BC Td, Hex

11 5.50 20 C Td

12 3e5.5, sweep l s 20 C Td

13 3e5.5, sweep 5 s 20 C, BC Td, Hex

14 CH 20 C Td

15 5.50 40 C, BC Td, Hex

16 3e5.5, sweep l s 40 C, BC Td

17 CH 40 C, BC Td

aC, cubic-BaTiO3 (Pm3m symmetry); Td, tetragonal BaTiO3 (P4mm symmetry); Hex, hexagonal BaTiO3 (P63mmc symmetry); BC, trace barium carbonate. All experiments were

performed at 170 �C and total volume, 40 cm3 in a sealed autoclave of the same size and volume.

Reprinted with permission from [98]. Copyright 2008 American Chemical Society.

(a) (b)

(c) (d)

FIGURE 8.13 SEM images of samples prepared at different microwave frequencies for 2 h: (a) 2.45 GHz; (b) 4.0 GHz; (c) 5.5 GHz; and (d)
3e5.5 GHz, 1 s sweep time. Reprinted with permission from [98]. Copyright 2008 American Chemical Society.
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conventional gas phase synthesis, not necessarily
a random process.

Figure 8.14 shows the general layout of a system for
plasma synthesis [100]. The devices or parameters for
plasma-assisted synthesis include the temperature, gas
pressure, frequency, or the existence of electrodes or
not. Plasma-assisted synthesis process can be divided
into two processes: (i) high-temperature processes,
where the temperatures are significantly above 1000 K
and (ii) low temperature processes, where the tempera-
tures are below 1000 K. In most cases, high-temperature
processes are related to higher gas pressures as
compared to low temperature processes working at
reduced gas pressure. Except for a few very special
designs, the temperature processes do not use
electrodes.

Figure 8.15 shows the basic designs of plasma burners
for the synthesis of nanosized powder using electrodes
[100]. The designs differ in the supply for the precursor.
Both designs allow the use of liquids or powders as
precursor. In both designs, plasma is burning between
two co-axial electrodes. In the concentric space between
the electrodes, process and carrier gases are supplied to
the system. The gas stream blows the plasma out of the
electrode system forming a plasma torch and cools the
electrodes. The precursor is administered to the system
either axially in a center bore of the inner electrode or
outside of the electrode system perpendicularly to the
plasma torch. The precursor may be solid, liquid, or
gaseous. Liquid precursors are either suspensions of
aqueous or organic solutions.

In the synthesis of nanosized powders, particles
move randomly in the plasma. In addition, they have
a drift movement in the direction of the gas stream.
Therefore, there is a high probability for collision of
the particles in the plasma which causes the formation
of clusters leading to broad particle size distributions.
This adverse effect can be reduced by a well-designed

efficient quenching step directly after the plasma zone.
Quenching gas is introduced either radially or axially
against the flow direction into the system. However, it
has been pointed out that quenching is necessary only
in high-temperature processes; low temperature
processes do not need quenching.

Figure 8.16 shows the GeO powder synthesized in
a Radio Frequency plasma torch [100]. The SEM images
show that the width of the particle size distribution can
be significantly reduced by increasing the flow of the
quenching gas (from 30e500 nm to 30e100 nm).

8.5. SOME OF THE BASIC CONCLUSIONS
AND OUTLOOKS ABOUT MICROWAVE
RADIATION ASSOCIATED CHEMISTRY

Effects on reaction rate
Microwave heating can be of great utility in the
synthesis of inorganic materials. The most apparent
advantages are the significant shortening of the
reaction time which is found in virtually every case
and the rapid heating rate and/or “superheating”
which may change the reaction mechanism. Some of
the concluding assessment is necessary on the topic of
microwave effects in microwave-assisted syntheses.
Some of earlier works on the synthesis of inorganic
materials from liquid media may be considered
ambiguous because of uncertainties in reaction

FIGURE 8.14 General layout of a powder production system
based on a plasma system. With kind permission from Springer
ScienceþBusiness Media: Journal of Nanoparticle Research, Plasma
synthesis of nanopowders, volume 10, 2008, page 39, Dieter Vollath,
figure number 1 [100].

FIGURE 8.15 Basic designs of plasma burners for the synthesis of
nanosized particles using electrodes. With kind permission from
Springer ScienceþBusiness Media: Journal of Nanoparticle Research,
Plasma synthesis of nanopowders, volume 10, 2008, page 39, Dieter
Vollath, figure number 1 [100].
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temperature (estimated or not measured at all) and in
possible presence of temperature gradients (e.g., bulk
vs. surface). In such cases where there have been no
kinetic measurements possible, the actual reaction
times quoted may be misleading. However, a major
additional factor to be considered is that some of the
inorganic material synthesis reactions are never
homogeneous. The reaction mixture is a co-existed
medium of microscopic gel, colloidal materials, and
crystals. Based on such reaction system, one of the
common acceptable reaction modes is that the
materials format through thermal lag, the induction
period before crystalline product is detected and the
crystal growth is initiated. Thermal lag is always
present in conventional syntheses although its extent
depends on the reactor design. The effect increases
with the size of the reactors under conventional
heating environment and it is difficult to estimate if
there is no internal measurement of temperature.
Under microwave heating environment, this effect is
reduced because of the extremely rapid rise to the
operating temperature. Leaving aside all
consideration of crystal growth at this stage, the
induction period can be made up of two stages: (A)
digestion and equilibration of the reactants and (B)
the nucleation period. It is often a relatively long
period in an “unseeded” synthesis system. According
to many of experimental evidence, it is very likely
that the reactant digestion step is much faster under
microwave than under conventional heating
condition. However, the reduction in overall reaction
rate between comparable thermal and microwave-
heated zeolite syntheses can be attributed to
differences in the thermal lag of the system, the
observed induction period, and pattern of crystal
nucleation and growth.

In addition to the synthesis of inorganic materials
from the liquid media, the microwave heating can

significantly accelerate the solidesolid and
solidegas reactions known as solid-state synthesis,
processing of ceramics and glass forming, and self-
propagating high-temperature synthesis (SHS) of
materials.

Selectivity or preference
Many research evidences suggest that microwave
irradiation not only accelerate many of the reactions
but also show the microwave special effects on
product preferences and selectivity because of the
different sensitivities to microwave energy of the
reaction components. The differences of polarity and
dielectric properties of reaction components, the
nature of interfaces (particular heterogeneous
reactions) and the presence of ions or conducting
particles may fundamentally affect the final products
resulting in higher yield, preferable product
selectivity and even new products and morphologies
which cannot be obtained under conventional heating
condition.

Continuous processing
There is no doubt that the technique of microwave
heating is becoming increasingly important not only
in synthesis chemistry but also in chemical processes
and environment. The very rapid synthesis rate may
make many batch production processes to continue
product process leading to evolutionary changes for
some of the chemical productions. The examples of
laboratory process in the synthesis of microporous
crystalline materials using a continuous tube reactor
under microwave heating can be found in
Ref. [101e103].

“E”s processing
It is well accepted that the “sustainability” is the
ultimate common goal for the chemical industry.
Therefore, the chemical manufacturing processes
should be Environmentally benign (clean), Economic

FIGURE 8.16 GeO powder synthesized in
a Radio Frequency plasma torch. With kind
permission from Springer ScienceþBusiness
Media: Journal of Nanoparticle Research,
Plasma synthesis of nanopowders, volume 10,
year of publication 2008, page 39, Dieter Vol-
lath, figure number 1 [100].
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(minimum cost), Efficient (fast), and Energy saving
(low carbon) which are denoted as “E”s processing.
Microwave-assisted synthesis is generally much
faster (efficient and low carbon), cleaner (special
phase selectivity or preference), and more economical
than those conducted with conventional methods
which provide us a powerful synthetic route in
designing the future chemical processes.
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Based on the classical Werner’s theory of coordination
compounds, various kinds of novel coordination com-
pounds have been prepared and synthesized, such as
metal clusters, macrocyclic compounds, p-coordination
compounds, molecular nitrogen coordination com-
pounds, organometallic compounds, metallocenes, and
their superstructures. With the progress in hosteguest
chemistry and supramolecular chemistry, coordination
compoundsarebecomingmoreandmore comprehensive.
It also covers the area of those compounds which are
formed via intermolecular weak interactions, for instance
second-sphere compounds, inclusion compounds, and
clathrate compounds which consist of transition-metal-
compound cores. The aqueous solution chemistry was
boosted with the developments of classical coordination
compounds. Although these compounds (usually
contain ligands like water, amine, hydroxyl, fluorine,
and chlorine) have been well studied, the novel ones
that are based on nonaqueous solution chemistry are
still as attractive as those prepared by the solid-state
chemistry methodology.

This chapter intends to present and discuss some
synthetic strategies of coordination compounds, cover-
ing the following sections as direct synthesis, compo-
nents exchange method, redox interaction method,
solid-state synthesis, inclusion complexation, and
macrocyclic template method. It doesn’t include some
most recent methodologies as they have been organized
elsewhere, such as hydrothermal or solventethermal
syntheses, and metal-organic frameworks (MOFs). The
reader can easily catch up with these latest progresses
by referencing the special chapters in this book.

9.1. DIRECT SYNTHESIS METHOD

Direct synthesis is defined as one-pot reaction of
the ligands and the metals or metal compounds in

situ. It’s divided into several branches, for example
direct coordination reaction, precursor-induced
complexation, metal vapor synthesis, and matrix isola-
tion method [1].

9.1.1. Direct Coordination Reaction

In direct synthesis, the most frequently used starting
metal compounds are oxides and hydroxides halides,
acetates, sulfates, and so on. The ideal compound should
readily react with ligands and consequently be easy to
remove from the products. In the meantime, the solvent
also plays a very important role in the synthesis. There-
fore, it should not only dissolve the starting material but
also avoid decomposition by hydrolysis or alcoholysis
[2e8].

Water is a very important solvent. A lot of coordina-
tion reactions are carried out in aqueous solution where
the ligands vary from halides and amines to acetonitrile
and acetyl acetone. For example, potassium bioxalate
copper(II) was synthesized in aqueous solution by
simple mixing of potassium oxalate with copper
sulfate [5].

CuSO4 þ 2K2C2O4/
�
K2CuðC2O4Þ2

�þ K2SO4

The acidity of the solution plays a very vital role in the
isolation of final products and their yields. For example
in the synthesis of [Cr(C5H7O2)3], the final product is
hard to be isolated from the starting material (chromic
chloride and acetyl acetone) as it is water soluble. If
the acidity of the mixture is finely controlled by
ammonia, which could be released slowly upon the
hydrolysis of urea in water, [Cr(C5H7O2)3] will quantita-
tively yield in crystalline product [9].

COðNH2Þ2 þH2O/2NH3 þ CO2

CrCl3 þ 3C5H8O2 þ 3NH3/½CrðC5H7O2Þ3� þ 3NH4CI
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The most often used organic solvents are alcohols,
ethers, benzene, acetone, carbon tetrachloride, acetoni-
trile, and acylamines [10e14]. They work well for
the syntheses where the ligands as halides, arsenic
compounds, phosphates, phosphines, amines, and b-
diketone are involved. For example, the diketone chelate
of zirconium was prepared by dropwise addition of
CF3COCH2COCF3 into the turbid solution of ZrCl4 in
CCl4, followed by refluxing until no hydrochloride
was released from the mixture [15].

ZrCl4 þ 4CF3COCH2COCF3

���!CCl4

Reflux

�
ZrðCF3COCHCOCF3Þ4

�þ 4HCl

Some ligands function as solvents during their reac-
tions, such as acetonitrile, acetaldehyde, pyridine, and
ethylene diamine.

Cu2Oþ 2HPF6 þ 8CH3CN/2
�
CuðCH3CNÞ4

�
PF6

þH2O

As amatter of fact, mixed organic solvents are applied
in some direct syntheses of coordination compounds.
Taking advantage of the intermolecular interactions,
direct synthesis can give rise to some unusual coordina-
tion compounds. For example, Raj Pal Sharma group
prepared the bulky anion [Hg2(SCN)7]

3� unexpectedly
in the presence of hexaamminecobalt(III) when in the
synthesis of [Co(NH3)6]Cl[Hg(SCN)4] [16,17].

9.1.2. Precursor-induced Complexation

The precursor-induced complexation features the
self-assemblies of starting components under a well-
defined order and in a proper ratio [2,18e21] as shown
below.

H
N

+ + Zn(CH3CO2)2

N

N

N

N

N

N

N N

N

Zn

CHO

2CH3CO2
-

+ 

The saturated solution of zinc acetate in pyridine was
dehydrated on molecular sieve, and then mixed with
anhydrous pyrrole and pyridine-4-aldehyde in a
sealed reactor. The reactants were degassed, followed

by heating on oil bath at temperature between 130�C
and 150�C for 48 h. After cooling down to room temper-
ature, the precipitate was filtered from the mixture and
washed with anhydrous ethanol to yield purple crystals
of macrocyclic chelate of zinc. This method is specific
for the syntheses of unstable coordination compounds
as it excludes the separation and purification of the
intermediates.

9.1.3. Metal Vapor Synthesis and Matrix
Isolation Method

The use of metal vapors in the gas phase opened
a new field of synthetic coordination chemistry, which
is now known as cryosynthesis. Metal vapor synthesis
(MVS) is used to prepare low-valent metal single-
nuclear compounds or metal clusters, as well as the
matrix isolation method which was later developed on
the basis of MVS [22e24]. Actually, the cryosynthetic
method has made a great contribution to the coordina-
tion chemistry of metal s- and p-complexes [25].

Coordination compounds could be obtained by direct
interactions of vaporized atomic metals and ligands in
the gas phase. The apparatus of MVS vary from case
to case, depending on many factors such as the chemical
properties, the melting point and the vapor pressure of
metals used for heating. Basically, it consists of a heat
resistant device for evaporating metals, a stainless steel
vacuum chamber for the reactions to take place, and
a liquid-nitrogen-cooled-wall to condense metal atoms
together with precursors to form final products. Metals
vaporized in the heating device are highly reactive and
react with the ligands (molecules or atomic clusters)
and condense on the liquid-nitrogen-cooled-wall where
the decomposition of final products is efficiently
avoided.

The simplified apparatus for direct synthesis of
Co2(PF3)8 is illustrated in Fig. 9.1. The vapor inlet was
filled with PF3, while the metallic cobalt was collected in
the resistive crucible. The whole system was then evacu-
ated, after which the reaction vessel was cooled by liquid
nitrogen and the crucible was heated to 1300�C. Further
heating the crucible to 1600�C to evaporate metallic
cobalt, while keeping the inlet of PF3 at 10 mmol per
minute, resulted in the condensation of the liquid-
nitrogen-cooled-wall. The cruciblewas cooleddownafter
the reactionwas completed, and the vesselwasfilledwith
helium. Once the reactor was recovered to room temper-
ature, the excessive PF3 could be evacuated out while
the final product Co2(PF3)8 was retained on the liquid-
nitrogen-cooled-wall for its less volatility [24].

The synthesis of Fe(P(CH3)3)4 was also carried out in
the similar apparatus, as well as those of Ni(PF2C1)4, Mn
(PF3)(NO)3, Cr(PF3)6, Ni(PF3)3(PH3), and other organo-
metallic compounds.
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However, such syntheses are not possible on the gram
scale with ligands that are noncondensable at 77 K, for
example N2, O2, H2, CO, CH4, NO, C2H4, etc. At 77 K,
competitive metal atom diffusion/agglomeration
processes in these volatile ligands overwhelm the
desired metaleligand complexation reaction, so that
only the colloidal metal compositions rather than well-
defined coordination compounds were prepared. But,
if the temperature is further lowered below about one-
third of the melting point of the ligand (the Tamman
temperature, below which metal atom diffusion in the
solid matrix is minimized), metaleligand complexation
predominates and yields desired products. A case in
point is the temperature dependence of the nickel atome
nitrogen reactions:

Ni + N2

Nix(N2)Chemically absorbed

Ni(N2)4

77K

12K

which requires low temperature for complex formation
even though the decomposition temperature of Ni
(N2)4 has been estimated to be about 80e100 K. With
a judicious choice of metal atom concentration, ligand,
deposition rate, and temperature, the yield of a desired
MxLy compound can be optimized [26].

Matrix isolation is quite similar to MVS. The reaction
vessel of matrix isolation from Ozin’s group consists of
an electron gun and a fairly high-capacity closed-cycle

helium refrigerator (10 K) as the reaction chamber. The
cocondensation reaction typically involved deposition
of 10e100 mg of metal vapor with 10e100 g of CO
onto a copper reaction shield maintained below 30 K.
After deposition, the shield is slowly warmed to remove
unreacted CO. Subsequently, the crude product is dis-
solved in a suitable solvent (pentane or toluene) and
later purified by standard steps [26].

Various organic ligands have been used in cryosyn-
thesis as well as inorganic ligands, which have been
shown above as dinitrogen, dioxygen, carbon and
nitrogen oxides, phosphorus trifluoride, etc. Till date,
a lot of metal s- and p-complexes have been synthesized
efficiently by cryosynthesis methodology, where the
ligands vary from unsaturated hydrocarbons (such as
mono-olefins, diolefins, cyclic dienes, trienes, acety-
lenes, benzene and its derivatives, and so on) [27e34]
to hetero-aromatic ligands (including thiophene, pyri-
dine, and its derivatives) [35,36], oxygen-containing
organic derivatives (for example, ethers, ketones, dike-
tones, organic acids, anhydrides, acyl halides) [29,31],
and even polymers [37e39]. Cryosynthesis of metal-con-
taining polymers was carried out by cocondensation of
metal vapors and polymers at 240e270 K according to
the scheme showed below (where x¼ 2e5). This trans-
formation opens the way to synthesize coordination
metal polymers and metalegraphites.

M

n

Mx

n

M + Polymer

250-270 K

240-250 K

Another important application of metal vapor
synthesis is the formation of intrazeolite metal clusters,
where small metal clusters were deposited in the superc-
ages of zeolites [38].

9.2. COMPONENT EXCHANGE METHOD
[2,3,15]

9.2.1. Metal Exchange

Transition metal coordination compounds could
interact with other metal ions and have themselves
replaced by the foreign metals to form new compounds.

MLx þM0nþ/M0Lk þMmþ þ ðx� kÞL

FIGURE 9.1 The reaction vessel for Co2(PF3)8 based on MVS.
Reprinted from Proceedings of the Royal Society A: Mathematical, Physical
and Engineering Sciences, Vol. 396, P.L. Timms, Page 1., Copyright (1984),

with permission from Royal Society [24].
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As described above, M might be some transition
metals or hydrogen and M0 is transition metals. The
metal exchange process will result in new coordination
compounds, which are either thermodynamically or
kinetically more stable. A proper example is shown
below.

2LnðNO3Þ3 þ 3BaðtfacamÞ2
/2LnðtfacamÞ3 þ 3Ba2þ þ 6NO�

3
tfacam ¼ d-3-trifluoroacetylcamphor

The stabilities of coordination compounds, under such
circumstance, depend on the coordinating ligands. For
example, the metal exchange order was Cu>
Ni> Zn>Mg in the case where the ligand was N,N0-
disalicylidene ethylenediamine. Therefore, it’s a quite
simple method to get a series of new coordination
compounds when starting from a single compound.

9.2.2. Ligand Substitution [2,3,40e44]

The ligand moieties of coordination compounds
could be substituted by new ligands as well to result
in new compounds under certain conditions, where
the trans effect of ligands might dominate. A case in
point is shown below.

NiðCOÞ4 þ 4PCI3/NiðPCl3Þ4 þ 4CO[

Anhydrous phosphorus trichloride was added into
vigorously stirred tetracarbonylnickel under CO atmo-
sphere. After reaction was completed, the mixture was
filtered and dried to give the new substituted compound
as final product. If partly substituted, the original com-
pound would generate new coordination compound
with mixed ligands, for example in the case of reaction
below.

K2PtCl4 þ 2ðC2H5Þ2S/cis-fPt½ðC2H5Þ2S�2CI2g þ 2KCl

The aqueous solution of potassium tetrachloroplatinate
(II) was mixed with diethyl sulfide in a flask. After the
reaction was completed, the mixture was evaporated
to dryness and extracted by benzene. The extraction
was then chilled with an ice-bath to give the yellow
product.

Ligand substitution methods are also known as auxil-
iary ligand methods [45e47]. From this point of view,
the auxiliary ligands may participate in two sequences.
Under the first circumstance, they are mixed with so-
called main ligands prior to the addition of transition
metals. Otherwise, they are used to form precoordina-
tion compounds with transition metals and sequentially
replaced by the main ligands to give the target products
as well. Some most often used auxiliary ligands include
pyridine, bi-pyridine, 1,10-Phenanthroline, hexamethyl

phosphoryl triamide, triphenylphosphine, and triphe-
nylphosphine oxide. The purpose of auxiliary ligands
participation is supposed to increase the stability as
well as the solubility of coordination compounds in
solvents.

9.2.3. Subcomponent Exchange [2,48,49]

The subcomponents of ligandsmight aswell reactwith
other chemicals to form new coordination compounds.

C NR  +  R'NH2

M

C NR'  +  RNH2

M

The imino group of Schiff base, in the reaction above,
was substituted with primary amine to produce the
expected compound. In addition to Schiff base
compounds, some chemically active groups from
parent acetyl acetone or azo compounds could also
experience such sub-component exchange to result in
new coordination compounds. For example, the orig-
inal coordination compound was modified when N-
bromo-succinimide was added into the stirred chloro-
form solution of acetone chromium(III), in the
synthesis of tri(3-bromo-2,4-pentanedione) chromium
(III). The mixture was heated and evaporated after
the reaction was completed. The residue was then
filtered and re-crystallized from benzeneeheptane to
give the final product.

9.3. REDOX INTERACTION METHOD [3]

9.3.1. Oxidation of Element Metals

It’s been widely known and established that some
metal salt hydrates can be obtained when the corre-
sponding element metals are dissolved in acidic solution
[50]. For example, element gallium was dissolved in
perchloric acid (72%) and the mixture was boiled. On
cooling, the expected product [Ga(H2O)6](ClO4)3 precip-
itated as crystals.

Gaþ 3HCIO4 þ 6H2O/½GaðH2OÞ6�ðClO4Þ3 þ
3

2
H2[

This methodology is applied in nonaqueous solution as
well. For instance, the ether solution of iron and H(fod)
was refluxed under ammonia atmosphere, and gave the
final product as Fe(fod)3 [51].

Feþ 3HðfodÞ/FeðfodÞ3 þ
3

2
H2[

fod ¼ CF3CF2CF2CðOHÞ ¼ CHCOCðCH3Þ3
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Some coordination compounds of rare earth metals
were synthesized byMashima’s group using this method
[52]. The successful synthesis of [Ln(SC5H4N)2(hmpa)3]I
(Ln¼ Sm, Yb, hmpa¼ hexamethylphosphoric triamide)
is illustrated as below, where the reaction could not be
completed in the absence of iodine. And the similar coor-
dination compounds, such as [{Yb(hmpa)3}2(m-SPh)3]
[SPh] and Ln(SPh)3(hmpa)3 (Ln¼ samarium and ytter-
bium, hmpa¼ hexamethylphosphoric triamide), were
also reported by the same group [45].

Lnþ 1

2
I2 þ PySSPy ���!hmpa

THF

�
LnðSPyÞ2ðhmpa

��
I

9.3.2. Oxidation of Low-valent Metals

High-valent transition metal coordination com-
pounds can be prepared via oxidation of the corre-
sponding low-valent compounds. A well-known case
in point is the preparation of trivalent cobalt compound
via oxidation of its bivalent counterpart [53].

2CoCl2 þ 2NH4Clþ 8NH3 þH2O2

/2
�
CoðNH3Þ5Cl

�
Cl2 þ 2H2O

To the solution of ammonia chloride in concentrated
ammoniacal liquor was added COCl2$6H2O, and the
mixture was stirred and dropwise added with 30%
hydroperoxide until no bubbles were evident. Hydro-
chloride was then added into the mixture, and the final
product would precipitate as purple crystals.

Common oxidants include H2O2, air, halogens,
KMnO4, and PbO2. And electrochemical oxidation
method works as well. For instance, cerium(III) nitrate
could be oxidized by air to give cerium(IV) nitrate. Chlo-
rine is able to oxidize platinum(II) to platinum(IV)
compound as shown below.

cis-½PtðNH3ÞCl2� þ Cl2/cis-
�
ptðNH3Þ2CI4

�

9.3.3. Reduction of High-valent Metals

On the other way around, low-valent transition metal
coordination compounds can also be prepared via
reduction of the high-valent counterparts. Reducing
agents could be hydrogen, element potassium or
sodium (including potassium amalgam and sodium
amalgam), element zinc, hydrazine, and some organic
reductants. Electrochemical reduction method works
too. For example, low-valent rhodium(II) compound
Rh[P(C6H5)3]2(COO)Cl was obtained by the reduction
of rhodium(III) chloride in the presence of triphenyl-
phosphine and formaldehyde in anhydrous ethanol.
The ligand could be used as reductant as well in the
reaction below.

2CuðNO3Þ2$3H2Oþ 5PðC6H5Þ3
/2

�
Cu

�
PðC6H5Þ3

�
2
ðNO3Þ

�þOPðC6H5Þ3
þ 2HNO3 þ 5H2O

9.3.4. Middle-valent Metals

Some middle-valent transition metal coordination
compounds were prepared by the reaction of their
higher valent species with the lower valent ones. For
instance, the methanol solution of arsenic triphenyl
was added with copper nitrate and element copper
(powder) under helium atmosphere, and the mixture
was heated to reflux. After the reaction was over, the
mixture was cooled down and filtered to give the final
product as white crystals, as shown below.

CuðNO3Þ2$3H2Oþ Cuþ 6AsðC6H5Þ3
/2

�
Cu

�
AsðC6H5Þ3

�
3
ðNO3Þ

�þ 3H2O

9.3.5. Electrochemical Synthesis [54e59]

Electrochemical preparation of coordination com-
pounds displays one of the simplest and most direct
methods of carrying out oxidation or reduction reac-
tions, since the removal or addition of electrons can be
achieved without the addition of redox reagents. This
technique works in aqueous solution as well as in
nonaqueous solution. The working electrodes can be
inert (for instance, platinum) or sacrificial which will
later participate in the redox reaction.

The apparatus for electrochemical synthesis of potas-
sium enneachlorotungstate(III) is illustrated in Fig. 9.2.
The electrolysis was carried out in a three-necked bottle,
which was filled with prechilled concentrated hydro-
chloride and potassium tungstate. Gaseous hydrochlo-
ride was added through inlet 1, and water was filled
through inlet 4 into the electrolysis tank. Once the solu-
tion around anode 3 turned red, the mixture was
allowed to warm up to 45�C and the electrolysis was
carried on until dark-green precipitate sedimented.
The deposit was then isolated by filtration, and redis-
solved in a minimum volume of water. This solution
was filtered again and the filtrate was precipitated by
90% ethanol to give the final product as K3[W2C19].

The electrochemical synthesis technique is well
studied in the case of halides and organic acids. For
example, to the mixture of water and methanol was
added acetyl acetone and chlorides, and the sequential
electrolysis was carried out on a sacrificial iron anode
(where the metal electrode was starting material) to
yield pale-brown crystals, [Fe(C5H7O2)2]. After electrol-
ysis, the inlet of air flow or oxygen could oxidize the
intermediate to produce [Fe(C5H7O2)3] (Fig. 9.3).
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In nonaqueous solution, the electrochemical synthesis
technique has been well documented, especially in the
preparation of some coordination compounds which
are not readily accessible because of their strong hydro-
lysis. For instance, the electrolysis took place in (Et4N)2
[CoBr4] with platinum as cathode and cobalt as anode.

9.3.6. Redox Under High Pressure

Some carbonyl compounds of transition metals were
prepared under high pressure via the reduction of their
oxides counterparts in the presence of CO. The reaction
process is described below.

MoO3 þ 9CO/MoðCOÞ6 þ 3CO2

9.4. Solid-state Synthesis Method

The solid-state reaction of coordination compounds is
of crucial importance, but not readily accessible as it’s

very difficult to establish the reaction apparatus, i.e., to
control the reaction conditions, and to monitor or detect
the final products. However, it’s possible to overcome
these handicaps as the recent progresses have been
achieved in product isolation and analysis methodolo-
gies. Therefore, most of the research works in this field
still concentrate on simple cases instead of exploring
this technique as preparative methodology.

9.4.1. Complexation of Ligands with Metal
Precursors [60e62]

The solid-state synthesis technique has been applied
in the complexation of ligands with metal precursor
compounds. Under the reaction conditions, the ligands
would turn into melts since they are most likely of low
melting point. Therefore, solid-state synthesis usually
takes place in the multiphase system. For example, the
yellow coordination compound Pd[P(C6H5)3]2Cl2 was
obtained on heating of the mixture of triphenylphos-
phine with palladium chloride. The excessive ligand
was removed by extraction. For the simplicity of this
technique, many coordination compounds of transition
metals (Co, Cu, Ni, Pd, and Pt) with ligands containing
phosphines or arsenic derivatives have been reported.

9.4.2. Decomposition of Metal Precursors

In addition to the direct preparation, the new coordi-
nation compounds can also be obtained by the

FIGURE 9.2 The apparatus of synthesis of K3[W2C19]. Reprinted
with permission from [58]. Copyright 1957 American Chemical Society.

FIGURE 9.3 (1) Reaction vessel. (2) Sealed cap. (3) Outlet joint. (4
and 5) Electric stirrer. (6) Electrodes. (7) Electrode holders. (8) Ther-
mocouple. Lehmkuh, L.; Eisenback, W.: Justus Liebigs Annalen der Chemie.
1975. Volume 1975, Page 672, Copyright Wiley-VCH Verlag GmbH & Co.

KGaA. Reproduced with permission from [56].
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decomposition of their precursors under solid-state
conditions [63,64]. For example, platinum tetra(triethyl-
phosphine) was heated to 50e60�C under reduced
pressure to produce Pt(PEt3)3 as red oil shown below.

PtðPEt3Þ4 �����!
vacuum

50�60 +C
PtðPEt3Þ3þPEt3

During the solid-state synthesis process, new metale
metal bond might come into being to form novel
compound [65,66]. For instance, heating of [K2[Ni
(CN)4] in helium atmosphere gave rise to the formation
of the nickelenickel bonding in final product K4[Ni2
(CN)6]. The ligand substitution also plays a very impor-
tant role in the preparation of new compounds [67].
The coordination compound, [Co(NH3)5(H2O)](ReO4)3$
2H2O, was dehydrated on an oil bath at 50�C for 2 h
and then kept at 115e120�C for another 4 h to give the
final product [Co(NH3)5(OReO3)](ReO4)2.

9.5. INCLUSION COMPLEXATION
METHOD

9.5.1. Layered Inclusion Compounds

Layered inclusion complexes of coordination com-
pounds (such as graphite-like inclusion compounds
and layered salts of selenic acid) have been prepared
by the above-mentioned methodologies (for example,
direct synthesis or component exchange). In the cases
of tetravalent Zr, Ti, Sn, Ce, and Th, their layered coordi-
nation compounds were prepared via assembling the
cations with XO4 or RXO3 counter ions (where X¼ P,
As, and R¼eH, eOH, eCH3, and eC6H5). Basically,
their structures are built up by the packing of polymeric
macroanions consisting of cationic metal atoms lying in
a plane and bridged through phosphate groups placed
alternatively above and below this plane. Three oxygen
atoms of each phosphate group are bonded to three
metal atoms of the plane, and the fourth one is bonded
to the hydrogen or substituted groups. The arrangement
of the phosphate groups forms semicavities on both of
the layer faces, so that the packing of the layers creates
zeolite-like cavities in which the water molecule is filled.
Thus, these intercalatable host compounds can be
accessed by solvent molecules and, layer by layer, to
form novel guest molecule-substituted compounds.
They have potential applications in many fields such
as electrochemical memory, electrochemical sensor,
protonic conductor, and so on [68,69].

Among these compounds, the a-layered zirconium
hydrogen phosphate (where zirconium is featured as
being coordinated by oxygen atoms in an octahedron
configuration) has beenwell studied to be able to include
guest molecules to form intercalated compounds as

M(RXO3)2$nS (where M¼ Zr, R¼OH, X¼ P, S¼metal
cations, water, and solvent molecules).

For example, a-Zr(HPO4)2$H2O (ZrP) was reported to
exhibit Hþ/Csþ ion-exchange when its crystalline salt
was dissolved in concentrated cesium solution.
Although it’s known that the foreign cation (Csþ) has
larger size than the maximum dimension of the
windows connecting the cavities of ZrP and thus is not
exchangeable, the activation energy of the Hþ/Csþ

exchange process could be lowered if a Cs-exchanged
phase, having an interlayer distance larger than that of
ZrP, is initially formed in the external part of the crystals
of the exchanger (Fig. 9.4).

The enlargement of the external part of the crystals
lowers the activation energy for the exchange of large
cations. Thus, once started, the exchange can take place
at an increasingly higher rate. This interface model is
applicable in the field of layered inclusion compounds
[70,71].

9.5.2. Multinuclear Compound and Metal
Cluster-induced Inclusion Complexation

Nanometer-scaled particles, for example some
multinuclear transition metal compounds or metal
clusters, can be embedded in certain coordinating
compounds to produce various novel nanocompounds
via intermolecular recognition or inclusion complexa-
tion. Till date, two general methods are used in the
preparation, which are defined as supramolecular
assembly and nanoparticle inclusion complexation
[72,73]. The former one is featured as the highly
ordered intermolecular recognition between individu-
ally embedded nanoparticles, which are pre-prepared
by the assemblies of embedding nanocrystals and
embedded matrix (receptor).

In the preparation of nano-scaled titanium dioxide,
the fresh nano-TiO2 that was produced via hydrolysis
of tetraisopropyl titanium(IV) turned into coated
particles in the presence of hexadecyl ammonium
bromide and pyridine derivatives (as receptors). Due
to the weak interactions between these coated nano-
particles, a highly ordered or high-level ordering
process took place and certain well-defined supramo-
lecular assembly was obtained in the end (Fig. 9.5).

FIGURE 9.4 The ion-exchange in layered ZrP.
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Nanoparticle inclusion complexation is featured as
the layer-by-layer encapsulation model [74]. For
instance, ferromagnetic transition metal particles have
to be encapsulated at the desire to preserve their perfor-
mance from being decreased by oxidation. Therefore,
the superfine magnetite particles with an average diam-
eter of 10 nm were prepared prior to being coated with
sodium oleate (C17H33COONa) by coprecipitation tech-
nique. Then as shown in Fig. 9.6, the surfactant-coated
particles were placed 3 cm below the tungsten elec-
trodes in an arc-discharge chamber. When the arc-
discharge was performed, the helium atoms were
ionized and supposed to bombard the surfactant and
reduce it to carbon coating, which finally enveloped
the core magnetite particles.

In addition to assembling coordination compounds on
the surface of metal oxides, layer-by-layer technique has

also enabled constructions of coordination compounds
on metal surface, nanotubes, and even graphite. The
possibility of building coordination compounds on solid
surfaces has made possible the preparation of nano-
scaled devices with new properties [75].

9.6. Macrocyclic Template Method [76e78]

In the preparation of macrocyclic coordination
compounds with well-defined stereo-structure, metal
ions could play a very important role as templates with
proper sizes. Due to the strong interaction or high
selectivity between metals templates and macrocyclic
ligands, various multicyclic coordination compounds
with high stabilities have been synthesized where the
core metals varied from alkali metals to transition
metals.

The anhydrous ethanol solution of 1,2-diamino-
benzene was added dropwise into copper(II) acetate
to precipitate deposits, which were filtered, washed
with absolute ethanol, and finally resuspended. The
anhydrous ethanol solution of 1,2-diaminoethane was
then added at 10�C and the mixture was kept in
dark with vigorous stirring for 24 h. The reaction
mixture was later chilled to 2�C and was added with
2-bromo-1,3-propylene dialdehyde, which was kept
for another 7 days to produce the final product as
copper(II) 3,10-dibromo-1,5,8,12-tetraaza-benzocyclo-
tetradecene.

In summary, several most often used methodologies
in the preparation of coordination compounds have
been introduced. Most likely, some combined synthetic
techniques could work better than individual ones in
real cases. With the progress in this field, more and
more coordination compounds with novel functions
and potential applications will be discovered, and vice
versa.

FIGURE 9.6 Illustration of the arc-discharge
chamber. (1) Trap. (2) Observation window. (3)
Surfactant-coated magnetite. (4) Tungsten rod. (5)
Sample holder. (6) Stage height regulator. (7) Power
supply. Reprinted from Materials Science and Engi-

neering: A, Vol. 217e218, B. Jeyadevan, Y. Suzuki, K.

Tohji, I. Matsuoka, Encapsulation of nano particles by
surfactant reduction, Copyright (1996), with permission

from Elsevier [74].

FIGURE 9.5 The preparation of nanomaterial via supramolecular
assembly of TiO2 with matrix (receptors).
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Assembly Chemistry of Coordination
Polymers
Xiao-Ming Chen

Sun Yat-sen University, China

Although the term coordination polymer first
appeared in 1960s, and can be traced up to the first
man-made coordination polymer or Prussian Blue by
an accident in early eighteenth century, the current
extensive interest in coordination polymers was trig-
gered after the reports [1] of Robson and Hoskins [2].
They proposed that the new materials with interesting
properties such as porosity and catalysis could be delib-
erately engineered through describing crystal structures
in terms of nets that was proposed in 1960s by Wells [3].
This new research field now attracts a large number of
chemists around the world.

A coordination polymer contains metal ions (or metal
clusters) linked by coordinated organic ligands into an
infinite array. This infinite net must be defined by coor-
dination bonds. Therefore, a structure linked by coordi-
nation bonds in one direction and supramolecular
interactions (such as hydrogen bonding and pep stack-
ing) in two other directions is a one-dimensional (1D)
coordination polymer, a structure linked by coordina-
tion bonds in two directions and supramolecular inter-
actions (such as hydrogen bonding and pep stacking)
in another direction is a two-dimensional (2D) coordina-
tion polymer, while that linked by coordination bonds in
three directions is, of course, a three-dimensional (3D)
coordination polymer.

As beingwell known thatmetal ions (ormetal clusters)
and organic bridging ligands are diversified in coordina-
tion behavior and geometry, the combinations via coordi-
nation bonds are naturally diversified. Actually, a huge
number of structurally different or similar coordination
polymers with different functionalities, such as porous
frameworks for gas sorption and separation, catalysis,
molecular and ion-exchange, molecular magnets, lumi-
nescence, and so on, have been established.

Nets of Coordination Polymers: Usually, coordination
polymers are assembled bymetal ions (or metal clusters)
and bridging organic ligands, and sometimes with addi-
tional supramolecular interactions, into highly ordered
3D structures. Such regular 3D structures can be
described in terms of topologic nets. Topologically,
a polymeric metal-organic net can be reduced into
a series of nodes in a certain symmetry (triangular, tetra-
hedral, or octahedral, etc.) and linkers that connect the
nodes into infinite 1De3D periodic net. Topological
description not only is useful for understanding the
net structure, but also can be used for the design of
new coordination polymers. The net-based approach
has been called reticular chemistry [4]. Usually, metal
ions or metal clusters can be regarded as the nodes,
while organic ligands as the linkers. In some cases,
higher multitopic (e.g., tri-topic) organic ligands can
also be regarded as the nodes, especially when the metal
ions serve as low (e.g., 2 or 3) connectors in the net. In
principle, by the use of appropriate nodes and linkers,
one can assemble a specific net.

A large number of different nets have been docu-
mented so far. Among them, typical and simple nets
are zigzag or helical, ladder, railway chains for 1D
nets, square or rectangular, honeycomb and brick-wall
structures for 2D nets, diamondoid, and cubic for 3D
nets, as illustrated in Fig. 10.1. Of course, a lot of more
complicated and intriguing nets have also been docu-
mented in the literature [2].

Molecular Assembly: Coordination bonds are usually
stronger and have better directionality than hydrogen-
bonding and other weak supramolecular interactions.
Therefore, the coordination preference of metal ions (or
clusters) and the structures of organic bridging ligands
play a critical role in the formation of coordination
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polymeric nets. Consequently, structural prediction of
coordination polymers should be, in principle, easier
than that for a molecular crystal.

However, coordination geometry of metal ions is
usually diversified and even variable, and the structures
of organic ligands are also diversified. The structures of
coordination nets formed by the assemblies of the diver-
sified metal ions (or clusters) and organic bridging
ligands are almost infinite. Moreover, as a kind of
weaker interaction than typical covalent bonding, coor-
dination bonds are usually more flexible. Other weaker
intermolecular interactions may also present in the
self-assembly system. Consequently, structural uncer-
tainty is an intrinsic characteristic of a self-assembly
system consisting of metal ions, organic ligands, counter
anions, and solvent molecules. Many reaction parame-
ters, such as the reaction/crystallization temperature,
pH, template/additive, solvent, and counter ions, can

play an important role in the formation of the coordina-
tion nets [5]. Thus, it would be difficult to predict the
outcome of a complicated self-assembly system simply
by molecular design (the choice of metal ions, metal
clusters, and ligand structure). Actually, for a given set
of metal and ligand at a specific molar ratio, different
coordination polymers can be produced by different
reaction conditions. In short, structural control of the
coordination nets is rather challenging.

In a system for producing a particular coordination
polymer, there are different components and solvent,
even with other species such as template and additive.
Under the direction of coordination bonding, and
possibly in combination of other supramolecular inter-
actions, the components can be combined into some
tiny intermediate species (Fig. 10.2) before nucleation
or crystallization. Such intermediate species can be
combined into one or more kinds of large molecular

(a) (b) (c) (d)

(i)(h)

(g)(f)(e)

FIGURE 10.1 Some simple coordination polymer nets. (a) A zigzag chain, (b) a helical chain, (c) a ladder chain, (d) a railway chain,
(e) a square net, (f) a honeycomb net, (g) a brick-wall net, (h) diamondoid net, and (i) a cubic net.
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assemblies, leading to the formation of crystal seeds and
consequently crystals having the same or different
superstructures. The structural diversity includes supra-
molecular isomerism, which is frequently observed for
coordination polymers [5,6]. The different products
may be either kinetically or thermodynamically favored.
When different products can be generated from a reac-
tion system, the energy barrier for a thermodynamically
favored product is usually larger than that of a kineti-
cally favored one (Fig. 10.3). Since thermal energy is
proportional to the reaction temperature, the thermody-
namically favored isomer associated with a high activa-
tion energy can be obtained at a higher reaction
temperature, whilst lower temperature favors the
kinetic product. Therefore, by control of the reaction
temperature, and/or other reaction parameters, it is
possible to alter the formation of products. Usually,
high concentration and low temperature is favored for
the kinetically favored product, while low concentration
and high temperature is favored for the thermodynam-
ically favored product. Practically, other reaction param-
eters, such as pH, template/additive, solvent, and
counter ions, can also have significant impact on the

kinetic process, leading to the formation of different
products.

10.1. MOLECULAR DESIGN OF
COORDINATION POLYMERS

The coordination behaviors of both metal ions (and
clusters) and organic ligands play a critical role in the
self-assembly of coordination polymers, since the coordi-
nation bonding is a kind of directional and strong interac-
tion in the process. Therefore, judicious choice of metal
ions (and clusters) and organic ligands is critically impor-
tant for a targeted structure. Three common strategies, or
the utilizations of single metal ions, clusters as the nodes,
and pillared-layered nets, are usually adopted.

10.1.1. Single-metal Noded Nets

Different metal ions have different electron configura-
tions and ionic radii, hence exhibiting different coordi-
nation behaviors. Low coordination numbers, 2 or 3,
are commonly found for Ag(I) and Cu(I) ions, tetrahe-
dral and octahedral coordinations are frequently found
for Zn(II) and Co(II) ions, while higher coordination
numbers are usually found for lanthanide ions. The
coordination geometry can be induced by different coor-
dination environments to be idealized or distorted.
Nevertheless, the directionality of such coordination
geometry is rather marked, and thus can be used as
single metal nodes for constructing coordination
polymers.

Generally, transition metal ions have been more
popular, due in part to the more predictable nature of
their coordination geometries. Some simple coordina-
tion geometries of transition metal ions are shown in
Fig. 10.4. On the other hand, lanthanides have also
attracted increased attention recently, with their higher
connectivity leading to interesting topologies, in addi-
tion to other inherent properties of interest (e.g.,
luminescence).

In principle, by judicious choice of metal ions and
multitopic organic ligands with appropriate coordina-
tion geometry, as nodes and linkers, respectively,
a particular framework can be assembled under certain
reaction condition.

As illustrated in Fig. 10.4, organic ligands for coordi-
nation polymers should usually be ditopic or multitopic
linkers, which can bridge single metal ions or metal clus-
ters as nodes into infinite polymeric structures. Based on
the different coordination geometries of both the nodes
and linkers, the resulting polymeric nets are hence
diversified.

The most simple polymeric structure is a linear
chain, which can be interconnected by a linear, ditopic

FIGURE 10.2 Illustration of two possible products assembled by
metal ions and di-topic organic ligands.

Thermodynamic product

Kinetic product

Fast

Slow

Reaction solution

E

Reaction Coordinate

FIGURE 10.3 Thermodynamic and kinetic crystallization of
products. Ref. [5] e Reproduced with permission from The Royal Society of
Chemistry.
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organic linker, such as 4,40-bipyridine (4,40-bpy), and
linear two-coordinate metal ions, such as AgI. For
example, the cationic linear chain of [Ag(4,40-bpy)]
(NO2) is shown in Fig. 10.5 [7].

When curved ditopic ligands are used, zigzag and/or
helical chains can be generated. A typical example is the
hydrothermal synthesis of copper(I) 2-methylimidazo-
late (Fig. 10.6), where Cu(I) is in situ generated from
Cu(II) under weakly basic condition [8]. Due to the
usually very poor solubility and rapid deposition,
X-ray quality single crystals of such 1D polymers are
usually difficult to grow under ambient condition. In
contrast, hydrothermal (and solvothermal) synthesis is
very promising in producing good quality single crys-
tals, and thus is now widely used in the synthesis of
different kinds of coordination polymers.

Square and rectangular nets are a kind of simple 2D
nets, which can be simply assembled by metal ions
preferring square-planar geometry. For example,
assembly of CuII ions with linear, ditopic 4,40-bpy or pyr-
azine ligands can yield a square net, as illustrated in
Fig. 10.7. Meanwhile, octahedral metal ions, such as
ZnII, CdII, FeII, and NiII, can also be used to produce
similar nets, when the axial positions of the metal ions
are occupied by monodentate terminal ligands, such
as water molecules. When mixed ditopic ligands of

different lengths are used, the 2D nets become rectan-
gular. For instance, by using 4,40-bpy and pyrazine as
bridging ligands, a rectangular net of [Cu(4,40-bpy)
(pyrazine)]2þ can be generated in the presence of
perchlorate ions as the counter ions [9]. Here, the reac-
tion condition should be carefully selected to avoid the
more easy formations of square nets that are interlinked
uniquely by one kind of the ditopic ligands.

Combination of linear, ditopic ligands with tetrahe-
dral metal ions, such as ZnII, can lead to the formation
of a 3D net. Noteworthy is that the coordination geom-
etry of the metal ion and the structure of the ligand are
critical in directing the 3D structure.

For example, a diamondoid net of [Zn(ina)2]
(ina¼isonicotinate), which was generated by in situ
hydrolysis of 4-cyanopyridine with zinc salt (see Section
10.3.2), whereas the utilization of a curved ditopic ligand
could furnish a more complicated and interesting net.
For instance, the two nitrogen atoms in an imidazole
have a bridging angle in the range of 135e145o, which
are analogous to that of SieOeSi bond angle (ca. 145o)
in natural zeolites. Actually, using building blocks
composed of bivalent tetrahedral metal ions and imida-
zolates is an effective strategy to form neutral coordina-
tion polymers with the same or similar topologies of
natural zeolites. For example, a sodalite (SOD) net,

Linear Trigonalplanar

SquareplanarTetrahedral

Square pyramidal Octahedral

NN N N
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O
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N
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FIGURE 10.4 Typical coordination geometries
of d-block metal ions (left) and multi-topic ligands
(right).

N N Ag

n

FIGURE 10.5 A linear chain interconnected by 4,40-bpy and AgI

ions.

Cu2CO3(OH)2 + Hmim
160 C

NH3 + H2O N N
Cu

n

FIGURE 10.6 The hydrothermal reaction of Cu(II) and
2-methylimidazole.
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[Zn(bim)2]$1.67H2O, was constructed by benzimidazo-
late (bim) and zinc(II) (Fig. 10.8) [10]. A large number
of metal imidazolates have been reported to exhibit
different zeolite topologies [11]. These kinds of materials
usually have large cages (typically 1.0e2.0 nm) and
small windows (typically 0.22e0.74 nm) between the
cages, and have very good gas sorption capacity and
thermal stability.

10.1.2. Metal-cluster Noded Nets

Metal-clusters have been widely utilized in construc-
tion of coordination polymers, which may exhibit
interesting properties, such as magnetism, photolumi-
nescence, and sorption. This kind of metal clusters can
be regarded as secondary building blocks (SBUs), which
serve as nodes in their coordination polymers. The most
commonly used metal-cluster nodes are paddle-
wheel [M2(RCOO)4], trimetallic [M3(m3eO)(meRCOO)6]

and [M3(m3eOH)(meRCOO)6], as well as tetrametallic
[M4(m4eO)(meRCOO)6] SBUs (Fig. 10.9). In combination
with different multitopic organic ligands, they can
furnish quite a huge number of interesting coordination
polymers. More importantly, the cluster SBUs can play
a critical role in controlling the structures of coordina-
tion polymers, as they are usually rigid and have well-
defined coordination geometries. In principle, a targeted
coordination polymer can be designed through a combi-
nation of appropriate cluster SBUs and multitopic
organic ligands.

In the paddle-wheel SBUs (Fig. 10.9a), the metal ions
can be CuII, ZnII, CoII, FeII, CdII, etc. In this SBU, the two
metal ions are bridged by four carboxylate ends into
a square-planar node, which can be extended into layers
by linear organic dicarboxylates. Since such kind of
coordination polymers usually have very low solubility,
they are usually synthesized by diffusion or hydro
(solvo)thermal reactions.

Simply by diffusion of triethylamine and toluene
into an aqua solution of zinc nitrate and 1,4-ben-
zenedicarboxylic acid (1,4-bdcH2), single crystals of [Zn
(1,4-bdc)(H2O)]$DMF, as an early example, was obtained

(a) (b) (c)
FIGURE 10.7 Structural units of square
nets formed by 4,40-bpy (a) and pyrazine (b),
and a rectangular net (c) formed by mixed
4,40-bpy and pyrazine ligands.

FIGURE 10.8 A sodalite (SOD) net constructed by tetrahedral
metal ions (spheres) and imidazolates (bars). Ref. [10] With kind
permission from Springer ScienceþBusiness Media: Chinese Science

Bulletin, [Zn(bim)2]$(H2O)1.67: A metal-organic open-framework with

sodalite topology, Vol. 48, No. 15, August 2003, 1531, Xiaochun Huang,
Jiepeng Zhang and Xiaoming Chen.
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FIGURE 10.9 Three typical metal-cluster SBUs.
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(Fig. 10.10a) [12]. Owing to the hydrogen-bonding inter-
actions between the terminal water molecules and
carboxylate oxygen atoms from adjacent layers, the 2D
nets of [Zn(1,4-bdc)(H2O)] were stacked into a porous
structure with 1D channels (size ca. 5 Å), which exhibits
N2 and CO2 sorption behavior. It is also noteworthy
that in some analogousmicroporous copper(II) dicarbox-
ylates, such as [Cu2(1,3-bdc)2(DMF)]-(DMF)$H2O$
(C2H5OH)0.5, (1,3-bdc¼ 1,3-benzenedicarboxylate),
which was solvothermally synthesized, the terminal
solvent ligand at the axial positions of the dinuclear
core is labile and can be removed via heating in vacuum
to provide vacant sites for ligating potential ligands (e.g.,
ethanol) in the adsorption (Fig. 10.10b). Thus this
compound can serve as a selective gas-sorption material
based on a pore size effect and active sites [13].

When tritopic benzene-1,3,5-tricarboxylic acid (btcH3)
is used, the paddle-wheel SBUs can be extended into
more interesting nets. For example, solvothermal reac-
tion of cupric nitrate with btcH3 in H2O:EtOH (1:1) at
180�C gave turquoise crystals of [Cu3(btc)2(H2O)3]
(HKUST-1) [14]. HKUST-1 exhibits 3D square-shaped
pores (9� 9 Å2) (Fig. 10.11), which are occupied by
solvent molecules.

In the [M3O(COO)6L3] SBUs (Fig. 10.9b), the three
metal ions are bridged by one m3-oxo group and six
carboxylate ends into a triangular motif. They can be
extended into a 2D three-connected net by ditopic
ligands at the three L sites, a 3D six-connected net by
dicarboxylates at the carboxylate sites, and even a 3D
nine-connected net by mixed ditopic ligands at the six
carboxylate sites and the three L sites, as illustrated in
Fig. 10.12. Therefore, the [M3O(COO)6] SBUs can be
used as three-, six-, and nine-connected nodes to
construct different coordination nets.

It seems that it is difficult to replace three terminal
ligands in the SBUs to generate a three-connected net.
So far only one example is reported in an iron(III)
compound. By carefully layering an acetonitrile solution
of [Fe3O(OAc)6(H2O)3]Cl on an aqueous solution of FeCl3
and NaOAc, red plate-like crystals of [Fe3(m3-O)(m-OAc)6
(H2O)3][Fe3(m3-O)(m-OAc)7.5]2$7H2O were obtained
after months [15]. In this compound, [Fe3(m3-O)(m-
OAc)7.5]

1/2e anions are connected by anti-anti m-acetate

(a) (b)

FIGURE 10.10 The 2D nets of [Zn(1,4-bdc)(H2O)] (a) and [Cu2(1,3-bdc)2] (b).

FIGURE 10.11 The structure of [Cu3(btc)2(H2O)3]n viewed down
the a-axis, the terminal H2O molecules are omitted for clarity. From
Ref. [14]. Reprinted with permission from AAAS.
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bridges into three-connected 2D net with large voids,
which host isolated [Fe3(m3-O)(m-OAc)6(H2O)3]

þ cations
(Fig. 10.13). Since the mean intra- and intercluster
Fe$$$Fe distances are 3.307 and 6.130 Å, respectively,
the anionic layer belongs to a distorted “star” lattice.
Consequently, this compound exhibits the co-existence
of spin-frustration and long-range magnetic order at
low temperature.

When the SBUs are connected by dicarboxylates at
the carboxylate sites, the SBUs become six-connected
nodes, furnishing a 3D six-connected net. For example,
hydrothermal reaction of equivalents of Cr(NO3)3, 1,4-
bdcH2 and HF at 220�C for 8 h yielded crystalline
powder of [Cr3OF(H2O)2(1,4-bdc)3]$nH2O (nz 25)
(MIL-101). In this material, as shown in Fig. 10.14, each
[M3O(COO)6] node is interlinked by six 1,4-bdc into
3D net of MTN zeolite topology with two kinds of large
cages (d¼ 2.9 nm and 3.4 nm). The Langmuir surface is
very large (5900 m2 g�1) [16].

The SBUs can also act as nine-connected nodes by
replacement of both the terminal ligands and carboxylate
ends by mixed ditopic ligands into a 3D nine-connected
net. By using naphthalene-2,6-dicarboxylate (ndc) and
4-(pyridin-4-yl)benzoate (pba) as mixed linkers, a robust
porousmaterial [NiII2NiIII(m3-OH)(pba)3(ndc)1.5]$9.5DMA$
8.5H2O (MCF-19, DMA¼N,N0-di-methylacetylamide)
with ncb topology was obtained (Fig. 10.15), which
exhibits not only unique uninodal nine-connected net,
but also interesting biporous intersecting channel
system [17].

The tetrametallic [M4(m4-O)(m-RCOO)6] SBUs (Fig. 10.9c)
are very useful for constructing 3D cubic nets with linear
organic dicarboxylates. This kind of porous materials
all have the general formula of [M4(m4-O)L3] (L¼
dicarboxylate) such that each SBU is surrounded by six
carboxylate groups of the dicarboxylates. The materials
can be easily prepared by the following approach. Solvo-
thermal treatments of an N,N0-diethylformamide (DEF)
solution mixture of Zn(NO3)2$4H2O and bdcH2 at
85e105�C give crystalline [M4(m4-O)(1,4-bdc)3]$guest in
very high yield [18]. The framework of this material
was termed to MOF-5 (Fig. 10.16a), which was the orig-
inal one of this series of materials. MOF-5 exhibits 3D
intersecting channels of size ca. 0.38 nm, and good sorp-
tion properties. More interestingly, the ditopic 1,4-bdc
can be replaced by several analogues, two of which are
shown in Fig. 10.16b, leading to the change of the channel
size from 0.38 nm to 2.88 nm. The largest solvent acces-
sible area of this series is up to 91.1%. It is noteworthy
that 3,30,5,50-tetramethyl-4,40-bipyrazolate can be used
in place of the dicarboxylate to generate the SUB
[M4(m4-O)] and consequently the 3D nets similar to
MOF-5 [19].

10.1.3. Pillared-layer Nets

Conventional reactions of Cu(ClO4)2$6H2O with Na2
pzdc (pzdc¼ pyrazine-2,3-dicarboxylate) and different
pillar ligands, e.g., pyrazine, 4,40-bpy and N-(4-pyridyl)-
isonicotinamide (pia), in water or EtOH/H2O (1/1),
respectively, lead to three porous pillared-layer coordi-
nation polymers. In their crystal structures, Cu(pzdc)
layers are interlinked by the ditopic N-ligands (L) to
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FIGURE 10.12 Three possible connecting fashions of [M3O
(carboxylate)6].

FIGURE 10.13 A structural unit of the “star” anionic framework.
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exhibit 1D channels with different sizes of 4� 6 Å2,
9� 6 Å2 and 10� 6 Å2, respectively, depending on the
lengths of ditopic N-ligands (Fig. 10.17) [20]. In other
words, the channel size of a pillared-layer structure
can be easily tuned by using similar ditopic ligands
with different lengths.

This pillared-layer strategy can be applied to other
coordination polymer systems. In the paddle-wheel
SBUs of [Zn2(dicarboxylate)2(solvent)2], the apical
solvent ligands (such as H2O, DMF, MeOH, or EtOH)
are labile, which can be replaced by other stronger
ditopic N-ligands under solvothermal conditions to
generate pillared-layer 3D porous structures [21].

Different dicarboxylates (with different L linkers) and
neutral ditopic N-ligands can lead to different sizes of
channels (see Fig. 10.18).

10.2. STRUCTURAL MODULATION
BY REACTION CONDITIONS

As polymeric metal-organic compounds, coordina-
tion polymers are usually insoluble, so that recrystalliza-
tion is usually not an appropriate technique to generate
single crystals. Thus one of the challenges in the research
is to grow single crystals that are suitable for detailed

(a) (b)

FIGURE 10.14 A supertetrahedron (ST) unit (a) constructed with 1,4-bdc and trinuclear SBUs and the 3D MTN topology (b) in [Cr3OF
(H2O)2(1,4-bdc)3] framework (the vertices represent the centers of each ST).
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FIGURE 10.15 Construction of a structural unit of the uninodal, nine-connected net of MCF-19 by mixed linear organic ligands and the
NiII2NiIII(m3-OH) clusters.
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crystallographic analysis by single-crystal diffraction. So
far only very few of the crystal structures of coordina-
tion polymers have been established by powder
diffraction.

Although coordination bonds are usually stronger
and have better directionality than hydrogen bonding
and other weak supramolecular interactions, structural
prediction of coordination polymers should be, in prin-
ciple, easier than that for a molecular crystal. However,
structural diversity and uncertainty is an intrinsic
problem for crystallization and construction of coordi-
nation polymers, due to the coordination flexibility of
the metal ions and organic ligands, as well as the pres-
ence of other chemical variables such as solvent mole-
cules and counter ions. Therefore, understanding the
pivotal factors of individual variables that are involved

in the crystallization processes should be very helpful
for molecular design and controlling the structures.
Among a number of factors that may contribute to
the structures of coordination polymers, temperature,
pH, solvent, counter ion, and template (or additive)
play an important role in the formation of products. A
number of examples will be given here to illustrate their
significance in modulation of the structure.

10.2.1. Temperature Effect

Temperature plays an important role in the formation
of either kinetic or thermodynamic product. The ther-
modynamically favored product can usually be
obtained at higher reaction temperature, whilst low
temperature favors the kinetic product. The effect of

O O- O O-

O O-

O O-

O O-

O O-

N N

NN

(a) (b)

FIGURE 10.16 A structural unit of MOF-5 (a), three examples of the ditopic carboxylates and 3,30,5,50-tetramethyl-4,40-bipyrazolate that can
be used to form similar nets (b). From [16]. Reprinted with permission from AAAS for (a).
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FIGURE 10.17 Schematic representation of the pillared-layer structures of [Cu2(pzdc)2(L)]$xH2O. From Ref. [20]. Mitsuru Kondo, Takashi
Okubo, Akiko Asami, Shin-ichiro Noro, Tomomichi Yoshitomi, Susumu Kitagawa, Tomohiko Ishii, Hiroyuki Matsuzaka, and Kenji Seki, Rational Synthesis of

Stable Channel-Like Cavities with Methane Gas Adsorption Properties:[{Cu2(pzdc)2(L)}n](pzdc¼pyrazine-2,3-dicarboxylate; L¼a Pillar Ligand), Angew.

Chem. Int. Ed. 1999, 38, No. 1/2, Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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temperature can be even more remarkable in hydro
(solvo)thermal reactions, in which metastable kinetic
phases can be more frequently isolated.

For a clear relationship between the reaction temper-
ature and structure, all but the temperature should be
set unchanged. A straightforward example was found
in the hydrothermal reaction of NiCl2, 3-(3-pyridyl)
acrylic acid (pyaraH), and NaOH. At 180�C for 24 h,
the reaction gives crystals of a-[Ni(pyara)2(H2O)2],
which has an interesting 3D (8,4) net. When the reaction
is repeated at only 150�C, a totally different phase, or b-
phase, is obtained, which consists of simple 1D chains
(Fig. 10.19) [22].

Another nice example is the solvothermal reaction of
4,40-bpy, 1,4-bdcH2, and Cd(NO3)2$4H2O in a 1:1:1 ratio
in DMF/DEF (2:1 v/v) with different concentrations of
starting materials (0.0125e0.10 M) at temperature range
of 85e125�C, the reaction afforded two compounds, [Cd
(4,40-bpy)(1,4-bdc)]$3DMF$H2O (a-phase) and [Cd(4,40-
bpy)(1,4-bdc)] (b-phase) (Table 10.1) [23,24]. Both phases
bear the same (4,4) [Cd(4,40-bpy)] layers based on the
same dinuclear SBUs of {Cd2N4O8}, which are further
pillared into a neutral 3D framework. The most remark-
able difference is that twofold interpenetration is found
in b-phase to eliminate the porous space, while no inter-
penetration occurs in a-phase and the porous space is
occupied by the solvent molecules (Fig. 10.20).

The results indicate that b-phase, as a thermodynami-
cally stable, denser interpenetrated crystal form, is
favored at higher temperature, while a-phase, as a kinet-
ically stable, with an open and non-interpenetrated
structure, is favored at lower temperature. On the other
hand, when the temperature remains fixed and the
concentration is changed, high concentration tends to
favor b-phase over a-phase.

The third example is the reaction of cobalt(II)
hydroxide, succinic acid, and water in a fixed stoichiom-
etry (Co(OH)2: succinic acid: waterz 1:1:28) with
temperature as the only independent variable. At
different temperatures (60e250�C), this reaction can
produce five different coordination polymers which
vary in the metal-to-ligand ratios, coordination geome-
tries of the Co(II) and succinate, number of coordinated
water and hydroxide, dimensionalities of the coordina-
tion frameworks, and contents of guest molecules [25].

As shown in Table 10.2, at 60�C and 100�C, the prod-
ucts are 1D chains with mononuclear Co(II) ions and
edge-sharing trimers as the SBUs, respectively. In phases
formed above 100�C, increasing temperatures in this
series lead to fewer coordinated water molecules per
Co(II) atom, increased edge-sharing connectivity, higher
coordination numbers for carboxylate groups, and

(a) 

(b)

FIGURE 10.19 The 3D net of a-[Ni(pyara)2(H2O)2] (a) and 1D
chain of b-[Ni(pyara)2(H2O)2] (b).
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FIGURE 10.18 Linkers (L) and pillars (P) in paddle-wheel-based
pillared-layer nets. From Ref. [21]. Hyungphil Chun, Danil N. Dybtsev,

Hyunuk Kim, and Kimoon Kim, Synthesis, X-ray Crystal Structures, and
Gas Sorption Properties of Pillared Square Grid Nets Based on Paddle-Wheel

Motifs: Implications for Hydrogen Storage in Porous Materials, Chem. Eur.

J. 2005, 11, 3521e3529, Copyright Wiley-VCH Verlag GmbH & Co. KGaA.

Reproduced with permission.

TABLE 10.1 The Products Isolated at Different Temperatures
and Concentrations

0.1 M 0.05 M 0.025 M 0.0125 M

85 �C a a a a

95 �C a a a a

105 �C a Db a D b a a

115 �C ab ab a D b a

125 �C ab ab a D b unknown phase
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incorporation of hydroxide. The amount of hydroxide
incorporated into the structure does not appear to follow
a clear progression, suggesting that structural consider-
ations are more significant than temperature in deter-
mining the overall stoichiometry. However, it is very
clear that the amount of water (total water or water
ligands) decreases with increasing temperature. This
trend can also be found in other reaction systems [26].
Meanwhile, the overall dimensionality of the structures
also increases, from 1D chains up to 100�C, 2D sheets at
150�C, to 3D frameworks at 190�C and above. The
MeOeM dimensionality increases as well, beginning
with isolated Co(II) atoms or clusters through 100�C,
and continuing to 2D CoeOeCo sheets at 150�C and
above. The crystal densities are slightly increased at
150�C and above.

The above discussion strongly implies that the reac-
tion temperature may be critical in both conventional
and solvo(hydro)thermal reactions. However, it is very
difficult to estimate an appropriate temperature for

a targeted structure, as the assembly process is usually
unknown and complex. Nevertheless, the above-
mentioned trend should be considered and relevant
literature should be consulted.

It should also be noted that, in hydro(solvo)thermal
reactions, the reaction temperature can also have effect
on the valence of some metal ions. The most frequently
encounteredmetal ion of valence change is Cu(II), which
can be easily changed into Cu(I) in the presence of
organic heterocyclic compounds under hydro(solvo)
thermal conditions. Such in situ reactions are usually
dependent on several parameters, particularly tempera-
ture and pH. It has been widely observed that higher
temperature and pH are favored for the reduction of
Cu(II). For example, at different temperatures and pH,
reaction of Cu(II) salt with imidazole yielded four coor-
dination polymers, including 3D [CuII(im)2] of the SOD
topology [27], [CuICuII(im)3] of self-entangled uninodal
four-connected 3D net, [CuI

2Cu
II(im)4] of simple four-

connected 2D net [28], and [CuI(im)] of 1D chain [29],

(a) (b)

FIGURE 10.20 Pillared noninterpenetrated framework of [Cd(4,40-bpy)(1,4-bdc)]$3DMF$H2O (a-phase) (a) [Reprinted with permission from
Ref. [23]. Copyright 2009 American Chemical Society.] and pillared interpenetrated framework of [Cd(4,40-bpy)(1,4-bdc)] (b-phase) (b).[24]
Reproduced by permission of The Royal Society of Chemistry.

TABLE 10.2 Data for the Five Cobalt Succinates Synthesized at Different Temperatures

Synthesis temperature Phase H2O/Co2Da Density g/cm3 Co2D/CO2 Dimensionalityb

60 �C [Co(H2O)4(C4H4O4)2] 4(4) 1.945 1 1(0)

100 �C [Co(H2O)2(C4H4O4)2] 2(2) 1.926 2 1(0)

150 �C [Co4(H2O)2(OH)2
(C4H4O4)3]$2H2O

1(1/2) 2.085 2.67 2(2)

190 �C [Co6(OH)2(C4H4O4)5]$
2H2O

1/3(0) 2.197 2.8 3(2)

250 �C [Co5(OH)2(C4H4O4)4] 0(0) 2.337 3 3(2)

aThe first number in the H2O/Co2þ column refers to total water content, the second in parenthesis refers to water ligands.
bThe first number in the Dimensionality column refers to the total dimensionality, the second to the MeOeM dimensionality.
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at 120e160�C (Fig. 10.21). Obviously, the difference in
the valence of copper results in the difference in stoichi-
ometry, and contributes to the structure.

10.2.2. pH Effect

Acidebase reactions are usually involved in the
assembly of coordination polymers. Deprotonation of
the donor groups of organic ligands for coordination
to metal ions or clusters is then critical. Moreover, the
reaction kinetics can be influenced by altering pH condi-
tions in some cases [30].

Basicity is also very important to control the structures
of coordination polymers of base/acid ligands. For
example, when the Mn(II)/p-H2O3PCH2C6H4CO2H
molar ratio was fixed, the reaction of Mn(II) ions with
phosphonocarboxylic acid p-H2O3PCH2C6H4CO2H
by increasing the pH led to the formations of
three compounds Mn(p-HO3PCH2C6H4CO2H)2$2H2O,
Mn(p-O3PCH2C6H4CO2H)$H2O, and Mn2(OH)(p-O3PC
H2C6H4CO2)$2H2O [31], which shows the stepwise
deprotonation of phosphonate and carboxylate groups.
Similarly, three copper(II) tetrazole-1-acetic acid (H2tza)
coordination polymers, [Cu(tza)2(Htza)2]$2H2O, [Cu
(tza)2], and [Cu4(tza)6(m3-OH)2]$4H2O can be prepared
in the same molar ratio of the metal and ligand at the
same temperature of 80�C by adjusting the pH of the
reaction system to be 1.5, 2.5, and 5.0, respectively [32].
In this series, the H2tza ligand exhibits the coordination
modes I and II for [Cu(tza)2(Htza)2]$2H2O, III for [Cu
(tza)2], and I and IV for [Cu4(tza)6(m3-OH)2]$4H2O
(Fig. 10.22).

It should also be mentioned that appropriate basicity
is very important for constructing the cluster-based
coordination polymers. For instance, in the reaction of
Co(II) hydroxide and succinic acid (see Section 10.2.1),
if other condition is kept the same and the temperature
is fixed at 100�C, while the cobalt(II) hydroxide and
succinic acid molar ratio is changed, the pH of the
system will be altered. When the Co(II) hydroxide
and succinic acid molar ratio is less than 1:1, the system
is acidic, giving rise to a nonhydroxy product of

[Co(H2O)2(C4H4O4)2]. When the Co(II) hydroxide and
succinic acid molar ratio is larger than 1:1, the system
is basic and the product is [Co7(H2O)3(OH)6(C4H4O4)4]$
7H2O bearing hydroxy groups [26].

For many in situ metal/ligand reactions, pH is an
important factor [33]. For example, decarboxylation
and hydroxylation of aromatic ligand, as well as in
situ metal/ligand redox reactions of Cu(II) are highly
pH-dependent, and higher pH is usually favored for
these reactions.

The hydrothermal reaction of Cu(II) salt with 1,2,3-
benzenetricarboxylic acid (1,2,3-btcH3) in the presence
of 4,40-bpy can be stepwise. Without addition of
NaOH, no decarboxylation and no hydroxylation of
1,2,3-btc occurred (Fig. 10.23), leading to the formation
of 3D porous framework [Cu2(1,2,3-btc)(4,4

0-bpy)
(H2O)2](NO3) [34]. When 2 equiv. of NaOH was added,
the 2-carboxylate was removed, giving rise to a mixed
valence Cu(I,II) coordination polymer [Cu2(1,3-bdc)
(1,3-bdcH)(4,40-bpy)1.5]. When 1,2,3-btcH3 was reacted
with 4 equiv. of NaOH, the 2-carboxylate was replaced
by a hydroxy group, furnishing a mixed valence Cu
(I,II) coordination polymer [Cu2(1,3-bdcO)(4,40-bpy)]n
(1,3-bdcO¼ 2-hydroxy-1,3-benzenedicarboxylate). Actu-
ally, the conversion from 1,2,3-btc to 1,3-bdcO can be
considered to be stepwise via the formation of 1,3-bdc
as the intermediate, since 1,3-bdc can be hydroxylated
into 1,3-bdcO under similar condition [35]. Meanwhile,
other metal ions can also mediate similar in situ reactions
of 1,2,3-btcH3, which further confirms the importance of
basicity [36].

The above observations indicate that: (1) the deproto-
nation of the donor group(s) is dependent on the pH,
while at higher pH, more donor atoms of a multidonor
ligand will be involved in coordination to the metal
ions; and (2) inorganic and organic hydroxy groups
may be formed at higher pH. Consequently, different
pHs may lead to different in situ ligand reactions and
crystal structures owing to different coordination modes
of the ligand. It should also be noted that the reaction
basicity is critical to reduction of CuII into CuI under
hydrothermal condition, higher basicity is favored for
the generation of CuI (see Fig. 10.21).

Cu(NO3)2 +  Him

160 °C

120 °C

130 °C

140 °C

CuI(im) 1D

CuI
2CuII(im)4 2D

CuICuII(im)3 3D

CuII(im)2 3D

pH

FIGURE 10.21 Temperature- and pH-dependent in situ CuII

reduction in the formation of copper imidazolates.
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FIGURE 10.22 pH-dependent coordination modes of tetrazole-1-
acetic acid (H2tza). Reprinted with permission from Ref. [32]. Copyright
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10.2.3. Template and Additive Effect

Templating strategy has been widely used in the
synthesis of metal coordination complexes and inor-
ganic porous materials. From the following examples,
we can find it is also an effective approach for assem-
bling coordination polymers, especially those with
porous structures.

The isomeric coinage metal imidazolates serve as
a representative example for template-induced isom-
erism. The chemical compositions and local coordina-
tion geometries of these binary metal imidazolates are
readily controlled. The angular bridging mode of imi-
dazolate satisfies the simplest model of supramolecular
isomerism (ring, chain, and helix). For example, silver(I)
2-methylimidazolates can be prepared via liquid diffu-
sions between the solution of Hmim (2-methylimida-
zole) in organic solvents and the solution of AgNO3 in
aqueous ammonia [37]. When different organic solvents
were employed, e.g., methanol/benzene, p-xylene, and
methanol, three supramolecular isomers of silver(I) 2-
methylimidazolates, namely [Ag4(mim)4(C6H6)],[Ag4
(mim)4(C8H10)], and [Ag(mim)], could be obtained
(Fig. 10.24). As a result of the template effect, the
benzene solvated isomer features pseudo 81 helical
chain with Ag8(mim)8 subunits and a helical pitch of
10.4307(4) Å, in which all the mim ligands are orien-
tated in the syn fashion, and the p-xylene solvated
isomer features an S-shaped chain with arc-shaped
Ag4(mim)4 fragments, in which the mim ligands are
orientated in both syn and anti fashions, whereas the
unsolvated isomer exhibits simple zigzag chains with
all the mim ligands in an anti fashion.

It is worth to mention that many porous coordination
polymers are assembled by using template intentionally
or unintentionally. With the similar effect mentioned

above, the templates are usually very important in
inducing the formation of some kinds of holes or cavi-
ties, via their impacts on the space-filling the holes or
cavities. Indeed, nature abhorred a vacuum! If no
appropriate space-filling molecules exist, and the holes
or cavities in the coordination polymers are rather
large, interpenetration of the nets can easily occur to
decrease the volume of porosity [38]. Actually, when
no intentional template is added into the assembly
system, the solvent molecules may play a role as
template in the formation of many porous coordination
polymers.

Being different from templates that serve as space-
filling components in the pores or cavities of the prod-
ucts, it has recently been found that some kinds of

O

OH
OHO

O

HO

1,2,3-btcH3

4 equiv. NaOH

2 equiv. NaOH

No NaOH

170 °C, 3 days

Cu2
+, 4,4'-bpy

O

O-O-O
O

-O

O

O--O

O

O-

O

O--O

O

1,3-bdcO

1,2,3-btc

1,3-bdc

Cu2+, pH 7~8

FIGURE 10.23 In situ reactions of 1,2,3-benzenetricarboxylic acid (1,2,3-btcH3) and 1,3-bdcH2 under different basicity. From Ref. [34].

Reproduced with permission from The Royal Society of Chemistry.

FIGURE 10.24 Solvent-induced supramolecular isomerism in
silver(I) 2-methylimidazolate. From Ref. [34]. Reproduced with permis-
sion from The Royal Society of Chemistry.
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molecules and ions in the reaction systems may also
induce the formations of different structures but do
not present in the products [39]. These molecules and
ions can be termed as buffering additives. This struc-
tural directing approach may be used to fine-tune the
local coordination structures for the formation of coordi-
nation supramolecular isomers including coordination
polymers, although more investigations are needed to
understand the intrinsic mechanism.

For example, a mixture of Cu(II) salt (2.0 mmol),
aqueous ammonia (25%, 2.0 mL) and acetonitrile
(5.0 mL) was sealed in a 15-mL Teflon-lined reactor
and heated at 120e160�C for 3 days and slowly cooled
to room temperature, giving rise to the in situ formation
of copper(I) 3,5-dimethyl-1,2,4-triazolate (mtz), or [Cu
(mtz)] [40]. The superstructures of [Cu(mtz)] can be
tuned into three different phases, a, b, and g-[Cu
(mtz)], or three true supramolecular isomers (Fig.
10.25), by use of different Cu(II) sources and the pres-
ence or absence of 4,40-bpy. Among them, the a-phase
featuring a twofold interpenetration of the 4.8.10 nets
was prepared by use of Cu(OH)2, Cu2(OH)2CO3, or
CuSO4 as the Cu(II) source, the b-phase featuring non-
interpenatrating 8210-a topology was prepared by use
of Cu(OH)2 as the Cu(II) source and 4,40-bpy (1-
2 mmol) as an additive, while the (b-phase featuring
a non-interpenatrating 6.102 net was prepared by use
of Cu(NO3)2 as the Cu(II) source. In this case, the use
of different Cu(II) sources and 4,40-bpy led to the pres-
ence of different neutral and/or ionic additives in the
system, which may give rise in different coordinatively
buffering effect in the formation and crystallization of
the products. The above phenomenon and other related
examples indicate that the use of additives having
different ligation abilities may have significant effect in
tuning the superstructures, thus represents a new

strategy for controlling of supramolecular isomerism
of coordination polymers [41].

10.2.4. Solvent Effect

Solvent molecules have direct effects on solubilities of
both reactants and products. Besides the role in dissolv-
ing the reactants and products, they can also impact on
the superstructures of the intermediates and final prod-
ucts through supramolecular interactions between the
products and solvents. Therefore, solvent molecules
can have effect not only on the crystallization process,
but also on the configurations of the certain groups in
the products, leading to different superstructures.
They play a role of template and occupy the voids of
the products, or they only serve as the crystallization
environment and do not exist in the products. As the
template effect of solvent has been described in Section
10.2.3, only the role of crystallization environment is
discussed below.

A very straightforward example was reaction of
copper(II) salt with 2-ethylimidazole (Heim) [42].
When reacting Cu2CO3(OH)2 (1.0 mmol) and Heim
(1.0 mmol) in aqueous ammonia (25%, 5 mL) and water
(2 mL) at 160�C for 80 h, 1D structured [Cu(eim)]
(a-phase) was yielded. The a-phase crystallizes as a
triple-strand helix, in which the hydrophobic ethyl
groups are crowded inside the nanotubular cuprous
imidazolate backbone, being similar to the case of
micelles formation of amphiphilic molecules in aqueous
solution. Since no other supramolecular interaction is
found within the triple-strand helix, it should be mainly
held by the hydrophobic interactions of the ethyl
groups. When the solvent polarity is reduced (by use
3 mL of cyclohexane in place of water), [Cu(eim)] crys-
tallizes as a simple zigzag chain isomer (b-phase) with

a b

Cu
mtz

a

b

mtz
Cu
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b

c

mtz

Cu

(c)(b)(a)

FIGURE 10.25 Topologic illustrations of a-Cu(mtz) (a), b-Cu(mtz) (b), and (g-Cu(mtz) (c). From Ref. [40]. Reproduced with permission from The

Royal Society of Chemistry.
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alternately distributed ethyl groups (Fig. 10.26). Obvi-
ously, in a more polar solvent, the hydrophobic ethyl
groups are forced to aggregate together and avoid
strong interaction with the more hydrophilic solvent
environment. This unique solvent-induced structural
tuning demonstrates the significance of weak supramo-
lecular interactions in directing self-assembled
superstructures.

Besides that, many supramolecular isomerisms of
coordination polymers induced directly by solvents
were reported [5]. These findings demonstrate that the
solvent effect is critical for assembling coordination
polymers, leading to different supramolecular struc-
ture, via either templating or reaction environmental
effects.

10.2.5. Counter-ion Effect

Counter-ions usually are the anions not involved in
the coordination. In a general way, counter-ions can
affect the crystallization of coordination polymer prod-
ucts, leading to different coordination structures. In
some cases, especially in the assembly of silver(I) coordi-
nation polymers [43], the counter-ion can play a key role
in the formation of final supramolecular structure. It is
mainly because the different counter-ions have different
coordination interactions with metal ions, especially
silver(I) ions, the different H-bonding interaction with
the other components, and then different influence to
the crystallization speed for different supramolecular
products.

For example, when various inorganic silver(I) salts
were dissolved in methanol, and carefully layered on
the solution of organic ligand 2,5-bis(4-pyridyl)-1,3,4-
thiadiazole (L) in chloroform, a series of different prod-
ucts can be obtained after two weeks (Fig. 10.27) [44].
Due to the larger size and the weaker coordination
ability of PF�6 and ClO�

4 ions (shortest Ag$$$F¼
0.2910 nm, shortest Ag$$$O¼ 0.2701 nm), they only
play a role in the charge balance. Therefore, each
L-ligand bridges three adjacent AgI centers in a triden-
tate coordination fashion to generate a non-interpen-
etrating 2D net. Whereas NO3

- ion has a smaller size
and a stronger coordination ability than PF�6 and ClO�

4
ions, it can weakly bridge the Ag(m-L) chains to be
a 3D net (AgeO¼ 0.2583e0.2742 nm). On the contrary,
CF3SO

�
3 ion, with larger size than PF�6 and ClO�

4 ions,
can decrease the bridge ability of ligand L, which only
links two Ag(I) ions in a bidentate bridging mode with
two pyridyl N donors to form an infinite chain.

The molecular rectangle assembled by 4,40-bpy and
pyrazine (Fig. 10.7c), which is mentioned in Section
10.2.1, is also a good example to demonstrate the
importance of counter-ion on assembling such special
crystal product. Since the ligands 4,40-bpy and pyrazine
have similar structure and property, only if the appro-
priate counter-ion, e.g., PF�6 ion, was employed, they
can assemble the rectangular grid rather than the
square grid assembled by 4,40-bpy or pyrazine, respec-
tively [9].

10.3. IN SITU METAL/LIGAND
REACTIONS

As a new synthesis method, in situ metal/ligand
reaction has been widely employed in the synthesis of
coordination polymers over the past decade. In general,
the coordination polymers have poor solubility, thus sol-
vothermal (including hydrothermal) reaction is a good
approach to prepare coordination polymers. As higher

(a)

(b)

(c)

FIGURE 10.26 Side-view (a) and top-view (b) of the triple-strand
helix of a-[Cu(eim)], and side-view (c) of the zigzag chain of b-[Cu
(eim)]. From Ref. [42]. Reproduced with permission from The Royal Society

of Chemistry.
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temperature and pressure are employed, this method
not only yields more stable coordination polymer
product, but also gives rise to achieve some reactions
inaccessible under general reaction condition. Up to
date, many in situ metal/ligand reactions have been
reported, including hydrolysis of carboxylate esters,
organic nitriles, and aldehydes into the corresponding
carboxylates, cleavage of acetonitrile/ethylene carbone
carbon bonds and 1,3,4-oxadiazole carbonenitrogen/
carboneoxygen bonds, cleavage and formation of disul-
fide bonds, substitution of aromatic groups, as well as
decarboxylation of aromatic carboxylates, hydroxylation
of aromatic rings, cycloaddition of organic nitriles with
azide and ammonia, and so on [33].

Herein, some coordination polymers with specific
structures assembled by in situ metal/ligand reactions
are outlined.

10.3.1. In Situ Metal Redox Reactions

It is well-known that some metal ions have several
valence-states in the solution or solid, and that the
different valence-states could lead to different coordina-
tion surroundings, different aggregation structures, and
hence different physical and chemical properties. There-
fore, the valence-state control of metal ions in the
product is a key point for assembly of the coordination
polymers. Generally, the metal ions with targeted
valence in product could be got from the reactant
directly, but sometimes the reactant cannot provide the
metal ions with specific valence requested in product.
For instance, some special valence-state metal ions are
unstable in solution, hence it is very difficult to assemble
the corresponding product directly by using a reactant
consisting of the specific valence metal ions. However,
some controllable metal redox reactions, e.g., the oxida-
tion of copper and iron, were found under the solvo
(hydro)thermal reaction condition, giving rise to the
functional coordination polymers with metal ions in
the specific valence-state.

For example, under the solvo(hydro)thermal reaction
condition, Fe(II) will be easily oxidized to Fe(III) by the
oxygen in the air. Consequently, Fe(II) coordination
polymers are hardly obtained. However, if iron powder
is employed to react with the organic ligand, such as
carboxylic acid, the solid, stable Fe(II) coordination
polymers could be directly obtained via oxidation.
For instance, a 2D coordination polymer [Fe(pyoa)2]
[pyoa¼ 2-(pyridin-3-yloxy)acetate] was prepared by
the direct reaction between iron powder and pyoaH in
the degassed water at 140�C [45]. This compound
consists of Fe(II)-carboxylate chains (Fig. 10.28), and
reveals an unusual phase transition from the field-
induced spin-canting antiferromagnet to single-chain-

magnet, and it could not be prepared directly from
a Fe(II) salt.

More importantly, the in situ metal redox reaction
under the solvo(hydro)thermal reaction condition could
be used to prepare the mixed-valent Fe(II,III) or Cu(I,II)
coordination polymers. Practically, most of the mixed-
valent metal coordination polymers were synthesized
by the in situ metal redox reaction. For instance, a 3D
mixed-valent Fe(II,III) trans-1,4-cyclohexanedicarboxy-
late (1,4-chdc) coordination polymer, [FeIIFeIII(m4-O)
(1,4-chdc)1.5]N, was hydrothermally synthesized by
mixing iron powder and 1,4-chdcH2, but it is hardly
prepared by Fe(II) and/or Fe(III) salt directly [46].
This compound consists of ferrimagnetic chains with
spin-frustration arising from competing exchange
interactions between the Fe(II) and Fe(III) ions
(Fig. 10.29). Besides that, some mixed-valent Cu(I,II)
coordination polymers mentioned in Sections 10.2.1
and 10.2.2 are also good examples of mixed-valent coor-
dination polymers synthesized by in situ metal redox
reactions.

10.3.2. In Situ Ligand Formation

It is not a long history that in situ organic ligand reac-
tions were employed in the synthesis of coordination
polymers, but many kinds of in situ metal/ligand reac-
tions have been uncovered to date [33]. Herein, some
coordination polymers with specific structure assem-
bled by in situ generated carboxylate ligands are out-
lined. These coordination polymers are hard to
prepare by mixing the related ligand and metal ions
directly.

FIGURE 10.28 The 2D layer of [Fe(pyoa)2] prepared by the
hydrothermal reaction of iron powder and pyoaH. Reprinted

with permission from Ref. [45]. Copyright 2008 American Chemical

Society.
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Carboxylic acids are the most widely used ligands to
construct the coordination polymers including the acen-
tric infinite coordination nets for use as NLO (second-
order nonlinear optical) materials. To construct the ideal
NLO material, a good electron donor and acceptor con-
nected through a conjugated bridge are typically needed
in NLO chromophore. However, the electronically
asymmetric and highly dipolar NLO chromophores
required in the efficient NLO materials tend to adopt
centrosymmetric arrangements rather than the meta-
stable acentric arrangements, as a result of the domi-
nance of centrosymmetric dipoleedipole repulsions
[47]. Therefore, the conventional reaction of carboxylate
ligand and metal ions usually does not yield acentric or
chiral coordination polymers. However, generating
carboxylate groups, e.g., by hydrolysis of nitrile or ester
groups in situ under solvo(hydro)thermal reaction

condition, is an effective alternative synthesis method
to obtain the NLO-active coordination polymers [47].

For instance, a coordination polymer [Zn(ina)2]
(ina¼ isonicotinate), which crystallizes in chiral space
group P212121, was synthesized hydro(solvo)thermally
by reaction of Zn(ClO4)2$6H2O and 4-cyanopyridine in
the ethanol:water (4:1) mixed-solvent at 130�C [48]. In
other words, the final ligand ina is generated by in situ
hydrolysis of 4-cyanopyridine. Each Zn(II) center in
this compound is coordinated to two pyridyl N atoms
of two isonicotinate groups, and to two carboxylate
groups of two other isonicotinate groups in a monoden-
tate fashion, resulting in a single 3D diamondoid net
with a large void (Fig. 10.30). And the void space is
erased by the formation of a threefold diamondoid
structure, in which three independent diamondoid
nets mutually interpenetrate. Some similar acentric or
chiral coordination polymers were also prepared by
this approach [47].

(a)

(b)

FIGURE 10.30 The single 3D diamondoid net (a) and the triple
interpenetrated diamondoid nets (b) in [Zn(ina)2].

(a)

(b) 

(c)

FIGURE 10.29 The carboxylate-supported tetrahedral chain (a, b),
and the 3D framework (c) viewed along the a-axis in [FeIIFeIII(:4-O)
(1,4-chdc)1.5]N. Reprinted with permission from Ref. [46]. Copyright 2009

American Chemical Society.
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The in situ generated carboxylate ligands via the
hydrolysis/oxidation of heterocycle and C]C groups,
could also be used to construct metal-carboxylate coor-
dination polymers. And it may result in some unique
compounds, which cannot be synthesized by direct reac-
tion of carboxylate ligands and metal ions, even the
acentric or chiral coordination polymers. For example,
an NLO-active mixed-ligand coordination polymer [Zn
(na)(ina)] (na¼ nicotinate), which crystallizes in space
group Pna21, was obtained by the solvothermal reaction
of asymmetrical oxadiazole ligand 2-(2-pyridyl)-5-
(4-pyridyl)-1,3,4-oxadiazole and Zn(II) salt (Fig. 10.31)
[49]. This compound cannot be prepared by direct reac-
tions of the Zn(II) salts with a 1:1 mixture of Hna and
Hina under very similar reaction condition. Namely,
the in situ hydrolysis of oxadiazole ligand plays a critical
role in the formation of this chiral mixed-ligand coordi-
nation polymer.
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FIGURE 10.31 In situ hydrolysis of the asymmetrical oxadiazole
ligand into the 1:1 mixture of Hna and Hina in [Zn(na)(ina)]. Reprinted
with permission from Ref. [49]. Copyright 2005 American Chemical Society.
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11.1. DESCRIPTION OF THE CLUSTERS

11.1.1. Definition of a Cluster and the Clusters

Clusters can be viewed as solids at the nano-scale. A
cluster is a group of the same or similar elements gath-
ered or occurring closely together. In chemistry,
a “cluster” is an ensemble of bound atoms intermediate
in size between a molecule and a bulk solid. The clusters
exist in diverse stoichiometries and nuclearities. For
example, carbon and boron atoms form fullerene and
borane or mixed carborane clusters, respectively. Transi-
tion metals, lanthanides, and main group elements form
especially robust clusters [1].

The above-mentioned cluster is obviously different
from neither the phrase “cluster” containing metale
metal bonds coined by F.A. Cotton in the early 1960s
nor another cluster definition, i.e., a cluster contains
a group of two or more metal atoms in which direct
and substantial metalemetal bonding is present [2].
Therefore, the concept of the clusters has been greatly
extended in modern chemistry.

11.1.2. Classification of the Clusters

According to the attribute of the central atoms, the
clusters in chemistry can generally be divided into
metal clusters and nonmetal clusters. Both clusters
contain two main types in the light of coordination
environments of the central atoms: one type is the clus-
ters with ligands, and another is the ligand-free
clusters. To the ligand-free clusters. The ligand-free
clusters are also called the naked. clusters without
stabilizing ligands, in which the Zintl clusters are
very big and important family that are mostly formed

by reduction of heavy main group metals and semi-
metals with alkali metals under a solid-state reaction
in anhydrous and vacuum conditions or a solution in
anhydrous and anaerobic liquid ethylenediamine or
ammonia. In addition some unstable naked clusters
such as certain aluminum clusters [3] and gold clusters
[4,5], as well as fullerenes are often produced by
laser-induced evaporation/ablation and observed in
gas-phase by means of the mass spectrometry. To the
clusters stabilized by the ligands, the typical ligands
mainly include O-/N-/S-containing ligands, carbon
monoxide, halides, isocyanides, alkenes, and hydrides,
resulting in oxo clusters, metal chalcogenide clusters,
transition metal (TM) carbonyl clusters, TM-halide clus-
ters, boranes, carboranes, etc. Here, we only introduce
some advances in hydro(solvo)thermal synthetic chem-
istry of the oxo and chalcogenide clusters.

11.1.3. The Oxo Clusters and Chalcogenide
Clusters

In cluster chemistry, the oxo clusters are usually
generated by combination of central atoms and oxygen
ligands in which the oxygen ligands contain three forms:
the O2� anion, OH� group, and O-donor of ligands,
while the central atoms contain nonmetals and metals.
Therefore, the oxo clusters can be divided into two
types, oxo nonmetal and oxo metal clusters. The metal
oxygen clusters are robust and generally contain oxo
TM (TMeO), oxo main-group-metal (MGMeO), and
oxo lanthanide (LneO) clusters. So far, some novel oxo
mixed-metal clusters, such as early and late TM, Ln-/
MGM-TM, and MGM-/Ln-MGM clusters, as well as
some oxo nonmetalemetal clusters have been made.
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In this chapter, some useful synthetic strategies are
successfully applied to make novel oxo clusters. As to
chalcogenide clusters, they are formed by assembly of
central atoms and chalcogen-containing ligands such
as sulfur, selenium, and tellurium atom as well as their
derivatives.

11.2. SYNTHESIS OF THE OXO TM
CLUSTERS UNDER HYDROTHERMAL

CONDITIONS

11.2.1. Substituted Synthesis on
Polyoxometalate (POM) Cages

1. Substituted synthesis on {V18O42} cage by arsenic
atoms

In 1978, the VIV
18O42

12� cluster (Fig. 11.1) was
isolated [6]. Until 1988, the arsenic substituted oxo
vanadium (VeO) cluster, i.e., AseVeO cluster,
As6V15O42

6� with As3þ and V4þ ions, was made at 85�C
in aqueous solution [7]. In oxo anion As6V15O42

6�,
three V¼O units of V18O42

12� cluster were
substituted by three As2O groups. In 1991, a new
As8V14O42

4� (denoted a-type) cluster was obtained by
hydrothermal method [8], in which four V¼O units
of V18O42

12� cluster were replaced by four As2O
groups. Subsequently, the related clusters
As2nV18�nO42(X)

m� (X¼ SO3, SO4, H2O, n¼ 3,4) [9]
and As8V12O40

8� [10] have also been made. As
compared to {As8V14O42}, the {As8V12O40} is formed
by losing two V¼O units and rearranging two As2O
groups and one V-based trimer. Lately, other clusters

based on {As6V15O42} and {As8V14O42} units have been
made [11]. However, though many AseVeO clusters
have been reported during the past 15 years, no new
member or isomer of {As2nV18�nO42} series with
n¼ 1,2,5 has been discovered. In 2005, the first isomer
b-{As8V14O42}, different from a-{As8V14O42} cluster,
was hydrothermally synthesized [12]. The former is
derived from a-{As8V14O42} by a 90� rotation of one-
half of a-{As8V14O42} around its S4 axis. In 2008, the
first {As4V16O42} cluster (Fig. 11.1), derived from
b-{As8V14O42} type, as the third member of the
{As2nV18�nO42} series with n¼ 2 has been harvested
[13] which filled the gap of the configurations of the
{As2nV18�nO42} cluster. In addition, antimony can also
substitute the V¼O units of {V18O42} shell to form
SbeVeO clusters with formula {Sb2nV18�2nO42}
(n¼ 2e4) [14].

2. Substituted synthesis on {As8V14O42} cage by Zn,
Ni, Cd atoms

In investigations on the secondary TM complexes
link {As2nV18�2nO42(X)} (n¼ 2e4) clusters to form
aggregate and extended structures, it was found that
TMs, such as Zn2þ, Ni2þ and Cd2þ, can substitute one
or two V¼O groups of {As8V14O42} cluster to form
TM-substituted AseVeO clusters [11,15e18]. In
[{Zn(enMe)2}2(enMe)2{Zn2As8V12O40(H2O)}]$4H2O
(enMe¼ 1,2-diaminopropane), two Zn2þ cations
replace two V¼O groups of a-{As8V14O42} cluster to
form a new di-Zn-substituted cluster {Zn2As8V12O40},
while the trans-enMe bridge {Zn2As8V12O40} cluster
and Zn(enMe)2 group (Fig. 11.2a, [15]). In chain-like
polymer of {[As8V13NiClO41][Ni(en)2(H2O)][Ni(en)2]
{Ni(en)2(H2O)2}0.5}$4H2O (en¼ ethylenediamine),

FIGURE 11.1 (Left) View of the relation between the related structures. (a) {V18O42}, (b) {As4V16O42}, (c) {As6V15O42}, d) a-{As8V14O42},
(e) {As8V12O40}, (f) b-{As8V14O42}. (Right) (a) View of 1D chain in [Zn2(dien)3]{[Zn(dien)]2As4V16O42 (H2O)}$3H2O. (b) View of isolated dinuclear
[Zn2(dien)3]

4þ complex with disordered model. Reproduced by permission of The Royal Society of Chemistry.
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an Ni2þ cation replace a V¼O group to form
{As8V13NiClO41}, and then link an O atom of
{As8V13NiClO41}, resulting in a dimeric unit
(Fig. 11.2b, [16]). When Zn2þ and Ni2þ are replaced
by Cd2þ ion, {CdAs8V13O41} (Fig. 11.2c) and
{Cd2As8V12O40} (Fig. 11.2d) are obtained [17]. In the
former, one Cd2þ replaces one V¼O group of a-
{As8V14O42}, while two Cd2þ substitute two V¼O
groups of b-{As8V14O42} in the latter.

In 2007, two cluster dimers based on Zn-substituted
AseVeO units linked by two kinds of bridges, organic
ligand, and TM complex have been made [11]. The
dimer (ppz){{Zn-(tepa)}2ZnAs8V13O41}2 (Fig. 11.3a)
consists of two {ZnAs8V13O41} units and one ppz bridge
(ppz¼ piperazine, tepa¼ tetraethylenepentamine). Inter-
estingly, the formation of the dimer involves two new in
situ ligand reactions under hydrothermal conditions:
intermolecular and intramolecular deamination
coupling reactions (DCRs) of dien, i.e., the dien mole-
cules as a starting amine transform not only to ppz via
in situ intermolecular DCR but also to tepa via in situ
intramolecular DCR. Furthermore, other intermolecular
DCRs based on different amines have also been found in
our lab (Scheme 1). Such a kind of in situ ligand reaction
has never been observed before in the literature.
Notably, the same starting materials as dimer (ppz)
{{Zn(tepa)}2ZnAs8V13O41}2 but with different sampling
sequences lead to another dimer {[Zn(dien)]2(dien)2
[Zn2As8V12O40]}2 (Fig. 11.3b) without involving in situ
DCRs of dien. In 2008, the first di-Cd-substituted cluster
{(enMe)2Cd2As8V12O40} (Fig. 11.3c) derived from a-
{As8V14O42}, and 1D cluster built by {(enMe)2
Cd2As8V12O40} derived from b-{As8V14O42} and double
Cd(enMe)2 bridges have been made in the presence of
enMe [18], respectively.

11.2.2. Lacunary Directing Synthesis Via the
Lacunary Sites of POM Fragments

Lacunary Keggin or Dawson POMs have attracted
much attention because they can incorporate paramag-
netic metals to form high-nuclear TM-substituted
POMs (TMSPs), resulting in unique magnetic proper-
ties. Generally, TMSPs were made by conventional solu-
tion syntheses at atmospheric pressure and relatively
low temperature (below 100�C). Before 2007, the investi-
gation on syntheses of lacunary POM precursors
combined with metal clusters under hydrothermal
conditions remained largely undeveloped. Therefore,
lacunary POM fragments combined with hydrothermal
techniques may open a new avenue in making novel
metal-substituted POMs. Here, the metal includes TM,
Ln, MGM, etc. In 2007, we extended the synthesis of

FIGURE 11.2 (a) View of di-Zn-substituted AseVeO cluster. (b) View of the dimeric AseVeO unit. Reprinted with permission from [16]
Copyright (2004) American Chemical Society. (c) View of mono-Cd-substituted AseVeO cluster. (d) View of the di-Cd-substituted AseVeO
unit. Reprinted with permission from [17] Copyright (2004) American Chemical Society.

SCHEME 1 View of the modes of the intermolecular and intra-
molecular DCRs based on different amines under hydrothermal
conditions.
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TMSPs from conventional aqueous solution to hydro-
thermal techniques and explored new reaction systems
containing lacunary POM fragments, metal cations,
and organoamine based on the following ideas: (1) the
trilacunary of XW9O34/X2W15O56 or multilacunary sites
of P2W12O48 may act as the structure-directing agents
(SDAs) and induce the metal ions to congregate large
cluster aggregation under rational hydrothermal condi-
tions, which is different from the invisible SDA of lone
pair electron in Se(IV) and the visible SDAs of porous
materials, such as inorganic/organic/complex cations
and liquid crystal/surfactant. (2) The trilacunary or
multilacunary fragments and the large cluster aggre-
gates formed in situ may further act as the structural
building units (SBUs) to combine subtly with each other,
resulting in novel isolated or extended high-nuclear

metal-substituted POMs (Fig. 11.4, [19]). Under the
guidance of the above ideas, a series of high-nuclear
TMSPs that cannot be made by conventional aqueous
solution methods have been made [19e23].

1. Directed substitution by Ni6/Ni7 clusters on the
lacunary sites of XW9O34

n� (XW9, X¼ Si/Ge/P)
fragments

In hexa-Ni-substituted POMs, the {Ni6(m3-OH)3
(H2O)6L3} (Ni6, L¼ amine) cores capped to the top of
the XW9 (X¼ Si/P) fragments (Fig. 11.4) have
different coordination environments owing to
different orientations of water molecules or amines,
resulting in structural isomers of hybrid Ni6 units.
These water ligands might be good centers for further
structural derivation, i.e., intramolecular or

FIGURE 11.3 3 (a) View of . by ppz bridge. Reprinted with permission from [11]. Copyright 2007. Society. (b) View of the neutral . Zn-
complex. Reprinted with permission from [11]. Copyright . Society. (c) View of di-Cd-substituted . cluster. Reprinted with permission from [18].

Copyright 2005 Elsevier.

FIGURE 11.4 (Left) (a) View of cluster [Ni6(m3-OH)3(H2O)6(enMe)3(B-a-SiW9O34)]. (b)e(e) Views of the Ni6 hybrid units in [Ni(H2O)6]
[Ni6(m3-OH)3(H2O)6(enMe)3(B-a-SiW9O34)]2$14H2O, [Ni(enMe)2][Ni6(m3-OH)3(H2O)6(enMe)3(B-a-SiW9O34)]2$10H2O, [Ni(enMe)2(H2O)2][Ni6
(m3-OH)3(H2O)4(CH3COO)(enMe)3(B-a-PW9O34)]2$10H2O and [Ni6(m3-OH)3(H2O)2 (dien)3(B-a-PW9O34)]$4H2O, respectively. (f) View of the 1D
structure of [Ni6(m3-OH)3(H2O)2(dien)3(B-a-PW9O34)]. (Right) View of the isomerization of A-a-XW9/ B-a-XW9 and the assembly process of
Ni6/Cu6, Ni7, Cu8, or Fe13.5 and B-a-XW9 SBUs (X¼ P/Si).
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intermolecular linkage via multidentate ligands, as
well as intermolecular concentration, leading to novel
or extended structures. In addition, a hepta-Ni cluster
caps a PW9 fragment and forms a novel Ni7PW9

cluster [20].
2. Directed substitution by Cu6 clusters on the lacunary

sites of XW9 fragments
In isolated Cu6XW9 cluster, double sandwiched

tetramer, 1D chain and 3D frameworks (Fig. 11.5), the
Cu-polyhedral JahneTeller/pseudo-JahneTeller
distortion plays a crucial role in forming these
complex clusters [20,24]. In double sandwiched
tetramers (Fig. 11.5a), the reason for substitution may
be attributed to two major factors: (1) the steric
hindrance of two penta-coordinated Cu-polyhedra is
much less than that of two six-coordinated Cu-
octahedra, (2) JahneTeller effect results in the axial
elongation of Cu-octahedra, which can further reduce
large steric hindrance when big Cu4(PW9)2 unit attacks
two Cu6PW9 units. This phenomenon can also be
viewed as a “synergistic effect” between the distorted
polyhedra (trigonal bipyramid and square pyramid)
and JahneTeller effect of the axial elongate octahedra.
It is noteworthy that such substitution has not been
observed in NiII-octahedra of the Ni6 core
[19e23,25,26]. Similarly, both JahneTeller effect of the
axial elongate Cu-octahedra and pseudo-JahneTeller
effect of Cu-based square pyramid in 1D chain can
reduce large steric hindrance when big Cu6PW9 units
are further polymerized together (Fig. 11.5b).
Therefore, the “synergistic effect” between pseudo-
JahneTeller and JahneTeller effect results in a double-
bridging chain, which differs from single-bridging
chain in Ni6-based TMSP [19], i.e., the formation of 1D
chain is driven by JahneTeller/pseudo-JahneTeller
effect of the CuII-polyhedra, while no such effect exists
in the NiII-polyhedra. As to 3D framework (Fig. 11.5c),
JahneTeller effect of the axial elongated Cu-octahedra
reduces the steric hindrance and benefits the
occurrence of the substitution reaction. So far, no such
elongation was observed in Ni-octahedra.

11.2.3. Synergistic Directing Synthesis Via
Two or More Lacunary XW9 Fragments

In the above examples, we introduced the structure-
directing viewpoint into the synthetic chemistry of
POMs in which the structure-directing role only comes
from the lacunary sites of the single POM fragment. In
fact, the lacunary sites of two or more POM fragments
in the structure may act as “synergistic directing agents”
and play the synergistic directing roles in inducing the
metal ions to assemble cluster, resulting in novel oligo-
mers/poly(POM)s that cannot be induced by single
POM fragment. Therefore, we call it as “synergistic
directing synthesis”. Now, some such examples with
dimers and tetramers are shown as follows.

1. Tetra-metal sandwich-type cluster dimers
Up to now, numerous sandwich M4-substituted

POMs [M4(H2O)2(XW9O34)2]
n� (X¼ Si/P/As;

M¼Mn/Fe/Co/Ni/Cu/Zn) have been prepared
by conventional solution syntheses at atmospheric
pressure and relatively low temperature (below
100�C). However, in fact, almost all of reported
M4-sandwiched POMs are discrete structures. In
2007, attempts to make extended solids by using
trilacunary Keggin XW9 (X¼ Si/Ge/P) fragments as
the precursors under hydrothermal conditions were
based on the following considerations: (1) the
hydrothermal techniques have been demonstrated
to be a powerful tool in making extended POM-
based solids; (2) our recent work has proved that the
trilacunary Keggin XW9 precursors can exist under
hydrothermal conditions, but only undergo the
isomerizations of {A-a-XW9}/ {B-a-XW9} during
the course of the reactions [19]; (3) under suitable
conditions, the trilacunary Keggin XW9 precursors
have a strong tendency to form dimeric sandwich
M4-substituted POM anions that further act as SBUs
for making the extended structures. As expected,
a hybrid 2D network [Cu(dien)(H2O)]2{[Cu(dien)
(H2O)]2[Cu(dien)(H2O)2]2[Cu4(SiW9O34)2]}$5H2O
built by Cu4(SiW9)2 dimers and Cu-complex bridges

(a) (b) (c)

FIGURE 11.5 (a) The double sandwiched cluster of [Cu6(m3-OH)3(en)3(H2O)2(B-a-PW9O34)]2[Cu4(H2O)2(B-a-PW9O34)2]; (b) the 1D chain
of [Cu6(m3-OH)3(en)3(H2O)3(B-a-PW9O34)]$4H2O; (c) the 3D openframework of [CuII

6Cu
I
4(m6-O)(OH)18][Cu6(m3-OH)3(enMe)3(H2O)3

(B-a-PW9O34)]4$4H3O$2H2O. Reprinted with permission from [24]. Copyright 2009 American Chemical Society.
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has been made (Fig. 11.6a, [27]), in which the absent
sites of the defective Cu4 units may be good centers
for further structural derivation, e.g., intramolecular
decoration or intermolecular linkage via organic
ligands to form hybrid structures. Fortunately, two
such clusters based on Zn4-substituted sandwich
clusters were made [27]. To [Zn(enMe)2(H2O)]2
{[Zn(enMe)2]2[Zn4(HenMe)2(PW9O34)2]}$8H2O built
by Zn4(HenMe)2(PW9)2 dimers and Zn-complexes
(Fig. 11.6b), two water molecules of the Zn4(H2O)2
core were substituted by two mono-protonated
enMe ligands. Such substitution reaction on the
M4 core has not been observed previously. The
uncoordinated eNH2 groups of enMe ligands
suggest that the condensation of
{Zn4(HenMe)2(PW9)2} into extended solids via the
linkage of enMe ligand in an end-to-end fashion
could be feasible. A decrease in the initial quantity of
enMe resulted in new solid [Zn(enMe)2(H2O)]4[Zn
(enMe)2]2{(enMe)2{[Zn(enMe)2]2[Zn4(HSiW9O34)2]}
{[Zn(enMe)2(H2O)]2[Zn4(HSiW9O34)2]}}$13H2O
based on {[Zn(enMe)2]2[Zn4(HSiW9)2]} and {[Zn
(enMe)2(H2O)]2[Zn4(HSiW9)2]} dimers, linked by
linear enMe ligands to form a 1D chain, which is

extended into a 2D network by [Zn(enMe)2] bridges
(Fig. 11.6c).

2. Hexa-metal sandwich-type cluster dimers
In 2007, a novel sandwich-type POM,

[Cu(enMe)2]2{[Cu(enMe)2(H2O)]2[Cu6(enMe)2-
(B-a-SiW9O34)2]}$4H2O [28], had been made via
synergistic directing roles of two SiW9 units, in
which two SiW9 units sandwiched a belt-like Cu6

core (Fig. 11.7a). In 2009, the first CdSO4-type
3D framework, [Cu(en)2]2[Cu(deta)
(H2O)]2[Cu6(en)2(H2O)2(B-a-GeW9O34)2]$6H2O,
(deta¼ diethylenetriamine), built by Cu6(GeW9)2
SBUs and Cu-complex bridges had also been made
(Fig. 11.7b,c, [29]).

3. Octa-metal sandwich-type cluster dimers
The synergistic directing roles of two trilacunary

fragments have induced secondary metal ions not
only form tetra-M sandwich-type dimers but also
from hexa-M sandwich-type dimers under
hydrothermal conditions. Whether or not can the
synergistic directing roles further induce the larger
cluster? In our lab, some octa-Cu sandwiched dimers
have also been made [20,30]. In the presence of
aliphatic amines, four octa-Cu sandwiched dimers,

(a) (b) (c)

FIGURE 11.7 (a) Structure of Cu6(SiW9)2 dimer. (b) View of The 3D framework. (c) The 65$8 CdSO4-type topology. Reproduced by permission of

The Royal Society of Chemistry.

FIGURE 11.6 (a) View of the 2D network built by Cu4(PW9)2 dimers and Cu-complex bridges. (b) View of (HenMe)2Zn4(PW9)2 dimer.
(c) View of the 2D network linked by enMe and Zn-complex bridges.
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[Cu(dap)(H2O)3]2[{Cu8(dap)4(H2O)2}(B-a-SiW9O34)2]$
6H2O ([20]), H4[Cu8(dap)4(H2O)2(B-a-GeW9O34)2]$
13H2O, and (H2en)2[Cu8(en)4(H2O)2(B-a-XW9O34)2]$
nH2O (X¼Ge/Si, n¼ 5/8, Fig. 11.8a,b; [30]), as well as
two 3D framework [Cu(H2O)2]H2[Cu8(L)4(H2O)2
(B-a-XW9O34)2] (L¼ en/dap, X¼ Si/Ge, Fig. 11.8c)
have been obtained [31].

To dimer Cu8(L)4(XW9)2 (L¼ en/dap, X¼ Si/Ge),
it not only is a novel Cu8-substituted cluster but also
sandwiches the maximum 3d TM cations in the
reported trivacant Keggin or Dawson POM dimers
to date (Fig. 11.8a,b). (3,6)-connected frameworks is
built by Cu8(L)4(HXW9)2 (L¼ en/dap, X¼ Si/Ge)
SBUs and Cu(H2O)2 bridges (Fig. 11.8c). However,
on substitution of aliphatic amines by aromatic
amines, two new high-nuclear substituted POMs,
[Cu2(H2O)2(2,2

0-bpy)2]{[Cu(bdyl)]2[Cu8(2,2
0-

bpy)4(H2O)2(B-a-GeW9O34)2]}$4H2O (bdyl¼ 2,20-
bipyridinyl, Fig. 11.8d,e) and [CuI(2,20-bpy)(4,40-
bpy)]2{[Cu

I
2(2,2

0-bpy)2 (4,40-bpy)]2[Cu
I
2Cu

II
6(2,2

0-
bpy)2(4,4

0-bpy)2 (B-a-GeW9O34)2]}$2H2O
(Fig. 11.8f,g), have been made [30]. As shown in
Fig. 11.8d, four 2,20-bpy ligands chelated four Cu
atoms to form a new hybrid Cu8(2,2

0-bpy)4 cluster
that sandwiches between two GeW9 fragments to
form a Cu8(2,2

0-bpy)4(GeW9)2 dimer, which further
links by four [Cu2(bdyl)]

2þ bridges to produce 2D
network (Fig. 11.8e). Notably, the bdyl ligand in the
[Cu2(bdyl)]

2þ bridges is derived from 2,20-bpy via

eliminating two protons, and adopts a unique trans-
four-coordination mode to bond two CuII atoms.
Such rollover metalation of 2,20-bpy [32] is first
observed in the system containing low-priced CuII

cations under hydrothermal conditions.
Interestingly, two 2,20-bpy and two 4,40-bpy ligands
coordinate two CuII and two CuI atoms to form
another novel mixed-valent octa-Cu sandwiched
cluster and then further link two di-CuI complexes
by 4,40-bpy, forming a dodeca-Cu cluster
(Fig. 11.8f,g).

4. High-nuclear iron incorporated cluster tetramers
When Fe ions were introduced, two high-nuclear

Fe-substituted poly(POM)s, (enH2)3H15

[{FeII1.5Fe
III

12(m3-OH)12(m4-PO4)4}(B-a-PW9O34)4]$
ca130H2O (Fig. 11.9a; Fe13.5(PW9)4) and
(enH2)3.5H15[{Fe

IIFeIII12(m3OH)12(m4-PO4)4}
(B-a-PW9O34)4]$83H2O (Fig. 11.9c; Fe13(PW9)4), were
made [20,21]. The Fe13.5(PW9)4 tetramer is built by
four tri-FeIII-substituted Fe3PW9 units linked by
a central FeII4O4 cubane core and four m4-PO4

bridges. Each m4-PO4 unit links four FeIIFeIII3O(OH)3
cubanes; four Fe3 trimers of Fe3PW9 units combine
the central FeII4O4 cubane to form a Fe13.5 cluster
(Fig. 11.9b). Differently, the Fe13(PW9)4 contains four
tri-FeIII-substituted Fe3PW9 units fused by an FeII2O2

unit and four m4-PO4 bridges, resulting in an
FeIIFeIII12 core, in which only two FeIII3Fe

IIO(OH)3
cubanes are joined (Fig. 9d).

FIGURE 11.8 (a) View of dimer Cu8(dap)4(GeW9)2. (b) View of the {[Cu(dap)]4Cu4O14(H2O)2} cluster in dimer. (c) The 3D framework. d) The
motif of the {[CuII(2,20-bpy)]4CuII

4O14(H2O)2} cluster. (e) The 2D layer. (f) View of the sandwiched dimer hanged two Cu-complexes. (g) The
dodeca-Cu cluster built by octa-Cu cluster {[CuI

2Cu
II
2(2,2

0-bpy)2(4,40-bpy)2]CuII
4O14} and two di-CuI cations [CuI

2(2,2
0-bpy)2(4,40-bpy)]2þ.
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11.2.4. DESIGNED SYNTHESIS VIA THE
PERIPHERAL SUBSTITUTION OF NI6PW9

SBUS

POM clusters with different shapes, sizes, and
composition may provide a variety of SBUs for making
novel POMeorganic frameworks which belong to the
cluster-organic frameworks (COFs). On the other hand,
POM clusters are attractive inorganic SBUs owing to
their nanosize and tunable acid/base, redox, magnetic,
catalytic, and photochemical properties. Therefore, the
designed synthesis of COFs will open up a new avenue
for the creation of a variety of novel functional materials.
In particular, the combination of POM clusters and
organic ligands is more interesting because of their
inherently different natures and possible synergetic
effects in making COF materials. However, although
many metaleorganic frameworks (MOFs) built by
metal-carboxylate SBUs have been made, only few
examples of POM-based MOFs are reported [33]. So
far, most of the reported POM-based materials with

extended structures are based on the linkages of POM
clusters and metal complexes bridged by oxygen atoms,
which belong to the metaleoxygen frameworks. The
linking of POMs with rigid carboxylates into COFs
remains largely unexplored. This is because the POM
clusters, usually having high negative charges and
oxygen-rich compositions, prefer to bond metal cations
rather than carboxylate anions. Therefore, the search
for suitable POM clusters for making COFs is one of
the most challenging issues in synthetic chemistry and
material science. The following parts are two representa-
tive strategies for making COFs based on the metal
cluster-substituted POM SBUs under hydrothermal
conditions.

1. Directed assembly via multi-carboxylate ligands
[Ni6(m3-OH)3(H2O)6(L)3(B-a-PW9O34)]

(Ni6PW9(H2O)6, L¼ en/enMe, Fig. 11.10a) as SBUs
was chosen because of: (1) We have obtained
well-defined conditions for in situ preparation of
Ni6PW9(H2O)6 SBUs [19]; (2) Each SBU contains six

FIGURE 11.9 (a) Views of the tetrameric poly(POM) Fe13.5(PW9)4. (b) Four Fe3 trimers linking the central Fe4
IIO4 cubane to form a Fe13.5

cluster. (c) View of the tetramer Fe13(PW9)4. (d) Distribution fashion of four Fe3 trimers and the central FeII2O2 unit in Fe13 cluster. Reprinted with

permission from [21]. Copyright 2007 American Chemical Society.

FIGURE 11.10 (aec) Structure of Ni6PW9(H2O)6, PW9 and Ni6 unit. (d) Rigid carboxylate linkers. (eef) View of 1D chain structures in
Ni6PW9-1,3-bdc and Ni6PW9-tda.
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terminal water ligands that offer the possibility for
design of COFs by replacing the water with rigid
carboxylates. Notably, the POM-based SBUs can be
isolated and are stable in the absence of the
carboxylate ligands [19], which differ from those
metal-carboxylate SBUs that are only stable in the
presence of the carboxylate ligands. Accordingly, we
made a series of COFs based on Ni6PW9 SBUs via the
directed assembly of the carboxylate linkers: {[Ni6
(OH)3(H2O)2(enMe)3(PW9O34)](1,3-bdc)}[Ni(enMe)2]$
4H2O (Fig. 11.10e, Ni6PW9-1,3-bdc), {[Ni6(OH)3(H2O)
(en)4(PW9O34)](Htda)}$H3O$4H2O (Fig. 11.10f,
Ni6PW9-tda), {[Ni6(OH)3(H2O)(en)3(PW9O34)]
[Ni6(OH)3(H2O)4(en)3(PW9O34)](1,4-bdc)1.5}[Ni(en)
(H2O)4]$H3O (Fig. 11.11a, Ni6PW9-1,4-bdc),
{[Ni6(OH)3(en)3(PW9O34)](1,3,5-Hbtc)}[Ni(en)
(H2O)3]$2H2O (Fig. 11.11b, Ni6PW9-1,3,5-btc),
{[Ni6(OH)3(H2O)5(PW9O34)](1,2,4-Hbtc)}$
H2enMe$5H2O (Fig. 11.11c, Ni6PW9-1,2,4-btc).

As shown in Fig. 11.10c, two terminal water
ligands on each side of Ni6 core can be substituted by
a variety of rigid carboxylate ligands (Fig. 11.10d).
Thus the Ni6 core offers the opportunity to link
Ni6PW9(H2O)n (n< 6) units into COFs along three
directions. On the other hand, owing to the ability of
PW9 unit sharing terminal oxo atoms with metal
cations, the sizes of SBUs can be varied incrementally
from discrete Ni6PW9(H2O)n unit to aggregates and
polymers via W¼OeNi linkages, which provide

potential possibility for making tailor-made COFs. So
the combination of Ni6 and PW9makes Ni6PW9(H2O)6
SBU act as excellent candidate for making novel
COFs. As expected, the addition of different rigid
carboxylate ligands to the well-defined
Ni6PW9(H2O)6-preparing solutions results in forming
novel COFs with 1-, 2- and 3D structures [25]. The
1,3-bdc and tda ligands bridge Ni6PW9 SBUs to form
1D straight and zigzag chains (Fig. 11.10e,f), while
1,4-bdc ligands link the dimeric (Ni6PW9)2 SBUs to
produce 2D network (Fig. 11.11a). Furthermore, the
Ni6PW9 units substitute each other to form zigzag and
helical chain-like {Ni6PW9}N SBUs that are further
bridged by the 1,3,5-btc and 1,2,4-btc ligands,
resulting in 2D layer (Fig. 11.11b) and 3D framework
(Fig. 11.11c).

2. Directed assembly via the spatial effects of the linkers
In above examples, the directed-combination of

Ni6PW9 units with rigid carboxylate linkers yields
a series of extended COFs. In fact, the spatial effects of
the linkers play the crucial roles in forming the
extended structures. Here, two examples, isolated
nanoclusters and 1D nanowires, show the influence of
the spatial effects of the linkers on the structure
(Fig. 11.12, [26]). Poly(POM) of [Ni(enMe)2]3
[H6Ni20P4W34(OH)4O136(enMe)8(H2O)6]$12H2O
(Ni20P4W34-enMe) contains a 20-Ni-substituted
[H6Ni20P4W34(OH)4O136(enMe)8(H2O)6]

6�

(Fig. 11.12a,Ni20P4W34) with two moieties of

FIGURE 11.11 (a) View of 2-D layer in Ni6PW9-1,4-bdc. (b) View of 2-D layer in Ni6PW9-1,3,5-btc. (e) View of 3-D framework in Ni6PW9-
1,2,4-btc.

FIGURE 11.12 (a-d) Structures of Ni20P4W34, Ni6P2W15, Ni8W4, and 1D chain, respectively.
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{Ni6O3(OH)2(H2O)(enMe)2(PW6O26)(PW9O34)}
(Fig. 11.12b, Ni6P2W15) linked by a central symmetric
belt-like {Ni8W4O26(H2O)4(enMe)4} (Fig. 11.12c,
Ni8W4). In Ni20P4W34, two terminal water ligands
(OW3/OW3A) on the Ni6 units point out of poly-
(POT) unit. Our previous work confirmed that such
terminal water ligands were good centers for further
structural derivation, e.g., intramolecular decoration or
intermolecular linkage by replacing terminal water
with various organic ligands [25]. Therefore, the
Ni20P4W34 would be an effective precursor for making
extended COFs. With these considerations in mind,
continuous efforts were devoted to make such
structures. However, we failed to obtain such complex
by changing the reaction conditions of Ni20P4W34-
enMe, perhaps due to steric hindrance of the methyl
group of enMe. In order to reduce the steric hindrance,
we replaced enMe by en. As expected, a cluster-organic
chain [Ni(en)2(H2O)]2[H8Ni20P4W34(OH)4O136(en)9
(H2O)4]$16H2O (Fig. 11.12d, Ni20P4W34-en) was
isolated, in which en ligands not only replaced the
terminal water ligands, but also acted as linear bridges
to link adjacent SBUs in an end-to-end fashion.

11.3. SYNTHESIS OF THE OXO
LANTHANIDE CLUSTERS UNDER
HYDROTHERMAL CONDITIONS

Although the chemistry of the oxo TM clusters is
well established, the chemistry of the oxo Ln clusters
is less developed because the synthesis of high-
nuclearity clusters is still a big challenge. In general,
a common synthetic strategy for the oxo Ln clusters
is to control hydrolysis of Ln salts in the presence of
supporting ligands. So far, most of high-nuclearity
oxo Ln clusters are discrete because the presence of
hydrophobic groups in the periphery of oxo Ln cluster
core prevents further aggregation. In order to investi-
gate magnetic exchange interactions between 3d and
4f metals in the solid state, some LneTM clusters
[34] and coordination polymers built by oxo Ln cluster
units [35e36] were made. However, no systematic
investigation on oxo Ln clusters and COFs built by
oxo Ln clusters and TM clusters via organic linkers
has been carried out under hydrothermal conditions.
In our group, we focused our attention on exploring
new reaction system to design and make novel COFs
via the inductive roles of the functional organic
ligands, and have made some great progress [37e40].
Compared with the oxo Ln clusters obtained by hydro-
lysis of Ln salts in aqueous solution, the Ln oxides, in
our lab, were directly applied to make the COFs at
high pH value under hydrothermal conditions.

11.3.1. INDUCED SYNTHESIS VIA THE
LIGANDS

In our group, two types of the ligands, 4,5-imidazole-
dicarboxylic acid (H3ImDC) and isonicotinic acid (HIN),
were applied to make COFs under hydrothermal
conditions.

1. Helical tubes induced by H3ImDC ligands
In various organic ligands, the H3ImDC was

chosen as the multidentate ligand because of the
following considerations: (1) the flexible,
multifunctional coordination sites provide a high
likelihood for generation of structure with high
dimensions. (2) It can be deprotonated to generate
H2ImDC�, HImDC2�, and ImDC3�, which allow
various, acidity-dependant coordination modes.
(3) The skew coordination orientation of the carboxyl
groups is favorable for making the helical structure.
As expected, a series of COFs, [Ln(ImDC)2(H2O)3]$
nH2O (Ln¼ Eu, Dy, Y, Pr, Nd, Sm, Gd, Tb, Er), were
made by the hydrothermal reaction of Ln2O3 and
H3ImDC in water in the presence of HNO3 at pH 2
and 170�C [37]. The structures display 1D achiral
channels and left-/right-handed helical tubes
arranged alternately, in which the helical tubes not
only built by the Ln4(COO)2 cluster SBUs but also
constructed from interweaving triple-helical and
double-helical chains (Fig. 11.13a). Furthermore, other
Ln-organic helical tubes have also been made by the
use of H3ImDC [41].

2. The nanosize Ln14 cluster induced by HIN ligands
The HIN is a well-known ligand and has been

widely used to make TM- or Ln-based coordination
polymers. The HIN was chosen as the multifunctional
ligand based on the following considerations: (1) it is
a rigid ligand with O and N donors on opposite sides,
enabling it to act as a linear bridge; and (2) the
carboxyl group may induce the oxyphilic Ln ions to
form oxo Ln cluster, the N atoms can coordinate to TM
ions, and thus extended solids containing oxo Ln
clusters and TM ions/clusters might be obtained.
Accordingly, a series of COFs built by oxo Ln clusters
and TM ions/clusters have been made by using
Ln2O3, rather than Ln salts, as the Ln source in water
at pH 2 under hydrothermal conditions: [Ln14(m6-O)
(m3-OH)20(IN)22Cu6X4(H2O)8]$6H2O (X¼Cl, Ln ¼ Y ,
Gd, Dy, Tb, Er; X¼ Br, Ln¼ Er, Gd, Y) [38], in which
the high-nuclearity oxo Ln cluster [Ln14(m6-O)
(m3-OH)20(H2O)8]

20þ (Ln14) acts as SBUs to combine
with copper ions/clusters via linear IN ligands,
forming 3D frameworks (Fig. 11.13b). Three different
centers, Ln14 cores, Cu2Cl2 dimers, and Cu atoms are
joined by IN ligands with four coordination modes.
These results provide an opening into a promising
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new field of 4fe3d mixed-metal functional materials
and confirm the potential for developing new
structural families of solid-state materials using
nanosized oxo Ln cluster as SBUs.

11.3.2. Synergistic coordination Between
the First and Secondary Ligands

The above COFs are constructed from nanosized Ln14
clusters, copper ions/clusters and IN linkers, their frame-
work is very condensed because of four coordination
modes of the IN ligands. How to make further open
framework by reducing the coordination modes of the
IN ligands is a great challenge. Here two approaches
havebeen successfully applied tomake such frameworks.

1. Synergistic coordination between two types of
organic ligands

In general, ligands in the periphery of metal ions
play an important role in forming and stabilizing
metal clusters or wheels. To 3D COFs built by Ln14
cores and two types of Cu centers [38], if the second
ligand is introduced, the synergistic coordination or
cooperativity of both ligands may lead to a new open
framework that contains oxo Ln clusters different
from the Ln14 core, which would be helpful for
understanding the formation mechanism of the open
frameworks. Now, we have extended this work and
introduced a second ligand, 1,2-benzenedicarboxylic
acid (H2bdc) [39].

The H2bdc was selected as the second ligand based
on the following considerations: (1) it has versatile
coordination modes; (2) the chelating coordination of
bdc may stabilize new oxo Ln cluster formed in the
crystallization process via the synergistic coordination
with the first ligands, IN. As expected, two novel
COFs, [Er7(m3-O)(m3-OH)6(bdc)3](IN)9[Cu3X4]
(X¼Cl/Br, denoted by FJ-2a/FJ-2b) have been
successfully made under hydrothermal conditions, in
which the wheel-shaped SBUs of [Er36(m3-OH)30
(m3-O)6(bdc)6]

54þ (Er36, Fig. 11.14a) with 18-ring is
currently the largest oxo Ln wheel cluster [39].
Although the bdc ligand has more than 15
coordination modes, it adopts single m5-bdc mode
found only in FJ-2; the number of coordination modes
of IN is also reduced from four in Ln14 [38] to two in
FJ-2, indicating the high cooperativity or synergistic
coordination between IN and bdc ligands in the
formation of FJ-2; the unique m5-bdc mode plays a key
role in the forming and stabilizing of the Er36 wheel.
Each Er36 cluster is linked to surrounding clusters,
thus forming a highly ordered layered cluster network
(Fig. 11.14b). Furthermore, the linkages between 2D
hybrid cluster networks and Cu3Cl4 clusters by IN
ligands give rise to 3D sandwich framework
(Fig. 11.14c). These examples indicate that the unique
cooperativity between IN and bdc ligands under
hydrothermal conditions suggest that the synergistic
coordination as a useful synthetic strategy has

FIGURE 11.13 (a) The framework with two types of helical tubular and achiral channels. (b) View of the structure of [Gd14(m6-O)
(m3-OH)20]

20þ (Gd14) core containing one octahedral [Gd6(m6-O)(m3-OH)8]
8þ (Gd6) unit and two trigonal bipyramidal [Gd5(m3-OH)6]

4þ (Gd5) units
(left); the 3D structure formed three different centers, the Gd14 cores, Cu2Cl2 dimers and Cu ions, linked by IN ligands (middle), the linkages of
the IN bridges and three different centers (right).

FIGURE 11.14 (a) View of the Er36 wheel trapped by the bdc ligands. (b) View of layered cluster network with 18-ring. (c) View of sandwich
framework based on linkages of 2-D cluster layers and Cu3Cl4 cluster pillars by IN ligands.

INDUCED SYNTHESIS VIA THE LIGANDS 237



potential application in design and synthesis of
molecular materials.

2. Synergistic coordination between inorganic and
organic ligands

As a continuation of our search for new COFs built
from oxo Ln and TM clusters, we have introduced
a larger halogen, iodine, based on the following
considerations: the I� ion has larger ionic radius than
that of Cl� and Br�, and may favor higher
coordination numbers and versatile coordination
modes, resulting in larger TM-halide cluster than
Cu2X2 [38] and Cu3X4 [39] cores. As expected, seven
novel wheel-cluster organic frameworks (WCOFs):
[Ln6(m3-O)2](IN)18[Cu8(m4-I)2(m2-I)3]$H3O (FJ-4,
Ln¼ Y, Nd, Dy, Gd, Sm, Eu, Tb) have been made,
showing the first example of sandwich WCOFs based
on linkages of two distinct layered networks of
nanosized wheels with 12 rings, [Ln18(m3-O)6
(CO2)48]

6�, Ln18, and [Cu24(m4-I)6(m2-I)12]
6þ, Cu24,

formed by using IN ligands (Fig. 11.15a, [40]). So far,
no systematic investigation on WCOFs, in which the
distinct networks of metal wheels are linked by
organic ligands, has been carried out.

Compared with the number of coordination modes
of IN ligands, four in Ln14 [38] and two in FJ-2 [39], all
IN ligands in FJ-4 only show one coordination mode
when the I� ions were introduced, which further
indicates the high cooperativity or synergistic
coordination between organic IN and inorganic
I� ligands in forming FJ-4. In FJ-4, six [Ln3(m3-O)-
(CO2)6](Ln3) cluster are linked by IN ligands to form
a nanosized Ln18 wheel with 12-ring and the diameter
of 26.7 Å, which differs from the Er36 [39] wheel in
linkage modes. Adjacent Ln18 wheels are linked to
each other to form a highly ordered layered Ln18
wheel-cluster network (Fig. 11.15b); six tetrameric
I-centered tetrahedral [Cu4(m4-I)] (Cu4) cluster cores
are linked to form another nanosized Cu24 wheel with
12 rings with the diameter of 26.4 Å. Adjacent Cu24

wheels are further linked to each other, forming

another layered network of Cu24 wheels (Fig. 11.15c).
Generally, it is not possible to form a large 3D metal
wheel with only one type of bridging interaction.
Unlike I-centered tetrahedra in Cu24 wheel network,
tetrahedrally coordinated O atoms are not usually
encountered in zeolite and oxide frameworks due to
the small size of the O atom. Therefore, the larger size
of I� ions is critical for the formation of the Cu24 wheel
networks of FJ-4. Like the Er36 wheel-cluster networks
formed in FJ-2 due to the synergistic coordination
between two different organic ligands [39], the Cu24/
Ln18 wheel-cluster networks in FJ-4 can also be
described as the generation under the synergistic
coordination between two kinds of ligands, inorganic
I�/O2� and organic IN. Notice that the unusual
trinuclear Ln3(m3-O) and tetranuclear Cu4(m4-I) cores
are used as SBUs to make from large oligomers of Ln18
and Cu24 to 2D Ln18 and Cu24 networks, suggesting
that the oligomerization of low-nuclearity SBUs may
make larger wheels or WCOFs. Further work is in
progress for making other new oxo Ln and TMwheels
and WCOFs by using either larger oligomers of
tri-/tetra-nuclear units, or oligomers of higher
nuclearity SBUs, simultaneously we are trying to
make larger wheels and WCOFs, especially mixed Ln
and TM wheels, by selecting subtly another type of
ligands or introducing shrewdly the second ligand.

11.4. SYNTHESIS OF THE OXO MAIN
GROUP CLUSTERS UNDER

HYDROTHERMAL CONDITIONS

11.4.1. Templated Synthesis of Borates

Borates have attracted much research interest due to
their rich structural chemistry and diverse applications.
Boron atom coordinates with oxygen not only in
threefold (triangular, BO3) but also in fourfold coordina-
tion (tetrahedral, BO4). The BO3 and BO4 can further

FIGURE 11.15 (a) View of sandwich framework based on linkages of the layered networks of Dy18 and Cu24 wheels stacked in parallel
with e ABCDEF e alternations along the c-axis. (b) View of layered network of {Dy18} wheels. (c) View of layered network of {Cu24} wheels.
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polymerize to all kinds of large oxo boron clusters
through sharing vertices. Such oxo boron clusters can
be considered as the fundamental building blocks
(FBBs) to take part in constructing novel borates. Gener-
ally, most metal borates were made by high-temperature
solid-state methods or boric acid flux methods. There-
fore, borates have mainly formed the following systems:
alkali and alkaline earth metal borates, main group and
TM borates, as well as rare earth borates in the past
seven decades. The most important application of
borates is based on their optical properties, for example,
nonlinear optical (NLO) property. The most well-known
example is the discovery of b-BaB2O4 (BBO) [42], LiB3O5

(LBO) [43], CsB3O5 (CBO) [44], and Sr2Be2B2O7 (SBBO)
[45]. However, these NLO borate materials are made
by solid-state reactions, no systematic investigation on
NLO borates has been carried out under hydro(solvo)
thermal conditions. Since 2003, we have made consider-
able efforts to study hydro(solvo)thermal synthesis of
borates and have made some advances in the systems
of inorganic [46e49], organic [50e54] and TMC tem-
plated borates [55e57]. Importantly, some NLO borates
have been successfully made under hydro(solvo)
thermal conditions.

1. Inorganic templated borates
In the exploration of novel NLO metal borates in

MeOeB system, a new potassium templated acentric
manganese borate, K7[(BO3)Mn{B12O18(OH)6}]$H2O
(KMnBO) with NLO properties has beenmade in 2004

[46], in which KMnBO differs structurally from all
knownMeOeB in a remarkable way: for the first time
we observed that the B and Mn atoms can link
together via both vertex-sharing and edge-sharing
(Fig. 11.16a).

2. Organic templated borates
Since 2004, some organic templated borates

[50,53] and borates linked by organic species [54]
were reported. In the presence of trans-1,4-
diaminocyclohexane acting as an SDA, a 2D borate,
[H3N(C6H10)NH3][B5O8(OH)], was first made
(Fig. 11.16b, [50]). In 2007, the first 1D borate
[NH3CH2CHCH3NH3][B8O11(OH)4]$H2O templated
by H2enMe has been made [51]. Its structure consists
of infinite open-branched borate chains built by
[B3O6(OH)] units, onto which the [B5O7(OH)3] clusters
are grafted (Fig. 11.16c). In addition, two new borates
[H2dab][B7O9(OH)5]$2H2O and [H2dab][B7O10(OH)3]
(dab¼ 1,4-diaminobutane) have also been obtained in
the presence of dab [52]. The former contains
[B7O9(OH)5] unit (Fig. 11.16d), which is the first
example of organic templated hepta-borate, the latter
consists of [B14O20(OH)6] unit (Fig. 11.16e) built by the
dehydration of the [B7O9(OH)5] unit. In 2007, a novel
hybrid borate B3O4(OH)$0.5C4H10N2 was first made
under milder hydro(solvo)thermal conditions
(Fig. 11.16f, [54]).

3. TMC templated borates
In 2004, the TMCs have first been introduced into

the structure of the borates [55]. Two pentaborates,

FIGURE 11.16 View of the. anion. Reprinted with permission from [46], Copyright 2004 Elsevier. (b) View of the layer built by B6O8(OH) FBBs.
Reprinted with permission from [50], Copyright 2004 Elsevier. (c) View of . groups. Reprinted with permission from [51], Copyright 2007 Elsevier. . (f)
View of ..cluster. Reprinted with permission from [54], Copyright 2004 Elsevier. (g) View of ..Zn-complex. Reprinted with permission from [56],
Copyright 2007 Elsevier.
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[Zn(dien)2][B5O6(OH)4]2 and [B5O7(OH)3Zn(tren)]
(tren¼ tris(2-ami-noethyl)amine), have been
characterized in 2005 [56]. The former consists of
isolated [B5O6(OH)4]

� anion and [Zn(dien)2]
2þ

cation, the latter is built by two distinct motifs,
a [B5O7(OH)3]

2� cluster and a supporting [Zn
(tren)]2þ complex (Fig. 11.16g), showing the first
example of the combination of BeO cluster with
TMCs. In 2006, three new cobalt borates, [Co(dien)2]
[B5O6(OH)4]2, [B5O7(OH)3Co(tren)], and [Co2(teta)3]
[B5O6(OH)4]4 (teta¼ triethylenetetramine), have been
reported [57].

4. Templated synthesis of aluminoborates
Being in the same group as B, Al can exist in AlO4,

AlO5, and AlO6 forms. Being used in making zeolites,
Al was introduced into borate system in 1973 giving
porous aluminoborates (ABOs) analogous to zeolites
[58]. After that, several ABO phases were revealed
[59e65]. But their structures remain unknown
because of the synthetic difficulties of crystals
suitable for structure determination. Recently, Lin
et al. made three open-framework ABOs of PKU-1,
PKU-5, and PKU-6 [66e68] by using boric acid flux
method. However, no systematic investigation was
made on ABOs. In order to get open-framework
borates, element Ge was introduced into borate
frameworks [69e73]. As part of our ongoing work,
we further extended our interest to make ABOs
under hydro(solvo)thermal conditions, which is
different from the traditional high-temperature
solid-state or boric acid flux synthesis methods.
Meanwhile, we chose Al(i-PrO)3 (aluminum
isopropoxide), not traditional Al2O3, AlCl3, or Al
(NO3)3, as an Al source based on the following
considerations: (1) the Al(i-PrO)3 is easily dissolved
in organic solvents, and the chiral Al center may form
from three-coordinated Al(i-PrO)3 transforming to
four-coordinated AlO4 group via the hydrolysis of Al
(i-PrO)3 in the crystallization process; (2) the
characteristic of acentric BeO clusters formed in situ
via self-polymerization of H3BO3 can be transferred

into the inorganic frameworks; and (3) the synergistic
combination between chiral AlO4 groups and acentric
BeO clusters will not only greatly increase the
likelihood of producing new acentric ABOs, but also
offer us the opportunity for choosing efficient NLO
materials from these products. Accordingly, we
successfully make a series of open-framework ABOs:
Al[B5O10]$H2dab$2H2O, [Al(B4O9)-(BO)]$H2en, [Al
(B4O9)(BO)]$H2dap (dap¼ 1,3-diaminopropane),
K2Al[B5O10]$4H2O, and (NH4)2� Al[B5O10]$4H2O.
The former is centrosymmetric, whereas latter four
are acentric and show good NLO activities [74]. Both
[Al(B4O9)(BO)]$H2en and [Al(B4O9)(BO)]$H2dap are
built by AlB5O13 units and exhibit 10-ring channels
(Fig. 11.17a,b). Another three ABOs are built up from
AlO4 tetrahedra and B5O10 units to form 3D
frameworks with 12-/11-/8-ring intersecting
channels for Al[B5O10]$H2dab$2H2O (Fig. 11.17c),
and odd 11-ring channels for two isomorphous, K2Al
[B5O10]$4H2O (Fig. 11.17d) and (NH4)2Al[B5O10]$
4H2O.

Furthermore, we have also extended inorganic and
organic templates to TMCs in ABO systems, resulting
in a series of TMC templated ABOs with 2-D layer and
3-D frameworks. In acentric [Zn(dien)2][{Al(OH)}
{B5O9F}] templated by [Zn(dien)2] ions, the AlO3(OH)
tetrahedra and B5O9F clusters interconnect to form
a layer of [{Al(OH)}{B5O9F}]

2� (Fig. 11.18a, [75]).
Series of open-framework ABOs, [M(dien)2]
[AlB6O11(OH)] (M¼Co, Ni, Cd, Zn; type I) and [M
(en)3][AlB7O12(OH)2]$(H2O)0.25 (M¼Co, Ni; type II),
were classified as two structural types [76]: type I
contains AlO4 tetrahedra and B6O11(OH) clusters,
which link to form a 3D framework with 7-/9-ring
helical channels and large 11-/13-ring channels
(Fig. 11.18b), while type II is composed of AlO4

tetrahedra, chain-like B4O6(OH)2 tetramer and crab-
like B6O12 clusters, which interconnect to form
another new 3D framework with 8-ring helical
channels, rare 16-ring double-helical channels and
larger odd 15-ring channels (Fig. 11.18c,d).

FIGURE 11.17 View of (a) the 10-ring channels in [Al(B4O9)(BO)]$H2en, (b) the 10-ring channels in [Al(B4O9)(BO)] $H2dap, (c) the 12-/8-ring
channels in Al[B5O10]$H2dab$2H2O, and (d) the 11-ring channels in K2Al[B5O10]$4H2O. Reprinted with permission from [74]. Copyright 2009
American Chemical Society.
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11.4.2. Templated Synthesis of Germanates
and Borogermanates

1. Templated synthesis of germanates
Since the discovery of the first germanate with

openframework in 1991 [77,78], a number of
germanates with 2-, 3D, or isolated structure have
been made by inorganic or organic templates.
However, TMCs were not applied to make
germanates, though TMCs as the templates have
been widely used in making metal phosphates and
borophosphates because the chirality of TMCs can
be transferred into the inorganic frameworks. To
understand the role of the chiral TMCs in
determining inorganic frameworks of germanates,
we introduced TMCs into germanates in 2003, and
made a new germanate [Ge7O13(OH)2F3]

3�$Cl�$2[Ni
(dien)2]

2þ (FJ-6), which not only fills the gap left by
the absence of 1D structures in germanate family but
also is the first chiral germanate (Fig. 11.19a, [79]).
Interestingly, the chirality of the mer-Ni(dien)2

2þ ions
transfer into adjacent germanate chains. As
a continuation of our work, by using a racemic
mixture of an Ni(L)3Cl2 complex (L¼ en/enMe) as
template, we also made two novel germanate
frameworks Ni@Ge14O24(OH)3$2Ni(L)3 (FJ-1a/1b), in
which chiral Ni@Ge14O24(OH)3 (Ni@Ge14, Fig. 11.19b)

clusters transferred from chiral TMCs containing
NieGe bonds and are further linked to form a 3D
framework with 24-ring windows (Fig. 11.19c,d, [80]).
FJ-1 is the first example of porous materials having
TeMeT linkages (where TeMeT¼GeeNieGe). In
addition, FJ-1 exhibits stereospecificity and chiral
molecular recognition between chiral TMC template
and inorganic structural motif; the chirality and
symmetry of the chiral TMC template can induce the
chirality and symmetry of the inorganic motif/
framework, while the symmetry of the achiral
template can transfer to the inorganic motif. These
phenomena originate from H-bonding between the
template and the inorganic motif/framework. In 2007,
a 2D germanate, Ge7O14F3$0.5 In
(dien)2$0.5H3dien$2H2O, templated by indium
complexes was first made [81], in which the unique
germanate layers with uniform 10-ring apertures were
built by Ge7O14F3 clusters.

2. Templated synthesis of borogermanates
We focus on the investigation of the templated

synthesis of germanates and are interested in
introducing the element B into the germanate
frameworks for the following reasons: (1) the flexible
coordination geometries for Ge and B atoms and their
ability to form GeeO and BeO clusters as well as their
unique 3-ring structures, the BeGeeO system will

FIGURE 11.18 (a) View of 2D layer [{Al(OH)}{B5O9F}]n
2n�. Reproduced by permission of The Royal Society of Chemistry. (b) View of the 3-D

framework in type I showing 13-ring channels. (c,d) [M(en)3]
2þ cations located in 15-ring channels in type II.

FIGURE 11.19 (a) A view of the ABAB. stacking sequence of chains and the relationship between the TMCs and the chains in FJ-6.
Reprinted with permission from [79]. Copyright 2003 American Chemical Society. (b) View of the Ni@Ge14 unit. (c) View of the 24-ring channel built by three
pairs of enantiomers of adjacent Ni@Ge14 motifs. (d) The topological framework of FJ-1a.
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produce a new class of frameworks built by BeO and
GeeO clusters or mixed BeGeeO units; (2) the
characteristic of acentric BeO clusters formed in situ
can be transferred into the inorganic frameworks to
form acentric borogermanates, resulting in NLO
properties of the products. Accordingly, the first chiral
zeotype borogermanate KBGe2O6 (FJ-9, Fig. 11.20a,
[69]) with 7-ring channels has been made. A 3D
borogermanate K2[Ge(B4O9)]$2H2O (FJ-16) with two
pairs of interweaving double-helical 10-ring channels
built by alternating linkages of B4O9 clusters and
GeO4 units (Fig. 11.20b, [70]), exhibits good NLO
properties because of acentric structure. Different
from FJ-9 and FJ-16 templated by Kþ ions, the first
organically templated 3D borogermanate (C4N3H15)
[(BO2)2(GeO2)4] (FJ-17) was also made [72]. Its
structure is built by two types of cluster units, the
cyclic Ge8O24 clusters with 8-ring and B2O7 dimers.
The Ge8O24 unit connects four same ones to form a 2D
layer with 8,12-nets, which are further pillared by
B2O7 clusters, resulting in a 3D framework with
12-/8-ring channels (Fig. 11.20c). Simultaneously,
another two organically templated 2D
borogermanates, [H2DACH][Ge3B2O9(OH)2] and
[H2BAPPZ][Ge3B2O9(OH)2]$1.5H2O, have been

obtained [71]. In 2008, a new organically templated
borogermante GeB4O9H2en (FJ-18) was reported
(Fig. 11.20d, [73]). Though its SBUs are the same as
FJ-16, their structures are distinct because of different
templates: large 12-ring channels in FJ-18, while
10-ring channels in FJ-16. Here, the concept of
hosteguest symmetry and charge matching [82] has
further been extended from tetrahedral and
tetrahedraleoctahedral frameworks to
tetrahedraletriangular frameworks.

Compared to the lighter group 13 elements B, Al,
and Ga incorporated into the germanates, indium
exhibits more flexible coordination geometries
(tetrahedra, octahedra, and trigonal-bipyramids). To
make novel indateegermanate frameworks, we are
interested in introducing indium into germanates. In
2007, we first reported a novel organically templated
indateegermanate In2Ge6O15(H2dien) (FJ-3) [83],
which was built by GeeO layers and IneO chains,
forming a 3D framework with 12-ring channels
(Fig. 11.21a). Later, a new 2D hybrid
indateegermanate InGe2O5F(dap)$2H2O has been
made [84], in which two types of SBUs, Ge4O10F2
clusters and In2O6(dap)2 dimers, are interconnected to
form 4- and 6-ring layers (Fig. 11.21b).

FIGURE 11.20 (a) View of the structure made by Ge2O7 and mixed B2Ge2O12 cluster units in FJ-9. Reprinted with permission from [69].
Copyright 2003 American Chemical Society. (b) View of the 10-MR channels in FJ-16. View of the 12-ring channels of FJ-16. Reprinted with

permission from [70]. Copyright (2004) American Chemical Society. (c) View of the 8-/12-ring channels in FJ-17. Reprinted with permission from [72].

Copyright 2009 American Chemical Society. (d) View of the 8-/12-ring channels in FJ-18.

FIGURE 11.21 (a) The framework structure of FJ-3 built by the Ge-O layers and IneO chains, showing the 12-ring channels. (b) The 2-D layer
built by [Ge4O10F2] clusters and {In2O6(dap)2} dimers. Reprinted with permission from [84]. Copyright 2009 American Chemical Society.
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11.4.3. Self-polymerization and Induced
Congregation of Lanthanide Germanate
Clusters

So far, some main group elements and TMs have been
introduced into germanate backbones under hydro
(solvo)thermal conditions. However, except for several
Ln germanates obtained by both flux-growth method
and high-temperature, high-pressure hydrothermal
method in supercritical water [85,86], no systematic
investigation on Ln germanates has been carried out
under mild hydrothermal method. This is because of
the fact that the conditions for solubility of germanium
dioxide (GeO2, a traditional germanium source) and
Ln oxide (Ln2O3) are incompatible in solution: acidic
and basic solutions are favorable reaction systems for
Ln2O3 and GeO2, respectively. Recently, we are extend-
ing our interest from BeGeeO to LneGeeO system
for making novel Ln germanate frameworks built from
GeeO and LneO or mixed LneGeeO cluster units
under mild hydrothermal conditions. Because of the
flexible coordination geometries for Ge and Ln atoms,
their ability to formGeeO and LneO frameworks under
rational conditions, and their unique cluster structural
units, the LneGeeO system is likely to provide novel
structures with new topological frameworks. To make
open-framework Ln germanates under mild hydro-
thermal conditions, three approaches have been tried
in LneGeeO system in our lab: (1) replacing Ln2O3

with Ln salts in basic solution; (2) replacing GeO2 with
soluble germanium alkoxides in acidic solution; and
(3) using Ln salts and germanium alkoxide in acidic
solution. However, the first approach failed because
the Ln salts (oxide salts or alkoxides) were all hydro-
lyzed to form nondissolving Ln2O3 in basic solution,
which could not further react with GeO2; the latter two
methods were also fruitless because of the very poor
crystallization of the products, although germanium
alkoxides and Ln2O3 (or Ln salts) have good solubility
in acidic solution.

In previous works, we have made a series of LneO
COFs, in which the LneO cluster unit is induced by
carboxyl groups of the ligands. Accordingly, another
type of germanium source containing carboxyls, bis
(carboxyethylgermanium) sesquioxide (HOOCCH2CH2)2
Ge2O3 (H2E2Ge2O3, E¼eCH2CH2COO�), was chosen
as the multifunctional ligand for the following reasons:
(1) H2E2Ge2O3 with hydrophilic tails has good solubility
in water, forming a highly acidic aqueous solution
(pH 4) that may dissolve Ln2O3; (2) H2E2Ge2O3 contains
two carboxyls and a Ge2O3 (O¼GeeOeGe¼O) core
with two Ge¼O bonds and thus not only offer the
possibility for structural derivatives but also are effec-
tive precursors for making extended frameworks; and
(3) the carboxyls may induce Ln ions to aggregate into

LneO cluster, and the Ge2O3 core can further
polymerize to form a GeeO cluster when the Ge¼O
double bonds are opened; thus, the frameworks
containing GeeO and LneO clusters might be obtained.
As expected, a series of Ln germanate frameworks
have been made under mild hydrothermal conditions,
[Nd8Ge12(m3-O)24E12(H2O)7]$13H2O (FJ-19) and
[Ln11Ge12(m3-O)24E12(pa)6(H2O)10]$(Cl,2OH)$nH2O
(Hpa¼ 2-picolinic acid, FJ-20, Ln¼ Pr/Nd/Eu/Gd,
FJ-20aed; n¼ 19 for Pr/Nd; n¼ 15/14 for Eu/Gd)
[87]. They contain high-nuclearity cage-shaped Ln ger-
manate clusters (LGCs), [Nd8Ge12(m3-O)24(H2O)7]

24þ

(Nd8Ge12) for FJ-19 and [Ln11Ge12(m3-O)24(H2O)10]
33þ

(Ln11Ge12) for FJ-20, which act as the building blocks to
further link each other via E groups, forming novel 3D
Ln germanate cluster organic frameworks (LGCOFs),
respectively. FJ-19 is a twofold interpenetrating enantio-
morphic pair nets. In order to avoid interpenetration,
a rigid chelating ligand, Hpa, was introduced into the
reaction system because Hpa possess considerable steric
hindrance and occupy enough space not only to avoid
the formation of the interpenetrating networks but also
to stabilize new LGC formed in situ through the
chelating coordination modes. Thus, a series of LGCOFs,
FJ-20, with openframeworks containing the Ln11Ge12
cluster units have been made (Fig. 11.22). These novel
3D LGCOFs made under mild hydrothermal conditions
using an organogermanium compound as germanium
source indicate that this strategy not only offers an effec-
tive and feasible way of making novel LGCOFs but also
opens a new avenue for making metal germanate hybrid
materials. Work in progress includes making novel func-
tional LGCOFs by using larger rigid N-containing
carboxylate ligands and metal germanate hybrid mate-
rials by using various metals salts under hydrothermal
conditions. It is reasonable to believe that the present
work will be important in expanding the study of germa-
nates with open frameworks.

11.5. SYNTHESIS OF THE
CHALCOGENIDE CLUSTERS UNDER

HYDRO(SOLVO)THERMAL CONDITIONS

11.5.1. Tetrahedral Clusters

Since late 1980, the chalcogenide clusters have been
studied to explore under hydro(solvo)thermal condi-
tions. This is because the chalcogenide clusters not
only provide a valuable opportunity for exploring the
synthetic and structural chemistry but also become an
important bridge between fundamental sciences and
technological applications [88]. The tetrahedral clusters
were not usually encountered in the oxo clusters,
whereas they are common in chalcogenide clusters
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because both cations and anions in chalcogenide clusters
may form tetrahedral coordination. One important
reason for the difference between the oxo and chalco-
genide clusters is the large size between oxygen and
sulfur (selenium and tellurium) atoms, resulting in the
coordination number of sulfur (selenium and tellurium)
atoms higher than that of oxygen atoms. In case of
S atom, its coordination number can easily go up to
four even with large Cd2þ and In3þ cations. However,
tetrahedrally coordinated O atoms are rare in oxo clus-
ters due to the small size of the O atom (usually adopt
bi- or tri-coordination in oxo clusters). In the chalco-
genide clusters, three are mainly three series of tetrahe-
dral clusters (Table 11.1): supertetrahedral clusters
(denoted as Tn) [88e90], pentasupertetrahedral clusters
(denoted as Pn) [90], and capped supertetrahedral clus-
ters (denoted as Cn) [89].

11.5.2. Tn Clusters

Tn clusters are the simplest tetrahedral clusters in
supertetrahedral clusters (Fig. 11.23a) and have regular
tetrahedrally shaped fragments of the cubic ZnS-type
lattice. As shown in Fig. 11.23a, the number of anions in
a Tn cluster is equal to the number of cations in a
T(nþ 1) cluster. Here, n is the number of metal layers in
each cluster. The number of cations (or anions) within
each layer follows a simple series: 1, 3, 6, . , n(nþ 1)/2.
Therefore, T1 as MX4 (M¼metal cation and X¼ S2�,
Se2�, Te2�) tetrahedron is a special case in Tn clusters.
Now four types of the isolated Tn clusters have been
found, namely T2, T3, T4, and T5 with the formula of
M4X10, M10X20, M20X35, and M35X56, respectively (Table
11.1). In a Tn cluster (here n� 2), the numbers of the M
and X ions are generally [n(nþ 1)(nþ 2)]/6 and [(nþ 1)
(nþ 2)(nþ 3)]/6. In case of T2eT5 clusters, they all have
four vertices that may share with other supertetrahedral

cluster units to form the extended frameworks. So far,
the largest supertetrahedral cluster with isolated form is
T3 [91], whereas the largest supertetrahedral cluster unit
in open-framework chalcogenides is T5 cluster [92,93].

FIGURE 11.22 View of the transformation from the twofold interpenetrating nets of FJ-19 built by Nd8Ge12 cluster units to the non-
interpenetrating networks of FJ-20 constructed from Ln11Ge12 cluster units through introducing the second ligand, 2-picolinic acid. Reprinted with
permission from [87]. Copyright 2009 American Chemical Society.

TABLE 11.1 A Summary of Supertetrahedral Clusters

Tn series of supertetrahedral clusters

Stoichiometry Examples

T2 M4X10 Ge4X10
4� (E¼ S, Se), Sn4E10

4� (E¼ Se, Te), In4X10
8�

(X¼ S, Se), M4(SPh)10
2� (M¼ Fe, Co, Cd; X¼ S, Se)

T3 M10X20 M10X20
10� (M¼Ga, In; X¼ S, Se), M10X4(SPh)16

4�

(M¼Zn, Cd; X¼ S, Se), Ga10S16L4
2� (L¼ 3,5-

dimethylpyridine)

T4 M20X35 M4In16S35
14� (M¼Mn, Fe, Co, Zn, Cd), Zn4Ga16

Se35
14�

T5 M35X56 Cu5In30S56
17�, Zn13In22S56

20�

�T6MpXq None, here p¼ [n(nþ 1)(nþ 2)]/6; q¼ [(nþ 1)
(nþ 2)(nþ 3)]/6

Pn series of supertetrahedral clusters

P1 M8X17 M4Sn4S17
10� (M¼Mn, Fe, Co, Zn), M4Sn4Se17

10�

(M¼Mn, Zn), ECd8(E’Ph)16
2� [E,E0 ¼ S, Se, Te],

In8S16(SH)9�

P2 M26X44 Li4In22S44
18�, Cu11In15Se16(SePh)24(PPh3)4

�P3 MpXq None, p¼ [4n(nþ 1)(nþ 2)]þ [(nþ 1)(nþ 2)
(nþ 3)]/6; q¼ [4(nþ 1)(nþ 2)(nþ 3)]/6þ [n
(nþ 1)(nþ 2)]/6

Cn series of supertetrahedral clusters

C1 M17X324 Cd17S4(SPh)28
2�,Cd17S4(SC6H4Me-4)28

2�

C2 M32X5 Cd32Se14(SePh)36(PPh3)4,Cd32S14(SPh)40
4�

C3 M54X84 Cd54X32(SPh)48(H2O)4
4� (X¼ S,Se)

�C4MpXq None, p¼ [n(nþ 1)(nþ 2)]/6þ [4(nþ 1)(nþ 2)]/
2þ 4; q¼ [(nþ 1)(nþ 2)(nþ 3)]/6þ [4n(nþ 2)
(nþ 3)]/2þ 4
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11.5.3. Pn Clusters

Pn series of tetrahedral cluster can be considered as an
assemblyof fourTn clusters tetrahedrallydistributedonto
four faces of one anti-Tn cluster (Table 11.1, Fig. 11.23b).
Here, an anti-Tn cluster is defined as a Tn cluster with
interconverted cationic and anionic sites. Therefore, P1
cluster contains one anti-T1 tetrahedron (XM4) located in
the core and four T1 tetrahedra (MX4) located in the
corners, forming (MX4)4(XM4) [94]. Similarly, a P2 cluster
has the composition of (M4X10)4(X4M10), such as isolated
Cu11In15Se16(SePh)24 (PPh3)4 [95], and 3D frameworkbuilt
by [Li4In22S44]

18� units [96]. In the P2 cluster, four T2 clus-
ters bond to one anti-T2 cluster to form a P2 cluster
(Fig. 11.23b). So far, P2 cluster is the largest size inPn series
of supertetrahedral clusters.

11.5.4. Cn Clusters

Cn cluster consists of a regular Tn cluster at the core
covered with a shell of atoms the stoichiometry of
which is also related to the Tn cluster (Table 11.1), in
which each face of the Tn core unit is covered with
a single sheet of atoms called the T(nþ 1) sheet and
each corner of this cluster is covered with an MX group.
The T(nþ 1) sheet is defined as the bottom atomic sheet

of a T(nþ 1) cluster [88]. In addition, the Cn,m
(m¼ 1e4) cluster is derived from the Cn series and
can be obtained by rotating the corner M4X5 group in
the Cn cluster by 60�. The structures of the C1, C2,
and C3,4 clusters are shown in Fig. 11.23c, in which
the largest Cn cluster is C3,4 cluster with formula of
Cd54X32(SPh)48(H2O)4 (X¼ S, Se) [97,98].

11.5.5. Other Types of Surpertetrahedral
Clusters

In addition to the above-mentioned clusters, other new
clusters can also be made by adding atoms and removing
atoms from the regular tetrahedral clusters [99]. In fact,
the tetrahedral site in a Tq cluster can be replaced by
a Tp cluster, resulting in novel and more complex
super-surpertetrahedral cluster, Tp,q [88,100,101].

11.5.6. Open-framework Chalcogenides made
from Different Tetrahedral Clusters

Owing to the variety of chalcogenide tetrahedral clus-
ters in sizes, shapes, and structures, they can act as the
SBUs for making the extended structures. So far, some
novel open-framework chalcogenides are built not

FIGURE 11.23 (a) Diagrams of T2, T3, T4, and T5 supertetrahedral clusters. Reprinted with permission from [88]. Copyright 2005 American
Chemical Society. (b) View of P1 and P2 clusters. (c) The structural diagrams of C1, C2, and C3,4 capped supertetrahedral clusters. MX groups at
the four corners of Cn clusters and the rotated barrelanoid cages in Cm,n cluster are shown in the ball-and-stick form [98].
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only by the Tn, Pn, and Cn cluster units but also by the
mixed supertetrahedral cluster. Now, the frameworks
constructed with different-size clusters from the same
series of tetrahedral clusters (e.g., T3 and T4) or from
different series (e.g., P1 and C1 or P1 and T2) have
been successfully obtained [102e107]. For example,
UCR-19 is made of alternating T3 (Ga10S20

10�) and T4
(Zn4Ga16S35

14�) clusters [103]; UCR-15 is built from
alternating T3 and coreless T5 clusters; when both T3
and pseudo-T5 clusters are replaced with T4 clusters,
CdInS-44 and UCR-5MInS (M¼ Zn, Mn, Co) are
obtained [104,105]; CMF-3 is built by P1 [Cd8S
(SC6H4Me-3)16]

2� and C1 [Cd17S4(SC6H4Me-3)28]
2� clus-

ters [106], while HCF is built from P1 [In8S16(SH)]9� and
T2 [In4S9(SH)]7� cluster units [107].

11.5.7. Open-framework Chalcogenides Based
on Tetrahedral Clusters and Organic Linkers

Open-framework chalcogenides are usually linked
together to form extended structures not only through
corner-sharing chalcogens but also through organic
ligands as the bridges. Compared with chalcogen atoms,
organic ligands possess a wide variety of shapes and
rich coordination chemistry, which may allow the crea-
tion of diverse chalcogenides with open frameworks.
For example, the Cn cluster (e.g., Cd17S4(SPh)28

2� and
Cd32S14(SPh)40

4�) units can be linked by neutral organic
ligands (e.g., 4,4-bipyridine, 1,3-trimethylenedipyridine,
or 1,2-bis(4-pyridyl)ethane) via substitution of four
terminal corners in Cn clusters, forming a series of
cadmium chalcogenide clusters with 1- and 2D struc-
tures [108,109].

In brief, the chalcogenide superlattices are one of the
most exciting research fields in cluster chemistry and
porous materials chemistry. By combining synthetic
and structural concepts in these two areas, many crystal-
line chalcogenide cluster solids not only be continuously
created but also will exhibit varied properties, such as
fast ion conductivity, photoluminescence, catalysis,
solid-state ionics, and electrochemistry.
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Synthetic Chemistry of Fullerenes
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Fullerenes are a family of all-carbon clusters that are
typically composed of a number of hexagons and exactly
12 pentagons. Soccer-ball shaped “Buckminsterful-
lerene” C60 having Ih symmetry is the most famous
member discovered in 1985 [1]. The breakthrough exper-
iment for the production of C60, originally designed for
studying the chemistry in interstellar space and circum-
stellar shells, was conducted by Kroto, Smalley, and Curl
through vaporization of graphite using a pulsed laser
and detection of carbon cluster by in situ time-of-flight
mass spectrometry. Since the discovery of fullerenes,
considerable efforts have been made to explore macro-
scopic synthesis and properties of fullerenes.

12.1. SYNTHESIS

12.1.1. Resistive Heating and Arc-Discharge
of Graphite

In 1990, Kratschmer et al. [2] first reported the tech-
nique capable of producing milligram quantities of C60

by resistive heating of graphite. In a conventional glass
bell jar evaporator filled with an inert gas, two graphite
rods were kept in mechanical contact and evaporated by
a suitably high current. Infrared spectral studies of the
resulting black carbon soot scraped from the chamber
showed four prominent sharp absorptions, close to
those predicted for buckminsterfullerene [3]. Separated
from the soot by extraction with benzene or sublimation
in a vacuum (or in an inert atmosphere), about 100 mg
per day of the purified fullerene materials could be
obtained. The yield of fullerenes (C60, C70, etc.) in soluble
products can be improved to 14% [4].

After some time for graphite evaporation, however,
the contact between the graphite electrodes would be
lost, leading to unsteady fluctuation of arc burning.
Koch et al. [5] modified this arc technique with
a gravity-feed idea and developed a fullerene bench

top reactor. The apparatus consisted of a thin “consum-
able” graphite rod (3 mm diameter) and a thick graphite
rod (12 mm diameter) which is essentially not degraded.
When a direct current (DC) or alternating current (AC)
was supplied, the thin rod evaporated and then slip
downward to keep the constant electric contact. The
fullerene C60 with a yield of about 0.25 g per day could
be produced in this gravity-feed generator.

Haufler et al. [6] reported an efficient preparation of C60

by “contact-arc” vaporizationof graphite rod.As compared
withresistiveheatingtechnique, theevaporationofgraphite
electrodes can be maintained without mechanical contact.
Figure 12.1 presents a schematic diagram of the C60 gener-
ator, in which a 6 mm o.d. graphite rod is kept in contact
with a graphite disk by spring pressure and the fuller-
enes-containing soot is collected in awater-cooled cylinder.
Duringvaporization, the spring tension is adjusted tomain-
tain the arc between these two nearly contacting electrodes
so that the bulk of power is dissipated in the arc, other than
in the Ohmic heating of the rods. In such a “contact-arc”
process, the content of toluene-soluble fullerenes in the
produced soot is about 10� 2%.

C60 and C70 are always predominantly produced in the
graphite resistive heating or arc-discharge approaches.
Depending on the doping of graphite reactant, however,
the relative contents of fullerenes in the products can be
varied to some extent. With a 1% B-doped graphite rod,
the absolute yield of C60 was reduced from 8.85% to
2.75%, while the yield of higher fullerenes such as C78

and C84 were increased by a factor of 2 [7]. Ahmad
et al. [8,9] reported the synthesis of higher fullerene C84

in DC arc discharge using Cu as a catalyst.

12.1.2. Laser Vaporization

Laser vaporization of graphite was studied in 1984
[10] which ultimately led to the discovery of Buckmin-
sterfullerene C60 in 1985 [1]. However, no isolable
amount of fullerenes was formed in the condensed soot.
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A simple modification of the laser vaporization method
[11], done in a “laser furnace” at the temperature around
1200�C, demonstrated that fullerene yields of over 40%
of the vaporized carbon could be achieved [12]. Endohe-
dral fullerenes such as La@C60 were readily produced as
well [11,13]. Compared with arc method, the laser
furnace is much more convenient, in which ablation
laser power, buffer gas temperature and pressure can
be controlled accurately. However, this process is not
suitable for large-scale production of fullerenes simply
because laser apparatus is too expensive.

C60 can also be synthesized by laser ablation of per-
chloroacenaphthylene (C12Cl8) [14] which is composed
of two hexagons and a pentagon, the typical intermediate
in C60 formation as predicted by Pentagon Road [15].
After 10 h of ablation by a pulsed laser beam in a vacuum,
the products were collected and dissolved in toluene by
an ultrasonic bath. Fullerene C60 together with a wide
range of perchlorinated carbon clusters were observed
on the basis of high-performance liquid chromatography
combined with ultraviolet spectrometry and mass spec-
trometry (HPLCeUVeMS) analysis.

12.1.3. Solar Generation

To detour the photochemical destruction of C60 by UV
radiation which is unavoidable in the traditional arc-
discharge process, various research groups [12,16,17]
have shown the possibility of fullerenes production in

rarefied inert gas atmosphere by direct vaporization of
graphite in focus sunlight. The apparatus “Solar 1”
used at Rice University [12] is shown in Fig. 12.2. To
produce soot, sunlight was collected by the parabolic
mirror and focused onto the tip of a 0.4 mm diameter
graphite rod which was mounted inside a Pyrex tube.
In order to minimize the extent of conductive heat loss
and to help anneal the carbon clusters as they grew
from the vapor, the graphite rod was enclosed by
a helical tungsten preheater. In 50 Torr argon atmo-
sphere, the sunlight was focused directly on the tip of
the graphite target to afford about 5 mg toluene-soluble
carbon clusters within 3 h. A scale-up approach of solar
reactor for fullerenes production was proposed by Flam-
ant et al. [18], showing that a cylindrical target of 22 cm
o.d. can be converted to 80e150 g/h carbon soot for an
effective power of 350 kW.

12.1.4. Combustion Synthesis

The existence of positive and negative ions of fuller-
enes such as C60 and C70 in low-pressure premixed
hydrocarbon sooting flames was first revealed by
Homann and coworkers [19] in 1987. After that,
numerous efforts have been focused on synthesis of
fullerenes in macroscopic quantities from the soot
made in laminar, premixed, low-pressure flame of
hydrocarbon and oxygen with or without inert diluent
gas. Howard and coworkers [20] demonstrated that
both C60 and C70 fullerenes were produced in varying
amounts from premixed laminar benzeneeoxygene
argon flames under a range of conditions. HPLC and
spectroscopic studies revealed that the mass of fuller-
enes (C60þC70) produced was around 0.003e9.2% of
the soot. In addition to benzene [20,21], experiments
have also been conducted using the fuels such as toluene
[22], naphthalene [23,24], methane [25], and butadiene
[26]. Richter et al. [27] demonstrated that the addition

FIGURE 12.1 Schematic diagram of graphite rod contact-arc C60

generator [6]. Reprinted with permission from [6]. Copyright (1990)

American Chemical Society.

FIGURE 12.2 Schematic diagram of “Solar 1” fullerene generator
[12]. Reprinted with permission from [12]. Copyright (1993) American

Chemical Society
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of 25% of Cl2 led to a dramatic increase in the production
of fullerene. Since the combustion method is a contin-
uous and easily scalable process similar to those
employed for commercial carbon black production, it
can produce fullerenes with even greater efficiency
than the vaporization of graphite methods. Based on
this technology, large-scale production of fullerenes
(tons per year) has been designed by the Frontier Carbon
Corporation [28].

12.1.5. Thermal Pyrolysis

Polycyclic aromatic hydrocarbons (PAHs) have been
suspected for a long time to be the precursors of fullerenes
[29]. In 1993, Taylor et al. [30] first described the produc-
tion of C60 and C70 from naphthalene pyrolysis at
1000�C in an argon stream. The yield of fullerenes was
estimated to be less than 0.5% on the base of consumed
naphthalene. A mechanism involving the “patch-
assembly” of C10 units through various routes was
proposed. Osterodt et al. [31] showed that thermal pyrol-
ysis of various hydrocarbons and cyclopentadienidee
metal complexes could produce a small amount of
fullerene. In the pyrolytic process, bowl-shaped corannu-
lene and benzo[k]fluoranthene can serve as precursors
leading to fullerene C60 as well [32,33]. To improve the
yield of C60, efforts have been carried out on the pyrolysis
of 1-chloro and 1-bromo derivatives of naphthalene
[33,34]. 1-Bromonaphthalene was considered as a more
suitable precursor than naphthalene, and the possibility
of using perhaloarenes or oligomer of naphthalene as
fullerene precursor in the pyrolysis method was also
demonstrated [35,36].

12.1.6. Plasma Synthesis

Xie et al. [37,38] reported a continuous production of
fullerene C60 and C70 via microwave plasma from chlo-
roform at low-pressure argon atmosphere. The fuller-
enes soot was produced in a quartz column reactor as
shown in Fig. 12.3 [37]. Yields of C60 (0.3e1.3%) and
C70 (0.1e0.3%) and their ratio depended on the temper-
ature gradient and the collision probability. The plasma
synthesis of fullerenes can also be achieved in a glow
plasma reaction of chloroform [39]. Fullerene yield
obtained by this method is relatively low (less than
1%). Albeit the relatively low yield of fullerenes, the
plasma method has lots of potential for the economical
production of fullerene because of the continuous and
controllable operation conditions. Furthermore, various
fully chlorinated fullerene fragments, such as C10Cl8,
C12Cl8, C16Cl10, and C20Cl10 formed together with C60

and C70 under the same reaction conditions, provide
evidence shedding light on the formation mechanism
of fullerenes.

12.1.7. Chemical Synthesis

Chemical synthesis of C60 involving related polyyne
precursors was studied by several groups [40e43].
Recorded by mass spectrometry, C60 was produced
because of zipping up of the macrocyclic polyalkynes
subject of laser desorption/ionization. For example,
the reactive cage polyyne C60H6 (1), supposed as
a possible precursor to C60, would collapse to Ih-
symmetric cage structure with the loss of hydrogen
atoms in gas phase. The initial studies of Rubin [43]
demonstrated the possibility of complete dehydrogena-
tion of C60H6. The polyyne cyclization mechanism for
fullerene formation was also suggested by Tobe et al.
[41,42] from the observation of C60 ions in mass spectra
of the stable hydrocarbon C60H6(Ind)6 (Ind¼ indane) (2)
and its perchlorinated derivative C60Cl6(Ind)6 (3). Diaza-
fullerene anion C58N2

� was also detected in the laser
desorption mass spectrum from diazafullerene precur-
sors with pyridine instead of benzene moieties [44].

FIGURE 12.3 Schematic diagram of microwave synthesis system
[37]. Reprinted with permission from [37]. Copyright (1999), American

Institute of Physics.
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Fullerene C60 can also be produced with a high inten-
sity UV laser irradiation of polycyclic aromatic hydro-
carbon C60H30 (4) (Scheme 12.1), which was
synthesized in nine steps by conventional laboratory
methods [45,46]. According to the synthesis of bowl-
shaped polycyclic aromatic hydrocarbon [47e51], incor-
poration of halogen atoms at strategic sites could facili-
tate the formation of molecular curvature [52]. Based on
this guideline, polycyclic aromatic precursor C60H27Cl3
(5), bearing chlorine substituents at key positions, was
synthesized in 12 steps from commercially available
starting materials [53]. Sufficient quantities of C60 were
generated by flash-vacuum pyrolysis (FVP) of 5 at
1100�C (Scheme 12.1). No C70 or any other fullerenes
were detected in the synthetic products. Higher
fullerene precursors, such as C84H42 [54] and C78H48

[55] have been synthesized as well. The highly selective
formation of C84 and C78 confirms the potentiality of
using FVP technique for the direct synthesis of higher
fullerenes from polycyclic aromatic hydrocarbon
precursors. The formation of C60 and the triazafullerene
C57N3 from corresponding aromatic precursors in cyclo-
dehydrogenation process was also achieved on a plat-
inum (111) surface at a temperature of 750 K [56].

SCHEME 12.1 Final step in the chemical synthesis of C60 [46,53].
From [53]. Reprinted with permission from AAAS.

12.2. CHARACTERIZATION
OF FULLERENES

In the original gas-phase experiment conducted in the
laser vaporization conditions, there are plenty of fuller-
enes Cn (n is the even number larger than 20 but with
the exception of 22) in the gas phase (Fig. 12.4) [1,10,57].
However, only a few bare hollow fullerenes survive the
ambient conditions and have been isolated in the forms
of stable hollow fullerenes. The most famous members
of the stable hollow fullerenes are Ih-C60 andD5h-C70 iso-
lated in early 1990. (Note that the nomenclature is speci-
fied by symmetry to differentiate their isomers.)

The instability of most of the other fullerenes is due to
their violation of the so-called Isolated Pentagon Rule

(IPR) proposed by Kroto [58]. This rule states that
a stable hollow fullerene is the sort of carbon cage
having each of its pentagons surrounded by five hexa-
gons, i.e., all of the pentagons are separated from each
other. Figure 12.5 shows the basic fused-pentagon
configurations (with 2e3 pentagon subunits) in non-
IPR fullerenes. Topologically, most of the fullerenes are
the cages having at least a pair of their pentagons fused.
Table 12.1 lists the isomer numbers of IPR-satisfying and
non-IPR types of selected fullerenes [59]. As shown, the
number of non-IPR fullerene isomers is awesomely
larger than that of IPR-satisfying ones for a given cluster
size. For example, there are 1811 non-IPR isomers and
only one IPR-satisfying C60, and all the fullerenes
smaller than C60 are IPR-defying fullerenes.

Facing the huge number of non-IPR fullerenes that
are therefore unstable, chemists face challenges to bring
them into reality. Over the last 10 years, significant
advances have been achieved in stabilizing and isolating
the IPR-defying fullerenes by exohedral derivatization

FIGURE 12.4 The mass spectra of fullerene family. Reprinted with

permission from [10]. Copyright (1984), American Institute of Physics.

FIGURE 12.5 Basic fused-pentagon configurations (with 2e3
pentagon subunits) in non-IPR fullerenes. a, doubly-fused pentagons.
b, triple sequentially fused pentagons. c, triple directly fused penta-
gons. Note that this set can be extended to multiple configurations
with 4 or more pentagon subunits.
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(chlorofullerenes, hydrofullerenes, or stabilized using
other addends), by endohedral encapsulation of elec-
tron-donating metal atoms/clusters (such as metal(s),
trimetal nitrides, metal carbides, or others), or by combi-
nations thereof. The exohedral stabilization relies on
means of relieving the molecular strain associated with
fused pentagons and achieving local aromaticity of the
carbon fragments, while the endohedral stabilization
depends mainly on the matchable electron transforma-
tion from the encapsulated metal atom/cluster to the
fullerene cage [60].

KräschmereHuffman arc-dischargemethod [2] is still
the dominative approach to synthesize carbon cages in
the forms of exohedral, endohedral as well as bare
fullerenes, though combustion method has been used
for macroscopic production of fullerenes including
IPR-satisfying and non-IPR species [61]. The yield of
target fullerenes is normally low and is sensitive to reac-
tion conditions in the carbon arc process. Normally, the
products from the carbon arc are complex mixtures.
Separation and purification, usually by HPLC tech-
niques, are necessary to obtain pure materials.

Traditional chemical methods have been used for the
synthesis of Ih-C60 and dodecahedrane (C20H20) [62]. By
chemical modification of bare fullerenes such as Ih-C60,
fullerene family has been expanded to include carbon
cages incorporating four- and seven-membered rings
[63e65].

All the classical characterization methods, including
MS, FTIR, NMR, X-ray crystallography, can be used for
identification of the structures of fullerenes. 13C NMR
spectrum is more important than 1H NMR for struc-
ture determination since fullerene derivatives are
carbon-rich molecules, but the solubility of fullerenes
or their derivatives in common organic solvents is
often not enough for acquirement of high-quality 13C
NMR spectra. Moreover, due to numerous structural
isomers and poor symmetry of fullerenes, the 13C
NMR spectra are usually very complex and authentic
structures are difficult to assign even in combination
with theoretical computation. At present, X-ray crystal-
lography has become the most important method for
characterizing structures of fullerenes with high accu-
racy. However, single crystal growth is usually a seren-
dipitous event. Moreover, bare spherical structures for
fullerenes usually result in unavoidable cage disorder
in the crystal. Exohedral derivatization by chemical
groups or intermolecular interactions with, for
example, M(OEP)s (M¼metal, OEP¼ 2,3,7,8,12,13,17,
18-octaethylporphinate) is thus necessary to order
fullerene cages in the crystal. In the absence of X-ray
crystallographic data, DFT computations coupled with
spectroscopic data (such as optical band gap and vibra-
tional spectra) may be considered as an alternative
approach for the characterization of most stable endo-
fullerene isomers.

Listed in Table 12.2 are the fullerenes synthesized/
stabilized and characterized so far, including hollow
fullerenes, endofullerenes, and exohedral fullerenes. In
addition, heterofullerenes with nitrogen atom on the
fullerene cage surface, such as C59N [66], C69N [67,68],
and M2@C79N (M¼ Y, Tb) [69], have been synthesized
and identified as well. Note that any fullerenes
which have not been fully characterized are excluded
here.

12.3. CHEMICAL REACTIONS

Since the macroscopic synthesis of fullerenes (C60 and
others) in 1990, fullerene reactivity has been an attractive
area for chemists. In the first two decades of fullerene
reactivity research, the studies are overwhelmingly pre-
dominated by chemical reactions involving buckmin-
sterfullerene C60. In contrast, investigations on the
reactivity of other fullerenes such as endofullerenes are
apparently less until recent years. In this section, the

TABLE 12.1 The Numbers of IPR-Satisfying or Non-IPR
Fullerene Isomers Cn Ranging from C20 to C100

n Non-IPR IPR n Non-IPR IPR

20 1 0 62 2385 0

24 1 0 64 3465 0

26 1 0 66 4478 0

28 2 0 68 6332 0

30 3 0 70 8148 1

32 6 0 72 11,189 1

34 6 0 74 14,245 1

36 15 0 76 19,149 2

38 17 0 78 24,104 5

40 40 0 80 31,917 7

42 45 0 82 39,710 9

44 89 0 84 51,568 24

46 116 0 86 63,742 19

48 199 0 88 81,703 35

50 271 0 90 99,872 46

52 437 0 92 126,323 86

54 580 0 94 153,359 134

56 924 0 96 191,652 187

58 1,205 0 98 230,758 259

60 1811 1 100 285,463 450
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TABLE 12.2 A List of Fullerenes Synthesized/Stabilized and Characterized so Far

Carbon atoms Molecule stabilized Pentagon configuration Cage symmetry References

20 C20H20, C20Cl16 1 duodenary directly
fused

Ih [70e73]

36 C36, C36H4, C36H6 or C36H6O 1 sextuple sequentially
fused

D6d [74e76]

50 C50Cl10 5 double fused D5h [77]

54 C54Cl8 2 triple sequentially fused C2 [78]

56 C56Cl10 4 double fused C2v [79]

C56Cl12 2 double fused and 1 triple
sequentially fused

C1 [78]

58 C58F18 and C58F17CF3 2 triple sequentially fused
1 heptagona

C2 [64]

60 C60 No fused Ih [1,2]

C60Cl8 2 double fused C2v [80]

C60Cl12 3 double fused Cs [80]

62 C62X2 (X¼H, 4-MeC6H4,
2-Py, 3,5-(MeO)2C6H3)

1 quadranglea C2 [63,65]

64 C64H4 and C64Cl4 1 triple directly fused C3 [81,82]

66 C66Cl6 and C66Cl10 1 triple sequentially fused C2 [78]

Sc2@C66 2 double fused C2v [83]

68 Sc3N@C68 3 double fused D3 [84,85]

Sc2C2@C68 2 double fused C2v [86]

70 C70 No fused D5h [1,2]

Sc3N@C70 3 double fused C2v [87]

72 La2@C72 2 double fused D2 [88e90]

La@C72(C6H3Cl2) 1 double fused C2 [91]

74 C74 No fused D3h [92]

76 C76 No fused D2 [93]

C76(CF3)12 No fused Td [94]

C76Cl24 5 double fused C2 [95]

DySc2N@C76 2 double fused Cs [96]

78 C78 No fused D3 [97,98]

C78 No fused C2v [97,98]

C78(CF3)12 No fused D3h [94,99]

C78(OOCH2C6H5)Cl7 1 double fused C1 [100]

M3N@C78 (M¼Dy, Tm, Gd) 2 double fused C2 [101,102]

80 C80 No fused D5d [103]

C80(CF3)12 No fused C2v [94]

Sc3N@C80, Sc3C2@C80 No fused Ih [104,105]

Tm3N@C80 No fused D5h [106]

La@C80(C6H3Cl2) No fused C2v [107]

82 C82(CF3)12 No fused C2 [94]

(Continued)
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reactivities of buckminsterfullerene and endofullerenes
are discussed.

12.3.1. Buckminsterfullerene C60

The chemical reactions involving buckminsterful-
lerene C60 include reduction, cycloaddition, nucleophilic
addition, radical addition, oxidation, hydrogenation,
and halogenation reactions.

12.3.1.1. Reduction

Electrochemical reduction
Theoretical calculation predicted that the LUMO of
C60 is able to accept up to six electrons to form
diamagnetic C60

6�. This predication was confirmed
by cyclic voltammetry investigations [131]. Cyclic
voltammetry studies showed that electrons can be
added stepwise and reversibly to fullerenes. By

TABLE 12.2 A List of Fullerenes Synthesized/Stabilized and Characterized so Fardcont’d

Carbon atoms Molecule stabilized Pentagon configuration Cage symmetry References

La@C82 No fused C2v [108,109]

La@C82 No fused Cs [110]

Er2@C82 No fused Cs [111]

Er2@C82 No fused C3v [112]

Gd3N@C82 1 double fused Cs [113]

84 C84 No fused D6h [114]

C84 No fused D3d [114]

Sc2C2@C84, C84(C2F5)12 No fused D2d [115,116]

C84(C2F5)12 No fused C2v [115]

C84(C2F5)12 No fused C2

C84(C2F5)12 No fused Cs

C84(CF3)12 No fused D2d

C84, C84(CF3)16, C84(C2F5)12 No fused D2 [115,117]

C84Cl32 No fused, 1 heptagona Cs [118]

Gd3N@C84 1 double fused Cs [119]

86 C86 No fused C2 [120]

C86 No fused Cs [120]

Tb3N@C86 No fused D3 [122]

88 C88(CF3)18 No fused C2 [121]

Tb3N@C88 No fused D2 [122]

90 C90 No fused D5h [123]

C90(CF3)12 No fused C1 [124]

C90Cl32 No fused C2v [125]

C90Cl32 No fused Cs [125]

92 C92 No fused C2 [126]

C92(CF3)16 No fused D2 [121]

Gd2C2@C92 No fused D3 [127]

94 Tm@C94, Ca@C94 No fused C3v [128]

C94(CF3)20 No fused C2 [129]

96 C96(C2F5)12 No fused C1 [129]

104 Sm2@C104 No fused D3d [130]

aThe nonclassical fullerene incorporating heptagon or quadrangle.
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the use of mixed solvent system (toluene and
acetonitrile) at low temperature, the potential
window was expanded down to �3.3 V vs Fc/Fcþ

allowing the observation of the generation of
C60

6�, C70
5�, and C70

6� even at very slow scan rate
(100 mV/s).

Reduction by metal
The possibility of producing C60 polyanions by
reaction with electropositive metals has been
investigated. For example, reduction of C60 and C70

was carried out using Li metal in THF with the aid of
ultrasound [132]. Although the fullerenes C60 and C70

are only slightly soluble in THF, the reduced
fullerenes C60

n� and C70
n� are highly soluble and

generate a deep red-brown solution after sonication.
Alkylation of the C60 and C70 polyanion mixture with
excess methyl iodide yields polymethylated
fullerenes with up to 24 methyl groups. Reduction
with metal is also achieved by solid-phase technique,
in which alkali metals react directly with C60. The
discovery of superconductivity in alkali metal doped
C60[133] was achieved by this method.

Reduction by organic donors
Reaction with organic or metal organic donor
molecules gives rise to fullerene-based charge-
transfer (CT) complex. Due to the solubility of CT
complexes in polar solvents, e.g., THF or benzonitrile,
they can be obtained straightforwardly by
precipitation with addition of nonpolar solvent. For
example, anaerobic treatment of a crimson solution of
CrIII(TPP) in THF reacts with a magenta solution of
C60 in toluene to produce a charge-transfer (CT)
complex CrIII(TPP)þC60

�, which exhibits remarkable
electronic and magnetic properties [134]. Further
studies have shown that strong electronic
metallocene donors, such as cobaltocene (CoCp2)
[135], [FeI(C5H5)(C6Me6)] [136], or decamethyl
nickelocene [137] can be used to produce fullerene-
based CT complexes.

12.3.1.2. Cycloaddition

[4D2] cycloaddition
In cycloaddition reactions the [6,6] double bonds of
C60 exhibit a dienophilic character, which enables the
molecule to undergo various DielseAlder [4þ2] type
cycloadditions. With equimolar amounts of
cyclopentadiene and C60, monoadduct (Scheme 12.2)
was achieved in high yield [138], while up to six
addends can attach to the cage with an excess of
cyclopentadiene [139]. The [4þ2] cycloaddition of
anthracene as well as its derivatives to C60 (across the
9-, 10-position) has been proved to be thermally
reversible [140,141]. Selective hydrogenation and

bromination of the addend or the introduction of
aromaticity can overcome this problem and account
for stable cycloadducts [139,142].

[3D2] cycloaddition
Maggini et al. [143] first reported the very general
fullerene functionalization, based on the 1,3-dipolar
cycloaddition of azomethine ylides to C60.
Azomethine ylides can be generated in situ from
various starting materials [144]. The decarboxylation
of immonium salts derived from the condensation of
a-amino acids with aldehydes or ketones has been
proved a successful approach. For example,
fulleropyrrolidines were readily prepared by reaction
of C60 with azomethine ylide which was generated by
heating N-methylglycine and paraformaldehyde at
reflux in toluene (Scheme 12.2).

[2D2] cycoladdition
Benzyne, generated in situ from anthranilic acid or
4,5-dimethoxyanthranilic acid, reacts with C60 to form
a series of [2þ2] cycloadducts [145,146]. The
photochemical [2þ2] cycloadditions of a variety of
cyclic enones to C60 were studied using a high-
pressure mercury lamp or with a XeCl excimer laser
[147,148]. Cycloaddition of electron-rich alkyne
(N,N-diethylpropynylamine) to C60 upon irradiation
(>530 nm) of oxygen-free toluene at room
temperature for 20 min results in a single adduct
(C60 fused cyclobutenamine) in good yield [149].

[2D1] cycloaddition
Reactions between C60 and carbene, nitrene, and
silylene lead to the formation of [2þ1] cycloadducts.
For example, a fullerene sugar (Scheme 12.2) can be
produced in the reaction of C60 with carbene

SCHEME 12.2 Examples of cyclo-additon reactions of C60.
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precursors O-benzyl- and O-pivaloyl-protected
diazirine [150]. Addition of nitrenes, generated from
photolysis of aroyl azides [151] or aryl azide [152]
leads predominantly to the closed [6,6] bridged
isomer. Isolable [2þ1] cycloadduct is also formed by
reaction of C60 and bis(2,6-diisopropyphen yl)silylene
[153].

12.3.1.3. Nucleophilic Addition

Owning to the high electrophilic reactivity of fuller-
enes, nucleophilic addition reactions can take place
readily with organolithium and Grignard compounds
[154]. The reaction of C60 and tert-butyllithium in
benzene gives (t-Bu)nC60

n� anions. Their protonation
with acetic acid in THF yields the corresponding hydro-
fullerene derivatives (t-Bu)nC60Hn [154]. Due to the
stability and low nucleophilicity, metal acetylides
exhibit much less reactivity toward C60. The nucleo-
philic addition can only occur under forced conditions
[155]. For example, the addition of excess of [(trimethyl-
silyl)ethynyl]lithium in a refluxing toluene solution of
C60 results in the formation of ethynylated fullerene
anion (Scheme 12.3). The final products were obtained
by quenching with acid. Desilylation of this (trimethyl-
silyl)ethynyl derivative followed by coupling reaction
with CuCl leads to the formation of buckdumbbell [156].

Besides protonation, alkylation, or benzylation, the
intermediate RnC60

n� anion generated in nucleophilic
addition can also be stabilized by intramolecular nucleo-
philic substitutions. As shown by BingeleHirsch reaction
[157], carbon nucleophiles generated by deprotonation of
a-halo esters or a-halo ketones react with C60 resulting in
the cyclopropanation of fullerenes (Scheme 12.3). Mono-
addition product C61(COOEt)2 along with seven stable
regioisomeric biadducts and chiral triadducts can be iso-
lated [158]. Further cyclopropanation ofC3-symmetric tri-
adduct in a stepwise ultimately gave Th-symmetric
hexakisadduct [159].

Under certain conditions, organocopper compounds,
prepared by transmetalation between Grignard reagent
and CuBr$SMe2, can regioselectively react with C60 to
produce penta-arylated, alkenylated, methylated, and
silyl-methylated compounds (C60R5H) in good yields [160].

12.3.1.4. Radical Addition

C60 behaves like a radical sponge. A variety of photo-
chemically or thermally in situ generated reactive radi-
cals can be efficiently added to yield persistent radical
adducts of C60. The stability of radical adducts strongly
depends on the nature of addition groups. A rather
persistent radical t-BuC60, with sterically demanding
group, has been generated by irradiation of a saturated
benzene solution of C60 in the presence of tert-butyl
bromide [161]. The electron spin resonance (ESR) spec-
trum shows a 10-line hyperfine manifold having the
binomial intensity distribution appropriate for nine
equivalent protons interacting with a single unpaired
electron. Along with t-Bu, a series of alkyl and aryl radi-
cals can be similarly attached to C60 [162e165].

Since perfluorinated carbon-centered radicals are
usually more stable than ordinary alkyl analogues,
a large variety of C60(CF3)n derivatives, with even
number of addends (n¼ 2e18) have been synthesized
by reaction of C60 with any compounds that facilitate

CF3 radicals release on heating [166e170]. One of the
available trifluoromethylation methods for the synthesis
of C60(CF3)16 (three isomers) and C60(CF3)18 from the
reaction between C60 and CF3I was carried out in a glass
ampoule around 400�C [167]. High-temperature reaction
involving C60 and silver (I) trifluoroacetate was also
carried out for the synthesis of C60(CF3)n (n¼ 2, 4, 6, 8,
10) [170]. Similarly, the high-temperature reactions of
C60 with C2F5I [168] and i-C3F7I [169] gave corresponding
poly(perfluoroethyl)fullerenes C60(C2F5)n (n¼ 6, 8)
and poly(perfluoroisopropyl)fullerenes C60(i-C3F7)n
(n¼ 6, 8).

SCHEME 12.3 Examples of nucleophilic additions of C60. Adapted with permission from [153]. Copyright (1994) American Chemical Society.
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12.3.1.5. Oxidation

Oxygenation of C60 and C70 was detected in the
fullerene soot generated by the vaporization of graphite
[171,172] due to the small amount of oxygen present in
the fullerene reactor. Photooxidation of C60 in benzene
solution at room temperature leads to a single monoxide
C60O in 7% yield [173]. Extensive oxidation and frag-
mentation of C60 can be achieved by UV irradiation in
hexane or heating in the presence of oxygen [173,174].

Osmium tetraoxide is a powerful selective oxidant.
Inspired by the pyridine-accelerated osmylation of poly-
cyclic aromatic hydrocarbons [175], Hawkins reported
the osmylation of C60 and provided the fully character-
ized C60 derivatives [176], thereby giving the first defin-
itive proof of the buckminsterfullerene structure.

12.3.1.6. Hydrogenation

Birch reduction
The first successful hydrogenation of C60 was
achieved by Smalley and coworkers using a Birch
reduction process (Li, liquid NH3, and t-BuOH) [6]. In
experiment, the dark-colored C60 was converted to
a light cream to off-white substance. Spectral analysis
indicated the existence of isomers of C60H36 and
C60H18. Further treated with 2,3-dichloro-5,6-
dicyanobenzoquinone (DDQ) in reflux toluene, the
hydrofullerenes can be converted back to C60.

ZneCu couple reduction
Hydrogenation of fullerenes can also be achieved by
the use of Zn (Cu) reduction in the presence of proton
source. The pattern and the number of addend in
hydrogenated fullerenes are controllable depending
on reaction time, efficiency of stirring, and the ratio of
metal to C60 [177,178]. For example, the simplest
covalent derivative of C60, C60H2, can be isolated in
66% yield after 1 h reaction, while extensive reaction
times lead to the formation of C60H4 (2 h) and C60H6

(4 h).

Zn/HCl reduction
A more convenient and faster approach involves the
use of Zn/HCl in toluene under nitrogen atmosphere.
Hydrogenation of C60 with Zn and HCl results in the
formation of C60H2, C60H4, C60H6, and C60H36

[179,180], while hydrogenation of C70 under the
similar conditions gives the major products of C70H36

and C70H38 [180].

Hydrogenation via hydrozirconation and hydroboration
Upon hydrozirconation of C60 using (h5-C5H5)2Zr(H)
Cl, the soluble intermediate (h5-C5H5)2ZrClC60H is
hydrolyzed to give a dihydrofullerene C60H2. Further
hydrozirconation and hydrolysis of this intermediate
led to higher adducts C60H4 and C60H6 [181]. The
reaction of fullerenes with BH3 in toluene followed by

hydrolysis has been used for the preparation of C60H2

and C70H2 [182].

Transfer hydrogenation
9,10-Dihydroanthracene is a typical transfer
hydrogenation agent which can readily lose
hydrogen to become aromatic [183,184]. The
treatment of C60 in a sealed glass tube in a melt of
9,10-dihydroanthracene at 350�C for 30 min gives
C60H36. Extending the reaction time to 24 h resulted in
the formation of C60H18.

Hydrogenation with molecular hydrogen
Direct hydrogenation is also achieved under pressure
in the presence of various catalysts. The level of
hydrogenation can be controlled by hydrogen gas
pressure and the reaction temperature. High degree of
hydrogenation (up to C60H50) has been carried out by
catalytic hydrogenation ofC60 on activated carbonwith
Ru as catalyst in refluxing toluene [185]. The activity
and selectivity of different catalysts have been
systematically investigated: Reactions involving Ru,
Rh, and Ir as catalyst gave mainly C60H18 while Pd, Pt,
Co, andNipredominantlygaveC60H36.AuandFehave
very little activity for fullerene hydrogenation [186].

12.3.1.7. Halogenation

FLUORINATION

Among the halogenated fullerenes, fluorofullerenes
represent a particularly interesting group of the
compounds. First, due to the small size and strong elec-
tron withdrawing character of fluorine atom, fluoroful-
lerenes behave like powerful electrophiles and are very
susceptible to nucleophilic attack which makes them
versatile fullerene building blocks for further derivatiza-
tion. Second, significantly different retention times due
to the high polarity and different fluorination level of
fluorinated derivatives facilitate their separations and
purifications by HPLC.

Initial fluorination of fullerene was carried out by
reaction between F2 gas and solid C60 [187,188]. The stoi-
chiometry of the products was found ranging from
C60F30 to C60F52 with C60F36 being particularly stable.
Further studies of reaction between fullerenes and fluo-
rine gas led to the conclusion that regardless of the fluo-
rination conditions, a mixture of C60Fnwith awide range
of compositionswas formed (n¼ 2e60). However, under
severe fluorinating conditions, higher degree of fluorina-
tion is accessible. For example, C60F48, the first isolated
fluorofullerene, was favored only at very high tempera-
ture (315e350�C). An alternative process for the substan-
tial formation of C60F48 was a two-stage reaction which
involved direct fluorination of C60 at 250

�C for 20 h and
a subsequent fluorination of the isolated and purified
intermediate product at 275�C for 30 h [189].
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As compared to gaseous fluorine, metal fluorides are
considered milder fluorination agents and widely used
in selective fluorination of fullerenes. Previous experi-
ments have been carried out with various binary metal
fluorides (MnF3, CoF3, CeF4, AgF, AgF2) [190e193]. The
reaction involving C60 with MnF3 produced C60F36 selec-
tively [190], while fluorination with AgF (or AgF2) gave
C60F18 (or C60F44) [193]. The smallest fluorofullerene
C60F2 was generated using the very mild fluorination
agentsCuF2 andFeF3 [194]. Besides binarymetalfluorides,
ternary fluorides have also been used for preparing many
fluorofullerenes under vacuum. For example, the C60F18
was isolated as a major product of fluorination with
KPtF6 at 450e520�C [195]. Reactions of C60 with ternary
lead fluorides Cs3PbF7 and Cs2PbF6 resulted in high selec-
tive formation of C60F36 and C60F18, respectively [196].

Fluorination of C60 was also carried out either with
XeF2 in treating dichloromethane solutions [197] or with
KrF2 in anhydrousHFat room temperature [198].Halogen
fluorides such asClF3 and BrF5 are known asmore power-
ful fluorination agents than fluorine gas [199]. However,
fluorination with rare gas fluoride or halogen fluoride
generates inseparable mixture of products.

CHLORINATION

The chlorination of fullerenes has been intensively
studied since early 1990s. For example, chlorination of
pure C60 and C60/C70 mixture was achieved in a hot
glass tube with a slow stream of chlorine gas at the
temperature of 250e400�C [200]. An average of 24 chlo-
rine atoms was attached to C60 based on this chlorina-
tion method. By treatment with liquid chlorine around
�35�C, C60 was quantitatively converted to multiply
chlorinated products [201]. UV irradiation of a solution
of C60 in CCl4 saturated with Cl2 resulted in C60Cl24
[202]. A family of chlorofullerenes, C60Cl6, C60Cl8,
C60Cl10, C60Cl12, C60Cl14, and C60Cl26, has been synthe-
sized as complex mixture based on the reaction
involving C60 with ICl or ICl3 [203]. Birkett et al. [204]
first reported the synthesis and 13C NMR characteriza-
tion of chlorofullerene C60Cl6, and an improved
synthetic procedure was developed by Kuvychko et al.
[205] in which 90% Cs-C60Cl6 was synthesized in 7 min
from C60 and iodine monochloride.

The highly chlorinated fullerene D3d-C60Cl30 with
a drum-shaped carbon cage was synthesized by high
temperature (220e250�C) chlorination of C60 using ICl
and SbCl5 as reagents [206]. Chlorination of C60 using
VCl4 or C60Br24 using SbCl5 [207] at 140e160�C allowed
selective synthesis of highly symmetrical chlorofuller-
ene, Th-C60Cl24. Increase in the reaction time up to 2
months led to the formation of second isomer of
C60Cl30 (point groups C2) [208]. Chlorination of C60

with ICl at 120�C for 30 days resulted in the formation
of C1eC60Cl28 [208].

BROMINATION

Bromofullerenes were synthesized from bromination
of C60 using concentrated solution of bromine or neat
bromine. For example, the C60Br24 with Th-symmetry,
the highest symmetry available for a bromofullerene,
was obtained by the reaction of C60 and liquid bromine
[209]. The bromination of C60 in CS2 as well as in chloro-
form resulted in the formation of C60Br8 [210]. Another
bromide, C60Br6, was synthesized in either benzene or
tetrachloromethane [210].

IODINATION

Iodination of fullerenes has not been observed to
date, perhaps due to the weakness of CeI bond and
the bulk size of iodine atom.

12.3.1.8. Organometallic Complex

A variety of organometallic fullerene derivatives
have been synthesized through the reactions involving
fullerenes and transition metal complexes. X-ray crystal-
lographic investigations have shown that fullerenes
act as electron-deficient rather than aromatic alkenes,
thus h2-derivatives are usually obtained instead of
h6-derivatives. For example, equimolar amounts of
Vaska’s compound, Ir(CO)Cl(PPh3)2, with C60 leads to
the formation of (h2-C60)Ir(CO)Cl(PPh3)2 (Fig. 12.6)
[211]. Single-crystal X-ray structure analysis clearly
demonstrated the h2-binding of iridium to a [6,6]
bond of C60. Interestingly, replacement of one phenyl
group by eCH2C6H4OCH2Ph in Vaska’s compound
produces a supramolecular architecture in which C60 is
surrounded by the arms of two phosphine ligands via
pep interaction [212].

FIGURE 12.6 The molecular structure of (h2-C60)Ir(CO)Cl(PPh3)2
[211]. Reprinted with permission from [211]. Copyright 1991 American
Chemical Society.
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Using smaller MEt3 ligand (M¼ Pt, Pd), up to six
metallic groups can be coordinated to C60 [213].
However, larger size of C70 allows attachment of four
large Pt(PPh3)2 addends [214]. As for Vaska’s complex,
multiple addition products of C60 or C70 were synthe-
sized when the phenyl groups on phosphorus were
replaced with electron-donating substituents [215].

12.3.2. Endofullerenes

The chemical modifications on endofullerenes have
been increasingly studied in addition to the synthesis of
various pristine endofullerenes [216e220], because endo-
fullerene derivatives are considered as promising mate-
rials with multiple potential applications in areas such
as optics, molecular electronics, and medicine. The first
derivatization reaction of endofullerenes was the silyla-
tion reaction of La@C82(C2v) reported by Akasaka et al.
in 1995 [221]. Similar to the reactions performed with
hollow fullerenes, the derivatization with endofullerenes
includes cycloaddition, carbene, BingeleHirsch, hydrox-
ylation, radical, and some other addition reactions.
However, the derivatizations on endofullerenes seem
more complex than their hollow analogues.

12.3.2.1. Cycloaddition

[4þ2] CYCLOADDITION: DIELSeALDER REACTION

The first [4þ2] cycloaddition derivative of endofuller-
ene was synthesized by refluxing for 24 h a solution of
Sc3N@C80(Ih) and excess 6,7-dimethoxyisochroman-3-
one (99% 13C-labeled) in 1,2,4-trichlorobenzene (TCB)
(Scheme 12.4) [222]. NMR spectroscopic analysis sug-
gested that the addition had mainly taken place at the
[5,6] ring junction of the Ih C80 cage, which was
confirmed by X-ray crystallography later on [223].
Some kinds of bisadducts of Gd3N@C80 were also
synthesized by using the same approach but no regiose-
lectivity was observed [224].

SCHEME 12.4 [4þ2] DielseAlder reaction of Sc3N@C80(Ih) [222].
Adapted with permission from [222]. Copyright (2002) American Chemical

Society.

La@C82(C2v) reacted with excess cyclopentadiene
(Cp) in a degassed toluene over 2 h in the dark,
produced monoadducts La@C82(C2v)(Cp) in 44% yield
(Scheme 12.5). The retro-DielseAlder reaction was
obtained at 298 K in toluene, with the activation energy
lower than that of the retro reaction of C60Cp [225].
Recently, a computational study of the DielseAlder
reaction involving 1,3-butadiene with Y3N@C78(D3 h)
suggested that the addition was predominantly at its

[6,6] junction with implied regioselective functionaliza-
tion of Y3N@C78(D3 h) [226].

SCHEME 12.5 [4þ2] DielseAlder reaction of La@C82(C2v) with
cyclopentadiene [225]. Adapted with permission from [225]. Copyright
(2005) American Chemical Society.

[3þ2] CYCLOADDITION: 1,3-DIPOLAR CYCLOADDI-

TION In 1995, Akasaka et al. [221] reported the first
functionalization reaction of endofullerene,
La@C82(C2v), with 1,1,2,2-tetrakis(2,4,6-trimethylphenyl)-
1,2-disilirane. When a degassed solution of La@C82(C2v)
and disilirane in a sealed tube was irradiated with
a tungsten-halogen lamp, a 1:1 mixture of monoadduct
resulted (Scheme 12.6). Under the same condition, an
analogous compound Gd@C82(C2v)(Mes2Si)2CH2 was
obtained [227]. The same monoadducts were obtained
under thermal conditions also. The similar reaction of
La@C82(C2v) and 1,1,2,2-tetrakis(2,6-diethylphenyl)-1,2-
digermirane occurred under photochemical and thermal
conditions aswell [228].Up todate, the bissilylatedmono-
adducts of Pr@C82, Ce@C82, Y@C82, Sc3N@C80, and
Ce2@C78 have been synthesized [229e233].

SCHEME 12.6 Silylation reaction of M@C82(C2v) (M¼ La, Gd)
with disilirane [221].

The synthesis of a pyrrolidine adduct of La@C82(C2v)
was reported by Cao et al. in 2004 [234]. A solution of
La@C82(C2v) mixed with excess N-methylglycine and
paraformaldehyde in toluene was heated at 100�C for
30 min in a sealed EPR quartz tube. Three bisadducts
and two monoadducts were obtained. By HPLC isola-
tion one mono- and one bisadduct formed which were
isolated in pure form and further characterized by EPR
spectra. The similar reaction was also carried out by
Gu and coworkers with M@C82 (M¼Gd, Y) [235,236].
Utilizing 13C-labeled formaldehyde, Echegoyen and
coworkers [237] identified the addition pattern of
a [5,6] bondedmono-pyrrolidine adduct of Sc3N@C80(Ih)
(Scheme 12.7) which was subsequently confirmed by
Dorn and coworkers [238]. Starting from Y3N@C80(Ih),
the [6,6] addition of cycloaddition product was obtained
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[239]. Further experiment [240] of thermal isomerization
suggested that the [6,6] monoadduct was the kinetic
product and the [5,6] monoadduct was the thermody-
namic product. Such a thermal isomerization between
two monoadducts of Sc3N@C80(Ih) was also reported.
The crystal structure of the [5,6] pyrrolidine derivative
of Y3N@C80 was reported later on [241]. Moreover, the
1,3-dipolar retro-cycloaddition of the N-ethylpyrroli-
dino-Sc3N@C80(Ih) derivative was achieved by heating
in o-dichlorobenzene for 20e24 h in the presence of
maleic anhydride [242].

SCHEME 12.7 [1,3]-Dipolar cycloaddition of Sc3N@C80(Ih) [237].
Reprinted with permission from [237]. Copyright (2005) American Chemical
Society.

Using 3-triphenylmethyl-5-oxazolidinone as the
reagent, both [5,6] and [6,6] pyrrolidine derivatives of
La2@C80 were synthesized and the [6,6] adduct was
identified by X-ray crystallography (Scheme 12.8)
[243]. Twomonoadducts ([5,6] and [6,6]) of Sc3N@C80(Ih)
were also synthesized and it was revealed that the [6,6]
adduct was thermally more stable than the [5,6] adduct
[244]. A similar 1,3-dipolar cycloaddition reaction was
applicable with Sc3N@C80(D5h) [245] and Sc3N@C78(D3h)
as well [246].

SCHEME 12.8 [1,3]-Dipolar cycloaddition of La2@C80[243].
Reprinted with permission from [243]. Copyright (2006) American Chemical

Society.

12.3.2.2. CARBENE REACTION

The carbene reaction of 2-adamantane-2,3-[3H]-dia-
zirine (Ad) with La@C82(C2v) was reported by Akasaka
and coworkers (Scheme 12.9) [247]. The TCB/toluene
solution of La@C82(C2v) and an excess amount of Ad
in a seal tube was irradiated with a high-pressure
mercury lamp, producing the monoadduct in 80% yield.
An opened cyclopropane structure of this derivative
was determined by X-ray diffraction. Under similar
conditions, a monoadduct of Sc3C82 was synthesized
and purified. Its structure was unambiguously deter-
mined by X-ray crystallography, revealing surprising
structure of metal carbide endofullerene Sc3C2@C80

instead of Sc3C82 [105]. To date, this reaction has been
carried out with Sc2C2@C82 [248], La@C82 [249],
Gd@C82 [250], La2@C78 [251], and non-IPR La2@C72

[89,90], most derivatives of which have been character-
ized by X-ray crystallography. Especially in the case of
non-IPR La2@C72, the derivatization reaction showed
remarkable regioselectivity which was attributed to
both the fused pentagons and encapsulated metal atoms
[89,90].

SCHEME 12.9 Carbene addition reaction of La@C82(C2v) [247].
Reprinted with permission from [247]. Copyright (2004) American Chemical

Society.

12.3.2.3. BINGELeHIRSCH REACTION

Akasaka and coworkers [252] synthesized a singly
bonded monoadduct La@C82(C2v)CBr(COOC2H5)2
using BingeleHirsch reaction in which La@C82(C2v)
and diethyl bromomalonate were mixed in the presence
of 1,8-diazabicyclo[5.4.0]-undec-7-ene (DBU) in dry
toluene over 2 h in inert atmosphere of Ar. One monoad-
duct was isolated by preparative HPLC in a yield of
40%. Its structure has been fully determined by NMR
spectroscopic and X-ray crystallographic analyses.
Different from the conventional Bingel adducts of
empty fullerenes, the addition group bonds to the endo-
fullerene with single bond in this derivative (Fig. 12.7).
By increasing the reaction temperature to 60�C, a crystal-
lographically identified bisadduct of La@C82(C2v)
resulted with a high regioselectivity in a good yield
[109]. The exohedral addition groups of this bisadduct
were also bonded to the carbon cage with a single
bond. However, the BingeleHirsch reaction of
Y3N@C80 [239], to form a cyclopropane between
Y3N@C80 and the added group is similar to those of
empty fullerenes (Scheme 12.10). The monoadduct was
characterized by NMR spectroscopy. Its subsequent
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X-ray crystal structure determination revealed an open
cyclopropane structure rather than a closed one [253].
BingeleHirsch reaction was also applied to other trime-
tal nitride endofullerenes such as Er3N@C80 [240],
Gd3N-endofullerenes (C80, C84, and C88) [254], and
Sc3N@C78 [255], all of which yielded cyclopropanated
adducts.

SCHEME 12.10 BingeleHirsch reaction of M3N@C80(Ih) [239].
Reprinted with permission from [239]. Copyright (2005) American Chemical

Society.

12.3.2.4. RADICAL REACTION

ALKYLATION In 2005, Yoza and coworkers [256]
reported one of the three isomeric structures of
La@C74(C6H3Cl2) adducts which was isolated from the
extraction of soot with 1,2,4-trichlorobenzene (TCB)
under reflux. Theoretical calculations suggested that
the La@C74(D3h) would react with dichlorophenyl radi-
cals which were produced during the extraction to
form a stable closed-shell derivative. Similar adduct
was obtained for the non-IPR endofullerene La@C72

[91]. By heating La@C82(C2v) with 3-triphenylmethyl-5-
oxazolidinone in toluene, a mixture of benzylated
monoadducts La@C82(C2v)(CH2C6H5) was obtained

[257]. Without the existence of 3-triphenylmethyl-5-oxa-
zolidinone, the same monoadducts were also obtained
by the photo-irradiation of La@C82(C2v) in toluene.
However, the photo-irradiation of La@C82(C2v) in 1,2-
dichlorobenzene in the presence of R,R,2,4-tetrachloro-
toluene gave the monoadduct La@C82(C2v)
(CHClC6H3Cl2) also (Scheme 12.11) [257]. One isomer
of the La@C82(C2v)(CHClC6H3Cl2) was identified by
single-crystal X-ray diffraction. Similarly a dibenzyl
adduct Sc3N@C80(CH2C6H5)2 [258] was synthesized in
82%yield and high regioselectivity by irradiating a deox-
ygenated solution of Sc3N@C80(Ih) and 1000 equiv. of
benzyl bromide in toluene at 355 nm without cooling
for 1 h. The structure of Sc3N@C80(CH2C6H5)2 was eluci-
dated by NMR spectroscopy and X-ray diffraction.

SCHEME 12.11 Alkylation reaction of La@C82(C2v) [257]. Adapted
with permission from [257]. Copyright (2008) American Chemical Society.

PERFLUOROALKYLATION The perfluoroalkylation
of endofullerenes was first carried out on La@C82(Cs)
[259]. The degassed and cooled solution of La@C82(Cs)
with an excess of perfluorooctyl iodide in toluene was
irradiated with a UV lamp over 15 h. The product
La@C82(Cs)(C8F17)2 was analyzed by HPLC, mass spec-
trum, and EPR spectrum . By reacting a Y@C82-enriched
extract with AgCF3CO2 in a quartz reactor under
dynamic vacuum at 400�C for 10 h, two stable isomers
of Y@C82(CF3)5 were obtained [260]. They were isolated
and characterized by mass spectrometry and 19F NMR
spectrum. Using CF3I gas as the fluoroalkylating agent
at high temperature, a series of CF3 derivatives of
Sc3N@C80(Ih and D5h) were synthesized. Two isomers
(Sc3N@C80(Ih)(CF3)2 and Sc3N@C80(D5h)(CF3)2) were
isolated by HPLC and characterized by 19F NMR [261].
Recently, Sc3N@C80(Ih)(CF3)14 and Sc3N@C80(Ih)(CF3)16
were prepared by heating Sc3N@C80(Ih) and AgCF3CO2

to 350�C in a sealed tube. Their structures, exemplified
by Sc3N@C80(Ih)(CF3)14 shown in Fig. 12.8, were deter-
mined by single-crystal X-ray diffraction [262].

12.3.2.5. HYDROXYLATION

The first hydroxyl derivative of endofullerene was
prepared in 1997 by Pei and coworkers [263]. A mixture
of gadolinium endofullerenes was reacted with potas-
sium metal in toluene solution under N2 atmosphere
for 2 h, and then the dry precipitate was hydrolyzed
with water. A mixture of hydroxylated endofullerenes
was obtained, in which the average number of addi-
tional hydroxyl group was predicted up to 20. In 1999,

FIGURE 12.7 The structure of one isomer of La@C82(C2v)CBr
(COOC2H5)2 [252]. Reprinted with permission from [252]. Copyright 2005
American Chemical Society.
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Wilson et al. reported the water-soluble radioactive
EMFs 165Ho@C82(OH)x (x¼ 24e26) which were
obtained under alkaline phase-transfer conditions
[264,265]. In the same year, water-soluble endohedral
metallofullerenol Pr@C82Om(OH)x was prepared from
pure Pr@C82 and concentrated nitric acid, followed by
hydrolysis [266]. By the similar strategies, a series of
hydroxylated derivatives of endofullerenes have been
synthesized, including Gd@C82, Gd3N@C80,
ScpGd3�pN@C80, and so on. Some of these derivatives
have been investigated for potential applications in
medicine and biotechnology [218e220]. However, the
exact geometric structures of hydroxylated derivatives
are still open for characterization, i.e., not fully
characterized.
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Synthesis of Organometallic Compounds
Julia K.C. Abbott, Brenda A. Dougan, Zi-Ling Xue
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Organometallic compounds refer to those containing
at least one metalecarbon bond. They are in an interdis-
ciplinary area between inorganic and organic chemistry.
Studies of organometallic compounds have significantly
advanced our understanding of chemical bonding, as
these complexes show unique bonds and structures
[1e16]. Organometallic compounds have played a crit-
ical role in catalysis and organic synthesis [1e16], often
leading to more efficient use of reagents, higher yields
of products, and less use of energy. Organometallic
compounds have also been used as precursors in the
preparation of nanomaterials and microelectronic mate-
rials such as thin films in integrated circuits [17,18].
Species containing MeC bonds have been found in
biology as well. The vitamin B12 coenzyme contains
a CoeC bond [19].

Synthesis of MeC-containing compounds plays
a central role in the field of organometallic chemistry.
Both the metals and ligands are diverse. The former
include those of main group, transition metals, and
lanthanide and actinide elements. The latter range
from CO to multidentate organic molecules/groups.
Given the range and diversity of these compounds, it
is difficult to give a concise review of the preparation
of organometallic compounds in one chapter. We intend
here to discuss fundamental methods with typical
examples.

Since organometallic compounds contain metals and
ligands, the synthetic methods are in general grouped
into two types: (1) reactions between metal species and
preformed ligands or ligand precursors; and (2) reac-
tions of ligands in organometallic compounds yielding
new ligands. The former is used in the preparation of
Grignard reagents (Eq. (13.1)), organolithium reagents,
M(CH2Bu

t)4 (Eq. (13.2)) [20], and MeCo(CO)4 (Eq.
(13.3)) [21]. The latter is typified by the synthesis of

Fischer carbene and carbyne complexes containing
M]C and M^C bonds, which will be discussed in
Section 13.2.3.

R�XþMg/RMgX (13.1)

MCl4 þ 4LiCH2Bu
t/MðCH2Bu

tÞ4
M ¼ Ti; Zr; Hf

(13.2)

Naþ
�
CoðCOÞ4

�� þMeI/MeCoðCOÞ4 (13.3)

Synthetic organometallic chemistry is discussed in
many textbooks [1e11], monographs [22e24], book
series [12e14,25e30], and reviews [15,16]. In particular,
the 10 volume set Synthetic Methods of Organometallic
and Inorganic Chemistry edited by Wolfgang A. Herr-
mann [25], the four volume set Organometallic Syntheses
edited by R. Bruce King and John J. Eisch [26e29], and
Inorganic Syntheses series, with Volume 35 published
recently [30] are valuable sources that give detailed
procedures for the synthesis of important organome-
tallic and inorganic compounds. The monograph
Synthesis of Organometallic Compounds: A Practical Guide
edited by Sanshiro Komiya [22] provides the basic
synthetic methods used in organometallic chemistry
and detailed protocols. It gives an overview of the
organometallic chemistry of each metal and the
synthesis and handling of its important organometallic
compounds. Another monograph Synthetic Coordination
and Organometallic Chemistry edited by Alexander D.
Garnovskii and Boris I. Kharisov illustrates the common
ligands and synthetic methods for coordination and
organometallic compounds [24]. It also provides
a number of synthetic procedures for particular types
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of complexes. It should be mentioned that there is
a chapter in the book An Introduction to Organometallic
Chemistry by A.W. Parkins and R.C. Poller that is
devoted to the preparation of organometallic
compounds [7]. The readers are encouraged to consult
these valuable resources.

This chapter first discusses typical synthetic reac-
tions to prepare organometallic complexes. These reac-
tions include ligand substitution, oxidative addition
and reductive elimination, insertion and elimination
of ligands, and nucleophilic and electrophilic attacks
on coordinated ligands. In the next section, prepara-
tion of several types of organometallic compounds is
presented. These include metal carbonyls, complexes
with MeC single and multiple bonds (carbene and
carbyne), metal hydrides, and complexes. Some
fundamental experimental techniques, especially those
for handling air-sensitive compounds, are summa-
rized. The readers hopefully will gain an under-
standing of the features of synthetic organometallic
chemistry and will be able to find the detailed
synthetic procedures in the references provided in
this chapter.

13.1. SYNTHETIC REACTIONS

13.1.1. Ligand Substitution

Ligand substitutions are often the first (and last) step
in a catalytic cycle which makes them a common reac-
tion type in organometallic chemistry. This type of reac-
tion usually occurs at the metal with no overall change
in oxidation state or coordination number. Equation
(13.4) shows the general reaction.

LnML1 þ L2/LnML2 þ L1 (13.4)

A typical reaction is the substitution of a CO ligand
by phosphine, PR3. Here it is important to discuss the
trans effect [31]. The trans effect, often observed in
square-planar complexes, directs where the ligand
substitution takes place. In other words, certain ligands
are capable of facilitating the departure of another
ligand, trans to the first. The more effective a ligand
is at facilitating the departure, the higher its trans effect
is. Ligands that form strong s bonds (hydrides and
alkyls) or are strong p acceptors (CN�, CO, PR3),
bond strongly with the metal and cause preferential
substitution of the trans metaleligand bond. The prep-
aration of cis-platin, PtCl2(NH3)2, from PtCl4

2� and
2 equiv. NH3 is a typical example (Eq. (13.5)). The
second NH3 replaces the Cl� ligand cis to the first
NH3, because Cl� ligand has a larger trans effect than
NH3 [6,31].

Pt ClCl

Cl

Cl

Pt ClCl

NH3

Cl

Pt NH3Cl

NH3

Cl

NH3

NH3

ð13:5Þ
There are two main types of ligand substitution reac-

tions: associative (A) and dissociative (D). Intermediate
cases are also known (I: Ia if closer to the associative or
Id if closer to the dissociative mechanism).

Associative Substitution

In associative substitution, the incoming ligand first
attacks restore, e.g., a 16e complex forming an 18e inter-
mediate followed by a rapid expulsion of a ligand to
form a 16e product (Eq. (13.6)).

LnM �!A; k1 LnM-A ������!� L; fast
Ln� 1M-A (13.6)

The overall reaction is often second order (Eq. (13.7)).

Rate ¼ k1½A�½LnM� (13.7)

The reaction shown in Eq. (13.5) is an example of an
associative mechanism. Associative substitution often
takes place with d8, square planar, 16e species. It is
possible for an 18e complex to undergo associative
substitution as well, but one of the ligands is usually
rearranged in order to avoid a 20e configuration. A
good example is nitrosyls that change from their linear,
3e to bent, 1e coordination as shown in the reaction in
Eq. (13.8) [32]. The departure of a CO ligand returns
the NO ligand to linear.

(OC)4Mn(lin-NO) (OC)4LMn(bent-NO)

(OC)3LMn(lin-NO)

L, slow

-CO, fast

ð13:8Þ
Dissociative Substitution

The other common ligand replacement is the dissocia-
tive substitution. In this type, the first step is a slow loss of
CO to generate a vacant site at the metal. The incoming
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ligand then binds to the metal. This is most commonly
observed in 18e carbonyl complexes (Eq. (13.9)).

LnM-CO LnM LnM-A
-CO, k1 A, k2

+CO, k-1

ð13:9Þ

The rate is dependant on the rate at which the CO
ligand leaves. Thus it is independent of the concentra-
tion of the incoming ligand, or the type of ligand
(Eq. (13.10)).

Rate ¼ k1½LnM�CO� (13.10)

Equation (13.11) is an example of a dissociative substitu-
tion, in which the intermediate rearranges and removes
the second SR2 ligand [33].

Pt
SR2

SR2

k1

k-1

k2

fast

Pt
SR2

Pt
N

SR2

N

Pt
N

N

+SR2

-SR2

N-N

-SR2

ð13:11Þ

Interchange Type

There are cases in which it may be difficult to distin-
guish between associative or dissociative substitution.
The difference is in how strongly the ligands bind to
the metal in the intermediate. In Ia the ligands bind
strongly to the metal, and in Id the ligands bind weakly.
Darensbourg gave a detailed review of the mechanism
[34].

13.1.2. Oxidative Addition and Reductive
Elimination

Oxidative addition (OA), and its reverse reaction,
reductive elimination (RE), are important in many
catalytic cycles and syntheses. Oxidative addition
consists of breaking an AeB ligand and adding the

A and B moieties to a metal. Both A and B usually
gain an electron in the process to become anionic A�

and B� ligands. The oxidation state, coordination
number, and electron count of the metal in the
complex all increase by two during the addition. Since
reductive elimination is the reverse of oxidative addi-
tion, the pair of ligands, A� and B�, are removed from
the metal to form AeB. The oxidation state, coordina-
tion number, and electron count of the metal are
reduced by two in the reaction. A general reaction is
given in Eq. (13.12).

LnM
OA

RE
LnM

A

B
+ A-B ð13:12Þ

Oxidative Addition

In oxidative addition, two ligands are added to the
metal. The metal needs to have two open binding sites.
Often the compound before the reaction is tetra-coordi-
nated with 16 valence electrons. It is also necessary
that the metal at the n oxidation can reach its nþ 2
oxidation state. Oxidative addition is favored by strong
donor ligands because they tend to stabilize the oxidized
state of the metal.

There are multiple mechanisms by which oxidative
addition may occur. The Vaska’s compound [35e37],
a square-planar Ir(I) complex, offers a typical example
of the mechanistic pathways. A few of these pathways
are discussed below.

IrL L

CO

Cl L = PPh3

Vaska's compound

THREE-CENTER CONCERTED ADDITIONS

In a concerted addition, a nonpolar compound, such
as H2, binds as a s complex, forming a three-membered
ring transition state. Then the HeH bond is broken due
in part to the strong back donation from the metal into
the HeH s* orbital, forming the final product. Some-
times the transition state is stable and the reaction stops
there. Usually, however, the reaction proceeds to the
end, yielding the addition product (Eq. (13.13)). In the
example in Eq. (13.13), H2 adds to the Vaska’s complex,
forming a trigonal bypyramid Ir(I) intermediate, which
then undergoes the oxidation to give the Ir(III)
dihydrides.
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Ir LL

Cl

OC

Ir LL

ClOC

H

H

Ir LL

ClOC

HH

16e, Ir(I 1) 8e, Ir(I)

18e, Ir(III)

+ H2

L = PPh3

ð13:13Þ

Several nonpolar reagents, including CeH or SieH
bonds and aryl halides, react through a concerted mech-
anism as well.

NUCLEOPHILIC OXIDATIVE ADDITION OF ReX

Nucleophilic oxidative addition is similar to SN2 reac-
tions in organic chemistry involving a polar compound
such as alkyl halide. The incoming AeB compound is
attacked at the least electronegative atom by LnM
(Eq. (13.14)). Similar to the concerted mechanism dis-
cussed above, this type is usually second-order reactions
with negative entropies of activation, and their rates are
accelerated by polar solvents.

Ir LL
CO

Cl

Ir LL
CO

Cl

Me

Ir LL

MeI
slow

Me

I

CO

Cl

I

+

fast

+

ð13:14Þ
Another characteristic of nucleophilic oxidative

addition is that, the more nucleophilic the metal is, the
greater its reactivity is. Halide ions can increase the

nucleophilicity of the metal and often enhance the rate
of the addition. The reaction of the Vaska’s complex
with MeI in Eq. (13.14) is an example [36]. Such oxida-
tive addition of MeI plays an important role in the cata-
lytic carbonylation of methanol to acetic acid using
[RhI2(CO)2]

� and HI in the Monsanto Acetic Acid
Process [2,37]. In the reaction, MeOH reacts with HI to
form MeI and H2O. MeI then undergoes carbonylation
to form Rh-C(]O)Me, followed by hydration to give
MeCOOH.

RADICAL MECHANISMS

Radical oxidative additions commonly occur in
metals with an odd number of d electrons such as Co
(II) and Rh(II). There are two types of radical pathways:
chain and nonchain. The chain mechanism is similar to
other radical chain mechanisms with initiation, induc-
tion, and termination steps. The reaction of the Vaska’s
complex below again offers a good example [38].

Ir I Cl(CO) L 2 R RI r II Cl(CO)L 2 + 

RXIrIIICl(CO)L2RIrIICl(CO)L2 RX+ R+

R2R R

The second type, or nonchain mechanism, has a key
feature in which one electron is transferred from M to
the RX s* to form Mþ and RX�. This is followed by
the transfer of X� to Mþ to give R�, as shown in the
example below [39,40].

PtL2 +  RX PtL2 RX
slow

PtXL2
fast

+ PtXL2 R+

PtXL2 R+ R

IONIC MECHANISMS

Acids such as hydrogen halides and CF3COOH are
usually dissociated in solution. Their anions and
protons add to the metal complex in separate steps.
This is what occurs in an ionic oxidative addition.
There are two types, and one is much more common
than the other. In the more common type, the complex
is basic enough to protonate, and then the anion binds
to give the final product. This type is favored by basic
ligands and low oxidation state metals. The other, less
common type involves the initial halide attack, fol-
lowed by protonation of the intermediate. This is
favored by electroneacceptor ligands and by a net
positive charge on the complex. An example of each
type of ionic mechanism is given in Eqs (13.15) and
(13.16) [41].
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Pt(PPh3)4  +  H+ + Cl– [ClPt(PPh3)3]– +  H+

HPtCl(PPh3)2

–PPh3

–PPh3

[Ir(COD)L2]+  +  Cl   + H+ [IrCl(COD)L2]  +  H+

[IrHCl(COD)L2]+
COD = 1,5-cyclooctadiene; L = PMePh2

Reductive Elimination

As previously stated, reductive elimination (RE) is
the reverse of oxidative addition. The oxidation state,
coordination number, and electron count all decrease
by two, as shown by the reaction in Eq. (13.17) [42].

Rh

I

Me

COL

L
R

HR

Rh
LOC

IL

R

Me

R

H

ð13:17Þ

Several additional examples are given in Eqs
(13.18)e(13.21). Certain groups are more easily elimi-
nated than others. Usually complexes with bulky
ligands are favored, since, with elimination, there is
relief of steric hindrance and strain. Complexes with
high oxidation states, and those with groups that
will stabilize the reduced metal after ligand loss, are
also favored. In addition, reactions that involve
hydride ligands, such as those in Eqs (13.18) and
(13.19), are fast because the transition state energy is
lowered. The reaction is also efficient for intermediate
oxidation states of late transition metals, including d8

square-planar metals: Ni(II), Pd(II), and Au(III), as
well as d6 octahedral metals: Pt(IV), Pd(IV), Ir(III),
and Rh(III).

LnMRH/LnMþ R�H (13.18)

LnMHðCORÞ/LnMþ RCHO (13.19)

LnMR2/LnMþ R�R (13.20)

LnMRðSiR3Þ/LnMþ R�SiR3 (13.21)

Most reductive eliminations, including those above,
seem to occur through a concerted three-centered
process, the reverse of the concerted oxidative additions.
In this process, the two leaving groups are usually cis to
each other and there is retention of stereochemistry at
the leaving group atom.

Overall, reductive elimination is not as well studied
as oxidative addition mainly due to instability of
complexes in reductive elimination reactions. It is,
however, becoming better understood and widely used
mainly due to its applications in organic synthesis.
There is always a push for new methods to make CeC
bonds. The last step in a catalytic cycle often involves
combining two C-containing fragments, and reductive
elimination of two C-containing ligands is a good
method to accomplish this task.

13.1.3. Insertion and Elimination

Substitution and oxidative addition allow us to put
ligands onto metals. Insertion and its reverse reaction,
elimination, rearrange, transform, and combine these
ligands intramolecularly. There are two main types,
commonly called 1,1- or 1,2-insertions. Both types are
given below.

M

X

A=B M A

1,2-insertion B
X

M A

B
X

L

M 

X 

A=B M A=B

X

M

L

A=B

X

L

1,1-insertion

L

In both reactions, the ligands undergoing the inser-
tion are cis (adjacent) to each other, and there is no
change in the overall formal oxidation state. In the 1,1-
insertion, the inserting ligand and the metal bind to
the same a atom of the new ligand. In comparison, in
1,2-insertion, the inserting ligand and the metal bind

SYNTHETIC REACTIONS 273



to a and b atoms of the new ligands, respectively. The
type of insertion depends on the nature of the inserting
ligand. For example, CO usually undergoes 1,1-inser-
tion, while ethylene typically favors 1,2-insertion. In
general, h1 and h2-type ligands give 1,1- and 1,2-inser-
tion, respectively.

1,1-Insertion

As previously stated, CO is a ligand that inserts into
metal alkyl bonds, resulting in a 1,1-insertion. The
following well-studied example is used to explain
the reaction, mechanism, and kinetics (Eq. (13.22))
[43].

(OC)4Mn (OC)4Mn

Me

C
CO CO

C
Me

O
O

-CO

ð13:22Þ
Mechanistic studies show that the inserted CO group

is bound to the metal before the insertion occurs. This
was confirmed by 13C labeling studies in which 13CO
was added to the system, and the reaction gives
a compound with the 13CO ligand cis to an unlabeled
acetyl group (Eq. (13.23)).

k1

k-1

(OC)4Mn C
Me

O

13CO, k2

(OC)4Mn C
Me

O

13CO

(OC)4Mn

Me

C O

ð13:23Þ

The rate of the reaction may be obtained by using the
steady-state approach to give Eq. (13.24):

Rate ¼ � d½S�
dt

¼ k1k2½L�½S�
k�1 þ k2½L�

(13.24)

where S is the beginning compound, and L is the added
ligand. The rate is dependant on the magnitudes of k1,
k�1, k2. Below are the three possible situations.

1. k�1 is very small relative to k2[L], i.e., k�1� k2[L].
Since k�1 is small, the reaction stays in the

intermediate phase, trapped by L, with the overall
reaction based on k1, in a first-order reaction
(Eq. (13.25)).

Rate ¼ � d½S�
dt

¼ k1½S� (13.25)

2. k�1 is very large relative to k2[L]. Here, the
intermediate goes back to the starting material, and
the attack by L governs the overall rate, giving
a second-order reaction (Eq. (13.26)).

Rate ¼ � d½S�
dt

¼ k1k2½L�½S�
k� 1

(13.26)

3. k�1 is comparable to k2[L], causing the intermediate to
be trapped by L at a rate similar to the reverse
reaction. The equation thus becomes significantly
more complicated (Eq. (13.27)).

Rate ¼ � d½S�
dt

¼ kobs½S� (13.27)

where kobs ¼ k1k2½L�
k� 1 þ k2½L�

CHANGE IN INSERTION RATES

The insertion rate of these reactions may be influ-
enced by several factors. One contributor is steric
bulk. If a ligand is bulky, the reaction releases steric
hindrance when the bulky ligand leaves. The reaction
in Eq. (13.22) is an example. The alkyl and the carbonyl
ligands take two coordination sites, while in the
product, the eC(]O)Me ligand takes one coordination
site [44]. If a bulkier alkyl group replaces the Me ligand
in this reaction (Eq. (13.22)), the reaction is expected to
be faster.

Lewis acids also increase the rate of migration by
stabilizing the metal in the transition state, and speeding
up the trapping of the incoming ligand. Polar solvents
also increase the rate, as shown by Wax and Bergman
[45]. Oxidation of the metal and the use of an early tran-
sition metal have also been found to facilitate the inser-
tion [45e47].

1,2-Insertion

As previously stated, 1,2-insertion with alkenes is an
important reaction [48e50]. The alkene insertion into
MeH bonds yields alkyls which are used in a variety
of catalytic reactions. The intermediate is sometimes
considered to have an agostic interaction (Eq. (13.28))
[1,51]. The intermediate needs to be coplanar for the
reaction to be reversible [48]. The stereochemistry of
the insertion is usually syn, so stereochemistry at both
carbons is retained.
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M H C C+
M

C
C

H

M
C C

H

1,2-insertion

Proposed agostic
intermediate (coplanar)

-elimination

ð13:28Þ

The reverse of this reaction is b-elimination, and the
equilibrium between the two is decided by the thermo-
dynamics of the system, and depends almost entirely
on the alkene used in the reaction. Electron-with-
drawing atoms such as F at the a- or b-alkyl positions
lessen the tendency for b-elimination by strengthening
the MeC bond, as shown in the example in Eq. (13.29)
[49].

(Ph3P)3(OC)Rh H

(Ph3P)2(OC)Rh CF2

CF2H

F2C=CF2

-PPh3

ð13:29Þ
INSERTION INTO MeH VS MeR BONDS

In 1,1-insertion, CO usually inserts into MeR, but not
MeH bonds due to unfavorable thermodynamics. The
opposite is observed in 1,2-insertion. Brookhart et al.
[52] have compared barriers for insertion of ethylene
into MeH and MeEt bonds, and found that the
barrier for the insertion into the MeH bond is signifi-
cantly lower than that for the insertion into the MeEt
bond.

OTHER INSERTIONS

In principle, an unsaturated ligand can undergo
insertions. SO2 ligand has been shown to undergo
both 1,1- and 1,2-insertions. Other possible ligands for
insertion include O2 and CO2. An interesting insertion
of SO2 is given below in a Pd complex where the new
ligand bridges two metal atoms (Eq. (13.30)) [53].

P

Pd

P

Ph2

Ph2
Me

OEt2

PPh2

Pd Pd

PPh2 O

O

Ph2P

Ph2PO

O

S

Me

S

Me

SO2

ð13:30Þ

a, b, g, d Eliminations

The most common type of elimination is b-elimina-
tion. It is the main decomposition pathway for alkyls
containing b-H atoms. In order for the reaction to occur,
a vacant site on the metal is usually required. A coplanar
MeCeCeH arrangement brings the b-H atom closer to
the metal center (Eq. (13.31)). If the species is an 18e
complex, it first loses a ligand to open up a site for
elimination.

If there are no b-H atoms, a complex may go
through a, g, or d elimination. These elimination reac-
tions are not as common as b-H elimination. A simple
a elimination is that of a methyl group, which has no
b-H atoms and gives methylene hydride (Eq. (13.32)).
Methylene hydride, though, is unstable, and often
reacts further. g and d eliminations give cyclic prod-
ucts (Eq. (13.33)), but are also not common due to unfa-
vorable sterics.

LnM H
L

-L
LnM

H
C

CH

H

LnM
H

LnM
L

H

+L

LnM H

-C2H4

ð13:31Þ
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LnM
R1

R2R3

H

R4
LnM R1

R2R3

R4H

ð13:32Þ

LnM
H

LnM

H
ð13:33Þ

13.1.4. Nucleophilic and Electrophilic
Attacks on Coordinated Ligands

In the previous sections, reactions involve ligands
that react with each other or a reagent that reacts with
the metal itself. In this section we discuss how a metal
center activates a bound ligand, followed by the attack
of the ligand by an external reagent.

The attacking reagent is usually an electrophile or
a nucleophile. In the reaction, there is either an addition
or abstraction, depending on the properties of the metal
fragment. In the nucleophilic attack by Nu�, the metal
complex LnM is usually a poor p base and a good s
acid, and the ligands L are electron withdrawing. The
electron density on the metal complex LnM or one of the
ligand L is low, thus facilitating the nucleophilic attack.
In the electrophilic attack by Eþ, the complex LnM is
usually a good p base and a poor s acid, and the ligands
L are electron donating. There is high electron density on
the metal or the ligands, thus making the complex prone
to electrophilic attack.Within each category, there is addi-
tion or abstraction. A comparison of these reactions is
given below.

LnM-L' + E+

[ LnM-L'-E]+

LnM+ + L'-E

LnM-L' + Nu-

[ LnM-L'-Nu ]-

LnM- +  L'-Nu

Electrophilic Addition

Electrophilic Abstraction

Nucleophilic Addition

Nucleophilic Abstraction

It should be pointed out that it is also possible for an
attack on the metal. This reaction may result in a ligand

substitution if the incoming ligand is a nucleophile, or
oxidative addition if the incoming ligand is an electro-
phile. These types of attack are discussed below in
more detail.

Nucleophilic Addition

One of the most common complexes to undergo
nucleophilic addition is metal carbonyl. Normally,
a carbonyl ligand (and other ligands discussed in this
section) is not susceptible to nucleophilic attack because
of its high electron density. When it is bound to an elec-
tron-deficient metal, however, the ligand becomes posi-
tively charged and open to attack by a nucleophile. A
typical example of nucleophilic addition is the reaction
of metal carbonyls with a nucleophilic lithium reagent,
followed by an electrophilic addition to give a stable
Fischer carbene (Eq. (13.34)) [54].

Fe(CO)5 (OC)4Fe
NEt2

OLi

LiNEt2

Me3O+

(OC)4Fe
NEt2

OMe

ð13:34Þ

Sometimes a metal complex is so electron poor that
even water attacks a coordinated CO ligand (Eq.
(13.35)) [55]. The attack is followed by b-elimination to
give a stable metal hydride. This example is also an
important synthetic reaction because it removes CO
from a metal complex, which is often difficult because
CO usually binds to metals tightly.

H2O
(OC)5Mn

OH2
+

O

(OC)5Mn
OH

O

-H+

(OC)5Mn H

Mn(CO)6+

-CO2

ð13:35Þ

Isonitriles are similar to carbonyls in their chemical
behavior. They undergo nucleophilic addition when
bound to electron-deficient metal centers. Isonitriles
tend to bind metals at higher oxidation states, and
they are therefore especially susceptible to nucleophilic
attack. In the example in Eq. (13.36), the resulting car-
bene is electron rich, and it thus resists any further
nucleophilic attack [56].
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Pd PhNH2

PPh3

CCl

Cl
Pd

PPh3

CCl

Cl

PhHN

Pd
PPh3

C-NHRCl

Cl

NHPh

N-R

H

NR

ð13:36Þ

Nucleophilic addition also occurs on a number of p
ligands including carbenes, carbynes, and alkenes/
polyenes such as benzene and ethylene. It is not
uncommon to have several polyenes or polyenyl ligands
in one complex, and there is thus often selective attack of
one site over another. The regiochemistry of these addi-
tions has been well studied and summarized by Davies
et al. [57] into a set of rules that help predict the site of
addition. The rules can be summarized as follows:

1. Neutral polyenes (such as butadine) react before
anionic polyenyls (such as cyclopentadienl Cp�);

2. Open ligands such as butadiene react before closed
ligands such as benzene; and

3. For even, open polyenes, addition occurs at the
terminal position. For odd, open polyenyls, addition
occurs at the terminal position unless the metal
fragment is strongly electron withdrawing.

When Rules 1 and 2 are in conflict, Rule 1 takes prece-
dence. These rules and corresponding reactions are
described in detail in organometallic and inorganic text-
books [1,4,6]. Thus only two examples are given here
(Eqs (13.37) and (13.38)) [57].

Mo

H

Mo Me

ð13:38Þ

Alkene complexes that undergo nucleophilic addi-
tion to give metal alkyls often rearrange to give other
products. This has been the basis for an important
industrial process known as the Wacker [58,59] process
to make aldehydes from alkenes using PdCl2 as cata-
lyst. In this reaction, PdCl2 is reduced to Pd(0) which
is then oxidized by CuCl2 back to PdCl2. CuCl2 is
reduced to CuCl in the process, and O2 oxidizes CuCl
back to CuCl2. The overall reaction scheme is given
below.

H2O

PdCl2

Pd(0)

CH3CHO

H2C=CH2

CuCl2

CuCl

H2C CH2 + 1/2 O2 CH3CHO

O2

Nucleophilic Abstraction

In nucleophilic abstraction, the attacked ligand is
partially or wholly removed along with the nucleophile.
Such reactions are observed in hydrides, alkyls, and
acyls. In a metal hydride, deprotonation of the metal
hydride produces a nucleophilic metal anion (Eq.
(13.39)). In the intermediateMeReH6L2, the driving force
for methane loss is greater than that for H2 loss. Thus the
resulting compound is an unusual polyhydride ReH5L2

which reacts further with cyclopentadiene to give off
H2 [60].

W
Me

PPhMe2

W
Me

PPhMe2

ð13:37Þ
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ReH7L2 [ReH6L2] MeReH6L2

ReH5L2CpReH2L2

BuLi

-BuH

MeI

-LiI
-CH4

Li

-H2

ð13:39Þ
In metal alkyl complexes, an attack by another nucle-

ophilic complex may lead to the transfer of the alkyl
ligand and the inversion of the configuration at the ster-
eogenic carbon center. For example, benzyl-a-d chloride
(S)-(þ) PhCH(D)Cl partially racemizes in the presence of
Pd(PPh3)4 [61]. The racemization is attributed to a nucle-
ophilic exchange equilibrium process during the oxida-
tive addition of PhCH(D)Cl. Electron rich, zero-valent
Pd attacks the chiral Pd(II) alkyl complex, abstracting
the alkyl ligand as shown in Eq. (13.40). The Pd(0)
by-product will then attack the inverted Pd(II) alkyl
complex, resulting in another inversion of configuration.
Acyl ligands are also readily abstracted by nucleophiles,
especially when the metal is Pd.

L3Pd: H
D

Ph

PdL2

L3Pd+

Ph

D
H

+  PdL2  +  Cl-

Cl

L = PPh3

ð13:40Þ

Electrophilic Addition

Attack by an electrophile such as Hþ or Meþ can
occur on the metal, ligand, or a metaleligand bond
that often leads to the addition of the electrophile to
the metal complex [62e65].

In oxidative addition by SN2 or the ionic mechanism,
the first step is an electrophilic addition. An example of
such an electrophilic addition to a metal center is given
in Eq. (13.14) in the first step of the oxidative addition of
MeI to the Vaska’s complex. The addition of any
zero-electron ligand, including AlMe3, BF3, and even
CO2 (when it binds by h1) is also considered an electro-
philic addition. Another common type of electrophilic

addition to a metal center is protonation, as shown in
Eq. (13.41) [63]. This is one principal method to prepare
metal hydride complexes, as discussed later in
Section 13.2.4.

NiðdiphosphineÞ2 þ Hþ/
�
HNiðdiphosphineÞ2

�
þ

(13.41)

Attack of an MeL bond is typified by the protonation
of the carbyne ligand in W(^CBut)(PMe3)4Cl in Eq.
(13.42) [64].

W But
H

Me3P

Me3P

PMe3

PMe3

Cl W But

Me3P

Me3P

PMe3

PMe3

Cl

H

ð13:42Þ

An example of the electrophilic attack of a ligand is
protonation of nickelocene Cp2Ni (Eq. (13.43)) [65].
This addition occurs at the exo position of the Cp ligand,
and the product does not undergo scrambling of the
deuterium label.

Ni
D

D

H

Ni

ð13:43Þ

Electrophilic Abstraction

The most common and well-studied electrophilic
abstraction is that of metal alkyls (Eqs (13.44)e(13.46)
[66e68]. Electrophiles that undergo such abstraction
include Hþ, BAr3, and Hg2þ. Protons are capable of
cleaving metal alkyl bonds, especially when there is an
electropositive metal, giving off an alkane in such
protonation. An example is the reaction of HCl with
Schrock-type carbyne complex (ButCH2)3W^CBut,
leading to the release of CMe4 and formation of
[ButC^WCl3(DME)] (DME¼ dimethoxyethane, Eq.
(13.44)) [66]. This carbyne complex and its reaction
with HCl are used in the formation of the Schrock-type
olefin metathesis catalysts, as discussed below (Eq.
(13.81)). The protonation of the vinyl ligand in the Zr
complex in Eq. (13.45) removes the vinyl ligand as an
alkene with retention of the configuration [67]. Lewis
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acids such as B(C6F5)3 and methyl aluminum oxide
(MAO) have also acted as electrophiles to abstract alkyl
ligands. One such reaction is shown in Eq. (13.46) [68].
The cationic products of the reactions are active catalysts
for stereoselective olefin polymerization [69]. The elec-
trophilic reactions with Lewis acids to cleave metal alkyl
bonds have played a critical role in the development of
olefin polymerization catalysts.

WCl3(DME)ButCW

But

But

But

But

3 HCl

DME

DME = O O

ð13:44Þ

But

Cp2Zr
Cl

D2SO4
But

D

ð13:45Þ

Cp2ZrMe2 þ BðC6F5Þ3/ðCp2ZrMeÞþ�BðC6F5Þ3Me
��

(13.46)

When metal ions such as Hg2þ cleave metal alkyl
bonds in electrophilic abstraction reactions, two path-
ways are known [70]. In one pathway, the attack occurs
at the metal or the MeC bond, and the configuration is
retained. In the other pathway, attack occurs at the
a carbon of the alkyl. The configuration at the carbon
may be inverted in the reaction.

13.1.5. Reactions of Metal Vapors
with Ligands or Ligand Precursors

This is a unique method to prepare coordination
compounds. Vapors of metals react directly with
ligands or their precursors such as alkenes, alkynes,
arenes, and phosphines to give products. Metal vapors
are more reactive than metals in the solid or liquid
state. This is primarily because gaseous metal atoms
have minimal steric effects and they are of higher ener-
gies. Metal vapors are usually obtained by heating the
metals at high temperatures (1700e2200�C) and trans-
porting in vacuum to the ligands or their precursors
[71e73]. The ligands or their precursors may be in
the gas phase or are kept at low temperatures of
�263 to 0�C (10e273 K). One typical example of such
reactions is the preparation of Cr(h6-C6H6)2 by the

condensation of gaseous chromium metal and arene
(Eq. (13.47)) [71].

CrðgÞ þ 2C6H6ðgÞ/Cr
�
h6�C6H6

�
2 (13.47)

In some cases, thermally unstable compounds/
species may be prepared in low-temperature matrices.
For example, condensing Cu atoms and CO in an
adamantine matrix at liquid nitrogen temperature of
�196�C gives CuCO and Cu(CO)3 (Eq. (13.48)), as iden-
tified by EPR [74]. Because low temperatures are usually
used in the synthesis, the method has been called “cry-
osynthesis” [73].

CuðgÞ �����������!� 196�C

adamantane matrix
CuðsÞ

�������!CO

� 196�C
CuCOþ CuðCOÞ3

(13.48)

13.2. PREPARATION OF TYPICAL
ORGANOMETALLIC COMPOUNDS

Organometallic compounds can be prepared bymany
different synthetic routes. Detailed descriptions of such
preparation methods can be found in reference books
[25e30]. The goal of this section is to briefly describe
principal synthetic routes to obtain typical organome-
tallic complexes.

The majority of organometallic complexes contain an
MeC s, p, and/or dative bond. Thus, a discussion of the
preparation of MeC s bond formation via the reaction
of carbonyls, alkyls, and hydrides with metals will be
given. The utilization of these complexes with MeC
s-bonds in the preparation of well-known Fisher and
Schrock-type carbene and carbynes containing MeC
multiple bonds will be explored. This section will
include preparation of so-called p complexes: metal
allyls, olefins, acetylenes, arenes, and polyenes contain-
ing dative bonds from CeC p bonds. The examples,
illustrations, and discussion given below are representa-
tives of typical synthetic procedures for organometallic
compounds.

13.2.1. Metal Carbonyls

Many metal carbonyl complexes are commercially
available and can serve as starting materials (Table
13.1). These complexes may be prepared by direct addi-
tion of CO, utilizing a reducing agent, or by starting
from a reactive organic carbonyl compound.A brief over-
view of the preparation of metal carbonyls is presented.

Mononuclear metal carbonyls may be prepared by
direct reaction of CO with the metals [76]. For instance,
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Fe(CO)5 is synthesized under high pressure from iron
metal and CO at 200�C. The reaction can proceed further
by photolysis to produce dimer Fe2(CO)9 (Eq. (13.49))
[76].

Feþ 5CO ����!200 atm

200�C
FeðCOÞ5/

hv
FeðCOÞ9 (13.49)

While direct addition of CO to a metal may be the
simplest method in preparing metal carbonyls, alterna-
tive methods are available. By introducing a metal
halide or metal oxides to CO, formation of metal
carbonyls such as W(CO)6 [76], Cr(CO)6 [76], Ni(CO)4
[76], Re2(CO)10 [77], and Ru3(CO)12 [78] occurs due to
reductive carbonylation (Eqs (13.50)e(13.54)). Reducing
agents such as aluminum alkyls can be used when the
initial metal complex is electropositive (e.g., WCl6) at
a high oxidation state. However, as shown in Eq.
(13.53), CO can act as a reducing agent.

WCl6 þ 6COþ 2Et3Al ���!50�C

140 atm
WðCOÞ6 (13.50)

CrCl3 þ Alþ 6CO �������!AlCl3

140�C; 600 atm
CrðCOÞ6 þ AlCl3

(13.51)

NiSO4 þ 4COþ S2O4
2�/NiðCOÞ4 (13.52)

½NH4�½ReO4� þ COþ HAlðCH2CHMe2Þ2 ��!1 atm
Re2ðCOÞ10

(13.53)

RuCl3 �������������!30 atm H2; 120 atm CO

Na acetylacetonate; 165�C
Ru3ðCOÞ12 (13.54)

Metal carbonyls serve as excellent building blocks for
utilization in such areas as hydrogenation. Fe(CO)5,
prepared as shown in Eq. (13.55), undergoes a base

reaction with NaOH to produce [HFe(CO)4]
� (Eq.

(13.49)) [79]. The same method applies for Fe2(CO)9
and results in the formation of [HFe2(CO)8]

�. The anion
[HFe(CO)4]

� reacts with an alkyl halide and CO to give
carbonylate RCOFeH(CO)4 (R¼ alkyl group) containing
a functionalized aldehyde group [80].

Fe(CO)5 +  4 OH

CO
FeH(CO)4RC

O

Fe(CO)4
H

R

-HCO3
-

RX

[HFe(CO)4]

ð13:55Þ

Equation (13.56) illustrates an alternative route for the
synthesis of a functionalized metal carbonylate using
Co2(CO)9 [81,82]. Thus, neutral and anionic metal
carbonyls are utilized in a wide array of reactions.
Reducing agents such as sodium amalgam Na/Hg or
Na in liquid ammonia at�33�C are used in the formation
of metal carbonyl anions [Co(CO)4

� and Ni5(CO)12
2�

(Eq. (13.57))] [83]. Sodium amalgam is an alloy of
mercury with sodium metal, and it is safer to use as a
reducing reagent than sodium metal.

X = halide

Co2(CO)9 +  Na/Hg Na[Co(CO)4]

Co(CO)4RC
O

RX
ð13:56Þ

NiðCOÞ4 þ Na �����!NH3 ðliquidÞ
Na2

�
Ni5ðCOÞ12

�
(13.57)

TABLE 13.1 Commercially Available Metal Carbonyl Complexes [75]

Group 6 Group 7 Group 8 Group 9 Group 10

Cr(CO)6
White crystals
mp 150�C, dec.

Mn2(CO)10
Yellow solid
154�C

Fe(CO)5
Yellow liquid mp �20�C;
bp 103�C

Co2(CO)8
Dark orange crystals
mp 51e52�C, dec.

Ni(CO)4
Colorless liquid bp 42�C

Mo(CO)6
White crystals
mp 150�C, dec.

Re2(CO)10
White solid
170�C, dec.

Fe2(CO)9
Golden crystals 100�C, dec.

Co4(CO)12
Black solid mp 60�C, dec.

W(CO)6
White crystals
mp 150�C, dec.

Fe3(CO)12
Black crystals 140�C, dec.

Rh4(CO)12
Dark red crystals >130�C dec.

Ru3(CO)12
Orange solid mp 154�C

Rh6(CO)16
Black crystals >300�C dec.

Os3(CO)12
Yellow crystals mp 224�C

Ir4(CO)12
Yellow crystals mp 195�C, dec.
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13.2.2. Complexes with MeC s Bonds

The formation of MeC s bonds is one of the most
fundamental aspects of organometallic chemistry. Prep-
aration of complexes with MeC bonds has led to novel
complexes and insightful chemistry. Alkylation usually
refers to the reaction of a metal complex containing,
e.g., a halide ligand (X) with a Grignard or alkyl lithium
reagent to give an alkyl ligand (Eq. (13.58)).

M�Xþ R�/M�Rþ X� (13.58)

The alkylating reagent often reacts with a metal
halide or cationic metal complex to give a metal alkyl
complex as shown in the preparation of Zr(CH2Ph)4
(Eq. (13.59)) [84] and WMe6 (Eq. (13.60)) [85,86]. See
also the preparation of M(CH2Bu

t)4 (M¼ Ti, Zr, Hf) in
Eq. (13.2). It should be pointed out that WMe6 adopts
a trigonal prismatic structure (Eq. (13.60)) [86]. The
square-planar Pt complex in Eq. (13.61) is alkylated
with (LiCH2CH2)2 to give a metallacyclopentane
[87,88]. Maintaining proper reaction conditions (e.g.,
temperature) and molar ratios of the alkylating reagents
are important in these reactions.

ZrCl4 þ 4PhCH2MgCl/ZrðCH2PhÞ4 (13.59)

WCl6 +  6 MeLi W

Me
Me

Me

Me
MeMe

ð13:60Þ

Pt

R2
P

P
R2

Li LiPtCl2

R2
P

P
R2

+

ð13:61Þ
Alkyl lithium compounds have been used to substi-

tute Grignard reagents in many reactions. These reac-
tions are often slower than those of Grignard reagents.
In addition, a few alkyl lithium reagents such as MeLi,
BunLi, and ButLi are pyrophoric with limited life. Conse-
quently, Grignard reagents are more popular and favor-
able to use.

In another method, a transition metal complex is
treated with a reducing agent such as sodium metal to
give an anionic metal species. It then reacts with alkyl
halides to give metal alkyl complexes. For instance,
W(CO)6, synthesized by the reaction in Eq. (13.50), is
treated with NaCp, followed by alkylation with EtI,

to give CpW(CO)3Et [89]. Reduction of Mn2(CO)10
with sodium amalgam Na/Hg gives [Mn(CO)5]

� (Eq.
(13. 63)) [90]. Reaction of the anion with MeI yields
MeMn(CO)5 (Eq. (13.63)). The alkylation here to give
MeMn(CO)5 is similar to that in the synthesis of
MeCo(CO)4 in Eq. (13.3). Similar reduction of Cp-
(OC)2FeeFe(CO)2Cp with sodium amalgam yields [Cp-
(OC)2Fe]

� (also known as Fp�) [91]. It is a widely used
reagent to make many Fe complexes, as shown in the
example in Eq. (13.64), and organic compounds [91].

W(CO)6 +  NaCp Na[CpW(CO)3]

EtI

CpW(CO)3Et

ð13:62Þ

Mn2(CO)10 +  Na/Hg Na[Mn(CO)5]

MeI

MeMn(CO)5
ð13:63Þ

Cp(OC)2Fe Fe(CO)2Cp Na/Hg+

CpFe
CO

CO
Na

Cl
Fe(CO)2Cp

ð13:64Þ

Though alkyllithiums and Grignard reagents are
among the most common alkylating reagents, removal
of magnesium or lithium halides (e.g., MgCl2 or LiCl)
may be difficult. Thus alternative alkylation methods
have been developed. By employing alkyl complexes
of metals such as Zn, Mg, or Li, transfer of an alkyl
group from these metals to the new metal occurs in
a process known as transmetallation (Eqs (13.65)e
(13.68)) to give WMe6 [92], MeTiCl3 [93], Me2NbCl3
[94], and (ButCH2)3TaCl2 [95e98]. For WMe6, see Eq.
(13.60) for its preparation using MeLi [85,86].

WCl6 þ 2AlMe3/WMe6 (13.65)

TiCl4 þ AlMe3/MeTiCl3 (13.66)

NbCl5 þ ZnMe2/Me2NbCl3 (13.67)
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TaCl5 þ Zn
	
CH2Bu

t

2/

	
ButCH2



3TaCl2 (13.68)

There are a few disadvantages in using alkylation to
make MeC bonds. The main drawback is that the alky-
lating reagents may undergo nucleophilic attack on
a ligand on the metal atom, as shown in the example
in Eq. (13.69) [99], where the methyl group is inserted
into the carbonyl group.

Re(CO)5Br + CH3Li (OC)4Re
CCH3

Br

O

ð13:69Þ

Another technique is hydrometallation by adding an
alkene group (e.g., C2H4) to a transition metal complex
[100,101]. Such reactions are commonly observed in
metathesis and polymerization reactions, as shown in
the examples in Eq. (13.70) [100] and Eq. (13.71) [101].

CpFe(CO)2H  + CpFe

CO

CO
ð13:70Þ

RCp2ZrHCl  + Cp2Zr
R

Cl

ð13:71Þ

13.2.3. Complexes with MeC Multiple Bonds

Organometallic compounds containing an M]C
double bond are called metal carbene complexes. When
an M^C triple bond is present, they are called metal
carbyne complexes. Two types of carbene and carbyne
complexes are known, and they are called Fischer and
Schrock-type carbenes and carbynes. Fischer carbene
and carbyne compounds, e.g., (OC)5W]C(OCH3)Ph and
(OC)4ClMo^CEt, illustrate low oxidation state metals,
and the carbene/carbyne ligands are electrophilic. In
contrast, Schrock carbene and carbyne complexes, often
known as alkylidene and alkylidyne complexes such
as (ButCH2)3Ta]CHBut and (Me3SiCH2)3W^CSiMe3,
consist of metal centers at high oxidation states, and
the carbene/carbyne ligands are nucleophilic.

Carbenes

There are several methods to prepare Fischer and
Schrock-type carbenes, more so than carbyne complexes.

The work of Chauvin, Grubbs, and Schrock to use
carbene complexes in olefin metathesis [102e104] led to
their receiving of the 2005 Chemistry Nobel Prize, and
has attracted intense interest in metal carbene chemistry.
Within the last decade or so, research has been predomi-
nant in the preparation of N-heterocyclic carbenes, as
demonstrated in the second-generation Grubbs olefin
metathesis catalysts discussed below.

Typical preparation of Fischer and Schrock-type car-
benes is given in Eq. (13.72) [105] and Eq. (13.73)
[95e98], respectively. The Fischer carbenes (OC)5M]C-
(OMe)R prepared in Eq. (13.72) are often used to make
Fischer carbynes, which are discussed below. Another
example of the preparation of a Fischer carbene is given
earlier in Eq. (13.34).

(OC)5M C
OMe

R

M(CO)6 RLi+

M = Cr, Mo., W
R = Me, Et, Ph Me3O+

(OC)5M C
O

R

ð13:72Þ

2 LiCH2But
(ButCH2)3Ta C

H

But
(ButCH2)3TaCl2

ð13:73Þ

For Fischer carbenes, derivatives of the carbenes may
be synthesized by reacting a carbene complex contain-
ing an eOR moiety on the carbene C atom with an
alcohol, amine, or thiol to give a new carbene, as illus-
trated in Eqs (13.74) and (13.75) [106e108].

(OC)

(OC)

5W C
OMe

Ph
+ HO

5W C
O

Ph

ð13:74Þ

5Cr C
OMe

Me
+  RNH2 5Cr C

NHR

Me
(OC) (OC)

ð13:75Þ
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The first Schrock carbene (ButCH2)3Ta]CHBut may
be prepared by directly adding neopentylmagnesium
chloride in excess to TaCl5 (Eq. (13.76)) [95e98]. Since
both TaCl5 and product MgCl2 are insoluble, yield is
low. An alternative route with higher yield uses Zn
(CH2Bu

t)2 to alkylate TaCl5 to (ButCH2)3TaCl2 (Eq.
(13.68)), followed by reaction with neopentyllithium
(Eq. (13.73)) [95e98]. The intermediate (ButCH2)3TaCl2
is highly soluble and can be isolated by sublimation.
Subsequent mechanistic studies by Xue and coworkers
reveal that the formation of the archetypical Schrock car-
bene (ButCH2)3Ta]CHBut involves unstable pentaneo-
pentyltantalum Ta(CH2Bu

t)5 as an intermediate [97,98].
NbCl5 is similarly treated with Mg(CH2Bu

t)2(dioxane)
to give (ButCH2)3NbCl2, followed by addition of LiCH2-
But, to give (ButCH2)3Nb]CHBut (Eq. (13.77)) [96].
Another example is given in Eq. (13.78). Substitution of
two chloride ligands in (PhCH2)3TaCl2 by bulky Cp�

ligands leads to the a-H abstraction in part to relief steric
constraints. a-H abstraction is the prevailing pathway in
the formation of the Schrock carbene ligands.

Ta CHButTaCl5 5 ButCH2MgCl+

ð13:76Þ

NbCl5

2 LiCH2But

Nb CHBut

+ Mg(CH2But)2(dioxane) (ButCH2)3NbCl2

ð13:77Þ

(PhCH2)3TaCl2 + 2 LiCp Ta
CHPh

CH2Ph

ð13:78Þ

Silyl analogs of the alkyl alkylidenes such as
Ta(]CHBut)(CH2Bu

t)2[Si(SiMe3)3] are prepared from
(ButCH2)3TaCl2 and lithium silyl compound LiSi-

(SiMe3)3 (Eq. (13.79)) [109]. Reaction of the tungsten
species in Eq. (13.80) with 2 equiv. LiCH2SiMe3 yields
an alkylidene complex [110]. a-H abstraction is the pre-
vailing process in the formation of Schrock carbene
complexes.

Ta CHBut

Si(SiMe3)3

(ButCH2)3TaCl2 + 2 LiSi(SiMe3)3

ð13:79Þ

W Cl

CH2
N
H

NMe2
NPh

Cl
2 LiCH2SiMe3

W CH2SiMe3

CH
N
H

NMe2
NPh

+

ð13:80Þ

Since the synthesis of N-heterocyclic carbenes in
the 1950s, these carbenes and their use as ligands in
metal complexes have been an extensive area of
research. In the late 1990s, active Ru catalysts containing
N-heterocyclic carbene ligands, the so-called second-
generation Grubbs catalysts, were developed for olefin
metathesis and metathesis-based polymerization such
as ring-opening metathesis polymerization (ROMP)
and acyclic diene metathesis polymerization (ADMET)
[103,111,112]. The work has been among the factors
that have driven recent interests in N-heterocyclic car-
bene ligands.

The Grubbs catalysts are popular as they show
remarkable functional group tolerance and are air stable.
The preparation of the first-generation Grubbs catalysts
is given in Eq. (13.81) [111,112]. These catalysts do not
contain an N-heterocyclic carbene ligand. RuCl3 is
reacted with an excess amount of PPh3 to give
RuCl2(PPh3)3, followed by addition of a diazoalkane
(N2]CHR; R¼ alkyl group), to give the Ruecarbene
complex. PPh3 may be replaced by PCy3 (Cy¼ cyclo-
hexyl) to increase the catalytic activities.

Replacing one of the phosphine ligands in the
first-generation Grubbs catalysts by N-heterocyclic
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carbenes gives the second-generation Grubbs catalysts,
as illustrated in Eq. (13.82) [113]. They often show
higher activities in the olefin metathesis reactions
[113]. It should be noted that the heterocyclic carbene
ligand here donates its two electrons to the Ru atom
through a dative bond. This is similar to the bonding
of phosphine ligands. There is another Ru carbene
bond Ru]CHPh that is directly involved in olefin
metathesis. Compared to phosphines, N-heterocyclic
carbene ligands are stronger s donors and much less
labile. Thus the N-heterocyclic carbenes in the
complexes are not able to readily dissociate, and they
stabilize the electron-deficient intermediates. In addi-
tion, they enhance the dissociation of the labile trans
PCy3 ligand, a step needed to open a site for olefin
metathesis. These effects make the second-generation
Grubbs catalysts among the most active in olefin
metathesis.

RuCl3 +  PPh3 Cl2Ru(PPh3)3

N2
Ph
H

Ru
Ph

H

PPh3

PPh3

Cl
Cl

- N2
- PPh3

2 PCy3Ru
Ph

H

PCy3

PCy3

Cl
Cl

ð13:81Þ

Ru
Ph

H

PCy3

PCy3

Cl

Cl

NN RR

Ru
Ph

H
PCy3

Cl

Cl

NNR R

R = Mesityl,

H OR'

Me

Me
Me

R' = But, Me

ð13:82Þ

Schrock catalysts for olefinmetathesis areusuallyWor
Mo carbene complexes and contain an imido and two
alkoxide ancillary ligands. A typical synthesis of Schrock
catalysts is given in Eq. (13.83) [104,114,115]. It starts from
Schrock-type carbyne (ButCH2)3W^CBut [114], which is
discussed below (Eq. (13.86)). The first step is acidifica-
tion of the carbyne complex [71], which is discussed
earlier in Eq. (13.44). The acidification is followed by
removal of one Cl ligand by Me3SiNHAr to introduce
an arylamide ligand ArNHe [115]. H migration from

the amide to the carbyne ligand, catalyzed by NEt3,
yields each a carbene and an imide ligand. The last step
is the substitution of the Cl ligands by alkoxides to give
the tetra-coordinated catalysts [115]. Bulky imide ligand
and the But group of the neopentylidene ligand prevent
the carbene C atom against bimolecular reactions. Elec-
tron-withdrawing alkoxide ligands such as eOCMe
(CF3)2 enhance the catalytic activities. Schrock catalysts
are in general more active than Grubbs catalysts, but
Grubbs catalysts are more tolerant of functional groups
such as eOH and acids.

O O

WCl3(DME)ButC
Me3SiNHAr

DME = ; Ar =
Pri

Pri

W

But

OCl

ClArHN

O

W
Cl

Cl

O

N
Ar

O C
H

But

W
N
Ar

C
H

But

RO

RO

R = But, CMe(CF3)2

NEt3catalyst

-ClSiMe3

LiOR

ð13:83Þ

Carbynes

When treating Fischer-type carbene complex
(OC)5M]C(OMe)R (M¼Cr, Mo, W) with an electro-
phile, such as BCl3, a Fischer carbyne is generated.
This method is applied to several Fischer carbene
complexes, as shown in Eq. (13.84) [116].

(OC)5M C
OMe

R
M

CO

CO

X CR
CO

OC

M = Cr, Mo, W;  X = Cl, Br, I;  R = Me, Et, Ph

BX3

ð13:84Þ

Another interesting procedure to prepare Fischer car-
bynes is given in Eq. (13.85) [117]. Mo(CO)6 is treated in
sequence with n-butyllithium, oxalyl chloride, and pyri-
dine (py) to form Cl(py)2(OC)2Mo^CBun. Substitution
of the pyridine and chloride ligands with NaCp gives
Cp(OC)2Mo^CBun. Metals in Fischer-type carbynes
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are at low oxidation states such as þ3 or þ4 for Group 6
Cr, Mo, and W.

Schrock-type alkylidynes such as (ButCH2)3W^CBut

may be prepared by a one-step reaction [114,115]. For
instance, when WCl6 is added to an excess amount of
Grignard reagent ButCH2MgCl (Eq. (13.86)) and
Me3SiCH2MgCl, (ButCH2)3W^CBut [114] and
(Me3SiCH2)3W^CSiMe3 [118] are formed, respectively.
The yield in this one-step synthesis is low, in part
because of the low solubility of WCl6. Greater yields
are obtained by preparing Cl3W(OMe)3 from WCl6. It
is then treated with either Me3SiCH2MgCl or
ButCH2MgCl to give (Me3SiCH2)3W^CSiMe3 (Eq.
(13.87)) and (ButCH2)3W^CBut, respectively [114].
These two complexes are classic Schrock-type carbynes.
(ButCH2)3W^CBut is used to yield the Schrock olefin
metathesis catalyst in Eq. (13.87).

WCl6  +  6 ButCH2MgCl W

But

But
But

But

ð13:86Þ

WCl6 +  3 MeOSiMe3 Cl3W(OMe)3

6 Me3SiCH2MgCl

W
SiMe3

Me3Si

Me3Si

SiMe3

ð13:87Þ

Schrock-type carbyne complexes can be produced
by metathesis shown in Eq. (13.88). Reaction of
(ButO)3W^W(OBut)3 with 2-butyne, via metathesis,
gives Schrock-type carbyne (ButO)3W^CMe. Subse-
quent metathesis with Me3SiC^CSiMe3 gives a new
carbyne (ButO)3W^CSiMe3 [119]. Substitution of the
butoxide ligands by Grignard reagent ButCH2MgCl

gives another W(VI) Schrock-type carbyne
(ButCH2)3W^CSiMe3 [120,121].

(Me2N)3W

6 ButOH

MeC CMe

Me3SiC CSiMe3

ButO
ButO W

OBut

W

But
But

But

ButCH2MgCl

W(NMe2)3

(ButO)3W W(OBut)3

WCl4

+

Me

ButO
ButO W

OBut

SiMe3

SiMe3

ex LiNMe2

ð13:88Þ
Carbyne ligands are often terminal. Bridging alkyli-

dynes are, however, among the first known carbyne
complexes. In 1971, Wilkinson and coworkers pub-
lished two novel bridging metal carbynes, as shown
in Eq. (13.89) [122e124]. By adding Grignard
Me3SiCH2MgCl to a solution of MCl5, the dimeric Nb
and Ta complexes are formed. Crystals of both species
confirm that they are dimers [122e124]. Subsequent

Mo(CO)6
NaCpLiBun

C C
O O

ClCl

N

Cl(py)2(OC)2Mo Mo CBun

OC
OC

CBun ð13:85Þ
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mechanistic studies by Li et al. [98] revealed that pen-
taalkyl Ta(CH2SiMe3)5 is a precursor that undergoes
a-H abstraction to give carbene (Me3SiCH2)3Ta]
CHSiMe3. The carbene subsequently undergoes second
a-H abstraction, probably via a dimeric intermediate, to
give the bridging carbyne.

MCl5 + 5 Me3SiCH2MgCl

M = Ta; Nb

M M

SiMe3

SiMe3

CH2SiMe3

CH2SiMe3

Me3SiCH2

Me3SiCH2

ð13:89Þ

13.2.4. Metal Hydrides

Fourpopularmethodshavebeenused topreparemetal
hydrides. One route is by direct addition of hydrogen gas.
The second is theprotonationofmetal complexesbywater
or a weak acid. The third involves the substitution of
ligands such as halides by hydrides in, e.g., LiAlH4 or
NaBH4. The fourth method is b-H elimination from an
alkyl ligand such as MeCH2CH3.

Direct addition of hydrogen gas to complexes leads to
hydrides through oxidative addition [125,126]. The Vas-
ka’s complex IrCl(CO)(PPh3)2 reacts with H2 to give
H2IrCl(CO)(PPh3)2 as discussed earlier in Eq. (13.13).
Another example is the formation of HCo(CO)4 from
the oxidative addition of H2 to dimeric Co2(CO)8 (Eq.
(13.90)) [125]. These direct additions require low-valent
and unsaturated metal complexes. Since a metal halide
such as WVICl6 cannot be used in the formation of
a metal hydride through oxidative addition, a W(0)
complex may be used. When W(CO)3(PR3)2 (R ] Pri)
is reacted with hydrogen gas, the reaction forms a dihy-
drogen complex shown in Eq. (13.91) [126].

Co2ðCOÞ8 þ H2/2HCoðCOÞ4 (13.90)

W(CO)3(PR3)2 H2 W

PR3

PR3

OC

OC

CO H

H

R = Pri

+

ð13:91Þ

Water and acid can be served as a hydrogen donor/
source in the synthesis of metal hydrides through

protonation of, e.g., anionic species. Thus adding Hþ

to Na[Co(CO)4] yields HCo(CO)4 (Eq. (13.92)) [127]. As
discussed earlier, Na[Co(CO)4] can be prepared from
the reduction of Co2(CO)8 by sodium amalgam (Eq.
(13.56)). The method in Eq. (13.92) is an alternative route
to HCo(CO)4 and does not require the use of gaseous H2

(Eq. (13.90)) [125].

Na
�
CoðCOÞ4

�
/
Hþ

HCoðCOÞ4 (13.92)

Neutral or basic metal complexes also react with
either a weak or strong acid to give hydride complexes,
as discussed earlier in “Electrophilic Addition” (Eq.
(13.41)). Illustrated in Eq. (13.93), hyperchloric acid
reacts with an Os(0) complex, yielding ionic species
[Os(CO)3(PPh3)2H][ClO4] [128]. Likewise when weak
acid NH4PF6 is added to CpCo(PMe3)2, only one proton
is added to the basic metal forming [CpCo(PMe3)2H]-
[PF6] (Eq. (13.94)) [129].

OsðCOÞ3ðPPh3Þ2þHClO4

/
�
OsðCOÞ3ðPPh3Þ2H

�þ ½ClO4� �
(13.93)

CpCoðPMe3Þ2þNH4PF6/
�
CpCoðPMe3Þ2H

�þ ½PF6� �
(13.94)

Main-group hydrides (e.g., LiAlH4 or NaBH4) are
used as a hydride source in the preparation of metal
hydrides through substitution of halide ligands. The
main-group hydrides are commercially available and
their use is often relatively easy, making them favorable
in metal hydride synthesis. WCl6, a common starting
material for W complexes, reacts with LiEt3BH in the
presence of a phosphine or NaBH4 and NaCp, yielding
W(IV) hydride complexes WH4(PMePh2)4 (Eq. (13.95))
and Cp2WH2 (Eq. (13.96)), respectively [130,131].
When LiAlH4 or NaBH4 is reacted with two similar Ir
(III) complexes, they lead to two different Ir(III) hydrides
as shown in Eqs (13.97) [132] and (13.98) [133]. The
LiAlH4 addition results in a typical six-coordinate Ir
complex [132]. In contrast, the reaction involving
NaBH4 yields a bridging borane, most often observed
in borane clusters [133].

WCl6 þ PMePh2 þ LiEt3BH/WH4ðPMePh2Þ4 (13.95)

WCl6 þ NaCpþ NaBH4/Cp2WH2 (13.96)

IrHCl2ðPPh3Þ3þ LiAlH4/IrH3ðPPh3Þ3 (13.97)
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IrHCl2(PPri3

PPri3

PPri3

)2  +  NaBH4 Ir
H

H

H

H

B
H

H

ð13:98Þ
b-H elimination from an alkyl ligand is another

method to prepare metal hydride complexes. The Pt(II)
ethyl complex in Eq. (13.99) undergoes b-elimination
to give metal hydride PtHCl(PEt3)2 [134]. In the example
in Eq. (13.100), alkylation of RuCl3 in the presence of
phosphine PPh3, followed by b-elimination, leads to
the formation of a Ru dihydride.

PtEtClðPEt3Þ2/PtHClðPEt3Þ2þC2H4 (13.99)

RuCl3 þ PPh3 þ AlEt3/RuH2ðPPh3Þ4 (13.100)

13.2.5. p Complexes

Olefin and Acetylene Complexes

Olefin and acetylene complexes are p complexes
involving the donation of the p electrons to the metal
and the back donation of electron density on the metal
to the p* anti-bonding orbitals in olefin and acetylene
ligands. These complexes are often used in processes
such as hydrogenation, polymerization, hydrocarbony-
lation, hydroformylation, and oxidation such as the
Wacker process discussed in Section 13.1.4.

Many alkene complexes are prepared by displace-
ment of a carbonyl or halide ligand by an alkene. For
example, in Eq. (13.101), one of the four chloride ions
in the square-planar [PtCl4]

2� is displaced by ethylene
(C2H4) [135e137]. In Eq. (13.102), the two COD (cyclooc-
tadiene) ligands in the Pt(COD)2 moiety are displaced
by three ethylene groups [138]. When Fe(CO)5 is reacted
with 1,3-butadiene, a simple olefin complex is formed
(Eq. (13.103)) [139].

K2PtCl4 þ C2H4 ���!HClðaqÞ

180 bar
K

þ �
PtCl3ðC2H4Þ

��
þ KCl

(13.101)

Fe(CO)5  +
120 bar

135 oC
+  2 CO

Fe(CO)3

ð13:103Þ

Recently metal fullerene derivatives such as Ir(CO)-
Cl(h2-C60)(PPh3)2 have been prepared by procedures
similar to those used in the preparation of olefin
complexes. For example, Vaska’s complex, trans-Ir(CO)-
Cl(PPh3)2, is used to form an ethylene complex in Eq.
(13.104) [140]. When Vaska’s complex is reacted with
fullerene (C60), Ir(CO)Cl(h2-C60)(PPh3)2 is formed (Eq.
(13.105)) [141].

IrðCOÞClðPPh3Þ2 þ H2C¼CH2

/IrðCOÞClðh2-C2H4Þ ðPPh3Þ2
(13.104)

IrðCOÞClðPPh3Þ2 þ C60/IrðCOÞClðh2-C60Þ ðPPh3Þ2
(13.105)

Due to steric effects, smaller and terminal alkene
complexes are more stable. However, preparation of
large bulky olefin complexes has been achieved by
implementing a reducing reagent, liquidevapor
condensation, or hydride abstraction from an alkyl
metal complex. When a reducing agent, such as
aluminum alkyl, is treated with a metal halide and
diene, a bulky metal olefin complex is formed (Eq.
(13.106)) [142]. Butadiene undergoes trimerization to
give the intermediate. The cyclic triene ligand is then
replaced by COD to form Ni(COD)2.

NiCl2 +  AlR3 + Ni

Ni(COD)2

ð13:106Þ

Transition metals readily react with alkynes. Yet, rela-
tively few form simple, stable metal alkyne complexes
mainly because many alkyne complexes are reactive
with the addition of another alkyne or the formation of
more elaborate complexes or organic products. Substitu-
tion of CO ligands by alkyne is a reaction used often to
make alkyne complexes. An example is given below in
Eq. (13.107) [143]. The reactivities of alkyne complexes
are illustrated in the trimerization of alkyne to form

PtCl2(COD)  +

C2H4Pt Pt(COD)2

COD = 1,5-cylcooctadiene

2

Li2 + COD

ð13:102Þ
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benzene ligands, as shown in Eq. (13.112) discussed
below in the preparation of arene complexes.

Co2(CO)8 + R-C C-R

-2 CO

(OC)3Co Co(CO)3
C C

R R
ð13:107Þ

Cyclopentadienyl and Arene Complexes

Metallocenes are well known for their applications in
hydrogenation, alkylation, and aminolation. Cp ligands
are usually stable and their sterics may be adjusted by
placing substituents on the cyclopentadienyl ligands.
Cyclopentadienyl complexes are thus often used in
asymmetric catalysis and regioselective synthesis. Met-
allocene derivatives of the ZieglereNatta catalysts are
a prime example of cyclopentadienyl (Cp) chemistry
[69].

The general synthesis of the first-row Cp metal
complexes is by reacting a metal halide with NaCp or
a cyclopentadienyl derivative, shown in Eqs (13.108)
and (13.109) [144]. In the case of the reaction with
CrCl3, NaCp serves not only as a ligand but also as
a reducing agent. Alternative methods include direct
use of cyclopentadiene in the presence of a base such
as Et2NH to deprotonate cyclopentadiene (Eq. (13.110))
[145].

MCl2 þ 2NaCp/Mðh5-CpÞ2
M ¼ Fe or Ni

(13.108)

CrCl3 þ NaCp/Crðh5-CpÞ2 (13.109)

MCl2 þ C5H6 þ Et2NH/Mðh5-CpÞ2 (13.110)

The h6-arene metal complexes are often prepared by
reacting a metal complex or metal halide with an
aromatic hydrocarbon (e.g., C6H6) through displace-
ment of ligands such as CO (Eq. (13.111)) [146] or cyclo-
trimerization of acetylenes (Eq. (13.112)) [147].
Microwave irradiation assists the displacement of CO
in the reaction in Eq. (13.111) [146]. In the reaction
involving MnCl2 (Eq. (13.112)), PhMgBr reduces Mn(II)
to Mn(0) [147].

Cr(CO)6 +

Cr(CO)3
-3 CO

ð13:111Þ

MnCl2  +  2 PhMgBr
MeC CMe

Mn

ð13:112Þ

Alternatively, Cr(h6-C6H6)2 can be prepared by the
condensation of gaseous chromium metal and arene, as
discussed earlier in Eq. (13.47) [71]. Use of a metal gas
has also been used in the preparation of other arene
complexes [72,73]. It is, however, a lesspopular technique.

Allylic and Polyene Complexes

Several techniques have been developed to preparep-
allyl complexes. Popular methods include the removal of
a halide ligand by allyl anion, substitution of the halide
in CH2]CHCH2Cl by an anionicmetal complex, conver-
sion of an alkene ligand to an allyl and a hydride ligand,
and reactions involving diene or polyene ligands. Addi-
tional synthetic methods are available. Those discussed
here are among the most widely used.

In the examples in Eqs (13.113) and (13.114), the metal
center undergoes a nucleophilic halide substitution by
an allyl Grignard reagent [148,149]. Anionic metal
complexes such as Mn(CO)5

� acts as a nucleophile to
replace chloride in CH2]CHCH2Cl to give an h1-allyl
complex (Eq. (13.115)), which under heating, converts
to an h3-allyl complex with the elimination of CO. This
is in essence an electrophilic attack of CH2]CHCH2Cl
on the metal [150].

ZrCl4 þ 4C3H5MgCl ����!
�78 �C

ZrðC3H5Þ4 (13.113)

NiBr2 þ 2C3H5MgBr ����!
� 40 �C

NiðC3H5Þ2 (13.114)

H2C=CHCH2Cl + Mn(CO)5 Mn(CO)5

heat

Mn(CO)4

1-allyl

3-allyl
ð13:115Þ
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Alkene complexes such as Mo(dppe)2(h
2-CH2]

CHCH3) (dppe¼ Ph2PCH2CH2PPh2) undergo CeH
oxidative addition to give an allyl hydride complex
(Eq. (13.116)) [151]. The conversion is reversible.

Mo

CH3

Mo

H ð13:116Þ

Alkene, diene, or polyene metal complexes are also
precursors to allyl complexes through addition or
removal of a proton or hydride. For example, deprotona-
tion of (cycloheptatriene)Fe(CO)3 gives a deep red nucle-
ophilic anion (C7H7)Fe(CO)3

� containing an antiaromatic
cycloheptatrienide anion [152]. Two limiting bonding
alternatives have been considered for the anion: one
delocalizes the negative charge in the ring as an allylic
carbanion and second places the charge density on the
metal center (Eq. (13.117)). The insertion of allene into
the Pt-H bond in [PtH(acetone)(PPh2Me)2]

þ gives the
allyl ligand in [Pt(allyl)(PPh2Me)2]

þ (Eq. (13.118)) [153].

13.3. EXPERIMENTAL TECHNIQUES

One key feature of synthetic organometallic chemistry
is the use of inert gas techniques. Many organometallic
compounds or their precursors, especially those of
earlier transition metals, are air-sensitive, and thus
require their synthesis or handling be conducted under
an inert gas, typically nitrogen or argon. A variety of
air-sensitive techniques such as Schlenk flask, glove
box, vacuum manifold/inert gas line, and stopcock
have been developed for such use. There are advanced
monographs describing the air-sensitive techniques in
detail. In particular, The Manipulation of Air-Sensitive
Compounds byDuward F. Shriver andMark A. Drezdzon,
and Advanced Practical Inorganic and Metalorganic Chem-
istry by R. John Errington are two excellent books on
those techniques [154,155]. The readers are encouraged
to consult these books for valuable air-sensitive tech-
niques. A summary of key features of air-sensitive tech-
niques is given here. It should be noted that the Schlenk
techniques are named after German chemist Wilhelm
Johann Schlenk (1879e1943) who developed the glass-
ware that is widely used today in handling air-sensitive
techniques. Seyferth recently wrote a review of Schlenk’s
career and his organoalkali-metal chemistry [156].

Schlenk flasks are flasks attached to a side arm
(Fig. 13.1). The sidearm is a stopcock or valve, and a glass
or Teflon stopcock is often used. The side arm allows the
user to pull vacuum on the flask, followed by refilling it
with an inert gas. There is a ground joint on the Schlenk
flask, and it is either plugged with a stopper or used to
connect the Schlenk flask to another apparatus. The flask
is often under a slightly positive pressure maintained by
a Schlenk line that is also called inert gas/vacuum
double manifold.

The basic design of a Schlenk line (Fig. 13.2) allows
the atmosphere inside the Schlenk flask to be readily
switched between vacuum and the inert gas by turning
a three-way stopcock. One part of the double manifold is
under vacuum maintained by a pump. A cold trap is
often placed between the pump and the manifold in
order to condense volatile species such as solvents
from the Schlenk flask and to protect the pump. Another
part of the double manifold is under a slightly positive
atmosphere of the inert gas. This part is attached to the
source of the inert gas such as a gas cylinder. Often
a gas purification apparatus is placed between the
cylinder and the manifold to remove trace amounts of
oxygen and moisture in the inert gas. Usually four or
five taps are placed on one manifold so that several
Schlenk flasks or other items can be connected to the
manifold at the same time.

Solvents used in air-sensitive organometallic reac-
tions need to be dried to remove trace amounts of

Fe
OC CO

CO

KH

Fe
OC CO

CO

-H2
Fe

OC CO

CO

ð13:117Þ

Pt
PPh2MeH

acetoneMePh2P
+ H2C=C=CH2

Pt(PPh2Me)2

ð13:118Þ
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oxygen and moisture. New, column purification-based
systems that Grubbs and colleagues developed [157]
have gradually replaced distillations, often from sodium
or potassium, and vacuum transfers. This is a nonhaz-
ardous alternative and requires no undue supervision
or cooling, providing a rapid collection of large quanti-
ties of pure solvents on demand. The purified solvents
are stored in Schlenk-type solvent bottles under an inert
atmosphere. Such purification-based systems are now
commercially available.

The transfer of a purified solvent from its storage
bottle to a Schlenk flask is often conducted by the use
of a syringe or more commonly a cannula. A cannula

is a long Teflon or metal tube. Its two ends are pointed
so that the ends can be inserted through rubber septa
on the Schlenk flask and the solvent bottle. The pressure
in the solvent bottle is slightly higher than that in the
receiving Schlenk flask, thus leading to the flow of the
solvent (Fig. 13.3).

Often one needs to transfer air-sensitive solids or
prepare an NMR or IR sample of the solids. This is
usually conducted in a glove box which is kept under
an inert gas (nitrogen or argon). A glove box is essen-
tially a gas-tight container from which air (and thus
oxygen and moisture) is excluded (Fig. 13.4). The user
operates through gloves. To bring a Schlenk flask into
the box, it is first pumped in an antechamber attached
to the glove box. Following refilling the antechamber
with the inert gas, the Schlenk flask is brought into the

FIGURE 13.2 Scheme of a typical Schlenk line. Courtesy of Chem-

glass Life Sciences. Images reproduced with permission by Chemglass Life

Sciences.

FIGURE 13.3 Transfer of solvent under an inert atmosphere.
Courtesy of Chemglass Life Sciences. Images reproduced with permission by

Chemglass Life Sciences.

FIGURE 13.1 Scheme of a typical Schlenk flask. The stopcock is
made of either a solid glass plug or a high vacuum Teflon� plug (as
shown in the insert). Courtesy of Chemglass Life Sciences (www.chemglass.

com). Images reproduced with permission by Chemglass Life Sciences.

FIGURE 13.4 Photo of a glove box.
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box by opening a side door between the box and the
antechamber. The inert gas inside the box is circulated,
passing over an O2-removing catalyst and drying agents
in order to keep oxygen and moisture levels at
minimum. It should be pointed out that more and
more research groups now conduct reactions inside
glove boxes. There is thus no need to use Schlenk glass-
ware (flasks, double manifold, etc.) and such a practice
reduces the chances of air-leak into a Schlenk flask.
The O2-removing catalyst and drying agents for the
glove box require, however, much more frequent
regenerations.

In essence the air-sensitive techniques are to keep the
samples, solvents, and operations under an inert atmo-
sphere excluding air. Once one learns these techniques,
he/she will benefit greatly and will be able to prepare
not only air-sensitive organometallic compounds, but
also many other types of compounds such as organic
compounds and polymer materials that may require
the use of the techniques during their syntheses.
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One of the indicators of the progress in human civi-
lization is the type of materials that are accessible to
society. In spite of the wide-ranging applications and
ubiquitous presence of organic polymer materials, it
does not have the capability to fulfill all the demands
[1]. Most of the organic polymers are not suitable for
applications at extreme temperatures. They may
become very brittle at low temperatures while oxida-
tive at high temperatures. Organic polymers are nor-
mally easy to burn because of their flammability.
Their main limitation is that the basic petroleum feed
stocks are not going to last for ever [2]. However,
organic polymers are so diverse in terms of their struc-
ture and property, that it’s possible to find new types
of polymeric systems with completely different prop-
erties by combining with inorganic compounds. It
would greatly motivate scientists to synthesize and
assemble a series of polymer systems that are based
on inorganic polymers, oligomers, or elements [3e7].
Organic polymers could be prepared in a number of
ways taking advantage of the rich functional group
chemistry of organic molecules. Unfortunately almost
all of the inorganic polymers require more difficult
and different synthetic strategies [2]. Among inorganic
polymers, the polymers based on silicon element are
well known for their superior properties, rigorous
monomers, and hard preparation. In this chapter, we
will deal with the synthesis and assembly chemistry
of the novel inorganic polymers known as polyphos-
phazenes in continuation of our work in recent times.
They can form the hybrid systems of organic and inor-
ganic polymers including blends and copolymers with
stepped-up excellent properties. Their synthesis,
assembly, functionalization, and possible utilization
will be involved. The most recently development of

the silicones, especially on the polysilaethers bearing
SieH bond will also be introduction.

14.1. POLYPHOSPHAZENES

Phosphazenes are the intriguing substrates having
chemical structures based on eP]Ne repetitive units
from low-molecular weight cyclic derivatives to more
than 10,000 molecular weight polymers (Fig. 14.1).
More interesting thing is that the two substituent groups
which are chosen among a great number of different
candidates are attached to the phosphorus atoms,
thereby producing a series of new materials that are
able to cover an unbelievably large number of practical
applications [8e9].

The first polyphosphazene compound, polydichloro-
phosphazene, was prepared in crosslinked form by
Stokes at the end of the nineteenth century by the
thermal ring-opening polymerization (ROP) of the cyclic
trimer [PNCl2]3 [10]. The material referred to as “inor-
ganic rubber” and remained a chemical curiosity due
to its intractability and hydrolytic instability until the
mid-1960s when it was shown by Allcock and Kugel

FIGURE 14.1 General structures of cyclo- and linear poly-
organophosphazenes. Reprinted from Progress in Polymer Science, Vol.

23, Roger De Jaeger, Mario Gleria, Poly(organophosphazene)s and related

compounds: Synthesis, properties and applications, Page179, Copyright
(1998), with permission from Elsevier.

295Modern Inorganic Synthetic Chemistry, DOI: 10.1016/B978-0-444-53599-3.10014-9 Copyright � 2011 Elsevier B.V. All rights reserved.



that uncrosslinked polydichlorophosphazene which
was soluble in organic solvents was formed if the ROP
of pure cyclic trimer was carried out carefully [11].
Subsequent reaction of this highly reactive polymeric
species with nucleophiles brought out a great deal of
hydrolytically stable polyorganophosphazenes by the
pioneering work of Allcock and coworkers [12,13]. After
that, the high-tech functional applications of the poly-
phosphazenes compounds were found which greatly
stimulated a major research effort involving several
industrial and academic laboratories over the past
40 years. The present work was focused on the synthesis
of novel phosphazenes compounds and the assembly of
cyclomatrix polyphosphazene micro and nano-
materials.

14.2. SYNTHESIS AND ASSEMBLY
CHEMISTRY OF CYCLOPHOSPHAZENE

Cyclomatrix polymers containing crosslinked cyclo-
phosphazene units are not so interesting as compared
to other members of the phosphazene polymer family.
It has not hadmuch success, thoughN3P3Cl6 itself would
be an ideal monomer for this purpose as it contained six
reactive groups. The basic structure of cyclomatrix poly-
phosphazene was shown in Fig. 14.2. It was a high
degree crosslinked thermosetting material and difficult
to process. It can only be used as adhesives or fillers to
improve the thermal and flame-retardant properties of
thematrix, which baffle the development of the cycloma-
trix polyphosphazenes [12,13].

Until 2006, based on the special stereo structure of
cyclophosphazene and the beamed substitution of
chlorine bond, a series of controllable shaped micro-
and nanomaterials were firstly obtained by one pot
preparation [14e19]. The pioneering work by Tang and
his coworkers revealed a new synthesis and assembly
mechanism of cyclophosphazene which greatly pushed
the cyclomatrix polyphosphazenes forward. Cycolphos-
phazene played the core role in the synthesis and
assembly process of cyclomatrix polyphosphazenes

and provided a new way to prepare the shape-
controlled micro- and nanomaterials.

Polymeric nanotubes have been explored for applica-
tion in bionanotechnology field, quantum devices, elec-
tronic, or electrochromic devices. Without question, it
would be a challenge to develop facile approaches to
polymer nanotubes with controlled dimensions under
a mild condition [20e28].

The above-mentioned method to prepare cyclomatrix
polyphosphazenes was called one pot method because
the shaped materials could be formed during the poly-
merization reaction and without any postprocessing,
which would overcome both the multistep processing
and the difficulties to separate products from the
templates. Up to now, the reported techniques of using
one pot method to prepare the cyclomatrix polyphos-
phazene micro- and nanomaterials include four types:
in situ template, self-assembly of primary particles, in
situ skeleton convert technique, and surface polymeriza-
tion on the nano- or microparticles.

14.2.1. In Situ Template Method

Formation mechanism of cyclomatrix nanotubes via
in situ template approach is shown in Fig. 14.3.

The strategy was inspired by the rod-shaped struc-
ture and the high surface energy of triethylammonium
chloride (TEACl) crystals, a byproduct of the reaction.
The TEACl nanocrystals could be formed, then

FIGURE 14.2 The structure of cyclomatrix polymers. Reprinted

with permission from [12]. Copyright 1994 American Chemical Society.

FIGURE 14.3 Formation mechanism of cyclomatrix nanotubes via in situ template approach.
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separated from the reaction systems and suspended in it
in situ and play a template role in the polymer nano-
tubes assembly. Crosslinked poly(cyclotriphosphazene-
co-4,40-sulfonyldiphenol) (PPZS) was prepared through
the polymerization of cyclotriphosphazene (HCCP) and
4,40-sulfonyldiphenol (BPS). The polymerization was
performed in an ultrasonic bath in a solution of tetrahy-
drofuran (THF) with excess TEA as an acid acceptor. The
polycondensation of HCCP with equimolar BPS gener-
ated prepolymer to form the primary polymer particles
and hydrogen chloride (HCl). Triethylamine absorbed
the HCl to afford TEACl, which accelerated the poly-
merization. During the polymerization, TEACl was
precipitated out and the nano-sized rod-like crystals
were thus obtained. As the polymerization proceeded
under ultrasonic irradiation, the primary polymer
particles with low surface energy settled down onto
the TEACl nanocrystal surface gradually to get a core/
shell structure material. With the TEACl nanocrystals
growing along their axes, the crosslinking reaction
among the polymers particles was carried out continu-
ally on the surfaces of the nanocrystals, and thus,
core/shell structures assembled well. In the last step,
the TEACl nanocrystals inside the core/shell materials
were removed by washing with water to obtain the
fine and uniform PPZS nanotubes. Figure 14.4 shows
the reaction procedure of cyclophosphazene and 4,40-
sulfonyldiphenol.

The whole polymerization process is shown in
Fig. 14.5. One can clearly see the formation of primary
particles, the crystal templates and the surface deposit
(aec). The in-depth growth of the crystals was during
the polymerization (d, e), the flexible polymer nano-
tubes were obtained after washing out the TEACl crys-
tals with water (g, h). The degree of polymerization

was evaluated by the EDX analysis (f, i). The obtained
nanotubes were amorphous. Controlling the size of the
nanocrystals by choosing the solvent system, the
dimensions of the tubes could be easily controlled.

14.2.2. Self-assembly of Primary Particles

Using the in situ template method, it was very easy to
obtain cyclomatrix polyphosphazene nanotubes but
difficult to obtain the other morphology materials like
fiber, porous particles, sphere, etc. By the recently
reported method for self-assembly of primary particles,
the micro- and nanofiber, sphere, and porous particles
could also be obtained during the polymerization
process of cyclophosphazene and BPS. Figure 14.6
shows the self-assembly process based on the special
stereo structure of cyclophosphazene and the beamed
substitute of chlorine bond and Fig. 14.7 were the images
of obtained cyclomatrix polyphosphazene nanofibers.
The inset scale bar in Fig. 14.7a is 50 nm, in Fig. 14.7b
it is is 500 nm.

Different morphologies of the cyclomatrix polyphos-
phazene nanofibers and nanospheres [29,30] are shown
in Fig. 14.8.

14.2.3. In Situ Skeleton Convert Technique

A more interesting, in situ skeleton convert tech-
nique, to prepare the special shaped micro- and nano-
particles was built in the research on the cyclomatrix
polyphosphazenes. During test, thermal properties of
the nanotubes gotten by the manner mentioned above,
Tang and coworkers found that the char yields of the
tubes were very high even at high temperature of
900 �C (Fig. 14.9). SEM and TEM images further showed
that the residue power retained the tube morphology
(Figs 14.10 and 14.11) and more exciting test results by
EDX analysis gave out the element difference of the
cyclomatrix polyphosphazene nanotubes between heat
treatment at 800 �C for 2 h before and after (Fig. 14.12).
Major component elements of the powder was carbon,
which demonstrated that the skeleton has converted
from the eN]P-bond to the eCeC-bond while keeping
the same size of the tubes. The micro- or nanofiber and
sphere had the similar properties to convert to corre-
sponding carbon fiber and carbon sphere. It may be
a novel way to prepare micro- or nanocarbon tubes,
carbon fibers, carbon sphere, etc.

For application it was necessary to modify carbon
tubes, fibers, and spheres, by introducing functional
groups or elements on the particle surface, which are
extremely difficult to achieve normally. The most
challenging character of the in situ skeleton convert tech-
nique than that of the traditional ones is to greatlyFIGURE 14.4 The reaction process of cyclophosphazene and BPS.
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increase its application value. We can keep a series
of groups or elements in the particles during the prepara-
tion process by controlling the treatment conditions. In
the EDX analysis of heat treated nanotubes (Fig. 14.12),
it was very significant to find that there were traces of
oxygen, phosphorus, and sulfur in the carbon nanotubes

in spite of carbon being the main. These elements had
either reacted amongst themselves or converted to the
other reactive groups, which modified the carbon nano-
tubes. It would be beneficial to introduce the active
surface cyclomatrix polyphosphazene micro- and nano-
materials or the converted carbon micro- and

(a) (b) (c)

(d)

(g) (h) (i)

(e) (f)

FIGURE 14.5 The detailed polymerization and assembly process.

(A) (B)

FIGURE 14.6 Self-assembly process of primary cyclo-
matrix particles.
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nanomaterials into the macromolecule network or chain
to obtain the completely new polymer systems.

Just by controlling the ratio of BPS to cyclophospha-
zene, Tang and coworkers easily obtained the hydroxyl
cyclomatrix polyphosphazene nanotubes as shown in
Fig. 14.13. Using the hydroxyl cyclomatrix polyphos-
phazene nanotubes as crosslinkers, a novel modified
polyurethane network made up of the molecules and
particles were obtained (Fig. 14.14).

14.2.4. Surface Polymerization on the Nano-
or Microparticles

The cyclomatrix polyphosphazene primary particles
can quickly undergo polymerization on the higher

(a)

(c) (d)

(b)

FIGURE 14.7 TEM and SEM images of PPZS nano-
fiber matrices.

FIGURE 14.8 The different morphologies of the cyclomatrix polyphosphazene nanofibers and spheres.

FIGURE 14.9 TGA and DSC curves of the cyclomatrix poly-
phosphazene nanotubes.
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FIGURE 14.10 SEM images of the residue
cyclomatrix polyphosphazene treated half an hour at
900�C.

FIGURE 14.11 TEM image of the residue cyclomatrix poly-
phosphazene treated half an hour at 900 �C nanotubes.

FIGURE 14.12 The EDX analysis of the cyclomatrix poly-
phosphazene. Reprinted from Materials Letters, Vol. 62, Jianwei Fu,
Yawen Huang, Yang Pan, Yan Zhu, Xiaobin Huang, Xiaozhen Tang, An

attempt to prepare carbon nanotubes by carbonizing polyphosphazene

nanotubes with high carbon content, Copyright (2008), with permission from
Elsevier.

FIGURE 14.14 A modified polyurethane network (black ellipses
represented the nanotubes).

FIGURE 14.13 Formation process of hydroxyl cyclomatrix poly-
phosphazene nanotubes. Reprinted from Applied Surface Science, Vol.
255, Jianwei Fu, Xiaobin Huang, Yan Zhu, Yawen Huang, Xiaozhen Tang,

Facile fabrication of novel cyclomatrix-type polyphosphazene nanotubes with

active hydroxyl groups via an in situ template approach. Copyright (2009),

with permission from Elsevier.
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surface energy particles due to their lower surface energy
to form shaped nano- or micro-core/shell particles. It
would be an easy and effective manner to produce high
performance or functional particles. As some typical
and useful samples, Figs 14.15e14.17 showed the cyclo-
matrix polyphosphazene-modified silver nanowire,
carbon nanotubes, and magnetic nanotubes.

Recently, by reacting different monomers with cyclo-
phosphazene, the similar novel cyclomatrix polyphos-
phazene nanomaterials could also be successfully
obtained. Using 4,40-diaminodiphenyl ether (ODA) to
replace BPS, the cyclomatrix polyphosphazene spheres
with active amino groups were prepared as shown in
Fig. 14.18. The active amino sphere-modified carbon

nanotubes could reduce gold ion in the solution directly
(Fig. 14.19) [31].

Using4,40-(hexafluoroisopropylidene)diphenol (BPAF)
to replace BPS, the superhydrophobic cyclomatrix poly-
phosphazene sphere was obtained (Fig. 14.20) [19].

14.3. APPLICATIONS OF CYCLOMATRIX
POLYPHOSPHAZENES

14.3.1. Biomedical Phosphazenes

As promising biomaterial candidates, polyorgano-
phosphazenes possess inherent advantages: satisfactory

(a) (b)

(c) (d)

FIGURE 14.15 The cyclomatrix poly-
phosphazene modified silver nanowire.

FIGURE 14.16 The cyclomatrix polyphosphazene modified carbon nanotubes. Reproduced with permission from The Royal Society of Chemistry.
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biocompatibility with human body, to have their rela-
tively fast degradation rate and can be controlled by
varying the side substituents [32], to know phosphate,
ammonia as the degradation residues of the materials,
and to choose the side groups which are either nontoxic
when being present in small quantities or easily metab-
olized by human body [33,34]. Drug delivery, biological
membranes, coatings, and polymeric medical devices
and components such as prosthetics and implants are
often their application fields.

Our researches showed that the obtained cyclomatrix
polyphosphazene nanomaterials had no biotoxity and
could absorb many medical molecules. For example, it
can absorb doxorubicin and release it slowly. The cyclo-
matrix polyphosphazene nanomaterials had potential

applications in controllable drug release. Based on the
formation mechanism, we thought that the cyclomatrix
polyphosphazene could be used to modify many ordi-
nary nanomaterials or form multifunctional composite
materials. Here, several new biodegradable polyphos-
phazenes with well-defined architecture such as micro-
crosslinked, star-shaped, and penta-armed will be
introduced.

14.3.1.1. Micro-crosslinked Polyphosphazenes

Linear polyphosphazenes known as fine biodegrad-
able materials could undergo rapid hydrolysis degrada-
tion but exhibited poor mechanical properties. The
inorganic backbone of polyphosphazenes was naturally
too flexible to obtain necessary mechanical properties.

(a)

(c) (d)

(b)

FIGURE 14.17 The magnetic cyclomatrix poly-
phosphazene nanotubes.

FIGURE 14.18 The amino active nanospheres made of ODA.
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To overcome their inherent limitation, the modified
polyphosphazenes blended with biodegradable polyes-
ters [35e38], polyanhydrides [38], and inorganic parti-
cles [39] were prepared. The materials did strengthen
their mechanical properties but gave a rise to slower
degradation rate [40]. Co-substituted polyorganophos-
phazenes with unsaturated side groups had formed
interpenetrating polymer networks with acrylonitrile,
styrene, acrylic acid (AA), and methyl methacrylate
using sequential interpenetrating method [41] to balance
the mechanical properties and the degradation rate of
the materials. Here, two kinds of micro-crosslinked pol-
yphosphazenes were further designed and prepared

to give new and convenient way to obtain better
results. Allylamine was an important monomer whose
polymerized products had widespread applications in
microencapsulation and gene transfer vectors as cationic
polymers [42e45]. The synthesis route of poly(glycino
ethyl ester)(allyl amino)phosphazenes is shown in
Fig. 14.21 [46].

Through the crosslink reaction initiated by BPO,
crosslinked polyphosphazenes with modified hydro-
lytic sensitivity and surface hydrophilicity could be
obtained. These modified properties are based on the
degree of crosslink dominated by the ratio of glycino
ethyl ester and allylamine. Co-substitution of allyl

(a) (b)

FIGURE 14.19 Active amino-modified carbon
nanotubes.

FIGURE 14.20 Superhydrophobic cyclomatrix
polyphosphazene spheres. Reproduced with permission

from The Royal Society of Chemistry.
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amino groups and glycine ethyl ester units increased the
surface hydrophobicity and increased the contact angles
from 52� to 69� to result in the decrease of hydrolytic
rate. Compared to the linear ones, crosslinked polymer
films had hydrophobic surfaces and gave the contact
angles of 91�and 96�. The rate of degradation decreased
as the allylamine increased at the pendant groups (see in
Fig. 14.22, the ratio of glycino ethyl ester to allyl amino in
polymers 1,2, and 3 was 1:0, 2:1 and 1:2, respectively).

2-Hydroxyethyl methacrylate (HEMA) had satis-
factory biocompatibility and bifunctionality. It was
attached to the side chain along with glycine ethyl

ester to form a precursor with unsaturated substitu-
ents. The co-substituted polyorganophosphazenes was
blended with HEMA or AA followed by a free radical
polymerization to prepare micro-crosslinked polyorga-
nophosphazenes. The synthesis route of the micro-
crosslinked polyorganophosphazenes is shown in
Fig. 14.23 [40].

The mechanical strength and hydrolysis degradation
profiles are depicted in Table 14.1 and Fig. 14.24, respec-
tively. The more ethenyl side groups were introduced in
the precursors, the better mechanical properties were
thus obtained. HEMA crosslinked polyphosphazenes

FIGURE 14.21 Synthesis route of the polymer.

FIGURE 14.22 Weight loss of (A) the polymers 1e3, (B) the linear polymer and crosslinked polymer 2 and (C) the linear and crosslinked
polymer 3 in phosphate buffer of pH 7.4. Reprinted from Polymer Degradation and Stability, Vol. 92, Lin Yin, Xiaobin Huang, Xiaozhen Tang, Synthesis,

characterization and hydrolytic degradation of linear and crosslinked poly[(glycino ethyl ester)(allyl amino)phosphazene], Page 795, Copyright (2007), with

permission from Elsevier.
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showed an approximately 13e17 times increase in
terms of modulus of elasticity when compared to the
linear counterpart. AA-crosslinked polyphosphazenes
showed an approximately 11e14 times increase in terms
of modulus of elasticity when compared to the linear
counterpart. The polymers hydrolyzed at a rather slow
rate when HEMA were used as crosslinkers. AA-cross-
linked polyorganophosphazenes underwent moderate
hydrolysis degradation.

14.3.1.2. Star-shaped Polyphosphazenes

The well-defined macromolecular architecture such
as star-shaped polymers [47e50], star block polymers
[51], comb-like polymers [52], and hyperbranched poly-
mers [53,54] have attracted considerable interest of
scientists due to their various functions and properties
based on their special structures. Among them, star-
shaped polymers gained attention because of their struc-
ture and unique physicochemical properties which are
different from those of their linear counterparts [55,56].
Generally, star-shaped polymers can be synthesized by
two different routes: one was the arm-first method and
the other was the core-first approach using multifunc-
tional initiators [57e59]. So far, the core-first approach
has proven to be a very efficient strategy to form
expected structure polymers by ring-opening polymeri-
zation. Cyclotriphosphazenes exhibited useful thermal
properties and excellent biocompatibility [60,61]. More-
over, cyclotriphosphazenes could be used as multifunc-
tional initiators [62]. Star-shaped poly(L-lactide) and
poly(D,L-lactide) with hydroxyl-terminated

cyclotriphosphazene core were synthesized by ring-
opening polymerization using stannous octanoate as
catalyst. The synthetic routes are shown in Fig. 14.25
[63].

The compound of N3P3(OC6H4-p-CH2OH)6 was
obtained from the reaction of N3P3(OC6H4-p-CHO)6
with sodium borohydride at room temperature [64].
Molecular weight of star-shaped poly(L-lactide) and
poly(D,L-lactide) linearly increases with the molar ratio
of monomer to initiator. The star-shaped poly(L-lactide)
possessed low melting point, crystallinity, and onset
decomposition temperature. Star-shaped poly(D,L-
lactide) also possessed the best degradabilitywhile linear
poly(L-lactide) possessed the poorest degradability. And
the degradation of star-shaped polylactide was divided
into two steps, which was different from the degradation
process of linear polylactide. Highly branched archi-
tecture of star-shaped PCL resulted in interrupted
crystallization form and subsequently lower melting

FIGURE 14.23 Synthesis route of micro-crosslinked poly-
phosphazenes. Reprinted from Biomaterials, Vol. 25, Yanjun Cui, Xian
Zhao, Xiaozhen Tang, Yinpei Luo, Novel micro-crosslinked poly(organo-

phosphazenes) with improved mechanical properties and controllable degra-

dation rate as potential biodegradable matrix, Page 451, Copyright (2004),
with permission from Elsevier.

TABLE 14.1 The Mechanical Properties of the Polyphosphazenes

Polymers

Modulus of

elasticity (KPa)

Failure stress

(KPa)

Failure

strain dL/L

2 17.2� 2.6 23.5� 2.9 2.15� 0.32

6 212.8� 13.9 248.0� 30.6 3.08� 0.27

7 287.5� 33.7 294.5� 39.4 3.90� 0.25

8 191.3� 10.9 229.6� 17.3 2.97� 0.35

9 239.6� 27.6 242.5� 18.9 3.12� 0.28

FIGURE 14.24 The hydrolysis degradation rate of the polymers
2 and 6e9. Reprinted from Biomaterials, Vol. 25, Yanjun Cui, Xian Zhao,
Xiaozhen Tang, Yinpei Luo, Novel micro-crosslinked poly(organo-

phosphazenes) with improved mechanical properties and controllable degra-

dation rate as potential biodegradable matrix, Page 451, Copyright (2004),
with permission from Elsevier.
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temperature. Thermogravimetric analysis (TGA) carried
out on the star-shaped PCL suggested that the introduc-
tion of phosphazenes ring strengthened the thermal
stability of the resulting polymers. The star-shaped
PCL-b-D,L-PLAGA copolymer could combine, excellent
permeability of PCL and higher biodegradability of the
D,L-PLAGA block. The synthesis routes are shown in
Fig. 14.26.

14.3.1.3. Penta-armed Polyphosphazenes

N-Dichlorophosphoryl-P-trichlorophosphazene (NDT)
was the simplest linear short-chain polyphosphazenes.
Its derivatives possessed good biocompatibility and
biodegradability because of their structures. Using
the hydroxyl groups end capped derivative of NDT
as initiator, the star-shaped penta-armed asymmetric
poly(3-caprolactone)s or poly(L-lactide)s with lower

crystallinity, faster degradation rate was obtained by
ring-opening polymerization of 3-caprolactone or
L-lactide. The synthesis routes are shown in Figs 14.27
and 14.28 [65].

The degradation behavior of linear and penta-armed
PCL (Mnz 20,000) was investigated by immersing
them in pH 7.4 PBS at 37�C. The weight losses of linear
and penta-armed PCL during the degradation period
are shown in Fig. 14.29. The degradation rate of linear
PCL was very slow (for example, the residual weight
was 98.1% after degradation for 33 days), which was
attributed to its high degree of crystallinity (54.7%).
The degradation rate of penta-armed PCL was obvi-
ously faster than that of the linear one. This is due to
the lower degree of crystallinity of penta-armed PCL
(42.6%). The degradation of polyester took place by
random hydrolysis of ester bonds. The penta-armed

FIGURE 14.25 Synthesis of star-shaped poly(L-lactide). Reprinted from Polymer Degradation and Stability, 87, Weizhong Yuan, Lu Zhu, Xiaobin

Huang, Sixun Zheng, Xiaozhen Tang, Synthesis, characterization and degradation of hexa-armed star-shaped poly(L-lactide)s and poly(D,L-lactide)s initiated
with hydroxyl-terminated cyclotriphosphazene, pp. 503e509, Copyright (2005), with permission from Elsevier.
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PCL possessed a branched structure which led to the
lowering of crystallinity and the rate of amorphous of
polymer. Therefore, the water molecule pervaded the
molecule of penta-armed PCL faster than that of the
linear one, which promoted the hydrolytic degradation
of polymer. The degradation of penta-armed PCL
included two steps: the PCL chains were cleaved
randomly, and then short PCL chains were detached
from phosphazene cores.

14.3.2. Polyphosphazenes with Nonlinear
Optical Properties

The development of nonlinear optical (NLO) chromo-
phore-containing polymeric materials has drawn

considerable attention due to their potential photo-
nics applications over the last decade [66e69]. The appli-
cations included reversible optical data storage [70e74],
fabrication of diffractive elements with specific polariza-
tion properties [75,76], optical switching and/or slab
waveguides [77,78], and many other purposes. In recent
years, the significant interest existed in the design and
development of organic materials with large molecular
hyperpolarizability values to improve their optical trans-
parency and good thermal stability. It has been theoreti-
cally and experimentally shown by Fichou and others
that heteroaromatic-based chromophore [79,80] andmul-
tidipolar chromophore [81,82] had larger macroscopic
nonlinearities, higher thermal stability, and better orien-
tation order and stability than one-dimensional,

FIGURE 14.27 Synthetic route of penta-armed poly(3-caprolactone)s.

FIGURE 14.26 Synthetic route of star-shaped copolymer phosphazenes.
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donoreacceptor disubstituted p-conjugated molecules.
How to provide general laws predicting NLO properties
of multidipolar chromophore was still a big challenge.
This problem should be solved further to push the devel-
opment of NLO polymeric materials forward and bring
this kind of promising material into practical applica-
tions. Polyphosphazenes presented a number of useful
features for practical devices, such as excellent flexibility,
high thermal and oxidative stability, optical transparency
from 220 nm to the near-IR region, and controlled incor-
poration of covalent chromophore, which can be easily
accomplished over a broad concentration range. A
combination of the advantages of heteroaromatic based
and multidipolar chromophore could produce a new
type of chromophore that presented high electro-optical
coefficients and good temporal stability. Via a post-azo

coupling reaction an easy two-step method, some new
polymers with imidazole-based and multiple charge-
transfer Y-shaped chromophore were synthesized. The
synthetic routes are shown in Fig. 14.30 [83].

Chromophore contents can reach 14 mol%. The poly-
mers had good optical transparency. The birefringence
was about 10�2. The maximum absorption lmax

was 354e375 nm and the absence of absorption was
425e465 nm. They provided a wide transparent
window and dozens of blue shift compared to the other
materials and had excellent photorefractivity. The poly-
mers’ Tg were 150e180 �C, which ensured the stability
when the polymers were in the stable melt state. It
was the first time that polyphosphazene polymers
were observed to present photorefractivity without
adscititious electric field or advanced polarization in
room temperature. These polyphosphazene polymers
were the new kinds of materials which were called all-
optical photorefractive materials. To these materials,
the possible damage of the materials caused by adsciti-
tious electric field or advanced polarization needed not
to be considered. Membrane of the polymers could be
made thicker to get better performance when there was
no restriction of adscititious electric field or advanced
polarization.

14.3.3. Phosphazene Separation Membranes

The pervaporation (PV) was considered to be a prom-
ising alternative of conventional energy intensive tech-
nologies such as extractive or azeotropic distillation in
liquid mixture separation. There has been growing
research interest in the applications of pervaporation in

FIGURE 14.28 Synthetic route of penta-armed
poly(L-lactide)s. Reprinted from European Polymer

Journal, 41, Weizhong Yuan, Lu Zhu, Xiaobin Huang,
Sixun Zheng, Xiaozhen Tang, Synthesis and properties

of pentaarmed poly(l-lactide)s on N-dichlor-

ophosphoryl-P-trichlorophosphazene derivative core,

pp. 1867e1873, Copyright (2005), with permission
from Elsevier.

FIGURE 14.29 The weight losses of linear and penta-armed PCL
in phosphate buffer at 37 �C.
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biotechnology areas, for an example, recovery of ethanol
from fermentation broths [84e86]. Success of PV in etha-
nolewater separation depended on the development of
a membrane material that had high permeability, high
permselectivity and good film-forming properties. The
polymers that have been used in ethanol-permselective
membranes included polydimethylsiloxane (PDMS)
[87,88] and poly[1-(trimethylsilyl)-1-propyne] (PTMSP)
[89]. Polyorganophosphazenes were the important
organiceinorganic hybrid polymers and were potential
membrane materials in the mentioned applications
owing to their flexible main chain and good chemical
and physical tailoring properties.

Three important points when polyorganophospha-
zenes membranes are used to remove ethanol from
water are to be followed: (1) the flexibility of pendant
groups should be tuned to proper degree to meet neces-
sary mechanical properties and enough high diffusivity;
(2) the hydrophobicity of polymer should be properly
high to reduce interchain force which results in easy
diffusion of ethanol and water in membrane and low
swelling degree; and (3) the polymer should have
enough affinity for ethanol. Single functional polyorga-
nophosphazenes obviously can’t achieve the require-
ment. Tang and coworkers synthesized a series of
phosphazene heteropolymers with three substituting
groups. The three groups are 2-allylphenoxy, phenoxy,
and hydrophobic groups, respectively. 2-Allylphenoxy
group provided both crosslinking sites, whereas phe-
noxy groups were used to increase the strength
of membrane and help to keep hydrophobicity of
materials. Hydrophobic groups including eOC2H5,
eOCH2CF3, and eOCH2CF2CF2CF2CF2H groups were

incorporated into polyorganophosphazene membranes
(the polymers were sequentially called PAEPP, 2CF,
and 5CF) to compare the pervaporation perfor-
mance. The synthesis routes of PAEPP are shown in
Fig. 14.31 and that of 2CF and 5CF were similar to
PAEPP [90].

2CF membranes had the highest affinity to ethanol,
PAEPP membranes had the highest affinity for water,
5CF membranes had the best hydrophobic properties
and fluorine-containing materials had good sorption
selectivity for ethanol. To achieve good separation
performance of ethanol/water mixture, pendant groups
of polyphosphazenes should have good affinity to
ethanol and low affinity to water. It should also provide
properly high diffusivity of ethanol.

FIGURE 14.31 Synthetic route of PAEPP.

FIGURE 14.30 Synthetic routes of the NOL.
Reprinted from Synthetic Metals, 159, Yang Pan,

Xiaozhen Tang, Synthesis and characterization of new
photorefractive polymers with high glass-transition

temperatures, pp. 1796e1799, Copyright (2009), with

permission from Elsevier.
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Polymer systems containing dispersed nanoparticles
represented a class of materials with a combination of
ideal properties generally not obtainable in conven-
tional polymers. For the pervaporation technique,
incorporated mixed matrix membranes have been
considered as innovative and attractive membranes.
The various nanocomposite membranes have been
prepared to be applied in pervaporation technology
[91e94]. However, the pervaporation performance of
CNTepolymer hybrid membranes for ethanol/water
and other volatile organic compound (VOC)/water
mixture has not been studied till now possibly due to
their poor affinity of CNT and general VOCs. Besides,
the bad dispersibility of CNTs in solvents and polymers
caused inconvenience in membrane preparation. The
cost of CNTs was higher, which also limited their appli-
cations. Polyphosphazene nanotubes (PZSNTs) [14]
were a novel type of nanotubes which can be easily
prepared by the reaction between HCCP and BPS as
shown before. PZSNTs were a highly crosslinked poly-
mer products, resulting in high stability in solvent.
Compared with CNTs, PZSNTs had following merits:
preparation of PZSNTs was easy and convenient and
sizes of PZSNTs can be easily tailored by changing
the preparation conditions. Polyphosphazene micro-
spheres (PZSMSs) having the same chemical structure
with PZSNTs can also be easily prepared. It was conve-
nient to recognize the relationship between mor-
phology of fillers and pervaporation performance.
PZSNTs were organiceinorganic hybrid polymers and
can be well dispersed in most general solvents. In addi-
tion, there were nanopores on the wall of PZSNTs [95]
which may reduce diffusion resistance. By incorpo-
rating the PZSNTs in PDMS, the PDMS/PZSNTs
nanocomposite membranes were obtained. [96] Incor-
poration of PZSNTs in PDMS membranes increased
the permeability and selectivity of membranes for
water/ethanol mixtures. As the permeation of PZSNTs
contents increased from 0% to 10%, both flux and selec-
tivity increased. According to our successful research
polyphosphazene nanotubes had potential applications
as the filler of pervaporation membranes for ethanol/
water. It would also improve membrane performance
to separate other VOCewater mixtures. Also, many
functional groups could be attached on PZSNTs which
can further enhance their affinity to VOCs.

14.3.4. Phosphazenes Modified Polyurethane

Polyurethanes are important and versatile class of
polymer materials, which are receiving steadily
increasing attention and are excellent engineering
materials due to their high abrasion resistance, wear-
ability, chemical resistance, high impact strength, and
outstanding damping ability. However, traditional

polyurethanes have relatively poor thermal, flame
resistant, and hydrophobic properties, which could
not meet the special requirements in high-tech applica-
tion fields. Polyphosphazenes have so far proven to be
of limited in their wider applications because polyphos-
phazenes of high molecular weight had high production
costs and were difficult to produce. But phosphazene
oligomers were easily obtained by one new pot method
in Tang’s labs [97]. Therefore, phosphazene oligomers
were used to improve thermal, cold, flame resistant,
and hydrophobic properties of polyurethanes without
any dramatic damage to their mechanical properties.
Tang and coworkers synthesized a series of hydroxyl-
terminated phosphazene oligomers and used them as
different components, chain extenders [98], crosslinkers
[99,100], and polyols [101], of polyurethanes to synthesize
the novel polyphosphazene/polyurethane copolymeri-
zation materials.

14.3.4.1. Phosphazene Oligomer
as Chain Extenders

A series of thermoplastic poly(oligophosphazene-
urethane)s (POUs) by using the phosphazene oligomers
as chain extenders were successfully prepared. The
synthesis routes are shown in Fig. 14.32.

FIGURE 14.32 Synthetic routes of POUs.

FIGURE 14.33 Synthetic route of OPHBP.
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Compared to the ordinary polyurethanes, POUs
were completely amorphous and increased the onset
degradation temperature by about 22�C. Their glass
transition temperatures (Tg) decreased from �20.6
to �32.3�C and their water contact angles increased
from 78.6� to 104.5�.

14.3.4.2. Phosphazenes Oligomer
as Chain Crosslinkers

Chemical crosslinking was one of the most popular
techniques to improve thermal stability of the polymer
materials. The phenoxyphosphazene oligomers contain-
ing hydroxyl groups (OPHBP, see Fig. 14.33) were
prepared and used as crosslinker to prepare thermoset-
ting polyurethanes (PUOs). The thermosetting polyure-
thanes were prepared in a two-step method, in which
polyurethane prepolymers were crosslinked by phenox-
yphosphazene oligomers (see Fig. 14.34). PUOs were
amorphous and their onset degradation temperature
increased by about 78�C. Their glass transition tempera-
tures decreased from �13.6�C to �32.4�C and their
water contact angles increased from 74.8� to 94.6�.

14.3.4.3. Phosphazene Oligomers as Polyols

To further improve the mechanical strength of the
phosphazene oligomers, the oligomers with active

hydroxyl groups were reacted with isocyano group. In
comparison with other methods, this approach could
be performed at mild temperature, which may keep
the functional groups of phosphazene oligomers from
thermal degradation. The method would overcome
requirement of unsaturated groups and multistep
processes. Furthermore, high polar and rigid urethane
oligomer can enhance mechanical properties of the elas-
tomer (see Fig. 14.35) [102].

14.3.5. Phosphazene Solid Polymer
Electrolytes

The development of polymer electrolytes with high
ionic conductivity has become one of the main goals in
polymer research due to the potential applications in
solid-state batteries [103e105]. The main advantages of
polymer electrolytes are favorable mechanical proper-
ties, ease in fabrication of thin film of desirable size,
and an ability to form effective electrodeeelectrolyte
contacts. Armand et al. [106] have claimed that the crys-
talline complexes formed from alkali metal salts with
polyethylene oxide (PEO) are capable of demonstrating
significant ionic conductivity and have highlighted their
possible application as battery electrolytes. In order to
increase the low ionic conductivity and lithium ion

FIGURE 14.34 Synthetic route of PUOs.
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transference number of solid polymer electrolytes at
room temperature, studies have been made via various
approaches such as incorporation of ceramic fillers
into the polymer matrix [107]. The Lewis acidebase
interaction plays a vital role in the enhancement of ionic
conductivity, electrochemical stability, and interfacial
stability of solid composite polymer electrolytes. But
the ceramic fillers are easy to aggregate because of the
poor compatibility between polymer and fillers.

Recently, the successful preparations of fully cross-
linked poly(cyclotriphosphazene-co-4,40-sulfonyldiphe-
nol) (PZS) microspheres and nanotubes viaprecipitation
polymerization in our group offer a new kind of
molecular-level inorganiceorganic hybrid micro- and
nanoscale materials for solid composite polymer electro-
lytes [108e111]. The structure of PZS microspheres and
PZSNTs consist of alternating organic segments (benzene
rings and C, O, H atoms) and inorganic segments (inor-
ganic HCCP rings). Compared with traditional ceramic
fillers which are easy to aggregate when highly loaded,

PZS microspheres and PZSNTs have better compatibility
with PEO chains due to the presence of same elements as
PEO on the hybrid inorganiceorganic structure and it
could combine the advantages of organic and inorganic
fillers. Furthermore, the active groups such as hydroxyl
groups and chlorine atoms can be retained selectively
on PZSmicrospheres and PZSNTs by controlling the ratio
of the reactants for further modification. The rigid hybrid
structure of PZSmicrospheres and PZSNTs could also act
as anion receptors and form the complex with anions,
causing a decrease in the share of ion pairs and immobi-
lization of anions, resulting in an increase in the lithium
ion transference number [112e116]. With all the excellent
properties, PZS microspheres and PZSNTs are a new
class of fillers in the development of solid composite
polymer electrolytes.

14.3.5.1. Polyphosphazene Microspheres
Incorporated in PEO-based Solid Composite
Polymer Electrolytes

Solid composite polymer electrolytes based on poly
(ethylene oxide) (PEO) by using LiClO4 as doping salts
and PZS microspheres as fillers could enhance the elec-
trochemical and thermal properties of PEO-based poly-
mer electrolytes significantly. Differential scanning
calorimetry (DSC) results showed that there was a
decrease in the glass transition temperature of the elec-
trolytes and the crystallinity of the samples in the pres-
ence of the fillers, which is shown in Table 14.2. The
decrease in Tg and Xc indicates that the addition of
PZS microspheres could increase the flexibility of PEO
chains and the ratio of amorphous state PEO because
of the good compatibility between PZS microspheres
and PEO chains.

Figure 14.36 shows the conductivity of PEO10e
LiClO4, PEO10eLiClO4/10%SiO2 and PEO10eLiClO4/
10%PZSMSs as a function of temperature. In the temper-
ature range studied the conductivity of PEO10eLiClO4/
10%PZSMSs is higher than PEO10eLiClO4/10%SiO2.

The chemical elements of PZS microspheres surface

FIGURE 14.35 Synthetic route of phosphazene as polyols.

TABLE 14.2 Thermal Properties of PEO10eLiClO4 and PEO10eLiClO4/x%PZSMSs Composite Polymer Electrolytes Obtained from
DSC Analysis

Sample

Glass point

Tg (
�C)

Melting point

Tm (�C)
Melting enthalpya

dHm (J gL1)

Crystallinityb

Xc (%)

PEO10eLiClO4 �34.9 60.5 94.0 44.0

PEO10eLiClO4/5%PZSMSs �38.4 58.7 79.7 37.3

PEO10eLiClO4/10%PZSMSs �42.9 57.8 67.3 31.5

PEO10eLiClO4/15%PZSMSs �45.4 56.5 63.7 29.8

PEO10eLiClO4/20%PZSMSs �45.6 54.9 61.3 28.7

aThe data have been normalized to the weight of the PEO matrix.
bXc¼ (dHm

sample/dHm*)� 100, where dHm*¼ 213.7 (J g�1).
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include S, O, and N atoms which can interact with
Liþ ions and enhance the dissolvability of LiClO4 in
PEO matrix more efficiently than SiO2. As a result,
more free Liþ ions are released and then the conductivity
and tLi

þ are increased more by PZSMSs than SiO2.
Maximum ionic conductivity values of 1.2� 10�5 S cm�1

at ambient temperature and 7.5� 10�4 S cm�1 at 80 �C
were obtained and lithium ion transference number
was 0.29.

The linear voltage sweep curves (Fig. 14.37) show that
the maximum working voltage (Vmax) of PEO10eLiClO4

only extends to about 4.5 V versus Li and the addition of
PZSMSs widens the electrochemical stability window.
The Vmax of PEO10eLiClO4/10%PZSMSs exceeds to
4.8 V, indicating that PZSMSs obviously improve the
electrochemical stability.

Compared with traditional ceramic fillers, the addi-
tion of PZS microspheres increased the ionic con-
ductivity of the electrolytes and led to remarkable
enhancement in lithium ion transference number and
electrochemical stability.

PZS microspheres with active hydroxyl groups were
also incorporated in PEO, using LiClO4 as a dopant
salt, to form a novel composite polymer electrolyte
(CPE). Compared with plain PZS microspheres,
Fig. 14.38 showed that the PZS microspheres with active
hydroxyl groups can enhance the ionic conductivity and
increase the lithium ion transference number of PEO-
based electrolytes more effectively. Maximum ionic
conductivity values of 3.36� 10�5 S cm�1 at ambient
temperature and 1.35� 10�3 S cm�1 at 80 �C with 10 wt
% content of active PZS microspheres were obtained
and the lithium ion transference number was 0.34. The
OH groups on the surface of PZSMSs-OH can act as
Lewis acid sites to enhance the dissolvability of LiClO4

and PZSMSs-OH could induce more free ions and the
ionic conductivity is enhanced higher by PZSMSs-OH.

14.3.5.2. PEO-based Solid Composite Polymer
Electrolytes with Inorganiceorganic Hybrid
Polyphosphazene Nanotubes as Fillers

Compared with PZS microspheres, PZSNTs have
higher surface area and the pores on the surface make
PZSNTs a porous structure. This characteristic endures
PZSNT as a more promising material in the develop-
ment of solid composite polymer electrolytes. After the
addition of PZS nanotubes, solid polymer electrolytes
had increased ionic conductivity, lithium ion transfer-
ence number, and electrochemical stability window.

FIGURE 14.37 Linear voltage sweep curves of composite SPE.
With kind permission from Springer ScienceþBusiness Media: Journal of

Applied Electrochemistry, Novel PEO-based solid composite polymer elec-

trolytes with inorganiceorganic hybrid polyphosphazene microspheres as
fillers, DOI: 10.1007/s10800-010-0126-6, 2010, Jiawei Zhang, Figure 1.

FIGURE 14.38 Ionic conductivity of PZSMSs and PZSMSs-OH
composite SPE. Reprinted from Materials Chemistry and Physics, 121,
Jiawei Zhang, Xiaobin Huang, Jianwei Fu, Yawen Huang, Wei Liu, Xiaoz-

hen Tang, Novel PEO-based composite solid polymer electrolytes incorpo-

rated with active inorganic–organic hybrid polyphosphazene microspheres,
pp. 511e518, Copyright (2010), with permission from Elsevier.

FIGURE. 14.36 Ionic conductivity of composite SPE as a function
of temperature.
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Figure 14.39 shows the conductivity of PEO10e
LiClO4/x%PZSNTs at different temperatures. Maximum
ionic conductivity values of 1.5� 10�5 S cm�1 at ambient
temperature and 7.8� 10�4 S cm�1 at 80 �C were
obtained with 10 wt% content of PZS nanotubes and
the lithium ion transference number was 0.35. Compared
with PZS microspheres, the ions can transport through
the pores on the porous surface of PZS nanotubes and
then the conductivity, the lithium transference number,
and electrochemical stability window of the composite
polymer electrolyte could be enhanced. Another impor-
tant reason for the increased ionic conductivity and
lithium transference number is the entrapment of ClO4

�

anion by the rigid hybrid structure of PZSNTs, similar
to what is observed in boron-based systems and addi-
tives [117]. The rigid hybrid structure of PZSNTs could
act as anion receptors and form the complex with anions,
causing a decrease in the share of ion pairs and immobi-
lization of anions, resulting in an increase in the lithium
ion transference number [118,119]. The PZS nanotubes
serve as excellent fillers to polymer electrolytes for its
porous inorganiceorganic hybrid structure.

PZS nanotubes with active hydroxyl groups were
incorporated in PEO to form a novel composite polymer
electrolyte (CPE) and the incorporation of active PZS
nanotubes in PEOeLiClO4 polymer electrolytes
enhances ionic conductivity and facilitates salt dissocia-
tion. The experiment results in Fig. 14.40 show that the
inorganiceorganic hybrid PZSNTs with active hydroxyl
groups can enhance the ionic conductivity and increase
the lithium ion transference number of PEO-based elec-
trolytes more effectively. Ionic conductivity values of
3.6� 10�5 S cm�1 at ambient temperature and 1.34�
10�3 S cm�1 at 80 �C were obtained when the content
of active PZS nanotubes was 15 wt% with lithium ion
transference number 0.37.

The reason is believed to be caused by Lewis acide
base interactions among active OH groups at the filler
surface and the ether oxygen atoms of PEO chains and
LiClO4, which could weaken the interactions between
Liþ and ClO4

�, enhance the dissolvability of LiClO4

and release more free ions [120]. On the other hand,
the addition of PZSNTs-OH fillers could provide
a highly conducting layer at the electrolyte/filler inter-
face [121e125]. This interface layer could be an amor-
phous polymer layer surrounding PZSNTs-OH and
a space-charge layer [126,127]. The existence of the
conductive layers between the inorganiceorganic
hybrid surface of PZSNTs-OH and PEO chains could
act as the special conducting pathway of the charge
carriers and enhance the lithium ion transference
number with the addition of PZSNTs-OH fillers.

The addition of PZSNTs-OH also widens the electro-
chemical stability window and the Vmax of PEO10e
LiClO4/15%PZSNTs-OH exceeds to 5.0 V and obviously
improves the electrochemical stability of the composite
polymer electrolytes.

The good chemical properties of the solid-state
composite polymer electrolytes suggested that the PZS
microspheres and PZSNTs had a promising use as fillers
in SPEs and the composite solid composite polymer elec-
trolyte can be used as candidate material for lithium
polymer batteries.

14.4. SILICONES

Polysiloxane and polysilane are two most important
kinds of silicones and have been given widespread
attention since their commercial introduction in the
1940s. There were over 20,000 publications (approxi-
mately half of which were patents) covering various

FIGURE 14.40 Ionic conductivity of PZSNTs and PZSNTs-OH
composites SPE.

FIGURE 14.39 Ionic conductivity of PEO10eLiClO4/x%PZSNT
SPE composites.
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aspects of the technology of silicone elastomers and their
applications [128e139].

14.4.1. Polysiloxanes and Polysilane

Inorganic polymers, polysiloxanes contain alternate
silicon and oxygen atoms as their backbone. The silicon
atom has two side groups while the oxygen atom carries
none. In this regard they are similar to polyphosphazenes
[128,129]. The pioneering work on polysiloxanes dates
back to 1863e1871, to the studies of Friedel, Crafts, and
Ladenburg. But Kipping and his coworkers first demon-
strated the polymeric siloxane structures in the early
1900s. The detailed account of the historical background
on polysiloxane chemistry can be seen in the literature
[128e132]. The most widely studied polymer of this
family is poly(dimethylsiloxane) (PDMS) which contains
methyl groups as the substituents on silicon. PDMS has
the unusual properties like extremely low Tg (�123 �C),

very high hydrophobicity, high thermal stability, low
surface tension, low variation of viscosity with tempera-
ture, high gas permeability, and nontoxicity [131e133].
Despite their outstanding properties, however, their
mechanical properties are relatively poor.

A very effective and important way to improve the
mechanical strength of a weak, rubbery polymer,
without chemical crosslinking, is to prepare the block
(AB or ABA) or the segmented [(AB)n] copolymers
where the soft, rubbery components are chemically
linked to the glassy or the crystalline segments. Based
on the unique properties of siloxanes, a wide variety of
block or segmented copolymers containing PDMS as
the soft segments and various thermoplastics containing
PDMS as the hard segments have been synthesized and
characterized [129].

Polysilanes are linear polymers with a backbone of
silicon atoms that are usually substituted with aryl
and/or alkyl groups. They possess excellent optoelec-
tronic properties, such as strong ultraviolet (UV) absorp-
tion and relatively high electric conductivity, etc. [129].
There are four known procedures of the polysilane
synthesis (Fig. 14.41), the Wurtz-type reductive-
coupling of dichloroorganosilanes (Reaction 1), the
ring-opening of cyclosilanes (Reaction 2), the anionic
polymerization of “masked” disilenes (Reaction 3), and
the catalytic dehydrogenation of primary silanes

FIGURE 14.41 Synthesis of polysilane.

FIGURE 14.42 The general formula of polysilaethers. Reprinted
from Polymer, Vol. 46, Mengzhong Cui, Zhuyun Li, Xiaobin Huang, Jingyu

Xi, Xiaozhen Tang, Sixun Zheng, Polysilaethers bearing SieH and its

functionalization via hydrosilylation with acrylic acid, Page 9162, Copyright
(2005), with permission from Elsevier.
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(Reaction 4) [129,140e143]. Detailed descriptions of
these procedures can be seen in recent reviews [144].

14.4.2. Polysilaethers Bearing SieH Bond

Polysilanes have relatively poor mechanical proper-
ties although they have excellent optoelectronic proper-
ties, which adversely affect their processability and limit

their exploitation. By introducing SieOeSi and SieH
into the macromolecular backbones of polysilanes,
they could significantly improve the processability
and functionalizability of the polymers while their
optoelectronic properties will be basically reserved.
Chojnowski and coworkers reported the synthesis of
polysilaethers with permethyl-substituted groups (e.g.,
poly[oxy(multidimethylsilylene)s]) [145,146]. At the
macromolecular backbones of permethyl polysilaethers,
SieSi bonds were regularly intercalated by oxygen
atoms (Fig. 14.42) and the polymers were highly crystal-
line [147]. Permethyl-substituted polysilaethers can be
synthesized via polycondensation of a,u-functionalized
linear oligosilanes or oligosiloxanes [148,149] and the
ring-opening polymerization (ROP) of cyclic silaethers
[150,151], respectively.

It is expected that the polysilaethers will exhibit some
novel features owing to the electronic effect of hydrogen
when the SieH bonds are introduced into the macromo-
lecular backbones. In addition, the presence of SieH
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+ CH2=CR3R4
H2PtCl6
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CHR3
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R4
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C
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FIGURE 14.44 The different substituted poly-
silaethers.

TABLE 14.3 The Raw Material Components and the Yields

Sample

Na/Me2SiCl2
(molar ratio)

MeHSiCl2:Me2SiCl2
(molar ratio)

Yields

(%)

A 1:1 1:0 72.6

B 1:1 1:1 71.7

C 1:1 0.4:0.6 72.3

D 1:1 0.2:0.8 70.8

A:PSEMH containing 50% SieH bond; B:PSEMH containing 25% SieH bond;

C:PSEMH containing 20% SieH bond; D:PSEMH containing 10% SieH bond;

TABLE 14.4 The Determination Results of the Synthesized Polymers

sample

Before polycondensation After polycondensationa

IRb (cmL1)

nSieH; nSieOeSi

d/NMR (ppm) H% (wt%)

Mn/104 PDI Mn/105 PDI 29Sic 1H Cal. Found

A 2.49 1.38 2.83 1.74 399; 2163,2113 �35.18c 0.1e0.16; 4.96e5.03 1.92 1.91

B 2.02 1.32 3.28 1.81 383; 2160,2095 �17.23,�35.18,�37.30 0.1e0.16; 5.0e5.05 0.85 0.84

C 2.16 1.41 3.11 1.52 381; 2159,2082 �17.23,�35.18,�37.11 0.01e0.13; 5.07 0.66 0.63

D 2.51 1.90 3.41 2.01 380; 2158,2075 e17.23,�35.36,�37.11 0.01~0.35; 5.08 0.31 0.30

aThey were further polycondensed at 110 �C.
bThe split of nSieSi and nSieH.
cEnd groups were not detected perhaps due to the high molecular weight.
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bonds will provide tremendous potentials to prepare
a variety of functionalized derivatives through hydrosi-
lylation. Kumada et al. first reported the synthesis of
the simplest silicon analogues of polyethers fully
substituted with hydrogen in 1968. Unfortunately, the
polymers were very unstable because each Si atom
was connected with two reactive SieH bonds at the
backbone [152].

Recently, Cui reported the synthetic route of polysi-
laethers containing moiety SieH bonds at the side chain
(PSEMH) which allowed access to hitherto inaccessible
oxygen interrupt polysilanes [153,154]. The synthetic
route is shown in Fig. 14.43. By a Wurtz reductive-
coupling reaction, an equimolar ratio of dichloromethyl-
silane to alkali metal yielded dichlorodisilane. The
alcoholysis of Wurtz coupling resultants was performed
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in situ and the polycondensation and hydrolysis
occurred simultaneously in the presence of a small
amount of N,N-(dimethylamino)pyridine. The SieH
bonds at the macromolecular side chains provided
tremendous potentials to prepare a variety of functional-
ized polysilaethers via hydrosilylation.

Using the above method, the yields can reach to 70%.
The ratio of monomers used in synthesis of PSEMH and
the results of characterization data are summarized in
Table 14.3. The IR, 29Si NMR, content of SieH bond of
the synthesized polymers is shown in Table 14.4.

The side groups of PSEMH had good reactivity. In
base water solution, alcohol water solution (pH� 8),
SieH bond was very easily degradable and can react
with C]C, C^C, C¼O, OH, ]NH and C^N bond. It
can also be grafted by organic polymer. Figure 14.44
showed the styrene, acrylic acid, methacrylic and
methyl methacrylate-substituted polysilaethers and
SieH bond played an important role. The very inter-
esting thing was that the photoluminescence spectra of
the substituted polysilaethers changed dramatically
(see Fig. 14.45).

Novel silicone elastomers can be obtained by reaction
of linear polymer of polysilaethers bearing SieH bond
with silane-coupling agent, crosslinking vinyl or polysi-
loxane-containing vinyl groups (see Fig. 14.46). These
novel elastomers kept unique properties of ordinary sili-
cone elastomers and gave new functional properties like
photoluminescence, etc. which would pioneer the new
way to synthesize a series of functional silicone polymers.
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In solid-state chemistry, nonstoichiometric compo-
unds constitute a special type of solid-state
compounds. These compounds possess definite struc-
ture and thermodynamics characteristic, which differ
from the stoichiometric counterpart and a mixture.
These nonstoichiometric compounds exhibit different
properties such as conductivity, magnetism, catalytic
nature, color, and other unique solid-state properties
which have important technological applications.
Moreover, some unusual information on solid-state
chemistry, stability, and dynamics can be revealed
through exploring their structure and characteristic.
Therefore, study on the nonstoichiometric compounds
has become an active research field in solid-state chem-
istry and defect chemistry.

In chemistry, the law of definite proportions states
that a chemical compound always contains exactly the
same proportion of elements by mass. An equivalent
statement is the law of constant composition, which
states that all samples of a given chemical compound
have the same elemental composition. According to
this law, the proportion of elements by mass for all
compounds should not have any change irrespective
of their origin, existence form, preparation, and determi-
nation methods. All chemical compounds obeying the
law of definite proportions are called as stoichiometric
compounds. These are also referred to as Daltonides,
which came from John Dalton who advocated theories
of the law of definite proportions in the nineteenth
century. Although the law of definite proportions is
very useful in the foundation of modern chemistry, it
is not true universally. For crystalline compounds the
precise stoichiometric composition is the exception

rather than the rule because real crystals always contain
defects.

As opposed to the stoichiometric compounds or
Daltonides, the nonstoichiometric compounds are also
known as Berthollides from the name of chemist’s
Claude Louis Berthollet. Nonstoichiometric compounds
are the chemical compounds deviated from stoichiometry,
namely their elemental composition cannot be represented
by a ratio of well-defined natural numbers, and therefore
violate the law of definite proportions. The composition of
a nonstoichiometric compound usually varies in a contin-
uous manner over a narrow range. Wustite, ferrous oxide,
is an example of a nonstoichiometric compound with
chemical formula Fe1�xO, where x may have values
varying from 0.05 to 0.15 and its physical and chemical
properties vary depending on the value of x [1].

Nonstoichiometry is very pervasive existence
amongst the solid compounds of transition metals con-
taining lanthanide and actinide metals (e.g., Fe1�xO,
Ni1�xO, CeO2�x, UO2þx) [2]. In fact, nonstoichiometry is
becoming a rule rather than exception and represents
a challenge and new opportunity in chemistry. It can be
foreseen that a discussion on the synthesis and character-
ization of the nonstoichiometric compounds is an impor-
tant task to explore their specific properties and potential
applications.

In this chapter, definition and classification of the
nonstoichiometric compounds as well as point defects
in the nonstoichiometric compounds are introduced. In
the next part, some important synthesis methods of the
nonstoichiometric compounds are summarized. In the
last part, characterization methods on the nonstoichio-
metric compounds are presented.
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15.1. NONSTOICHIOMETRIC
COMPOUNDS

15.1.1. Definition of Nonstoichiometric
Compounds

In solid-state chemistry, the nonstoichiometric
compound represents a uniform physical phase in
which unit cell parameters vary with its composition
in a continuous manner, and free energy is function of
composition and temperature of the system. That is to
say, “it is to be defined in strictly operational terms;
the criterion is that a crystalline compound, in equilib-
rium with its environment, behaves as a thermodynami-
cally bivariant system. The chemical potentials of the
components are a continuous function of the composi-
tion of the solid, over an observable range of composi-
tion.” [1] The structural and thermodynamical criteria
on the nonstoichiometric compounds are in agreement
with their nature. Structure is related to microcosmic
characteristic, while thermodynamics deals with macro-
scopical system.

Structurally, though there exists a broad-range change
in composition for a nonstoichiometric compound, the
X-ray diffraction pattern always possesses characteristic
of the parent crystallography cell, and the unit cell
parameters continuously vary with its composition [3].
This is different from a crystalline stoichiometric
compound or a mixture composed of crystalline stoi-
chiometric compounds for which all have own
characteristic X-ray diffraction patterns and unit cell
parameters.

Schottky and Wagner pointed out that at any temper-
ature above 0 K, every solid-state compound exists in
a single phase in the range of composition change.
Thus, the stoichiometrically ideal crystal has no special
status. A nonstoichiometric solid-state substance may
be stated according to the following two aspects: (1)
the stoichiometric compound defined by pure chemistry
is a uniform physical phase in which nonstoichiometric
composition can be determined by means of chemical
analysis, X-ray diffraction analysis, equilibrium vapor
pressure, etc., for instance, FeO1þx and FeS1þx; and (2)
it is difficult to examine the concentration of lattice
defects by measurement of chemical analysis or X-ray
diffraction analysis due to the small composition devia-
tion. But they can be studied by measuring their optical,
electrical, and magnetic properties [4].

Thermodynamically, taking G (free energy)-x
(composition) relation of two component systems at
a fixed temperature for example, we explain the concept
of what a nonstoichiometric compound is. In a system,
nonstoichiometric phase AB is produced by coexistence
of two linear phases A2B and AB2, as shown in Fig. 15.1.
Dots a and b stand for free energies of the pure phases A

and B, respectively, and dots c and f do free energies of
accurate stoichiometric compounds A2B and AB2,
respectively. If the linear phases A2B or AB2 deviate
from their stoichiometric compositions to form an
A-rich or B-rich single phase, the corresponding free
energies will become very high, as two sharp wedge-
shaped curves shown in Fig. 15.1. If coexistence of the
pure A phase and the linear phase A2B is permitted,
the corresponding free energy will be simple addition
of theG(A) andG(A2B), which is denoted using a tangent
ac. Similarly, the corresponding free energy for addition
of the G(B) and G(AB2) is denoted using a tangent bf.
Asymmetry line de indicates that free energy of nonstoi-
chiometric phase AB gently varies with its composition
in a continuous manner due to easy formation of point
defects. But the type of its crystal structure in the homo-
genetic region of existence of nonstoichiometric
compound remains unaltered with change in its compo-
sition. This is key characteristic and general phenom-
enon of a nonstoichiometric phase which is produced
by the point defects of thermal equilibrium [5]. In
contrast, some radiation-induced defects (e.g., a pair of
defects (an anion vacancy and an anion interstitial) in
the colored NaCl formed after ionizing radiation) are
not those of thermal equilibrium and disappear upon
annealing. Strictly speaking, compound such as colored
NaCl often is considered as defect compound, not a non-
stoichiometric compound [6].

Most nonstoichiometric compounds can be expressed
by such formulas as WO3�x, Co1�xO, or Zn1þxO
(0< x< 1), because they have compositions that are
close to those of stoichiometric compounds. But in
certain cases apparent nonstoichiometry results from
the existence of homologous series of stoichiometric

FIGURE 15.1 Relationship curve of the nonstoichiometric
compound AB and the linear phases A2B and AB2.
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compounds, such as the series of molybdenum oxides
having the formulas MonO3n�1 (n¼ 8, 9, 10, 11, 12, and
14); a true nonstoichiometric compound MoO3�x would
show a continuous variation of x within some range of
values, and no discrete species would be detectable
[7]. Similarly, the niobium oxides NbO2.500, NbO2.4906,
NbO2.4800, NbO2.468l, NbO2.4545, and NbO2.467 do not
represent compositions within some range of stoichiom-
etry, but are a succession of discrete, crystallographically
defined compounds Nb28O70 (Nb2O5), Nb53O132,
Nb25O62, Nb47O116, Nb22O54, and Nb12O29 [1]. Therefore,
the term “nonstoichiometric compound” can be occa-
sionally used loosely.

15.1.2. Classification of Nonstoichiometric
Compounds

Most of the nonstoichiometric compounds are transi-
tion metal oxides, but also include hydrides, carbides,
nitrides, sulfides, tellurides, fluorides, and so on [5,8,9].
The nonstoichiometric compounds existing only in the
condensed state are often classified in terms of element
composition.

The simplest way to classify nonstoichiometric
compounds is to consider which element is in excess
and how this excess is brought about. For example,
a perovskite-type nonstoichiometric oxide such as
oxygen-deficient ABO3�x, A-deficient A1�xBO3, or
B-deficient AB1�xO3 often appears. In the first case, an
oxygen vacancy would be formed, and in the second
and third cases deviation from stoichiometric composi-
tion (A:B¼ 1:1) would result in the formation of some
lattice imperfections. Based on the criterion, nonstoi-
chiometric compounds can be divided into four types
[10]: (1) anion vacancy type (e.g., TiO2�x, ZrO2�x); (2)
cation vacancy type (e.g., Fe1�xO, Cu2�xO); (3) anion
interstitialcy type (e.g., UO2þx); (4) cation interstitialcy
type (e.g., Zn1þxO, Cd1þxO).

On the basis of composition range, the nonstoichio-
metric compounds can be classified into two groups:
(1) stoichiometric deviations in nonstoichiometric
compounds are very small, but they are detectable
with special analytical experiments or methods based
on direct determination of carrier concentrations.
Examples are PbSlþx, Cu2Olþx, ZnOl�x, alkali halides
containing F-centers, etc. It is reasonable to assume
that the stoichiometric deviation is small enough for
the lattice defects to be isolated and randomly distrib-
uted. (2) The crystals show gross departure from ideal
stoichiometry (e.g., the nonstoichiometric rare earth
oxides, etc). Their lattice defects are not regarded as
randomly distributed due to existence of the interaction
between point defects. The nonstoichiometry is due to
assimilation of vacancies or interstitial atoms as struc-
ture elements of the crystal [11]. The former is referred

to as narrow-range nonstoichiometric compounds
which deviate only slightly from the stoichiometric
compounds, while the latter is so-called wide-range
nonstoichiometric compounds which grossly departure
from ideal stoichiometry [5].

15.1.3. Point Defects in the Nonstoichiometric
Compounds

The existence of nonstoichiometric compounds indi-
cates the presence of defects in the lattice structures of
crystalline substances, such as the absence of ions from
sites that would normally be occupied. But it should
be noted that there is no absolute defect-free crystals at
T> 0 K, so that the presence of defects is not by
itself an indication of nonstoichiometry. For example,
a sodium chloride crystal that lacks a sodium ion and
a chloride ion is defective, but still stoichiometric
because the numbers of sodium ions and chloride ions
are the same; if the sodium ion site, however, is filled
by a neutral sodium atom, which then gives up its
valence electron to fill the chloride ion site, the crystal
defect is remedied, but the crystal is now nonstoichio-
metric because it contains more sodium ions than chlo-
ride ions [7].

The defects are mainly crystallographic point defects
such as interstitial atoms and vacancies resulting from
excess or deficiency of a component element, respec-
tively. In fact, point defects are an important cause of
formation of the nonstoichiometric compounds. More-
over, ionic and electronic point defects determine funda-
mental properties of functional materials composed of
the nonstoichiometric compounds.

The point defects can be formed by creating vacancy
and interstitial up to a certain concentration lead to
decrease in free energy. The concepts of vacancy and
interstitial are as follows: if an atom is not present on
the site that it should occupy in a perfect crystal, then
a vacancy is located at that site, while if an atom is
present on any site that would be unoccupied in a perfect
crystal then that atom is an interstitial.

The nonstoichiometric compounds include two types
of important point defects: Frenkel defect and Schottky
defect. A nearby pair of a vacancy and an interstitial
are often called a Frenkel defect or Frenkel pair. The
phenomenon is named after the previous Soviet physi-
cist Yakov Frenkel, who discovered it in 1926. When
there is a large difference in size between the cations
and anions, the crystals with low coordination numbers
and large interstitial sites will tend to favor Frenkel
defects by displacing the smaller ion, for example
Al2O3. For large cations (U4þ, Ce4þ, and Th4þ), the
defects formed in UO2, CeO2, and ThO2 are anion Fren-
kel defects. A vacancy (or pair of vacancies in an ionic
solid) is sometimes called a Schottky defect named after
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Walter H. Schottky. It can be formed when oppositely
charged ions leave their lattice sites, creating vacancies.
Schottky defects in crystals with high coordination
numbers such as MgO are found to easily form. Vacan-
cies may be also present on different sites for the same
type of ion. For example, NiFe2O4 is an inverse spinel
[Fe(NiFe)O4]; Fe

3þ ions sit in both tetrahedral and octa-
hedral sites. Thus, we can have Fe3þ vacancies on the
tetrahedral or octahedral sites, but these two types of
vacancies are not the same [12]. Normally, Schottky
defects will bring about a decrease in the density of
the crystal. The point defects in ionic crystal lattice can
be illustrated schematically with a two-dimensional
diagram (see Fig. 15.2).

For historical reasons, many point defects especially
in ionic crystals are called “centers”; for example, the
vacancy in many ionic solids is called an F-center.
The origin of the name, F-center, originates from the
German Farbzentrum. F-center is a type of crystallo-
graphic defect in which an anionic vacancy in a crystal
is filled by one or more electrons, depending on the
charge of the missing ion in the crystal. That is to
say, these F-centers are due to an electron or a hole
trapped at an anion vacancy site. Electrons in such
a vacancy tend to absorb light in the visible spectrum.
Such a material that is usually transparent becomes
colored. The color is the complement of what is
absorbed by the color center. Colors are produced in
most of the alkali halides following irradiation with
ionizing radiation and are characteristic of the crystal,
not the radiation source used. Several different types
of color centers have been identified and some of the
common ones are illustrated in Fig. 15.3 for alkali
halides [12].

The point defects still employ symbols of the
KrögereVink defect notation, which has been adopted
by the IUPAC [13]. In this notation, structural elements
are denoted as SP

C. Here S represents the symbol of point
defect, P its position in the lattice, and C the effective
charge of the defect relative to the perfect crystal lattice.
For this part of notation, dots (•), dashes (

0
), and (3)

represent effective positive charges, effective negative

charges, and an effective zero charge, respectively.
Examples of the symbols of intrinsic point defects are:

- Vacancy V

- Metal ion (Mþ) vacancy VM

- Metal ion (Mþ) interstitial Mi
_

- Empty interstitial site Vi
�

- Oxide ion vacancy VO
__

- Magnesium ion (Mg2þ) vacancy VMg
00

- Magnesium ion (Mg2þ) on
a regular lattice site

MgMg
�

It is the above-mentioned intrinsic defect of nonstoi-
chiometric compounds that endow their specific electri-
cal, optical, magnetic, chemical, and mechanical
properties and make them functional materials.

15.2. PREPARATION OF
NONSTOICHIOMETRIC COMPOUNDS

15.2.1. Formation Mechanism
of Nonstoichiometric Compounds

An ideal crystal with a periodic, three-dimensional
and completely ordered ensemble of particles is only
a physical model of perfect solid. Real crystals always
have various types of defects. The presence of defects
means that an exact stoichiometric composition of crys-
talline compounds is more an exception than a rule [9]. It
is the defect in a crystal that leads to the formation of
a nonstoichiometric compound. Cr2O3 is an example
for narrow nonstoichiometric oxide. The alternative
responses of intrinsic defects in the Cr2O3 to chemical

FIGURE 15.2 Schematic of point defects in ionic crystal lattice.

FIGURE 15.3 Schematics of color centers in alkali halides [12].
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oxidation and reduction are outlined in Fig. 15.4 [6].
When the precisely stoichiometric Cr2O3 is reduced,
a deficit of oxygen or an excess of metal can be created.
Upon oxidation, either an excess of oxygen or a deficit of
metal may be the response of structure.

At a given temperature there is an equilibrium
concentration of point defects in a crystal. This means
that a crystal containing point defects must have a lower
free energy (DG) than the corresponding crystal without
any defect. The DG minimum corresponds to equilib-
rium concentration of point defects in the crystal. There-
fore, formation of a nonstoichiometric compound can be
understood from minimization of the free energy and
diffusive equilibrium of the point defects.

Based on thermodynamics, the “point defects” are
created in a solid lattice due to increase in the configura-
tional entropy, which gives rise to minimization of free
energy of the system [4e6,12]. The configurational
entropy (kT lnU) is a driving force behind the vacancy
creation. Where U(¼(N0þ n)!/(N0!n!)) is the number of
permutation ways calculated as n vacancies can be
arranged in theN0þ n sites. Gibbs free energy originates
from both entropy and enthalpy contributions and can
be calculated by using expression DG¼DH�DS. For
formation of n vacancies with a low-vacancy concentra-
tion, change of the Gibbs energy is DG¼ n
(DH� TDSv)� kT lnU. DH deals with the enthalpy of
the vacancy formation by breaking of some bonds, while
the DSv is the vibration entropy associated with the
formation of the vacancy. DG in the system depends
on two terms: n(DH� TDSv) and kT lnU. Both factors
show different behaviors with increase of the defect

concentration in the system, as shown in Fig. 15.5. It
can be seen from the curves that the introducing vacan-
cies can decrease the free energy of the crystal until an
equilibrium concentration corresponding to a small
equilibrium amount of vacancies (neq.) is reached. This
is because the configurational entropy term is nonlinear,
therefore, adding too many vacancies gives rise to
increase in DG. The neq. value can be evaluated by differ-
entiation according to n:

d

dn

�
nDH � nTDSv � kT In

ðN0 þ nÞ!
N0!n!

�
¼ 0:

For large value of x the factorial term can be simplified
by application of the Stirling’s formula, ln(x!)z x
ln xex:

DH � TDSv � kT In

�
N0 þ neq

neq

�
¼ 0:

Note that the term involving neq. is the inverse of the
fractional concentration of the vacancies formed. A rear-
rangement shows that the fractional concentration of
vacancies is a sole function of temperature, with two
parameters (DH and DSv), involved in a mass action-
type term:

neq

N0 þ neq
¼ exp

�
DSv
k

� DH

kT

�
:

It can be seen from the above equation that at higher
temperatures the equilibrium number of vacancies neq.
increases and leads to formation of the stable nonstoi-
chiometric phase. This implies that the nonstoichiomet-
ric phase at relatively higher temperature is more stable
than one at low temperature due to possessing a lower
free energy in a higher defect concentration (see
Fig. 15.6). If such equilibrium in the crystal without

FIGURE 15.4 Possible structural defect compensations for chem-
ical reduction (to the left of the center) and oxidation (to the right) of
a pure, stoichiometric Cr2O3. Reprinted from Journal of Solid State

Chemistry, Vol. 179, Pavel Karen, Nonstoichiometry in oxides and its

control, Page 3167, Copyright (2006), with permission from Elsevier [6].

FIGURE 15.5 Gibbs energy of formation of n vacancies in an ideal
crystal of N0 sites. Reprinted from Journal of Solid State Chemistry, Vol.

179, Pavel Karen, Nonstoichiometry in oxides and its control, Pages 3167,
Copyright (2006), with permission from Elsevier [6].
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defect clusters is achieved at a relatively high tempera-
ture, the equilibrium concentrations of noninteracting
point defects can be treated by the mass action law. Since
these defects are in thermodynamic equilibrium, anneal-
ing or other thermal treatments cannot remove them.
Thus, the point defects in the nonstoichiometric
compounds are mainly responsible for formation of
the nonstoichiometric compounds.

In addition, the compounds containing changeable
valence state ions are in favor of formation of the non-
stoichiometric compounds, because the vacancy and
nonstoichiometry are closely related to a peculiar elec-
tron configuration and inscrutable relationship between
the valence instability and the electron transfer (e.g.,
rare earth oxides). Meanwhile, it should be pointed
out that nonstoichiometric compounds are basically
highly ionic compounds, as formation of the point
defects in a covalent compound crystal usually needs
very high energy [5].

Based on kinetics, diffusion which occurs by atomic
defects moving through the crystal is a thermally acti-
vated process. There are four basic mechanisms that
can, in principle, occur. These are illustrated in
Fig. 15.7 [12].

• Direct exchange (difficult and not energetically
probable)

• Ring mechanism (cooperative motion: possible but
not demonstrated)

• Vacancy mechanism (most common, dominant in
metals)

• Movement of interstitials (occurs when you can put
interstitials in); an example is Zn in ZnO.

The diffusion coefficient (D) has a strong dependence
on temperature (T). Large numbers of experimental
results show that the higher the system temperature is,
the more remarkable the diffusion phenomenon is; the
lesser the activation energy is, the larger the diffusion
coefficient is.

D ¼ D0 exp

��Q

RT

�

Here R is gas constant and Q is activation energy (an
activation energy barrier to diffusion).

The following examples are applied to illustrate
special features of diffusion in ceramics.

• Zn1þxO is a metal-rich oxide with two different
charges in which excess zinc is present as interstitials.
As the partial pressure of Zn (pZn) increases, the
density of interstitials increases and the diffusion of
Zn through the structure increases.

• The group of binary oxides with rocksalt structure
(e.g., FeO, NiO, CoO, and MnO) is metal-deficient.
The diffusion depends on pO2 [12]. The most
important of these is Fe1�xO because FeO is unstable
and can contain as many as 15% vacancies due to the
equilibrium concentration of Fe3þ cations. Fe1�xO is
special because point defects are always present in
FeO and the cation is always present in two charge
states.

• CuO1�x is an example of a group of oxygen-deficient
oxides (MO1�x), where the nonstoichiometry is
accommodated by oxygen vacancies. With increase of
the pO2, the diffusion coefficient will decrease.
Comparison of CuO1�x and Zn1þxO showed different
crystal structures and point defect chemistry in
spite of same cationic charges, 2þ or 1þ for both
metals.

In a word, as long as there exists concentration
gradient due to inhomogeneous distribution of the
atoms or ions in a solid, there must exist chemical poten-
tial gradient which will result in directional flow and
mutual mixing of the atoms and ions till diffusion finally
eliminates the chemical potential gradient and reaches
uniform distribution of the component concentration
in the system [4].

FIGURE 15.6 Change of G minimum and the equilibrium
concentration of defects in crystal lattices with temperature increase
[14]. FIGURE 15.7 Possible mechanisms occurring during diffusion. (a)

Exchange, (b) ring, (c) vacancy, (d) interstitial, and (e) knock-on [12].
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15.2.2. Synthesis Condition of
Nonstoichiometric Compounds

In the MX crystal, M1þxX (or M1�xX) represents metal-
rich (or metal-deficient) nonstoichiometric compound;
whileMX1þx (or MX)1�x represents X-rich (or X-deficient)
nonstoichiometric compound. The value 1� x has
a homogeneity range in which the compound still main-
tains stable and almost unchanged structure. For a non-
stoichiometric compound, compositional range depends
mainly on interaction energy between defects, tempera-
ture, and the intrinsic out-of-order distribution fraction
(N0/Ni,N

0 is number of the intrinsic defects;Ni is number
of the interstitial M atoms). There are three conditions
resulting in easy formation of a nonstoichiometric
compound: (1) the energy used for producedpoint defects
is not large, namely, change of the free energy brought
about by the x alteration is small; (2) it is easy for atomic
valence alteration of the M due to smaller energy differ-
ence between various oxidation states of the M; and (3)
difference in the atomic radii between various oxidation
states is not too large. Many transition metal compounds
such as oxides, hydrides, carbides, nitrides, sulfides, and
tellurides can meet the above conditions to form corre-
sponding nonstoichiometric compounds. But nonstoichi-
ometry in metal oxides has been of great interest because
it sensitively affects physical and chemical properties of
materials. If one gas component (e.g., O2) takes part in
reaction and atoms can transfer between crystal and gas
phase to form vacancies and interstitials in the crystal,
we will obtain the corresponding nonstoichiometric
compounds. So an important approach to prepare non-
stoichiometric oxides is through adding or removing O2

molecule in the metal oxide crystal [15].
Optimization of synthesis conditions of the nonstoi-

chiometric compound with precise composition can
be chosen using a stable region phase diagram. The
experimental technique which determines the stable
region of the nonstoichiometric compounds is described
as follows. (1) A compound which is close to the desired

composition is kept in a synthesis reactor in which the
temperature and oxygen partial pressure can be well
controlled for a long time. Equilibrium at an elevated
temperature can be reached from two opposite direc-
tions: oxidation and reduction. The equilibrium is related
to the oxygen exchange between the sample and the
surrounding gas atmosphere. The oxygen-exchange
reaction is composed of two processes. “The first is the
surface reaction where O2 splits into two oxygen anions
and two holes or vice versa. This is the actual chemical
oxidation (or reduction when in the opposite direction),
because the holes represent oxidized specie of the transi-
tion metal. The subsequent process is a diffusion-driven
homogenization during which the surface oxygen excess
(or its lack) homogeneously extends across the bulk of
the sample.” [6] (2) The sample is taken out after the
system temperature is quenched to 0�C or so. “Appro-
priate cooling regime is critical to all techniques of non-
stoichiometry control. During cooling, high-
temperature gradients may be generated between the
surface and the center of the sample, resulting in oxida-
tion of the surface at the expense of the center. For best
results, very rapid cooling should be adopted when the
sample has access to oxygen; certainly in all open
systems. Very slow cooling should be adopted for the
low p(O2) getter techniques where no O2 is left to oxidize
the sample.” [6] (3) We determine its composition using
an exact chemical analysis method and analyze its
substance phase by X-ray analysis method. Through
the above operation steps repeated again and again, we
can find the relationship of temperature, oxygen partial
pressure, and composition (T, p(O2), x), and hence get
to the bottom of the stable region. (4) We can obtain opti-
mization parameters of the synthesis condition from the
above experimental results.

The phase relation in metaleoxygen system is a basic
factor in designing the advanced materials with high
performance. For example, Fig. 15.8A illustrates the
superposition of stability region of s-phase on the phase
diagram of Pr-O system [16]. The difference in stability

FIGURE 15.8 Stability region of the s-phase
(shadow area) superposed on the phase diagram of
Pr-O system (A) and Logarithm of the equilibrium
oxygen partial pressure (log p(O2)) of PrOx as
a function of composition (x) (B) [16].
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region of s-phase is clearly shown and the existence of
line phase, PrO1.667, is conclusively indicated. The stable
region of the s-phase (shadow area) is clearly shown. In
Fig. 15.8B, log p(O2) is plotted against x and the results
obtained by Endo et al. are also plotted in dotted lines
for comparison [16]. It reveals the relationship of the
composition and oxygen partial pressure. Figure 15.9
exhibits the relation between temperature (T) and
composition (x) in BaBiO3�x at the oxygen partial pres-
sures in the temperature range of 975e1300 K [16]. At
1050 K, two-phase regions lie in the range of
x¼ 0.05e0.11, whereas two-phase regions of II and III
are found at higher temperatures and larger nonstoichi-
ometry (i.e., x¼ 0.37e0.44 at 1100 K).

By the way, the atmosphere with a high accuracy
oxygen partial pressure can be obtained using a buff-
ering gas mixing method and a simple gas mixing
method [15,17]. There are several control parameters
that may be used to maintain the high-temperature equi-
librium and establish the desirable oxygen content in the
sample. A more detailed discussion of these methods
may be found in Ref. [6].

The oxygen partial pressure can be measured using
an electrochemistry method [15,17]. The cell structure
in Fig. 15.10 is described as follows:

PtjO2ðp�ðO2ÞÞjðZrO2Þ0:85 �ðCaO2Þ0:15jCO2-H2ðp�ðO2ÞÞjPt
InðpðO2Þ=p�ðO2ÞÞ ¼ �4EF=RT

Here E, F, and p*(O2) stand for electromotive force,
Faraday constant, and the known oxygen partial pres-
sure, respectively, in the counter electrode (e.g.,
p*(O2)¼ 1 atm.). The sensor is used to measure the p
(O2) in automobile exhaust gases as well as gases present
in the carburizing process used to harden steel
components.

15.2.3. Synthesis of Nonstoichiometric
Compound

Preparing nonstoichiometric compounds with prede-
termined composition, structure, and properties is of
great interest due to following reasons. First of all,
design and tailoring of materials with specific electronic,
magnetic, and optical properties depend on effective
and precise control of the composition, defect, and struc-
ture. Second, presence of certain nonstoichiometric
defects is necessary and desirable, such as in ionic
and/or electronic conductors in batteries, fuel cells,
gas separating membranes, and chemical sensors. Third,
some functional properties such as magnetic coupling or
valence mixing are coupled to specific valence states of
the metal atoms in these oxides, but a small undesirable
nonstoichiometry may frustrate the desired properties.

As mentioned above, the stable nonstoichiometric
phase of a transition metal oxide is usually formed at
high temperature and corresponding defect equilibrium
is established in reasonable time. At the same time, the
phase composition of the nonstoichiometric compounds
depends strictly on temperature and oxygen partial pres-
sure as well as annealing or quenching process. There-
fore, for the nonstoichiometric compounds a dominant
synthesis technique is high-temperature synthesis,
including solid-state reactions, thermal decomposition,
and gasesolid synthesis at elevated temperatures. But
then, precursors of the nonstoichiometric compounds

FIGURE 15.9 Relation between temperature (T) and composition
(x) in BaBiO3�x at the oxygen partial pressures indicated. The dashed
and chained lines indicate two-phase regions and phase boundaries,
respectively [16].

FIGURE 15.10 Schematic of a ZrO2-based oxygen sensor and an actual sensor unit [12].
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may be prepared by various chemistry-based synthetic
methods such as coprecipitation method, solegel tech-
niques, and hydrothermal and solvothermal processing.

15.2.3.1. High-Temperature Solid-State
Reaction Method

(1) YBa2Cu3O7�x

The high-temperature superconductor
YBa2Cu3O7�x is the first material to become
superconducting above 77 K (the boiling point of
nitrogen). All materials developed before 1986
became superconducting only at temperatures near
the boiling points of liquid helium or liquid
hydrogen (Tb¼ 20.28 K)dthe highest being Nb3Ge
at 23 K. Several high-temperature superconducting
devices used for magnetic resonance imaging,
magnetic levitation, and Josephson junctions have
realized commercial application.

Structural feature of the YBa2Cu3O7�x is
illustrated in Fig. 15.11 [18]. YBa2Cu3O7�x can be
viewed as a variant of the perovskite family of
materials. For the cuprates, Yþ Ba occupy “A sites”,
whereas Cu occupies the “B sites”. The structure of
the YBa2Cu3O7�x depends on oxygen content. When
x¼ 1, O(1) sites in the Cu(1) layer are vacant and the
structure is tetragonal YBa2Cu3O6, which is
insulating and does not superconduct. Increasing the
oxygen content slightly causes more of the O(1) sites
to become occupied. For x< 0.65, CueO chains
along the b-axis of the crystal are formed. Elongation

of b-axis changes the structure to orthorhombic, with
lattice parameters of a¼ 3.82, b¼ 3.89, and
c¼ 11.68 Å. Optimum superconducting properties
occur when x ~ 0.07 and all of the O(1) sites are
occupied with few vacancies.

The oxygen in theYBa2Cu3O7�xplays a vital role in
the structure and superconductivity of YBa2Cu3O7�x

materials and is dependent on the value of x (i.e., its
oxygen content). In addition, the annealing procedure
in the presence of oxygen is a key to obtain better
superconducting properties, too. For these reasons,
T-p(O2)-x phase equilibrium diagram, as shown in
Fig. 15.12 [16], is necessary for us to optimize synthetic
parameters of YBa2Cu3O7�x superconductor.

According to T-p(O2)-x phase equilibrium
diagram, polycrystalline samples of YBa2Cu3O7�x

superconductor may be prepared either by powder
mixing method or by coprecipitation technique. For
the former, high purity oxides, carbonates, and/or
nitrates powders are mixed in an appropriate ratio
followed by subsequent heating at desirable high-
temperature for a suitable reaction time in air [19].
For the latter, three nitrates solutions of each
constituent metal are mixed in an appropriate ratio.
The ammonium oxalate solution was then used to
form precipitation from the mixed solution which
are filtrated, dried, and calcined at desirable
temperature in air. In annealing process, the
resultant samples were reground, pressed into
pellets, and then sintered in air.

The samples with different oxygen contents were
prepared by the following method: the sintered
pellet samples were equilibrated with an oxygen
partial pressure for a time, depending on

FIGURE 15.11 The structure unit of YBa2Cu3O7�x [18]

FIGURE 15.12 Variation of the oxygen nonstoichiometry x in
YBa2Cu3O7�x with the oxygen partial pressure p(O2) at different
temperatures [16].
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temperature and oxygen partial pressure, and then
cooled rapidly to room temperature in an ice bath.
The oxygen partial pressure was controlled with O2/
air or air/Ar mixed gas.

The atomic compositions of Ba and Y in
YBa2Cu3O7�x can be chemically analyzed by
precipitating Ba as BaSO4 and Y as Y2O3,
respectively. The atomic composition of Cu was
determined by titration using Na2S2O3 solution. The
equilibrium value of oxygen nonstoichiometry can
be determined through thermogravimetric
measurement in conjunction with chemical analysis.
The homogeneity of the samples can be confirmed
by X-ray diffraction analysis [19].

The samples of YBa2Cu3O7�x superconductor
film can be prepared by combination of solegel
method and high-temperature annealed technique.
There are two routes to be used: according to route I,
Y(NO3)3$5H2O, Cu(NO3)2$H2O, and Ba(NO3)2
agents are used as starting materials. These chemical
agents with an appropriate ratio are dissolved in
ethylene glycol to form a uniform mixed solution,
which is then refluxed at an appropriate temperature
(e.g., 130e180�C) and the gel is gradually created as
the solvent is vaporized out of the reaction system.
The resultant gel can be coated on the surface of
a matrix and is sintered at a high temperature (e.g.,
950�C) in oxygen atmosphere with a desirable
oxygen partial pressure, which results in
YBa2Cu3O7�x film sample with orthogonal structure.
In route II, organometallic compounds Y(OC3H7)3,
Cu(O2CCH3)2$H2O, and Ba(OH)2 with an
appropriate ratio are dissolved under heating with
vigorous stirring in ethylene glycol. After formation
of a uniformmixed solution, the solvent is vaporized
to obtain a gel. The resultant gel is then coated on
surface of a matrix (e.g., [110] plane of sapphire, [100]
plane of SrTiO3 single crystal, and [001] plane of
ZrO2 single crystal). In order to obtain 10e100 mm of
uniform YBa2Cu3O7�x film with good
superconducting properties, two annealing ways
have been employed. In the first way, the film is
heated to 400�C in the presence of oxygen using
a program control means at the rate of 2�C per
minute, then to 950�C at the rate of 5�C per minute
with subsequent cooling to room temperature at the
rate of 3�C per minute. This step is repeated 2e3
times and the film is sintered at 950�C in oxygen
atmosphere for 12 h, and finally is cooled to room
temperature at the rate of 3�C per minute. In the
second way, the film is first calcined at 950�C for
10 min in air. Then, the film is coated again and is
subsequently calcined again and the step is repeated
several times. Finally, the film is annealed at
550e950�C in oxygen atmosphere for 5e12 h [20].

(2) TiO2Lx

Titanium dioxide is often regarded as an oxygen-
deficit nonstoichiometric compound (TiO2�x) whose
nonstoichiometry (x) is closely related to the
concentration of both ionic and electronic defects.
Recent studies have shown that TiO2 not only exhibit
n-type semiconductor property, but also have p-type
semiconductor property (i.e., formula of the p-type
TiO2 may be expressed as TiO2þx). Therefore, the
general formula, which represents both n- and p-
type TiO2, is TiO2�x [21]. Titanium dioxide has been
considered as the most promising candidate for
photoelectrochemical water-splitting devices and
photocatalytic water purification. Figure 15.13 gives
structure unit of rutile TiO2 [22].

There are mainly five kinds of O atoms: bridging
(Ob), sub-bridging (Osb), sub-bridging-2 (Osb2),
surface (Os), and subsurface (Oss), as shown in
Fig. 15.13a. There are two types of Ti atoms on the
rutile TiO2 (110) surface. One is the sixfold-
coordinatedTi between the twobridgingOatoms, and
the other is a fivefold-coordinatedTi in the subsurface.

For oxides the defect-related properties depend
on the specimens obtained by following well-known
processing conditions at elevated temperatures,
including the temperature, oxygen activity, and the
rate of cooling. The gas/solid equilibrium for the
oxideeoxygen system (e.g., TiO2eO2 system) may
be established at elevated temperatures.

At lower temperatures, oxidation of metal oxides
is mainly limited to physical adsorption. At
moderate temperatures, the physically adsorbed
species (molecules and/or atoms) become ionized,
leading to the formation of several chemisorbed
species, such as O� and O2�. Catalytic and
photocatalytic properties of oxides are closely
related to the concentration of these species. At
elevated temperatures, oxidation of metal oxides
results in oxygen incorporation into the lattice. This
leads to a change in the ability of the oxide crystal to
donate or accept electrons during chemical reactions
[21]. The defect diagram for undoped TiO2 at 1173 K
and 1123 K is shown in Fig. 15.14. The defect
diagram shows the effect of oxygen activity on the
concentration of both ionic and electronic defects for
TiO2 at 1173 K and 1123 K [21,23].

An example on the synthesis of TiO2�x using
a high-temperature solid-state reaction method is
described as follows [24]. Samples of
nonstoichiometric cubic titanium monoxide TiOy

(y¼ 2� x) with different oxygen contents y
(0.74< y< 1.26) were synthesized by solid-phase
sintering from a mixture of powders of metallic
titanium and titanium dioxide TiO2 in a vacuum of
10�3 Pa and at a temperature of 1770 K. The samples
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were transferred to disordered state by calcination
for 3 h at a temperature of 1330 K, after which the
ampoules with the samples were quenched in water
with a rate of 200 K/s. To obtain the ordered state,
quenched samples of disordered titanium monoxide
were calcined in evacuated quartz ampoules for 3 h
at a temperature of 1330 K, followed by slow cooling
from 1330 to 300 K with a rate of 10 K/h. Calcination
produced ordered samples, only with a monoclinic
structure. Structural and chemical characterizations
of the samples showed that as the oxygen content in
titanium monoxide increases (TiO0.74eTiO1.26), the
number of vacancies in the oxygen sublattice
decreases from 25 to 3 at% and the number of
titanium vacancies grows from 8 to 23 at%.

15.2.3.2. High-Temperature Thermal
Decomposition Method

(1) UO2Dx

Uranium oxides are known as nonstoichiometric
compounds. Their compositions alter with external
conditions such as temperature and oxygen partial
pressure. Uranium dioxide can adsorb additional
oxygen in the lattice but adsorption decreases below
300�C. Phase diagrams of UO2eU3O8 (left) and
UO2eU4O9 (right) systems are shown in Fig. 15.15
[25]. At low temperatures, the stable phases are UO2,
the pseudocubic U4O9 phase, two (or more)
tetragonal phases, and the orthorhombic U3O8

phase. The densities of U4O9 and the two tetragonal

FIGURE 15.14 Defect disorder diagram for undoped TiO2, showing the effect of oxygen activity on the concentration of ionic and electronic
defects at 1173 K and 1123 K, where A corresponds to the equilibrium concentration of titanium vacancies. Reprinted with permission from [21,23].

Copyright 2008 American Chemical Society. Sheppard, L. R.; Nowotny, M. K.; Bak, T.; Nowotny, J.: Effect of cooling on electrical conductivity of TiO2.
Physica Status Solidi (b). 2008. Volume 245, Page 1816. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

FIGURE 15.13 Structure of rutile TiO2 (110)
surface: (a) side view and (b) top view. The large
light and small dark spheres represent Ti and O
atoms, respectively. The numbers and the block
letters are used for identification purposes. Reprinted
with permission from [22]. Copyright 2009 American

Chemical Society.
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phases are higher than that of UO2 due to the
additional oxygen being in interstitial positions.
Above 300�C, there is a genuine solubility of oxygen
in the UO2 structure, the unit cell contracting linearly
as the oxygen concentration increases. It is also
evidenced that nonstoichiometric UO2þx phase
contains interstitial oxygen.

The nonstoichiometric UO2þx can be prepared by
the direct oxidation of stoichiometric uranium
dioxide obtained by thermal decomposition of
uranyl iodide [25].

(2) FexO
Iron(II) oxide is a black powder with the chemical

formula FeO. Its mineral form is known as Wustite.
This is a typical example of a nonstoichiometric
compound with a known stability range from
x¼ 0.83 to 0.96 above 560�C and contains at least 5%
vacancies on the cation sublattice. So the formula
should be written as FexO [or better Fe(II)1�2dFe
(III)dO]. Figure 15.16 gives iron oxygen phase
diagram [5,26].

FexO has a defect rocksalt structure with an
ordered distribution of iron vacancies (see Fig. 15.17)
[17,27]. FexO is paramagnetic at room temperature
and antiferromagnetic or weakly ferrimagnetic
below the Néel temperature TN of about 183 K or
198 K due to a transition from the cubic to
a rhombohedral or a monoclinic structure. The
transition is strongly related to the defect structure of
Wustite.

For the bulk, Wustite FexO was typically
prepared by heating iron and magnetite in sealed

vessels based on the iron oxygen phase diagram.
This is because it is stable only above 560e570�C,
while below this temperature it decomposes via
a two-step mechanism into a-Fe and magnetite,
Fe3O4. Recently, Redl et al. [28] reported the
synthesis of nanocrystalline Wustite FexO
(0.84< x< 0.95) with controllable size and shape
using a high-temperature thermal decomposition
method. This method is based on the decomposition
of iron acetylacetonate, iron acetate, and iron
pentacarbonyl precursors in the presence of organic

FIGURE 15.15 Phase diagrams of UO2eU3O8 (left) and UO2eU4O9 (right) systems [25].

FIGURE 15.16 The iron oxygen phase diagram. Reprinted from

Journal of Physics and Chemistry of Solids, Vol. 30, B.E.F. Fender, F.D. Riley,

Thermodynamic properties of Fe1�xO. Transitions in the single phase region,

Page 793, Copyright (1969), with permission from Elsevier [5,26].
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solvents with high boiling temperatures. Tight
control over temperature allows the syntheses of
cubic or faceted FexO nanocrystals with narrow size
distributions by thermolysis of iron(II) acetate or
a selective oxidation route of iron pentacarbonyl
with pyridine N-oxide. The more detailed reaction
conditions and results of products may be found in
Ref. [28].

15.2.3.3. High-Temperature and High-Pressure
Synthesis Method

(1) Fe3LxO4

Fe3O4 belongs to a family of inverse spinel ferrites
(see Fig. 15.18). It consists of a close-packed face-
centered cube of large O2� anions. The smaller
cations (Fe2þ and Fe3þ) are located in the interstitial
sites of the anion lattice. All of the Fe2þ ions occupy
half of the octahedral sites and the Fe3þ are
distributed evenly across the remaining octahedral
sites and tetrahedral sites. That is to say, there exist
two kinds of cation sites in the crystal: (i)
tetrahedrally coordinated to oxygen (A site), which
is occupied only by Fe3þ ions; and (ii) octahedrally
coordinated to oxygen (B site), which is occupied by
equal numbers of Fe2þ and Fe3þ ions.

Fe3O4 is a half-metallic oxide suitable as a source
of spin-polarized electrons for spintronic devices.
This is because it has a very high degree of spin
polarization (half metallicity) at the Fermi level that
possesses a high Curie temperature (w859 K). There
is a phase transition at 120 K, the so-called Verwey
transition where there is a discontinuity in the
structure, conductivity, and magnetic properties. In
other words, at room temperature the electron
hopping between the Fe2þ and Fe3þ ions occupying
B site results in a high conductivity of manganite.
Below w120 K, the conductivity of magnetite
drastically reduces by over two orders of magnitude.

The Verwey transition is due to an ordering of the
extra electron at the Fe2þ B site.

Nonstoichiometric magnetite can be represented
by the formula Fe3�xO4, where x can, in principle,
range from zero (stoichiometric magnetite) to 0.333
(stoichiometric maghemite). The variations in
magnetic properties are related to different
parameters, such as cationic distribution and
vacancies, nonstoichiometry, spin-canting, or surface
contribution. If one considers that hopping occurs
only between pairs of ferrous and ferric ions, it can
also be represented by the formula [30]:

Fe3þ
�
Fe2þ1�3xFe

3þ
1�3xFe

3þ
5x�x

�
O4

FIGURE 15.17 Crystal structure of Wustite (FexO) [17,27].

FIGURE 15.18 Schematic model of the spinel unit cell structure.
Reprinted with permission from [29]. Copyright 2004 American Chemical
Society.

PREPARATION OF NONSTOICHIOMETRIC COMPOUNDS 333



Recently, preparation of nonstoichiometric magnetite
nanoparticles (Fe2.95O4) was reported byDaou et al. [3].
The nanosized nonstoichiometric magnetite was
synthesized by coprecipitation at 70�C from ferrous
Fe2þ and ferric Fe3þ ions by an (N(CH3)4OH) solution,
followed by hydrothermal treatment at 250�C. After
analyzing and calculating Mossbauer spectrum data
in detail, authors thought that there would be
oxidation of Fe2þ on the B site in Fe3þaccompanied by
vacancy formation.

(2) CeO2�x

Pure stoichiometric CeO2 has a structure of
calcium fluoride (fluorite) type with space group
Fm3m over the temperature range from room
temperature to the melting point. It consists of
a cubic array of fourfold coordinated oxygen ions
with the metal ions occupying half of the eightfold
coordinated cationic interstice. The relative stability
of the low-index ceria surfaces decreases in the
(111)> (110)> (100) order. Figure 15.19 gives bulk
truncated CeO2 (111), (110), and (100) surfaces [31].
In recent years, research on synthesis of the ceria
(i.e., CeO2�x) nanoparticles has received significant
attention because of its extensive applications such
as excellent automobile exhaust catalysts, additives
in ceramics, phosphors, high-energy efficiency fuel
cells, and polishing materials [32].

When exposed to an O2-deficient atmosphere at
high temperatures, ceria can lead to the formation of
several cerium oxide phases of the type CeO2�x with
a range of possible compositions (0� x�0.5) due to
removal of oxygen from ceria, depending on partial
pressure of oxygen. There are five different point-

defect species in the CeO2�x: the reduced cerium ion
Ce0Ce; two types of oxygen vacancies at different
charge states, V$$

o and V$
o; and two types of defect

pairs formed by the association of Ce0Ce with the
appropriate oxygen vacancies, (CeVO)$and (CeVO)

�.
Figure 15.20 shows schematically a planar projection
of the CeO2 lattice containing the above-mentioned
defect species [33].

Figure 15.21 shows the phase diagram of CeO2�x

constructed by Mogensen et al. [34]. They concluded
that CeO2 can be reduced to nonstoichiometric
compositions, CeO2�x, where 1.7� 2�x� 2.
For T> 921 K (648oC) and 2> 2�x> 1.818, only the
a-phase exists. For T< 722 K (449�C), CeO2�x forms
a discrete set of compositions. The relation between
pO2 and x (in CeO2�x) obtained by thermogravimetry
in the temperature range 900e1400�C is within the
a-phase region.

FIGURE 15.19 Bulk truncated CeO2 (111), (110), and (100) surfaces. The dotted lines indicate the repeating unit (1L) in the direction
perpendicular to the surface. Small and large circles represent the oxygen and cerium atoms, respectively. Reprinted from Surface Science Reports,

Vol. 62, M. Verónica Ganduglia-Pirovano, Alexander Hofmann, Joachim Sauer, Oxygen vacancies in transition metal and rare earth oxides: Current state of

understanding and remaining challenges, Page 219, Copyright (2007), with permission from Elsevier [31].

FIGURE 15.20 Schematic of a planar projection of the CeO2 lattice
containing various species of point defects complexes. Reprinted figure

with permission from [33] as follows: S. Ling, Phys. Rev. B, volume 49, page
864, 1994. Copyright (2010) by the American Physical Society.
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Very recently, solvothermal/hydrothermal
technique is used for synthesis of the CeO2�x

nanomaterials. During the solvothermal treatment,
the pressure in the autoclave is able to be readily
adjusted by using different solvents, which have
different vapor pressures at a given temperature.
There are two examples to be described as follows:
(1) An alcohothermal method with the addition of

bases (KOH or NaOH) is used to fabricate
uniform ceria nanocrystals with sizes ranging
from 2.6 to 6.9 nm. The alcohothermal mechanism
is investigated to follow a hydrolytic route [32]: (i)
the formation of Ce3þ and Ce4þ ions when Ce(III)
and Ce(IV) nitrates are dissolved; (ii) the
formation of polymers of cerium hydroxide
coordinated with ethanol; (iii) the transition of
hydroxides to hydrated and alcoholized CeO2�x;
and (iv) CeO2�x nanocrystals obtained through
alcohothermal treatment.

(2) The CeO2�x nanotubes were synthesized by two
successive stages: precipitation and aging [35]. In
a typical synthesis, at the precipitation stage,
0.9 g of cerium nitrate (Ce(NO3)3$6H2O) was
added to 10 mL of deionized water and heated at
100�C. Once a large amount of vapor formed,
7 mL of 5% ammonia hydroxide solution was
added. Very fine yellowish precipitates were
formed immediately. After boiling the
precipitates for 3 min, the solution was quickly
transferred and cooled at 0�C. After 45 days
aging, the CeO2�x nanotubes were obtained. The
formation of the tubular structure strongly
depends on precipitation temperature and aging
time.

15.2.3.4. g-Irradiation Synthesis Method

Cu2�xSe is a p-type extrinsic semiconductor with an
energy gap of 1.1e1.29 eV, which is near the optimum
value for solar cell applications. It is stable over
a wide range of departures from stoichiometry
(0< x< 0.15).

Recently, g-irradiation technique has become an
important method, which can be applied at room
temperature and ambient pressure to prepare nano-
scale materials. It can provide high energy and an
evenly distributed irradiation field. The synthesis of
nanocrystalline Cu2�xSe in aqueous solution using
sodium selenosulfate as selenium source under g-irra-
diation in the field of a 2.59� 1015 Bq 60Co g-ray source
with absorbed dose rate of 1�102 Gymin�1 at room
temperature and ambient pressure was reported by
Qiao et al. [36]. The effect pH of value on the solutions
and some coordination of copper ions (Cl� andNH3) on
the Cu2�xSe nanocrystals were studied in detail, while
the mechanism of the formation of nanocrystalline sele-
nide in the g-irradiation process is not very clear up
to now.

15.3. CHARACTERIZATION OF
NONSTOICHIOMETRIC COMPOUNDS

Characterization of nonstoichiometric compounds
mainly deals with determination of their compositions,
substance phase, and defects. This is because it is not
enough for us to merely consider composition of a
nonstoichiometric compound, we must also combine
its composition with its structure and properties which
depends on the defects in the crystal to think over. For
example, composition can be determined by means of
chemical analysis; substance phase and structure can
be examined through X-ray, electron, and neutron
diffraction analyses; and relationship of the composi-
tion, structure, and properties can be detected using
various physicochemistry methods. So and so only,
we can really confirm that the compound is a nonstoi-
chiometric compound rather than stoichiometric
compound.

15.3.1. Composition Analysis

Compositions of some nonstoichiometric compounds
can be determined through chemical methods. Iodomet-
ric and cerimetric redox titrations are suitable for the
determination of significant levels of nonstoichiometry
in metal oxides. There are two types of element nonstoi-
chiometry to be suitable for iodometric analysis: (1)
those in highly oxidizing valence states that reduce to
stable nonoxidizing ions in aqueous solutions, the type

FIGURE 15.21 Phase diagram of CeO2�x. Reprinted from Solid State

Ionics, Vol. 129, Mogens Mogensen, Nigel M. Sammes, Geoff A. Tompsett,

Physical, chemical and electrochemical properties of pure and doped ceria,
Page 63, Copyright (1994), with permission from Elsevier [34].
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includes any nonstoichiometry above the following
oxidation states such as trivalent Cr, divalent Mn, diva-
lent Co, divalent Ni, trivalent Ce, trivalent Tb, and triva-
lent Pr; (2) those compounds which are stabilized by
formation of soluble or insoluble iodide complex after
reduction. An example of the type is determination of
any nonstoichiometry above monovalent Cu. Alterna-
tively, cerimetric analysis is more versatile for similar
nonstoichiometry determination. The key technique
that makes the above titrations simple and applicable
to analyses of nonstoichiometry in various solid oxides
is closed-ampoule digestion [6].

For the wide-range nonstoichiometric oxides,
their composition with a sufficiently high precision can
be obtained by the above chemical titration methods.
However, for the narrow-range nonstoichiometric
compounds, it is very difficult and even impossible to
determine their compositions by the chemical titration
methods. This is because error for the common quantita-
tive analysis methods is �10�3, while the nonstoichiom-
etry is generally less than 10�3. But then, for some
special nonstoichiometric oxides with different
oxidizing valence states such as ZnO1�x (Zn

2þOþ Zn0)
and FeO1�x (Fe2þOþ Fe2

3þO3), the metal-excess or
metal-deficiency can be determined using the chemical
titration methods such as Iodometry and Cerimetry. In
addition, ZnO1�x can also be determined by an electro-
analysis method [4].

As the ratio of intensities of two six-line spectra
composing the complex Mössbauer spectrum of magne-
tite depend sensitively on x, Volenik et al. [37] reported
the applicability of Mössbauer spectroscopy and X-ray
diffraction methods for the determination of the devia-
tion ofmagnetite from stoichiometry. The results showed
that among the data obtainable by both methods above,
the ratio of intensities of two partial spectra composing
the Mössbauer spectrum of magnetite enables to eval-
uate the deviation of magnetite from stoichiometry
quantitatively. Therefore, the measurement of the ratio
of intensities of two partial Mössbauer spectra is a suit-
ablemethod for determining the deviation x ofmagnetite
from stoichiometry.

15.3.2. Structure Determination [4,38]

Undoubtedly, X-ray diffraction techniques are one of
the most important methods to confirm phase structure.
Polycrystal powder sample can be used for the determi-
nation of the phase structure and unit cell parameters.
Single crystal sample can directly measure its crystal
structure and study its crystal integrality. However,
it is difficult to determine the structures of the homolo-
gous series phases (e.g., rare earth oxides) by X-ray
diffraction due to the weak scattering of X-rays by
oxygen atoms.

Neutron diffraction turned out to be the best method
to determine the structures of these ordered oxygen-
deficient phases. But there exist the following two prob-
lems: (1) it is almost impossible to prepare a sample con-
sisting of a single phase because the oxygen content of
the sample will easily vary with temperature and
oxygen partial pressure; and (2) the refinement of the
neutron diffraction data from a powder sample needs
proposed models. Those models might come from the
knowledge about a structural principle for the homolo-
gous series phases.

To overcome the above problems, high-resolution
electron microscopy (HRTEM) has become a powerful
tool for unraveling the structural features in nonstoichio-
metric compounds (e.g., rare earth oxides). HRTEM is
able to give an insight in the real structure of the rare
earth oxides and therefore overcomes the problem
of multidomains, even with different compositions.
HRTEM opens up the possibility to simultaneously
obtain diffraction data in the back focal plane and images
showing the projection of the atoms arrangement of
a structure at atomic scale in the image plane of the objec-
tive lens. The beam size, which can be changed from
100 mm to 1 nm, restricts the area on a sample where
the diffraction data and the structure image come from.
It is possible to record an electron diffraction pattern
and a structure image at time intervals of 1/16 of
a second. If the sample is located in an environmental
cell of the electron microscope it is possible to record
even the valence variation using EELS and a CCD
camera. This means that the transition of different
homologous series phases either at reduction or oxida-
tion processes can be observed. Therefore HRTEM is
a key method to study the higher oxides of the binary
rare earths.

15.3.3. Defect Detection

In principle, all physical properties of a crystal are
derived from its crystal composition and structure.
Moreover, some physical properties such as density,
electrical conductivity, optical, and optoelectronic prop-
erties strongly depend on kinds and concentration of the
defects in the crystal. Accordingly, we can determine
existence and concentration of the defects using the
physical properties. For instance, because Schottky
defects can bring about density decrease of the crystal,
we can combine density determination method with
X-ray diffraction technique (i.e., the lattice parameter
with a high precision can be determined using X-ray
diffraction and the precise lattice-parameter method)
to confirm concentration of the defects in the crystal.
Also, in situ thermogravimetry is one of the most
universal methods of nonstoichiometry analysis. The
kinds and concentration of the defects in the crystal
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can also be obtained with high precision thermobalances
[4]. Similarly, the charge states of bulk defects can be
inferred indirectly from physical and electrical measure-
ments. For example, measurements of TiO2 electrical
conductivity versus oxygen partial pressure have been
used to develop defect models that account for charged
vacancies and interstitials. The ionic conductivity is
proportional to the oxygen partial pressure raised to
an exponent that depends upon oxygen vacancy charge
state [39].

The electronepositron annihilation method is a prom-
ising and universally recognized experimental approach
to investigation of solids with point, linear, extended, and
bulk defects (e.g., positrons injected into a semiconductor
become preferentially trapped in features such as vacan-
cies, vacancy clusters, and negative charge centers, where
they subsequently annihilate from the trapped state in
the defect) is a promising and universally recognized
experimental approach to investigation of solids with
point, linear, extended, and bulk defects. As an extra
merit, this method of exploring local electronic structure
of solids is also sensitive to even very small concentra-
tions of structural vacancies in a solid, from 10�6 to
10�3 vacancies per atom. The results obtained by the
method identify the defects contained in a solid and
provide information on the presence or absence of struc-
tural vacancies in it, establish the nature of the vacan-
ciesdmonovacancies, divacancies, or clusters of
vacancies, as well as permit estimation of their electronic
state throughout the volume of the solid under study [24].

It is very difficult to see individual point defects in
a material. It is not due to their small size (i.e., transmis-
sion electron microscopy (TEM) has the resolution), but
is attributed to the interference caused by presence of
surrounding atoms [12]. At present, X-ray absorption
near-edge structure (XANES) spectroscopy is one of
the few (and probably most straightforward) techniques
for the studies on individual cation vacancy and layer-
specific hole concentrations: it definitely probes local
concentration of holes as the X-ray absorption spectrum
is determined by electronic transitions from a selected
atomic core level to the unoccupied electronic states
near the Fermi level [40].

In addition, electron paramagnetic resonance (EPR)
spectra provide detailed structural information about
semiconductor’s defects, including their symmetry,
atomic, and lattice configurations. EPR is equally
useful for defect clusters as it is for isolated point
defects [41]. Similarly, laser Raman spectroscopy
(LRS) is also a powerful means to investigate the struc-
tural information on microenvironment of center ions
because LRS is sensible to the slight change of crystal-
line structure. Raman spectroscopy measurement is an
efficient way for studying the local atomic arrangement
change [41].
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Synthetic Chemistry of the Inorganic Ordered
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16.1. POROUS MATERIALS

Inorganic porous material has developed quickly in
the past half century despite the fact that the inorganic
porous solid materials can be crystalline or amorphous.
The synthesis and property of porous material involve
a lot of fundamental concepts. They have wide applica-
tions as adsorbent, catalyst, ion exchanger, energy
material, environment material, life sciences, nanotech-
nology, etc. Open structure and high surface area
(interior surface and outer surface) porous materials
strengthen their catalytic and adsorption abilities.
Many novel materials with desired structure and prop-
erty have been developed. The inorganic porous mate-
rials include natural zeolites, synthetic zeolites (from
low siliceous zeolites to high siliceous zeolites), pure
silica molecular sieves, microporous phosphates, oxides
(AlPO4, GeO2, etc.), and even organiceinorganic hybrid
materials such as MOFs.

Porous materials are classified into microporous,
mesoporous, and macroporous materials by their pore
size. According to the International Union of Pure and
Applied Chemistry (IUPAC) notation [1], microporous
materials have pore diameters of less than 2 nm and
macroporous materials have pore diameters of greater
than 50 nm, whereas the mesoporous materials lie in
the middle. Some illustrations of porous material with
examples are shown in Fig. 16.1 [2].

The crystal structure of zeolite or molecular sieve
results in the unique pore size and shape. Ordered mes-
oporous material such as MCM-41 have regular pore
(shape and size), but its wall is amorphous at atomic
level. The pore size and pore shape can be controlled
by selecting or modifying different structures.

The pore property is the most important structural
parameter for porous material. Nitrogen adsorption is
one of the most important techniques in studying the
surface area and porosity of porous materials [3].
Figure 16.2 illustrates this technique by showing the
nitrogen adsorptionedesorption isotherms (�196 �C) on
three different porous materials: (a) CaA (calcium-
exchanged zeolite type A) zeolite having only micro-
pores, (b) MCM-48 having small mesopores, and (c)
SBA-15 having large mesopores [4].

This chapter will focus only on the ordered porous
inorganic and inorganiceorganic hybrid materials and
discuss the new trends in their synthetic chemistry.
The structure, synthesis, and property of microporous
materials (zeolite, microporous aluminophosphate,
etc.) can be obtained from the official website of Inter-
national Zeolite Association (IZA) [5]. Many books

FIGURE 16.1 Comparison of pore size for typical porous mate-
rials [2].
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[2,6e13] and review papers [14e28] covering synthesis,
properties, and applications of zeolite, microporous
molecular sieves, and mesoporous materials are also
available.

16.2. ZEOLITE AND ITS STRUCTURE

Zeolites are microporous, aluminosilicate minerals,
and accommodate a wide variety of cations, such as
Naþ, Kþ, Ca2þ, Mg2þ, etc. The term “Zeolite” was orig-
inally coined in 1756 by Swedish mineralogist Axel
Fredrik Cronstedt. The synthesis of zeolite can be traced
up tomid-nineteenth century [14,15], but modern zeolite
synthesis begin after World War II. Barrer studied the
transformation of a natural zeolite, and obtained a new
structure [29]. Milton of USA used active starting mate-
rials (fresh aluminosilicate gel) and synthesized zeolite
A and zeolite X [30]. The industrial applications of
zeolites (e.g., adsorbent, catalyst in petroleum industry,
additive in detergent) are encouraging and promoting
the research on synthesis, structure, properties, and
applications of inorganic porous materials.

In 1932 J.W. McBain proposed the term “molecular
sieve” to describe a class of materials that exhibited
selective sorption properties for gases and liquids. These
materials have the property of acting as sieves on
a molecular scale. Common materials include natural
aluminosilicate minerals, clays, porous glasses, micropo-
rous charcoals, zeolites, activated carbons, or synthetic
compounds.

Among molecular sieves, zeolites and zeolite-like
materials have occupied an extremely important position

in modern material science and industry, because of
their regular structures and various predictable proper-
ties. The large advantages of zeolites include: (1) adjust-
ability of framework composition (incorporation of
heteroelements in the structure); (2) very high surface
area and capacity of adsorption; (3) various surfaces
(from hydrophilic to hydrophobic); (4) controllablity of
the intensity and density of the active sites (e.g., acidic
sites); (5) uniform pore sizes with molecular dimensions
which fit most gas and liquid molecules (0.5e1.2 nm); (6)
strong electric fields inside pores; (7) various systems of
pore, channel and cage, allow adsorbing selectively the
reactants and results of reaction, and avoiding the side
reaction; (8) exchange capacity of the cation; (9) molec-
ular sieve capacity (based on the size, shape, polarity,
and other properties of molecules); (10) thermal and
hydrothermal stability; (11) highly chemical stability;
and (12) regeneration with simple technologies (e.g.,
heating, reducing pressure, ion exchange).

In general, natural zeolites were named after their
discoverer or location, while synthetic zeolites were
named after their discoverer’s affiliation. For example,
ZSM-n is a series of zeolites that are found in Mobil
Corporation. ZSM represents Zeolite Socony Mobil.
There are nearly 1000 Zeolite-type materials (natural
and synthetic) which may or may not be totally same,
for instance over 20 materials such as ZSM-5, mutinaite,
silicalite, and TS-1 have the same crystal structure.
Nearly 200 types of zeolite framework structures have
been confirmed. According to the IUPAC nomenclature,
International Zeolite Association (IZA) assigned a “three
letters” code to each framework type. For example, FAU
represents Faujasite structure; MFI represents ZSM-5
structure. Till the beginning of 2010, 191 Framework
Type Codes have been assigned [31]. One structure
type can be used to describe the materials with different
chemical compositions. For example, the materials with
FAU structure can be natural Faujasite, zeolite X
(synthetic Faujasite with low ratio of SiO2 to Al2O3),
zeolite Y (synthetic Faujasite with high ratio of SiO2 to
Al2O3), SAPO-37 (silicoaluminophosphate molecular
sieves), or Zincophosphate X. IUPAC and IZA also have
issued the detailed regulation to describe the zeolite
composition. For example, zeolite X should be expressed
as jNa58j[Al58Si134O384]-FAU or Na-[AleSieO]-FAU.

16.2.1. Basic Structural Unit of the Zeolite

The aluminosilicate structure of zeolite is negatively
charged and attracts the positive cations that reside
within. Zeolites consist of crosslinked TO4 tetrahedra
where TO4 is [SiO4]

4� or [AlO4]
5�. Each Tatom occupies

four connected vertices of a three-dimensional network
and the oxygen occupies two connected positions
between the four connected vertices. The OeTeO

FIGURE 16.2 Nitrogen adsorptionedesorption isotherms of (a)
CaA zeolite; (b) MCM-48; and (c) SBA-15. Images reproduced with
permission [4].
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bond angle is close to the ideal tetrahedra bond angle of
109.5�. The TeOeT bond angle is much more flexible
than the OeTeO bond angle and is usually around
140e165� [32]. The TO4 tetrahedra are often referred to
as the primary building units of zeolite structures.
Primary building units are linked together to form
secondary building units (SBUs) which are named based
on their geometry. For example, a 6-ring (6R) SBU is
a ring structure made from six oxygen atoms and six
silicon atoms. The SBU is shown schematically in
Fig. 16.3 [31]. Each corner in the secondary building
units represents the center of tetrahedra.

16.2.2. Framework Structure of Zeolite
and Molecular Sieve

SBU can be linked to form cages or channelswithin the
structure. Connecting rings of different sizes leads to
many different structures. For example, b-cage (sodalite
cage) is a common unit which can be constructed with
4R and 6R SBUs. At least four classical zeolites (i.e., Soda-
lite (SOD), Zeolite A (LTA), Faujasite (FAU), and EMC-2
(EMT) are built from the sodalite cage. In SOD, the soda-
lite cages aredirectly joinedon the 4R rings to forma cubic
arrangement of cages. In FAU and EMT, the sodalite
cages are joined by oxygen bridges on the 6R rings,

resulting in a diamond arrangement of cages. In FAU,
a large cage (called supercage, diameter of 1.18 nm,
0.74 nm window of 12-ring) is formed. LTA is a cubic
arrangement of sodalite cages joined by oxygen bridges
on the 4R rings. This leads into a larger cavity (a-cage)
of minimum free diameter 11.4 Å with window of an 8-
ring of 4.2 Å. Figure 16.4 describe these structures [33].

Another description of extended zeolite structures is
sheet building unit. Some zeolite structures (e.g., ZSM-
5) can be generated through attaching two-dimensional
sheet units. The detailed zeolite structure description
[33] can be found in the website of IZA [5].

For TO4 in the typical zeolite structures, the cation T
to oxygen radius ratio should fall within the range of
0.225e0.414 (Pauling’s rule). The distribution of SiO4

and AlO4 is not random in zeolites and zeolite-type crys-
tals. Lowenstein’s rule governs the linking together of
SiO4 and AlO4. Two tetrahedrals are linked by one
oxygen bridge. There can be only one AlO4, while the
other must be SiO4 or another TO4 such as PO4 with
T of electrovalency 4 or more.

The porosity of zeolite-type frameworks can be
expressed in terms of the framework density (FD),
defined as the number of T atoms per 1000 Å3. For the
zeolites and zeolite-type materials, FD values range
from 12.5 to 20.2. There is a clear gap in the FD values
of zeolite and dense frameworks (FD¼ 20e22) [34].

Extra-framework cation can have a great influence on
the pore (window or opening) of zeolite. For example,
zeolite A has a cubic unit cell. Each unit cell contains
eight a-cages or supercages and eight b or sodalite cages.
The openings to the a-cages are 8-membered rings that
are approximately 5 Å across. The presence of charge-
balancing cations (Na/K for 3A, Na for 4A, and Na/Ca
for 5A) reduces the effective pore size of the opening
to 3 or 4 Å, depending on the type.

FIGURE 16.3 Secondary building units and their symbols
(number in parenthesis is the frequency of occurrence) [31].

FIGURE 16.4 zeolite structures related to sodalite cage. From
Ref. [33]. Reprinted with permission from AAAS.

ZEOLITE AND ITS STRUCTURE 341



16.2.3. Intergrowth in Zeolite

Commonly, the phase-pure zeolite is obtained only
when the synthesis parameters are finely tuned. Zeolites
can form different families due to common structure
building units for the frameworks. Therefore they have
a tendency to form intergrowths between different struc-
tures within the same family. For example, ZSM-2,
ZSM-3, ZSM-20, VPI-6, CSZ-1 or ECR-30 are actually
intergrowths of two end-members, cubic (FAU) and
hexagonal (EMT) structures [35]. The Periodic Building
Unit (PerBU) in the Faujasite family of zeolite frameworks
(FAU and EMT) is composed of sodalite cages which
are linked through double 6 rings (D6R) into a hexagonal
layer. Neighboring PerBUs can be connected along [001]
through D6R in two different ways: (1) the top layer is
shiftedover 1/3(�aþ b) before connecting it to the bottom
layer. The resulting connectivity exhibits inversion
symmetry: (i) between successive layers; and (2) the top
layer is rotated over 60� about [001] (followed by the shift
vector 1/3(�aþ b)) before connecting it to the bottom
layer. The connectivity now shows mirror symmetry (m)
between successive layers. Once the distribution of the
symmetry elements i and m between the layers stacked
along [001] is known, the three-dimensional structure is
defined. An example of an intermediate structure in the
Faujasite family of zeolite frameworks is shown in
Fig. 16.5 [5]. Pure EMTand FAUare obtainedwhen neigh-
boring PerBUs along the (hexagonal) [001] axis are exclu-
sively related bym and i, respectively.

Gmelinite (GME) is a well-known zeolite having
a structure in which the main feature is a large 12-ring
channel. However, the adsorptive properties of gmelin-
ite zeolites are similar to zeolites having smaller pores.
The reason for this is that gmelinites have a propensity
to intergrow with chabazite or related zeolites, which
creates stacking faults that block and restrict access to
the 12-ring channel of the gmelinite structure.

16.2.4. The Composition of Zeolite
and Molecular Sieve

Most elements in the periodic table can be introduced
into zeolite frameworks. From a view of composition,

zeolite and zeolite-type materials include: (1) low silica
zeolite (Si/Al� 2), e.g., zeolite A and zeolite X, (2) inter-
mediate silica zeolite (2< Si/Al� 5), such as zeolite Y,
mordenite (MOR) and zeolite U (MAZ), (3) high-silica
zeolite (Si/Al> 5), like ZSM-5 (MFI), ZSM-11 (MEL),
zeolite b (BEA), ZSM-12 (MTW), and ZSM-35 (FER),
(4) all-silica molecular sieves (Si/Al wN), e.g., Silica-
lite-1 (MFI), (5) silica clathrate, like ZSM-39 (MTN), (6)
heteratom-substituted zeolites or silica molecular sieves,
e.g., TS-1 (MFI), (7) aluminophosphate, such as AlPO-5,
AlPO-11, and VPI-5, (8) metalloaluminophosphate
and silicoaluminophosphate, e.g., MeAPO-34, SAPO-
37, (9) metallo-phosphates, such as GaPO-n, ZnPO,
MoPO, CoPO, (10) germium oxide or germate, (11)
sulfides, (12) Mn oxides, titanates, and alumate, and
(13) MOF.

16.3. THE SYNTHESIS OF ZEOLITE

16.3.1. Hydrothermal Zeolite Synthesis

Aluminosilicate zeolites are usually synthesized
under hydrothermal conditions from reactive gels in
alkaline media at temperatures between about 80 and
200�C [14,15].

The pioneering work in the synthesis of hydro-
thermal zeolites was done by Barrer and Milton over
60 years ago. Richard Barrer began his studies in the
early 1940s, initially by investigating the conversion of
known mineral phases under the action of strong salt
solutions at fairly high temperatures (ca. 170e270�C)
[36]. Robert Milton began his synthesis program in the
laboratories of Linde Corporation in 1949. Use of more
reactive starting materials (freshly precipitated alumino-
silicate gels) enabled reactions to be carried out under
milder conditions. Zeolite A [30] had been prepared,
together with a crystalline impurity designated X. In
1950, pure zeolite X (FAU) was isolated [14,15].

Many classical zeolites such as the zeolites A, X, and
Y are made in inorganic reactants synthesis system.
However, in 1961 the range of reactants was expanded
to include quaternary ammonium cations as templates.
The introduction of organic constituents was to have
a major impact upon zeolite synthesis and the key step
followed quite rapidly. Subsequently here has been
a large rise in the number of known synthetic zeolites
leading to the discovery of new families of zeolite-like
or zeolite-related materials. A major expansion of zeolite
composition occurred in 1982 when a family of molec-
ular sieves based on aluminophosphates was reported.
Such materials display great compositional diversity
and generally have frameworks unlikely for zeolites.

A typical hydrothermal zeolite synthesis [14,15] can
be described as follows. (1) Reactants containing silica

FIGURE 16.5 Connectivity sequence of PerBUs with m and i as
symmetry elements [5].
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and alumina are mixed together with a cation source,
usually in a high pH medium. (2) The reaction mixture
is heated, often in a sealed autoclave for temperature
above 100 �C. (3) For some time after rising to synthesis
temperature, the reactants remain amorphous. (4) After
the above “induction period”, crystalline zeolite product
can be detected. (5) Gradually, amorphous material is
replaced by an approximately equal mass of zeolite crys-
tals which are recovered by filtration, washing, and
drying.

The verified synthesis (procedure) of typical zeolites
and molecular sieves can be obtained from IZAwebsite
[5]. The purity and crystallinity of zeolite can be
measured by X-ray diffraction. The XRD patterns for
typical zeolites can be found in IZA website [5].

16.3.2. Zeolite Crystallization and Formation
Mechanism

Despite many experimental studies that have been
carried out on the synthesis of different zeolites, under-
standing is still lacking [14,15,37]. In fact, zeolites are
thermodynamically metastable. The overall free energy
change for a zeolite synthesis reaction is usually quite
small, so that the outcome is most frequently kinetically
controlled. Zeolite crystallization is a very complex
phenomenon that cannot be adequately described by
the classical variables of reactant composition, tempera-
ture, and pressure. Crystallization also involves poly-
merizationedepolymerization, solution-precipitation,
nucleationecrystallization, and other complex pheno-
mena encountered in aqueous colloidal dispersions
[38]. This process is a multiphase reaction crystallization,
commonly involving at least one liquid phase and both
amorphous and crystalline solid phases. Generally the
liquid phases present in synthesis mixtures are not true
solutions but sols.

Crystallization from solution generally occurs via the
sequential steps, i.e., nucleation of the phase and growth
of the nuclei to larger sizes. Nucleation and crystal
growth rates typically are governed by a driving force
related to the supersaturation. Most zeolite syntheses
are preceded by the formation of an amorphous gel
phase which dissolves to replace reagents consumed
from the solution by crystal growth. In hydrothermal
zeolite systems it is more difficult to identify a “supersat-
uration,” because of the (i) myriad species present in the
aluminosilicate solution, (ii) role of templates (structure-
directing agents) in some cases, and (iii) the relative
concentrations of these in a batch system change as the
crystallization proceeds [39].

Studies on Synthesis Mechanism [14,15]

Understanding the synthesis mechanism of the
microporous and mesoporous materials is one of the

challenging chemical problems today. It is difficult to
study the detailed mechanisms of the zeolitic formation
due to the extreme complexity of hydrothermal crystal-
lizations. Many analytical techniques have been used to
study the formation of zeolite and other porous mate-
rials. For example, UV Raman spectroscopy can provide
molecular information from aqueous solutions to solid
phases of zeolite synthesis mixtures due to the low
Raman scattering cross-section of water [40].

The most probable mechanistic pathways in zeolite
formation are described in chronological sequence:
induction period, nucleation, and crystal growth (see
Fig. 16.6) [14,15,41].

The induction period is the time between the notional
start of the reaction and the point at which crystalline
product is first observed. When the reactants are initially
mixed together, the primary gel or colloid is frequently
formed. The primary amorphous phase represents the
initial and immediate product from the reactants and
is a nonequilibrium. After some time, the above mixture
undergoes changes due to the equilibration reactions
and is converted into the secondary amorphous phase.
Then, the secondary amorphous phase is converted
into the crystalline zeolite.

The nucleation mechanisms in liquidesolid systems
include (1) primary nucleation: homogeneous or hetero-
geneous; and (2) secondary nucleation which is cata-
lyzed by the presence of parent crystals of the same
phase. The parent crystals might be added as seed crys-
tals at the beginning of a synthesis, or grown in the orig-
inal unseeded system.

Zeolite crystals appear to grow rather slowly (hours
to days), compared to simple ionic crystals. The growth

FIGURE 16.6 The evolution of order, from the primary amor-
phous phase (a) through the secondary amorphous phase (b) to the
crystalline product (c). Reprinted from Microporous and Mesoporous

Materials, Vol. 82, Colin S. Cundy, Paul A. Cox, The hydrothermal synthesis

of zeolites: Precursors, intermediates and reaction mechanism, Copyright
(2005), with permission from Elsevier [15].
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by addition of monomers, low-molecular-weight
species, or nanoparticles cannot be ruled out. Crystal
growth can be described by an induction period fol-
lowed by a sudden rapid growth which can be moni-
tored. The resulting S-shaped growth curve of bulk
crystallinity against time is the most commonly reported
measurement of zeolite crystallization kinetics (see
Fig. 16.7) [42].

The two extreme views on the zeolite synthesis mech-
anism [14,15] (see Fig. 16.8): (a) the amorphous gel is dis-
solved to yield small soluble species from which the
zeolite crystals grow by a solution-mediated mecha-
nism; and (b) the zeolite lattice is formed via an in situ
rearrangement (ordering) of the gel, apparently in the
absence of solution participation.

Recently, Cundy and Cox proposed a generalized
mechanism (see Fig. 16.9) for zeolite synthesis to replace
the two extremes [15]. A fragment or domain of amor-
phous material (a) equilibrates with solution species
(anions and cations) to develop elements of local order
(b). In due course, the equilibration process leads to an
area of sufficient order for a periodic structure to become
established, i.e., nucleation to occur (c). The same equil-
ibration reactions (TeOeT bond-making and bond-
breaking) then allow the nascent crystal to grow and
the amorphous areas to dissolve (d). The self-assembly
process is mediated by the associated solvated cations,
which act as coordination centers (templates) for the
construction of the framework (central insert). These
transformations most usually take place via a bulk solu-
tion phase, but may occur within a solvated layer at the
surface of a “dry” solid (apparent solid-phase transfor-
mation) [15].

Templating

In zeolite synthesis, the formation of a specific frame-
work type and a polyhedral building unit depends on
one or two cation species. The cation specificity is strong

for the a-cage, sodalite cage, gmelinite cage, and D4R
unit. In some cases the cation (hydrated or anhydrous)
is observed to fit nicely into the building unit.

Templates can be considered as cationic species
added to synthesis media to aid or guide in the polymer-
ization or organization of the anionic building blocks
that form the framework [38]. It has been found that
the kind of zeolite which crystallizes from alkaline gels
can be strongly influenced by the type of cation present

FIGURE 16.7 S-shaped growth curve of bulk crystallinity of
zeolite. Reprinted from Microporous and Mesoporous Materials, Vol 21,

Vladimiros Nikolakis, Dionisios G. Vlacho, Michael Tsapatsis, Modeling of

zeolite crystallization: the role of gel microstructure, Page 337, Copyright
(1998), with permission from Elsevier [42].

FIGURE 16.8 Two extreme views of the zeolite synthesis mecha-
nism. Reprinted with permission from [14,15]. Copyright 2003 American

Chemical Society. Reprinted from Microporous and Mesoporous Materials,
Vol 82, Colin S. Cundy, Paul A. Cox, The hydrothermal synthesis of zeolites:

Precursors, intermediates and reaction mechanism, Page 1, Copyright

(2005), with permission from Elsevier [14,15].

FIGURE 16.9 A generalized mechanism for zeolite synthesis.
Reprinted from Microporous and Mesoporous Materials, Vol. 82, Colin S.

Cundy, Paul A. Cox, The hydrothermal synthesis of zeolites: Precursors,

intermediates and reaction mechanism, Copyright (2005), with permission
from Elsevier [15].
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[43]. For example, Na favored sodalite and cancrinite
hydrates, NaeP, gmelinites, Faujasites, and zeolite A.
Water associated with cations is at least in part displaced
by silicate, aluminate, or aluminosilicate species in solu-
tion. The cations may thus serve as centers or templates.
The cations are tending to function as templates having
structure-directing role.

By addition of alkylammonium cations to the
synthesis gel, not only known zeolite structures (i.e.,
LTA, MAZ, etc.) can be synthesized with an increased
Si/Al ratio, but also many new structures (i.e., KFI,
MFI, etc.) can be obtained. Starting with highly siliceous
gels results in the formation of high-silica zeolites,
including catalytically important zeolites ZSM-5,
ZSM-11, etc.

The charge distribution and the size and geometric
shape of the template are invoked to explain structure
direction. There were three basic questions on the struc-
ture-directing effect of organic species [44]: (1) how can
one template give rise to so many different structures?
(2) how can so many templates, differing in size and
shape, all direct the same structure? and (3) why do
certain structures not form in the absence of a specific
template molecule? The solution to this dilemma is the
interplay of templating and “gel chemistry” where
“gel chemistry” represents all the other reaction param-
eters governing the gel, such as oxide composition,
temperature, time, reagent type, and pH. In a real sense
the template is a necessary but not a sole condition for
structure formation.

Davis and Lobo [27] classified templates into
three different types: (1) “true” templates (direct the
framework to adopt the geometric and electronic con-
figurations unique to the templating molecule), (2)
structure-directing agents (direct a specific product to
form), and (3) space-filling species (many different
organic molecules give one structure).

The fluoride anion has also shown a templating effect
with its mineralizing effect in molecular sieve synthesis
[45]. The structure-directing effect was found when F�

incorporated into D4R (double-four-ring).
In summary, a strong geometric match is often

observed between the framework and the template
[27,38]. Alkali cations are most effective in templating
low Si/Al zeolites from basic media. Quaternary ammo-
nium cations are best at templating medium to high Si/
Al zeolites and AlPO-based molecular sieves. Amines
have been used to template AlPO-based molecular
sieves and high Si zeolites, and it is believed that the
effective form of the amine is certainly the protonated
form in AlPO-based synthesis and probably the proton-
ated form even at the higher pH range typical of the high
Si zeolites. The structure-directing role of the template is
dominated by stereo-specific space-filling and stoichi-
ometry between the template and the framework.

16.3.3. Optimization of Zeolite Synthesis

A great deal of effort has been made in establishing
reliable and reproducible synthetic routes to known
zeolites. Clearly, there are many different aspects to
this goal and a variety of approaches to its attainment.
There are many reports in the literature which discuss
the possible improvements in zeolite synthesis systems.
The zeolite synthesis is influenced by the reaction
parameters (temperature, reaction composition, mass
transfer effects, etc.). The crystallization behavior of
a synthesis reaction mixture is often dependent upon
the timeetemperature history of the sample in advance
of the principal heating step. Aging of mixture gel can
be used as a means to control product phase purity
and crystal size, as demonstrated in the synthesis of
zeolite X.

Generally, a given zeolite crystallizes not only from
one single composition but also there exists a composi-
tion domain inside which only more or less important
parameters are observed for the composition of the
zeolite, its structure remaining the same. Figure 16.10
shows the formation domains of zeolites in the ternary
Na2OeSiO2eAl2O3 system [2].

In the zeolite synthesis, Ostwald’s law of successive
transformations is obeyed. The transformation proceeds
from amorphous to metastable to more stable phase. For
example, zeolite A converts to the more stable sodalite
after longer crystallization time under the synthesis
condition. Thus, time can be optimized in the synthesis
of zeolites.

The alkalinity (pH) in a synthesis batch is one of the
most important parameters for the control of the crystal-
lization of zeolites. It determines their composition and
is to a great extent responsible for the type of the crystal-
lizing product [46,47]. The pH value of the solution is
determined by the total alkali content and complicated
buffering equilibrium of the silicate and aluminate
species. The solubility of amorphous gel phase in
reaction mixture also depends on the alkalinity. It
assures the supersaturation for nucleation and growth
processes. Generally, the different zeolite types crystal-
lize within rather narrow ranges of pH.

FIGURE 16.10 Formation domains of zeolites Y, X, A and HS in
the ternary Na2OeSiO2eAl2O3 diagram [2].
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16.4. ZEOTYPE: ZEOLITE-LIKE
MATERIALS

Since the applications of aluminosilicate zeolites in
the areas of ion exchange, separations, and catalysis
[6], the research of porous materials has become one of
the hot topics for chemists and material scientists for
the last 50 years [48]. The explosive growth in the
number of microporous and open-framework materials
is largely due to many variable synthetic and structural
parameters. Among these, the use of structure-directing
agents with different charge, size, and shape is particu-
larly effective in assisting the formation of oxide frame-
works. Furthermore, the systematic and controlled
variation of framework atoms has led to a variety of
open-framework solids [25].

16.4.1. The Pure Silica Molecular Sieves
and Clathrasil Compounds

Pure silica molecular sieves are highly thermally
stable, structurally diverse, and chemically simple (silica
polymorphs). Over 20 zeolite topologies can be made in
pure silica form, i.e., the ITQ-n and SSZ-n series of mate-
rials. Pure silica molecular sieves are normally synthe-
sized in the presence of organic structure-directing
agents.

Silicalite (MFI) [49], Al-free ZSM-5, is one excellent
example of pure silica molecular sieves. It was prepared
by hydrothermal synthesis using alkylammonium (for
example TPA) cations. The concept of silicalite was
very significant as it brought about a number of impor-
tant realizations, namely: (1) high-silica zeolites are
essentially impure silica polymorphs; (2) high-silica
zeolites are intrinsically hydrophobic and organophilic;
and (3) for a given structure, there is usually a smooth
transition in properties as the aluminum content is
varied from zero to a limiting value.

Clathrasils are porous framework silicates with cage-
like voids similar to zeolites [50]. Their window size is
small (8 rings or less). Typical materials include pure
silica sodalite (SOD), ZSM-39 (MTN), DD3H, and DDR-
type clathrasils.

16.4.2. Aluminophosphate and Other
Phosphate Molecular Sieves

The most remarkable breakthrough of zeotype mate-
rial synthesis was the discovery of the AlPO4 family in
1982 [51,52]. Flanigen and coworkers reported the
synthesis of the first zeolite analogue, the microporous
aluminophosphate solids (AlPO4-n, where n refers to
a structural type) which demonstrated that microporous
materials need not contain any silica at all. Furthermore,

there was subsequent finding that a large number of
other elements could be substituted into AlPO4 frame-
works (giving the SAPO and MeAPO series of mate-
rials). The typical AlPO4-n and SAPO-n materials
include AlPO-5 (AFI), AlPO-11 (AEL), VPI-5 (VFI),
MeAPO-5 (AFI), MeAlPO-11 (AEL), SAPO-34 (CHA),
SAPO-37 (FAU), etc. Any three-dimensional and appre-
ciably covalent framework could probably be persuaded
to behave similarly. This pioneering zeolite-like family
stimulated the discovery of novel inorganic porous
materials [25], in addition to the family of phosphates
with a large list of different metal ions [13,25].

16.4.3. Metal-Organic Frameworks (MOFs)

Along with the progress of purely inorganic porous
solids, another innovation for the synthesis of porous
materials emerged at the beginning of the 1990s with
the introduction of organic molecules as constituents
of the structure. Metal-organic frameworks (MOFs)
[53e55] which are constructed from metal ions or metal
ion clusters and bridging organic linkers, have recently
emerged as an important family of porous materials
[56]. In the beginning of the twenty-first century, thou-
sands of publications describing MOFs with diverse
topologies, pore sizes, shapes, and natures have been
reported. Only zeolitic-structured MOF will be briefly
discussed in this chapter. More details about MOF can
be found in other chapters of this book.

Generally speaking, MOFs are formed by using tran-
sition metal ions as nodes and multidentate organic
ligands containing O- or N-donors as linkers. One of
the successful synthesis strategies is to obtain four-
connected and porous MOFs with zeolite topology by
designing inorganic and organic four-connected nodes
[57e59]. The structures of MOFs with expanded zeolite
topology such as MTN, ABW, BCT, SOD, and RHO
would have larger pores and higher porosity than
zeolites. Figure 16.11 shows the structure of rho-ZMOF
[57].

Recently, the invention of zeolitic imidazolate frame-
works (ZIFs) has provided materials based on simple
zeolite structures [60]. ZIFs can be formulated as T(Im)2
(Im¼ imidazolate and its derivatives, T¼ tetrahedrally
bonded metal ion) and are similar to the TO2 frame-
works of zeolites; in particular the TeImeT angle of
145� is close to the SieOeSi angle typically found in
zeolites.

MOFs with channel sizes up to mesoporous range can
be prepared [61]. For example, [Cd3(bpdc)3(DMF)]$
5DMF$18H2O (JUC-48) has ne-dimensional hexagonal
nanotube-like channels of 24.5 Å� 27.9 Å and etb
topology, constructed from rod-shaped cadmium
carboxylate SBUs [62]. MOF materials actually bridge
the gap betweenmicroporous materials andmesoporous
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materials as shown in the arbitrary selection in Fig. 16.12.
In principle, the very large cavities of isoreticular MIL-
101 (46 Å) can address triglycerides and small protein
substrates (<10,000 Daltons) [63].

16.4.4. Open-framework Chalcogenides

Open-framework chalcogenides are inorganic solids
analogous to zeolites, in which the O2� anions have

been replaced by chalcogens (S2�, Se2�, and Te2�) [65].
By combining synthetic and structural concepts in chal-
cogenide clusters and porous materials, many micropo-
rous or open-framework crystalline solids containing
spatially organized chalcogenide clusters have been
created [66]. Because of their composition, these mate-
rials can also exhibit semiconducting, metallic, or semi-
metallic properties common to solids built up from the
linkage of many of the main group metals or semimetals
through sulfur, selenide, and telluride bridges.

In open-framework chalcogenides, chalcogenide
clusters behave like large artificial tetrahedral atoms.
To construct open-framework topology, tetrahedrally
shaped clusters capable of forming linkages through
their corners are preferable. Tetrahedral clusters are
usually joined together with a single S2� (or Se2�)
bridge. The three-dimensional framework of a chalco-
genide includes zeolite structure types such as ABW
and SOD.

16.4.5. Organiceinorganic Hybrid Zeolite
and Microporous AlPO

The organiceinorganic hybridization of zeolites can
be classified into two families: functionalization with
terminal organic groups and containing organic frame-
work [67].

Jones and coworkers introduced organosilyl groups
in beta-zeolite frameworks by various terminal organic
groups [68,69]. They employed organosilanes such as
phenethyltrimethoxysilane and 3-mercaptopropyltrime-
thoxysilane as a part of silicon source. Through this
hybridization, a new function can be added to a zeolite
material.

Yamamoto and Tatsumi developed a series of ZOL
[67] (zeolite with organic groups as lattice) materials
from a synthetic system containing an organosilane
such as bis(triethoxysilyl)methane (BTESM). In this
synthesis, methylene groups bridge two silicon atoms
(SieCH2eSi) and replace a part of oxygen atom
(SieOeSi) in the zeolite framework. ZOLs of various
structures with the LTA, MFI, and *BEA topologies can
be synthesized under synthetic conditions similar to
those for conventional zeolites. The presence of frame-
work methylene is demonstrated through the 13C MAS
NMR analyses. Although ZOL has physical properties
similar to those of its inorganic counterpart, it shows
higher hydrophobicity because of the presence of the
framework organic group. The organic moieties in
ZOL materials are thermally stable enough to be
retained after the calcination for removal of templates.

Nitrogen-substituted zeolites are typically prepared
by high-temperature (500e700 �C) treatment of the start-
ing material with ammonia or amine [70]. However, it
is extraordinarily difficult to synthesize zeolites with

FIGURE 16.11 Structure of rho-ZMOF. Images reproduced with

permission [57].

FIGURE 16.12 Cavity size of porous MOFs compared with stan-
dard zeolite, microporous molecular sieves and mesoporous materials.
MTBE¼methyl tert-butyl ether; TIPB¼ triisopropylbenzene [64].
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nitrogen substitutions without significant damage to the
zeolite framework structure.

Yan et al. [71] synthesized a hybrid VFI-type AlPO4

material, in which phenylphosphonic acid was
employed as a part of phosphorus source. Maeda et al.
[72] incorporated organosilyl groups in aluminophos-
phate frameworks. The organosilyl-substituted alumi-
nophosphate materials have improved hydrophobicity
and acidity.

16.5. NEW STRATEGIES AND NEW
TRENDS OF ZEOLITE SYNTHESIS

Some topics such as zeolite film and membrane,
synthesis by microwave heating, and structure simula-
tion and design will be discussed in other chapters.

16.5.1. Ultralarge-pore Zeolites
and Zeolite-like Materials

To manipulate larger molecules or support large
moieties, larger micropore systems than those available
in conventional zeolites are required. It appears that
there is not a thermodynamic limitation to the synthesis
of extra-large-pore zeolites [73]. However, for synthe-
sizing zeolites with the largest pores to date, the pres-
ence of cations such as Ga, Be, and Ge has been
required. Until recently, the pore openings of zeolites
have been limited in size to 12 tetrahedral atoms. The
largest pore and/or channel opening that has been
observed in inorganic frameworks are 18-membered
rings (18MR) in silicates [63,74], 24MR in metal phos-
phates [75e77], 26MR in metal phosphites [78], 30MR
in ITQ-37 [73], and 30MR in germanates [79].

The syntheses of microporous aluminophosphate
materials and their analogues have led to the discovery
of new structures with pore openings larger than 12
tetrahedra, such as AlPO-8 (ATE) [52], VPI-5 (VFI)
[80], cloverite (eCLO) [81], zinc phosphate with
gigantic pores of 24 tetrahedra [75], gallium phosphate
containing 24-ring channels [76], Nickel(II) phosphate
VSB-5 with 24-ring tunnels [77], and helical metal phos-
phite NTHU-5 with 26R channel structure. Most of these
materials contain mixed metal ion coordinations (octa-
hedral and tetrahedral), terminal hydroxyl groups, or
other nontetrahedral framework groups. Since these
large-pore phosphate materials do not have the thermal
stability of silicates, their applications have been
limited.

New silicates, UTD-1F (DON) [82], CIT-5 (CFI) [83],
and OSB-1 (OSO) [84] contain 14-ring openings. While
the beryllium silicate, OSB-1, is thermally unstable,
UTD-1 and CIT-5 represent the first thermally stable sili-
cate zeolites having pore openings larger than 12-ring

openings. The synthesis of zeolites with larger ring
structures has been believed to be hindered by the low
SieOeSi bond angles available.

The thermally stable gallosilicate ECR-34 (ETR) [74] is
prepared from a mixed alkali metal reaction gel contain-
ing tetraethylammonium (TEA) cations. It is not easy to
obtain a pure phase. This material has 18-ring pores
(diameter 10.1 Å) on the basis of a combination of simu-
lated framework annealing and model building. Gas
adsorption, ion exchange of TBAþ cations, and FTIR
data are consistent with the one-dimensional, 18-ring
model. ECR-34 exhibited low micropore volume.

The silicogermanate zeolite ITQ-33 [63] exhibits
straight large-pore channels with circular openings of
18 rings along the c-axis interconnected by a bidirectional
system of 10-ring channels, yielding a structure with
very large micropore volume. The conditions for
synthesis are easily accessible, but are not typical, and
were identified using high-throughput techniques.

The mesoporous germanium oxide, SU-M [79], with
gyroidal channels (30 rings) separated by crystalline
walls that lie about the G minimal surface as in the mes-
oporous MCM-48 has the largest primitive cell and
lowest framework density of any inorganic material.
Other examples of germinate-based solids with 30-ring
windows include ITQ-37 [85] with extra-large pore
and JLG-12 [86] containing Ge7 and Ge9 clusters
prepared under solvothermal conditions.

Al-ITQ-37 zeolite [73] with the largest pore has been
reported to date. Silicogermanate ITQ-37 is the first
chiral mesoporous material with an interrupted zeolite
framework. ITQ-37 was synthesized using the bulky
diammonium ion. ITQ-37 has a very open framework
(framework density: 10.3 T atoms per 1000 Å3) and 30R
pores (2.2� 0.7 nm diameter) which result in a large
accessible volume.

In the hybrid frameworks, however, the cavities were
determined from pore structure analysis based on gas
sorption studies. By using bulky organic units to co-
construct the framework, even higher porosity or larger
pores can be produced. For example, the pore size
found in the framework MIL-101 [87] was up to
4.6 nm. A porous hybrid organic zinc phosphate with
three-dimensional framework, NTHU-8 [88], contains
nanometer-sized channels with intriguing bimodal
porosity.

16.5.2. Large Crystal

The synthesis of large zeolite single crystals is of
extensive interest for a large number of requirements,
including single-crystal structure analysis, studies of
crystal growth mechanisms, studies of adsorption and
diffusion, electrical, magnetic or optical properties, and
utilization of zeolite single crystals as matrices to create
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arrayed nanoclusters [89]. The synthesis of large zeolite
crystals was achieved by: (1) addition of nucleation
suppressor, i.e., triethanolamine for zeolite X; (2) using
two kinds of silica sources [89], i.e., sodium silicate solu-
tion and dry silica powder being jointly used as silicon
sources for mordenite (MOR) and ZSM-5 (MFI); (3) in
the presence of F�, there are many examples such as
AlPO-5, 34 and ZSM-5. Large modenite (MOR) zeolite
crystals can be easily obtained from the low-water
content system by using Al(OH)3 as an Al source or in
the presence of NH4F [90]; (4) from clear solution, for
zeolites A and X; and (5) from nonaqueous system for
pure silica sodalite and others [91].

16.5.3. Nanocrystal

Zeolite nanocrystals have much larger accessible
external surface area, which could be exposed to more
active sites than conventional zeolite crystals and facili-
tate the mass transfer and reaction process [92].
Colloidal suspensions of zeolite nanocrystals have also
been used to construct hierarchical porous materials
for many applications such as catalysts, membranes,
and low-k thin films [93,94]. Classical low silica zeolites
(i.e., zeolite L, A, X, Y, ZSM-2) can be made in nanocrys-
tals easily [6,13]. For the colloidal suspensions of high-
silica zeolite nanocrystals, hydrothermal procedures
using clear aqueous solutions are usually used in the
presence of organic templates.

Single zeolite A nanoscale single crystals (10e30 nm)
was found in amorphous gel particles within 3 days at
room temperature [95]. The gel particles were consumed
during further crystal growth at room temperature,
forming a colloidal suspension of zeolite A nanocrystals
of 40e80 nm. Zeolite Y with an average crystal size of
80 nm was synthesized by optimizing synthesis compo-
sition and addition of NaCl [96].

Li et al. [97] have used a two-stage synthesis method
to enhance the yield of zeolite nanocrystals. The method
involves a low-temperature nucleation process (first
stage) and a subsequent high-temperature crystalliza-
tion step (second stage). The addition of methylene
blue (MB) to the synthesis precursor solution is a quick
and easymethod to reduce the size of silicalite nanocrys-
tals [98].

16.5.4. Phase Transition

Although not normally considered in terms of
synthesis, zeolites undergomany solid-state transforma-
tions. Most of these relate to decomposition reactions, or
changes in symmetry rather than overall structure (e.g.,
for ZSM-5, ZSM-39, and AlPO4-5). However, in some
cases a more complete phase transition from one zeolitic
structure into another can take place, such as Na-EAB

(EAB) into sodalite (SOD) at above 600�C in dry
nitrogen. This transformation involves cleavage of
selected TeOeT bridges followed by bond rotation to
give TO4 inversion. The examples for aluminophosphate
family include AlPO4-21 into AlPO4-25, VPI-5 into
AlPO4-8, and JDF-20 into AlPO4-5.

In some cases, zeolite can be formed by calcination
of a layer-structured precursor. For example, the two-
dimensional aluminosilicate PREFER transformed into
the zeolite ferrierite on calcination at 550 �C [99]. The
precursor appears to consist of ferrierite-type sheets
in the bc plane, separated by molecules of the bulky
template (4-amino-2,2,6,6-tetramethylpiperidine). On
burning out the occluded organic molecule, the ferrier-
ite layers progressively link together in the a-direction
as new TeOeT linkages are formed by condensation
reactions. Other materials can also be obtained
from this two-dimensional precursor (see Fig. 16.13).
Similar cases include MCM-22 family [100] and NU-6
[101].

16.5.5. Nonaqueous Synthesis: Solvothermal,
Ionothermal, and Dry Gel Systems

Nonaqueous syntheses were carried out in non-
aqueous solvents [91,102e104], ionic liquid, “dry gel”
or “vapor phase”.

The earliest synthesis in nonaqueous media is the
preparation of an all-silica form of sodalite by Bibby
and Dale in 1985 [102]. The reaction medium was
ethylene glycol. No water was added, and no attempt
was made to ensure an absolutely anhydrous system,
and the reagents themselves (NaOH, silica, glycol)
generated some water.

However, a variation of the method (adding the
template as an amineeHF complex) later proved very
successful for growing huge single crystals [91]. Appli-
cation of nonaqueous solvent and mixed-solvent tech-
niques for the synthesis of phosphates have produced
a richer variety of results [13], including the discovery
of some novel phases such as the 20-ring aluminophos-
phate JDF-20 [105].

The nonaqueous system was extended to ionothermal
synthetic system [106] in which an ionic liquid or eutectic
mixture is the reaction solvent and also the structure-
directing agent (SDA) during the synthetic process.
Onemost important feature of this strategy is the removal
of competition between the templateeframework and
solventeframework interactions. Applicable material
system includes zeolite, phosphate, and MOF.

In 1990, Xu et al. [107] reported the first example of
a zeolite (ZSM-5) synthesis in which some of the reaction
components were supplied from the vapor phase.
A prepared “dried sodium aluminosilicate gel” was sus-
pended above liquid in an autoclave and subjected to
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the mixed vapor of ethylenediamine, triethylamine, and
water at elevated temperature and pressure. Subsequent
work by several groups has provided many examples of
this type of process, which is described variously as the
dry gel conversion or vapor phase transport technique
[108]. The apparent lack of a liquid phase does not
mean that there is no water (or other polar solvent)
present.

16.5.6. Mesoporous Zeolites

Hierarchical zeolites (zeolites with intracrystal meso-
pores) are of considerable current interest [109e111],
because the creation of mesoporosity in ordinary zeolite
crystals strongly improves the catalytic performance
in reactions that tend to suffer from diffusion limita-
tions. The formation of mesopores in zeolites can be
realized by the following techniques: (1) dealumination,
such as steaming and chemical treatments (acid, alka-
line, EDTA, etc.) can create disordered mesopores
(5e50 nm) in zeolite crystals, (2) desilication [112], the
recrystallization of mesoporous materials into zeolites
in the presence of template like tetrapropylammonium
[113], (3) the use of amphiphilic organosilanes to
prepare zeolite [114], and (4) nanocasting synthesis
[115,116]. The hard templates for preparation of meso-
porous zeolites include nanostructured carbons (parti-
cles, nanotubes, mesoporous carbon CMKs, etc.)
mesoscale cationic polymers, mesoscale organosilanes,
and nanosized inorganic materials (e.g., nanosized
CaCO3).

16.5.7. FL as Mineralizer

In typical zeolite synthesis, hydroxide ion acts as
mineralizer in high pH systems. However, fluoride ion
can be used as mineralizing agents to mobilize reaction
components [117], in particular silica-rich zeolite
synthesis systems in slightly acidic media (pH 5).

The most common and preferred fluoride sources are
NH4F, NH4HF2, or HF. Fluoride may also combine with
the source of framework elements such as in (NH4)2SiF6.
When the crystallization is carried out in the presence of
an organic cation, fluoride is generally occluded in the
pores of the solid as a compensating negative charge,
in addition to the negative framework charge, of the
organic cations. Fluoride is completely removed on
calcination.

The fluoride route has led also to novel structures,
e.g., ITQ-n series [118]. The 20-T-ring gallophosphate
cloverite [81] has never been made in the absence of
fluoride. The unambiguous location of fluoride by
diffraction or MAS NMR methods has shown the struc-
ture-directing agent role of the F� ion in the formation of
the double 4-ring (D4R) unit [117].

The crystals are usually of good quality and the size
generally exceeds the values obtained in alkaline-type
synthesis. The fluoride route also allows the synthesis
of large crystals of purely siliceous molecular sieves
[91] and consequently facilitates the crystal structure
determination from single-crystal X-ray diffraction.
By working at a pH below 10 and 11, most non-
bridging ^SiO� defects are avoided.

FIGURE 16.13 The family of materials derived by delamination and reassembly from the laminar precursor PREFER (CTMAþ ¼
cetyltrimethylammonium). Reprinted with permission from [99]. Copyright 2000 American Chemical Society.
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16.5.8. Synthesis Challenges from new Pentasil
Zeolite Minerals

Three new pentasil zeolite minerals are gottardiite
[119] (NES, the natural counterpart of NU-87), mutinaite
[120] (MFI, the natural counterpart of ZSM-5), tscherni-
chite [121] (the natural counterpart of zeolite beta), and
terranovaite [120] (no synthetic analogue). Although
gottardiite is indeed one of the highest Si/Al ratio found
in natural zeolites, the Si:Al ratios for gottardiite and
mutinaite are much lower than their synthetic counter-
parts. These minerals are rich in calcium. This suggests
both that their compositional range is larger than had
been thought and also that organic templates are prob-
ably unnecessary for their synthesis. The existence of
these materials offers a fascinating challenge to the
synthetic zeolite chemist.

16.6. BASIC OF ORDERED MESOPOROUS
MATERIALS

The dimensions and accessibility of pores of zeolites
and microporous solids are restrained to the subnanom-
eter scale (<w1.5 nm). This limits their applications to
small molecules, rather than larger organic or biological
molecules. Mesoporous materials overcome this limita-
tion. The mesopores allow many reactions on ordered
porous materials to be possible, such as modification
by utilizing larger organic or biological molecules.
Mesoporous materials also provide new opportunities
for both fundamental research (e.g., gas adsorption
modeling, biomolecular catalysis) and practical applica-
tion (e.g., adsorption, separation and purification of gas
and liquid, catalyst, biological material, semiconductor,
optics component, semiconductor, sensors, drug
delivery carrier, material for environmental protection,
energy storage host, and so on).

The synthesis of the ordered mesoporous material
was started as early on as the 1970s [122]. A research
group in Japan also started synthesis work in 1990
[123]. Only the report of the M41S family (MCM-41,
MCM-48, etc.) in 1992 [124,125] started to attract the

attention of many scientists all over the world.
Figure 16.14 shows M41S structures [126].

The synthesis of theM41S family of mesoporous silica
breaks through the traditional principles of zeolite
synthesis: use of singlemolecules or cations as templates.
The organized assemblies of molecules (micelles) are
used as templates for the synthesis of mesoporous
materials.

The ordered porous materials, M41S and related
families, have regular pore sizes of w20e200 Å. The
materials are ordered, but not conventionally crystalline,
since the pore walls are usually amorphous. Silicate,
nonsilicate, aluminosilicate, and heterosubstituted vari-
eties have been synthesized, usually at moderate
temperatures (25e150 �C). The commonest template
for mesoporous silica is amphilic molecule (surfactant).
Surfactant molecules will assemble into micelles to
maintain low energy in the solutions. Therefore, the
micelles look like a huge soluble (hydrophilic) molecule
which may be the real template for the synthesis of mes-
oporous silica.

The attractive parts of the ordered mesoporous mate-
rial are that they possess some exclusive outstanding
properties which other porous materials do not have.
These properties include (1) well-defined pore system:
high surface area, pore sizes and shape, narrow pore
size distribution and adjustable in the range of w1.3 to
w100 nm, existence of micropores in the amorphous
wall (for those thicker wall materials); (2) various wall
(framework) compositions obtained from direct
synthesis, or posttreatment or modification; (3) high
thermal and hydrothermal stability if properly prepared
or treated; (4) various controllable regular morphologies
in different scale from nanometers to micrometers; and
(5) application potentials such as large-molecule catal-
ysis, biological process, selective adsorption, functional
materials.

Since the discovery of M41S materials in 1992
[124,125], there are many achievements in the synthetic
chemistry. The main results include the synthesis of
mesoporous silica in extreme acidic system [127e129],
the use of block copolymers as soft templates and
discovery of large-pore mesoporous materials such

FIGURE 16.14 Structures of M41S family [126].
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as SBA-15 [130,131], the self-assembly of silsesquiox-
anes and the synthesis of mesoporous organosilicas
[22,132], nanocasting synthesis of mesoporous carbons
and other nonsilica materials using hard templates
[133,134], polymer synthesis system using block
copolymers as soft templates [23,135], and the fabrica-
tion of mesoporous materials with crystalline walls
[136e138].

16.7. UNDERSTANDING THE SYNTHESIS
OF MESOPOROUS MATERIALS

16.7.1. Synthetic System

Procedure for synthesis of mesoporous material is
simple and synthesis parameters can be controlled
easily. The simple procedure does not mean that
the reactions or interaction among reactants in the
synthetic system are simple. The typical synthesis
mixture for mesoporous materials contains four major
components: inorganic precursors, organic template
molecules, solvent, and acid or base catalyst. The
formation of a material with a desired structure and
morphology depends on a delicate interplay between
several basic processes, whose relative rates determine
the structure and properties of the final structure. These
are the self-assembly of the organic template molecules
to form organized structures that serve as templates,
the solegel chemistry that generates the inorganic
network, and the specific interaction at the interface
between the organic assemblies and the inorganic olig-
omers. In the real synthetic system, these interactions
affect each other, either enhance or restrict. Figure 16.15
shows the interactions between the three main compo-
nents [139].

16.7.2. Formation Mechanism
of Mesostructure: Liquid Crystal Template
and Cooperative Self-assembly

Since the report on MCM-41, the formation mecha-
nism of MCM-41 and other M41S members have been
an important study topic. Even now, we do not have
a complete understanding of formation mechanism.

Initially, two possible formation pathways were
proposed by the Mobil group (see Fig. 16.16) [125]. In
the first, silicate species interact with a pre-existing
liquid crystal phase to form the composite mesophase.
The alternative model is based on the cooperative inter-
action of inorganic species with surfactant micelles in
solution to generate the ordered composite structure.
All other mechanisms are derived from the initial Mobil
mechanisms.

Since most syntheses are carried out at surfactant
concentrations well below those necessary for the
formation of liquid crystalline phases. The secondmech-
anistic pathway, cooperative formation mechanism, in
original Mobil mechanism believes that the liquid
crystal mesophase is the template for the formation of
MCM-41, but the liquid crystal mesophase is formed
after addition of inorganic precursor. The formation of
organiceinorganic mesostructure is a cooperative self-
assembly of the ammonium surfactant and the silicate
species. However, there are different ways to describe
the details for the cooperative self-assembly of the
surfactant and the silicate species. The two mechanisms
proposed by Chen et al. [140] and Stucky [127] are more
noticeable.

Stucky and coworkers [128,141] developed the more
general “cooperative assembly” mechanism to describe
the detailed cooperative self-assembly process based
on systematic syntheses under different conditions and
NMR studies. This mechanism emphasizes the role of
specific interactions between surfactant headgroups
and inorganic species.

Recently, new mechanisms proposed for the forma-
tion of particles or fibers were based on the nucleation
of a silicatropic liquid crystals by a cooperative
assembly followed by a classical growing mechanism
or by a colloidal aggregation [142]. Based on dynamic
light scattering (DLS) result, Mesa et al. [143] have
shown that liquid crystal nuclei in certain acidic
medium systems are neither observed during syntheses
with a cationic surfactant nor with a triblock copolymer
surfactant. The building blocks are composite nanopar-
ticles formed during the first stage of the reaction by the
hydrolysis of TEOS and by migration of the resulting
siliceous species into the hydrophilic corona of the tri-
block micelles [144]. These nanoparticles can be isolated
and are stable when a silane is added to terminate the
reaction [145].

FIGURE 16.15 The relationships between various components in
synthetic system. Reprinted from Current Opinion in Colloid & Interface

Science, Vol 8, Galo J. de A. A. Soler-Illia, Eduardo L. Crepaldi, David

Grosso, Clément Sanchez, Block copolymer-templated mesoporous oxides,
Page 109, Copyright (2003), with permission from Elsevier [139].
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16.7.3. Interaction Between Organic Template
and Inorganic Species

The interaction between the organic template and the
inorganic species (e.g., charge matching [146]) is the

key for the mesoporous material synthesis. It guides
the synthesis process [147]. Any kind of interactions
between inorganic and organic is feasible [128].
Figure 16.17 shows the various types of silicaesurfactant
interfaces (synthesis pathways) according to the type of
interactions between surfactants and the inorganic
precursors.

16.7.4. The Surfactant Packing Parameter

The packing parameters of ionic surfactants are
widely used in predicting and explaining the final meso-
structures. The calculation of g value is simple but of
great significance and guidance: g¼V/(a0l). Here, V is
the total volume of surfactant hydrophobic chains plus
any cosolvent (organic molecules) between the chains,
a0 is the effective hydrophilic headgroup area at the aque-
ousemicelle surface, and l is the kinetic surfactant tail
length. The expected mesophase sequence as a function
of g value is cubic (Pm3n, etc.) and three-dimensional
hexagonal (P63/mmc) with g< 1/3, two-dimensional
hexagonal (p6 mm) with 1/3< g< 1/2, cubic (Ia3d) with
1/2< g< 2/3, and lamellar with gz 1.

Many experimental results can be explained by the
change of g values, such as the factor of surfactant
molecular structure, the effects of inorganic and organic
additives, and phase transformation. Similarly, the
hydrophilic/hydrophobic volume ratios (VH/VL) are
suggested especially for nonionic surfactant templating
systems to account for the formation of different
mesophases.

16.8. TYPICAL MESOSTRUCTURES AND
MESOPOROUS MATERIALS

Since the discovery of orderedmesoporous silicaM41S
(MCM-41, 48, 50) [124,125], a large variety of ordered
mesoporous materials with different mesostructures

FIGURE 16.16 The initial LTC mechanism for the formation of MCM-41: (1) liquid crystal template (2) co-assembly template. Reprinted with
permission from [125]. Copyright 1992 American Chemical Society.

FIGURE 16.17 Schematic representation of the different types of
silicaesurfactant interfaces. Solvent molecules are not shown, except
for the S0I0 case (triangles); dashed lines correspond to H-bonding
interactions. Reprinted with permission from [22]. Copyright 2002 Amer-
ican Chemical Society.
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(two-dimensional hexagonal p6 mm, three-dimensional
hexagonal P63/mmc, cubic Pm3m, Pm3n, Fd3m, Fm3m,
Im3m, bicontinuous cubic Ia3d, etc.) and compositions
(silica, metal oxides, metal sulfides, metals, and even
polymers and carbons) have been synthesized. For
example, FSM-16 [123], SBA family [129,131], FDU family
[148,149], KIT family [150], AMS family [151], HOM
family [152], MSU [153,154], and HMS [155] have been
synthesized under a wide synthetic range from highly
basic to strongly acidic conditions using cationic, anionic,
neutral, or nonionic surfactants.

16.8.1. Two-dimensional Hexagonal Structure:
MCM-41, SBA-15, FSM-16 and SBA-3

The two-dimensional hexagonal materials have
honeycomb arrays of nonintersecting primary channels.
Typical materials include well-known MCM-41 and
SBA-15, SBA-3 made from acidic media, and FSM-16
made from kanemite.

MCM-41

The earliest MCM-41 synthesis is that of adding
surfactant C16H33(CH3)3OH/Cl solution with a solution
of sodium silicate solution [124,125]. The typical pore
size is about 4.0 nm. For the high-quality MCM-41
sample, XRD can give more than four hk0 diffraction
peaks. Figure 16.18 shows the XRD pattern of a high-
quality MCM-41 made from an extreme low surfactant
concentration system [156]. Figure 16.19 shows high-
resolution TEM images of the calcined MCM-41 [157].

The typical N2 adsorption isotherm for MCM-41
belongs to Type IV isotherm. A high-quality MCM-41
sample has a narrow pore size distribution, high surface
area (>1000 m2/g), and large-pore volume (>0.7 cm3/g).
Shown in Fig. 16.20 are argon and nitrogen adsorption
isotherms acquired at 77 K for MCM-41 silicas with
pore diameters from 2.4 to 6.5 nm. In cases of both
adsorbates, the same pattern of adsorptionedesorption
behavior is observed. Multilayer adsorption that takes
place at lower pressures is followed by the capillary
condensation at pressures gradually and systematically
increasing with the pore diameter. Adsorptione
desorption isotherms for smaller pores are reversible,
but adsorptionedesorption hysteresis is observed for
larger pore diameters [158].

SBA-3, the acidic version of MCM-41, was synthe-
sized in extreme acidic media (1e7 M of acid, 2 M HCl
is preferred). It is a typical example of S0X�I0 synthetic
pathway [128,129]. This hexagonal silica mesophase
can be formed at room temperature within a few
minutes. Longer reaction time and high synthesis
temperature will improve the stability of SBA-3. The
mesoporous silicas from acidic synthetic systems have

regular “crystal” morphology, even curved shapes (see
Fig. 16.21) [128].

SBA-15

In 1998, a new family of highly ordered mesoporous
silica materials including SBA-15 and SBA-16 has
been synthesized in an acidic medium by the use of
commercially available non-ionic polyethylene oxidee
polypropylene oxideepolyethylene oxide triblock
copolymer (PEOePPOePEO) with large polyethylene
oxide (PEO) and polypropyleneoxide (PPO) blocks
[130,131]. The formation of this family of mesoporous
silica is believed a (S0Hþ)(X�I0) process.

SBA-15 may exhibit a large variety of morphologies
depending on the synthetic conditions. The pore size
can be fromw4 tow30 nm by varying synthesis compo-
sition and condition (e.g., addition of swelling agent,
TMB). The silica wall (w2 to 6 nm) is much thicker
than that of MCM-41. Since the pore size (>4 nm) of
SBA-15 is large, the nitrogen adsorptionedesorption
isotherm for SBA-15 sample shows clearly an H1 hyster-
esis loop. SBA-15 shows relatively high hydrothermal
stability.

The typical SBA-15 contains significant amount of
micropores in its framework (the wall for mesopore).
The micropore volume is about 0.1 cm3/g. This micro-
porosity is the result of silica templating by PEO fingers
forming a corona around each micelle. In other words,
these micropores result from the insertion of hydrophilic
PEO of surfactant into silica wall. The templating poly-
mer within both mesopores and micropores can be
removed stepwise [159]. The different amounts of micro-
pores, changes in the pore wall thickness, and the

FIGURE 16.18 XRD pattern for a high quality MCM-41. Reprinted
from Microporous and Mesoporous Materials, Vol 32, Qiang Cai, Wen-Yong

Lin, Feng-Shou Xiao, Wen-Qin Pang, Xi-Hua Chen, Ben-San Zou, The

preparation of highly ordered MCM-41 with extremely low surfactant
concentration, Page 1, Copyright (1999), with permission from Elsevier

[156].
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morphology of SBA-15 could be obtained by changing
template, post-synthesis treatment [139], or varying
synthesis conditions [160e164], like temperature, the
addition of additives such as co-surfactants, swelling
agents, electrolytes, salts, etc.

16.8.2. Cubic Channel Mesostructures:
MCM-48, FDU-5, and Im3m Materials

This family of mesostructure has an enantiomeric pair
of three-dimensional channel systems (Q230). Till date,

there are a few members in the structure family:
Ia3d (FDU-5 [165], FDU-15 [166], KIT-6 [167]), Im3m
and Pn3m. In view of material application, three-
dimensional channel is more favorable for mass transfer
than one-dimensional channel.

MCM-48

The initial proposed structure for MCM-48 by
Monnier et al. [146], based on lyotropic liquid crystal
model was in good agreement with XRD and TEM
experimental results [168]. Figure 16.22 shows the
high-resolution XRD (synchrotron X-ray resource)
pattern of MCM-48. All diffraction peaks can be indexed
with Ia3d, and all peaks (in low-angle region) are visible.

The basic concept for the syntheses of MCM-48 is to
control the effective surfactant packing parameter, g is

FIGURE 16.19 TEM images of calcined mesoporous MCM-41 (a) along the channel direction (c axis) and (b) perpendicular to it. Liu, Z.;
Sakamoto, Y.; Ohsuna, T.; Hiraga, K.; Terasaki, O.; Ko, C. H.; Shin, H. J.; Ryoo, R.: TEM Studies of Platinum Nanowires Fabricated in Mesoporous Silica

MCM-41. Angewandte Chemie. 2000. Volume 39, Page 3107. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.[157].

FIGURE 16.20 Argon and nitrogen adsorptionedesorption
isotherms measured at 77 K for a series of MCM-41 silicas with pores
of diameter 2.4e6.5 nm. Reprinted with permission from [158]. Copyright

2003 American Chemical Society.

FIGURE 16.21 SEM of SBA-3 (scale bar 10 mm). Reprinted with

permission fromMacmillan Publishers Ltd:Nature [128], Copyright (1994).
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between 1/2 and 2/3, in another word, increase the
palisade layer volume of micelle [13].

16.8.3. Cubic Caged Structures

The surfactants with large headgroup prefer the
caged mesostructures. Typical structure includes Pm3n
(SBA-1 [127,128], SBA-6 [169]), Im3m (SBA-16 [131]),
and Fm3m (FDU-12 [170]). Typical three-dimensional
hexagonal close packing (hcp, P63/mmc) and cubic close
packing (ccp, Fm3m) intergrowth mesostructured mate-
rials include SBA-2, SBA-12, and FDU-1 [148,171].

SBA-2

SBA-2 was first produced using divalent quaternary
ammonium surfactants, Cn-s-1 in both basic and acidic
media [172]. SBA-2 was initially assigned a three-
dimensional hexagonal cage mesostructure with a space
group P63/mmc on the basis of the powder XRD patterns
and TEM images. P63/mmc symmetry had not been
previously reported for conventional liquid crystal
phases before SBA-2 was reported [173]. Later, more
extensive TEM studies [174] suggest that the SBA-2 is
an intergrowth of hcp structure and ccp structure. The
N2 adsorptionedesorption isotherm is type IV with an
H2 hysteresis for even small pore SBA-2 samples
(<2.5 nm). The window size of SBA-2 is strongly depen-
dent on the conditions of its synthesis media [175].

SBA-16

SBA-16 [131] was synthesized using F127 (EO106PO70

EO106) or F108 (EO132PO50EO132) as template. The

mesostructure of SBA-16 can be described as a body-
centered arrangement of cages with diameter 9.5 nm
connected through large windows with diameter
2.3 nm along the [111] directions. The pore cage diam-
eter (from w4.5 to 9 nm) and entrance size in SBA-16
can be enlarged in a wide range not only by increasing
the synthesis temperature and time, but also by using
blends of Pluronic F127 with Pluronic P123 copolymer
[176].

Small pore (w2.6 nm) thick-walled (7.7 nm) SBA-16
(ST-SBA-16) [177] can be synthesized by using oligo-
meric surfactant with ultra-long hydrophilic chains,
Brij700. The mesoscopic ordering of ST-SBA-16 can be
greatly improved by the addition of suitable amount of
TMB. The pore size and surface area can be effectively
tailored by changing the hydrothermal treatment time
and the calcination temperature.

16.8.4. Deformed Mesophases, Low Ordered
Mesostructures and Other Possible Mesophases

The initial as synthesized two-dimensional hexagonal
films on substrate were composed of cylindrical micelles
highly organized structure with the c-axis preferentially
aligned parallel to the surface plane. During drying and
calcination, unidirectional contraction of the initial
mesostructure leads to two-dimensional centered rect-
angular (c2mm) mesoporous structures.

The bulkmaterialswith deformedmesostructure have
also been synthesizedwith a judicious choice of template
or synthetic condition. For example, the deformedhexag-
onal mesostructured silica, SBA-8 [178], with a two-
dimensional centered rectangular lattice (cmm) was
synthesized by using a bolaform surfactant containing
a rigid unit in the hydrophobic chain at room tempera-
ture. KSW-2 [179] with a mesostructure of rectangular
arrangements of square or lozenge one-dimensional
channels was synthesized by mild acid treatment of
a layered alkyltrimethylammoniumekanemite complex.
Three-dimensional low symmetry mesoporous silicas,
FDU-11, and FDU-13 (tetragonal and orthorhombic
structure) [180], were obtained from tetra-headgroup
rigid bolaform quaternary ammonium surfactant
synthesis systems.

16.8.5. Siliceous Mesostructured Cellular
Foams (MCFs)

MCFs [181] can be obtained by adding a sufficiently
large amount of an organic additive (e.g., TMB) in the
SBA-15 synthetic system. MCFs are microemulsion tem-
plated. MCFs have well-defined ultralarge spherical
mesopores (22e42 nm in diameter) interconnected by
windows (10 nm in diameter). The pore and window

FIGURE 16.22 XRD pattern of MCM-48 (synchrotron X-ray
resource, wavelength 0.17 nm). From Ref. [146]. Reprinted with permis-

sion from AAAS.
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sizes can be controlled by changing the TMB/block
copolymer ratio and adding ammonium fluoride. In
addition, the windows can be enlarged by postsynthesis
treatment in hot water.

16.8.6. New Mesostructure

New structure is still possible after nearly 20 year
extensive synthetic study. Han et al. [182] have devel-
oped the first tri-continuous mesoporous material,
IBN-9, with a silica pore wall following a hexagonal
minimal surface using a unique surfactant template,
N,N-dimethyl-L-phenylalanine. This surfactant has a
unique tunable headgroup as well as a long hydro-
carbon tail that has variable levels of hydrophobic
qualities. IBN-9 consists of three identical continuous
interpenetrating channels, which are separated by
a silica wall that follows a hexagonal minimal surface.
This completely new porous structure previously has
been predicted only mathematically.

16.9. SYNTHESIS STRATEGIES FOR
MESOPOROUS SILICA

16.9.1. Template

Surfactant template control of pore system and meso-
phase topology has been a fruitful approach to the
design of mesoporous materials.

Cationic Surfactant

For the systematic investigation of the formation of
mesoporous silica materials, a series of cationic surfac-
tants were selected with and without organic additives,
which favor a range of g values when used as templates
to synthesize silica mesophases in different reaction
conditions [13,23,129].

Anionic Surfactants and Costructure-directing
Agent (CSDA)

The anionic surfactant can be used as template
directly to synthesize mesoporous materials such as
SnO2, Al2O3, and Ga2O3 through an S�Iþ interaction
pathway. A new route (S�NþI�) is the self-assembly of
anionic surfactants and inorganic precursors by using
aminopropylsiloxane or quaternized aminopropylsilox-
ane as the co-structure-directing agent (CSDA)
[151,183]. The negatively charged headgroups of the
anionic surfactants interact electrostatically with the
positively charged ammonium sites of the CSDAs.
The alkoxysilane groups of the CSDA co-condense
with tetraalkoxysilane and are subsequently assembled
to form the silica framework. Figure 16.23 is a scheme of
this synthetic route.

In the synthetic system with anionic surfactant
N-myristoyl-L-glutamic acid as template and N-trime-
thoxylsilylpropyl-N,N,N-trimethylammonium chloride
as CSDA, the packing of the micelle was controlled by
simply adjusting the neutralization degree of the
C14GluA surfactant. Different mesophases ranging
from tetragonal P42/mnm (cage type, AMS-9), cubic
Fd3m (cage type, AMS-8), to two-dimensional hexagonal
p6mm (cylindrical, AMS-3), and a bicontinuous double
diamond cubic Pn-3m mesophase (AMS-10) were
obtained by decreasing the amount of NaOH that was
added into the reaction system [184]. AMS-10 may
exhibit a lower curvature close to bicontinuous cubic
Ia3d from the sequence of the mesophases. Changing
the degree of ionization of the surfactant results in
changes of the surfactant packing parameter g, which
leads to different mesostructures. Furthermore, varia-
tion of the charge density of positively charged amino
groups of the CSDA also gives rise to different values
of g [185].

Nonionic (neutral) Surfactant

Most of nonionic surfactants as templates may be
charged in extreme acidic conditions. The common
surfactants used in synthesis of mesoporous silica mate-
rials include [142]: (1) long-chain amine surfactants such
as C12NH2, (2) long-chain polyethylene oxide surfac-
tants, (3) the molecule containing more than one amine
group such as NH2(CH2)nNH2 (n¼ 10e22) [186] and
CnH2n�1NH(CH2)2NH2 (n¼ 10, 12, 14), and (4) block
copolymers such as PEOePPOePEO and PI-b-PEO.

FIGURE 16.23 A scheme of CSDA. Reprinted by permission from

Macmillan Publishers Ltd: Nature Materials [183], Copyright (2003).
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Mixed Surfactants

It is of practical interest to find a way to change the
effective head- and tail-group sizes systematically and
continuously in order to use them more efficiently. The
use of mixed surfactants is the easiest way. Such control
of the hydrophilicehydrophobic balance is often
impractical because surfactant molecules with various
chain sizes that cover the range to be studied are not
easily available.

Nonsurfactant Templating

Anovel synthetic route for orderedmesoporousmate-
rials without the use of amphiphilic surfactants has been
developed (see Fig. 16.24) [187]. Hoogsteen-bonded
tetrads and pentamers are formed by a large variety of
organicmolecules throughH-donor and acceptor groups
capable of inducing self-organization to form columnar
and hexagonalmesophases. On the basis of the supramo-
lecular templating of stacked arrays of the tetramer-
forming pterin groups of folic acid under a variety of
synthetic conditions. Hexagonally ordered mesoporous
structureswith pores on the order of 25e30 Å in diameter
and surface areas above 1000 m2/g were obtained. More
importantly circular dichroism studies revealed that the
folate template possesses a chiral signature within the
pores in the as-synthesized solid and that chirality is
transferred from the folate template to pore surface via
aminopropyltriethoxysilane costructure-directing agent
used in supramolecular assembly.

16.9.2. Organic Additives [13]

Lyophilic organics can be solubilized within the
micelles. Small molecules are preferentially located
near the micelleewater interface, while large molecules
are absorbed in the core. This results in the change of
micellar shapes and g values and, in turn, phase trans-
formation, enlargement of mesopores, or variation of
morphologies of the final products. For example, when
a hydrophobic, nonpolar organic additive such as TMB
is added, it seeks the most hydrophobic region that is
at the tail end of surfactant array and swells the micelle

size. Both v and l are affected and the net result can be
either a phase change or an increase in the effective
pore or cage size. Thus, when TMB is added as a swelling
agent, relatively large-pore size changes are observed.
This approach has been used in large-pore MCM-41
frequently. A suitable polar additive is able to enter the
hydrophilicehydrophobic palisade region (first few
carbon atoms) of the micelle, with a relative increase in
the volume of the hydrophobic core to form surfactant
molecular aggregates with lower curvature intersurfa-
ces, e.g., from sphere to rod. Thus when t-amyl alcohol,
a polar additive, is added into the synthesis mixture at
basic synthetic media, the SBA-2 product is replaced
by MCM-41 when C16-3-1 is used as template. Another
example is the effect of additive such as EtOH on the
formation of MCM-48.

16.9.3. Pore Size Control

There are many strategies available for changing pore
size [13,188]. The basic principle is the same: change the
size and volume of micelles. Most used methods
include: (1) choice of surfactants with different chain
lengths or molecular structures, or use of mixed surfac-
tants; (2) use of low-polar or nonpolar organic swelling
agents; (3) change of synthetic conditions, like tempera-
ture, pH, concentration of surfactant, and reaction time;
(4) posthydrothermal treatment; (5) modification of pore
surface with chemicals such as silane; and (6) use of
nanometer-sized liquid or solid (e.g., emulsion or
colloid) as template.

16.9.4. Postsynthesis Hydrothermal Treatment

Postsynthesis hydrothermal treatment [127,129] is
simple and powerful technique to optimize or change
mesostructure, or improve property of product. Here,
the so-called treatment is a heating process of as-made
material in water with or without additives. Phase trans-
formations are frequently observed as consequence of
mild treatments of as-made samples. Postsynthesis
hydrothermal treatment can improve the properties
and structural ordering (XRD quality, silica polymeriza-
tion, stability, etc.) of most as-made mesostructured
silica materials including the products from both of
acidic and basic media. In some cases, the unit cell and
pore size of materials are enlarged. For example, the
as-made MCM-41 with mixed surfactants (C22-3-1 and
C18TMAþ) as template and in pH w12 at room temper-
ature for a short reaction time (0.5e2 h) was treated
water (pHw 7) at 100 �C for two weeks. The unit cell
of hexagonal silica mesostructure increased from 5.5 to
7.9 nm, and the structural ordering improved (up to
eight XRD peaks were observed). The postsynthesis
ammonia hydrothermal treatment can simultaneously

FIGURE 16.24 Mesoporous silica with nonsurfactant templating.
Reprinted with permission from Ref. [187]. Copyright 2009 American
Chemical Society.
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restructure pore size, nanochannel regularity, and
morphology of SBA-3 [189]. 29Si MAS NMR result indi-
cates that the silica structure further condenses during
ammoniacal hydrothermal treatment and makes it
more thermally stable.

Sayari et al. [190] foundtheunprecedentedexpansionof
the pore size (fromw3.15 nm to 25 nm) and pore volume
(from 0.85 to 3.6 cm3/g) of MCM-41 after hydrothermal
treatment in the presence of certain amine such as N,N-
dimethyldecylamine (DMDA). Figure 16.25 shows sche-
matic representationofMCM-41pore-expansion, selective
extraction, and calcinations [190,191]. The treatedmaterial
contains the surfactant template and the swelling agent.
The swelling agent is then selectively extracted with
ethanol, producing a mesoporous material with a surfac-
tant layer on its surface and large void channels for the
adsorbate molecules to diffuse freely. These materials are
good adsorbents for different compounds [192].

16.9.5. Stabilization of Silica Mesophases

During last decades, several methods have been
developed for improving the stabilities of mesoporous

silica materials. A few effective methods [13]: (1) by
increasing the polymerization level of silica wall by
varying synthesis reaction equilibrium, adding inor-
ganic salts, increasing synthesis or calcination tempera-
ture, and time; (2) chemical modification to build
a protective layer; (3) increase in the wall thickness;
and (4) change wall in composition and structures.

16.9.6. Synthesis through Acidebase Pair

Wan et al. [193] described the self-adjusted inorganice
inorganic interplay between two or more inorganic
precursors is guided by acidebase chemistry consider-
ations. A wide variety of highly ordered, large pore,
homogeneous, stable, and multicomponent mesostruc-
tured minerals, including metal phosphates and metal
borates, as well as various metal oxides and mixed
metal oxides, have been obtained based on this route. It
takes a different perspective to address the influence of
inorganiceinorganic interplay on the synthesis of meso-
porous materials.

Block copolymer (e.g., P123 and F127) templating
syntheses lead to the formation of stable mesoporous
AlPOs with uniform large pores based on the “acide
base pair” routes [194]. As shown in Fig. 16.26, an appro-
priate combination of inorganic sources such as AlCl3/
H3PO4, AlCl3/OP(OCH3)3, and Al(OC4H9)3/PCl3 is
quite important for the formation of AleOeP bonds.

16.9.7. Evaporation-induced Self-assembly
(EISA) Process

Beginning with a homogeneous solution of soluble
silica and surfactant prepared in ethanolewater solvent,
preferential evaporation of ethanol concentrates the
nonvolatile surfactant and silica species. The

FIGURE 16.25 Schematic representation of MCM-41 pore-expan-
sion, selective extraction, and calcination. Reprinted with permission
from [191]. Copyright 2007 American Chemical Society.

FIGURE 16.26 “Acidebase pair” routes for synthesizing meso-
structured AlPOs. Reprinted from Microporous and Mesoporous Materials,
Vol. 67, Limin Wang, Bozhi Tian, Jie Fan, Xiaoying Liu, Haifeng Yang,

Chengzhong Yu, Bo Tu, Dongyuan Zhao, Block copolymer templating

syntheses of ordered large-pore stable mesoporous aluminophosphates and Fe-

aluminophosphate based on an “acidebase pair” route, Page 123, Copyright
(2004), with permission from Elsevier [194].
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progressively increasing surfactant concentration drives
self-assembly of silicaesurfactant micelles and their
further organization into liquid crystal mesophases.

The EISA process [195] enables the rapid production
of mesophases or mesoporous materials in the form of
films (see Chapter 22 for details), fibers, or powders.
Through variation of the initial reaction mixture compo-
sition it is possible to form different final mesostruc-
tures. The EISA process is perfect for the synthesis of
film and monolith and can be used for transition
metal-containing silica materials and nonsilica mesopo-
rous materials [196].

16.9.8. Chemical Modification: Grafting
and Cocondensation

One advantage of mesoporous materials is their
amorphous wall which can tolerate various elements
or organic groups. Another advantage of mesoporous
materials is their huge inner surface which can be easily
modified. For modifying the mesoporous materials
through covalent (or other kind of) linkage between
functional groups and silica framework, the major path-
ways include grafting approach (the organic or inor-
ganic groups are bound on the silica surface by
a postsynthetic treatment), cocondensation of tetraal-
koxysilanes and agents containing functional elements
or groups (direct synthesis), substitution of inorganic
wall with nonsilicon atom, ion exchange or loading-
active species (e.g., Cu, Ni), and techniques related
with periodic mesoporous organosilicates.

Grafting (postsynthetic functionalization) makes use
of the silanol groups present on the silica surface of
the ordered mesoporous silica, because they are the
anchor sites for metal species or silane-coupling agents
[197]. Various functional groups including amino, thiol,
and alkyl groups can be introduced by direct reaction of
organosilanes to silica surface. The distribution and
concentration of functional groups are influenced by
reactivity of the organosilane and their accessibility to
surface silanols, which are limited by diffusion and
steric factors.

Another major approach for functionalization of mes-
oporous silica is cocondensation method where organo-
silane is condensed or polymerized together with
conventional silica sources such as TMOS and TEOS.
The one-pot pathway of the cocondensation method
provides several advantages such as homogeneous
distribution of the functional groups, unique pore size,
and short preparation time. Limitations of this approach
are that the functional components must be compatible
with the synthesis conditions, must not disrupt the mes-
ophases’ self-assembly process, and must distribute the
functional species to the desired locations within the
final product.

Grafting can be controlled easily. Cocondensation is
simple and often give higher loading. When using the
grafting approach, the diffusion limitations of the rather
large grafting species within the pores may lead to an
inhomogeneous distribution, meaning that they are
often located in the vicinity of the pore openings. Using
cocondensation methods, silsesquioxane precursors
with terminal organic groups must be co-assembled
to some extent with TEOS. A more homogeneous
distribution of the organic functionalities can be real-
ized, because the organic units are direct parts of the
mesoporous framework. The inhomogeneity is mainly
due to the different reaction rates (hydrolysis and
condensation) of both components which can lead
more likely to homo- than to cocondensations and the
tendency of the (large) organic groups to protrude
into the pores.

16.9.9. Periodic Mesoporous Organosilicas
(PMOs)

Periodic mesoporous organosilicas (PMOs) [4,198],
one of the most advanced organiceinorganic hybrid
materials, have attracted much research attention
because of their combined advantages of ordered meso-
porous structuredfusion of organic and inorganic frag-
ments within the pore wall. The PMO materials were
invented independently by three groups: Inagaki group
[199], Ozin group [200], and Stein group [196] in 1999. In
PMOs, organic and inorganic components are integrated
by means of chemical, bottom-up, and self-assembly
approach. The organic functionalities are not only
completely homogeneously distributed but also possess
additionally ordered pore arrangements accompanied
by sharp pore size distributions. To date, many kinds
of organic groups including methylene, phenylene,
biphenylene, thiophene, ferrocene, large heterocyclic
bridging groups, etc. have been successfully incorpo-
rated in the framework of PMOs [201].

Among one of the unique finding, Inagaki et al. [136]
successfully prepared crystal-like pore wall structure in
PMO material from benzene-bridged organosilane, 1,4-
bis(triethoxysilyl)-benzene, where hydrophilic silicate
layers and hydrophobic benzene layers array alternately.
The ordered benzeneesilica hybridmaterial has a hexag-
onal array of mesopores and crystal-like pore walls that
exhibit structural periodicity with a spacing of 7.6 Å
along channel direction. Periodic wall structure results
from alternating hydrophilic and hydrophobic layers,
composed of silica and benzene, respectively.

16.9.10. Nanocasting

Nanocasting or repeat templating is the process in
which a template with relevant structures on length
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scale of nanometers is filled with another material, and
initial template is afterward removed. Generally, two
kinds of templates, hard and soft templates, can be
used for nanocasting processes. The nanocasting path-
ways [133,202] use hard templates (see Fig. 16.27) to
create ordered replicas, which allow us to create meso-
porous materials with new compositions, controllable
structure, and specific functionality. Nanocasting is
a powerful method for creating materials that are more
difficult to synthesize by conventional processes. The
template is actually used as a true mold to produce mes-
oporous materials with controllable pore size, pore
shape, and distribution.

Nanocasting with mesoporous inorganic solids or
mesoporous carbons: Ordered mesoporous silica seems
to be an ideal hard template, which can be used as
a mold for other mesostructures with various composi-
tions, such as ordered mesoporous carbon and metal
oxides. Silica is relatively easily dissolved in HF or
NaOH. Alternatively, mesoporous carbons with solid
skeleton structure are also of suitable choices as hard
template due to their excellent structural stability on
thermal or hydrothermal and chemical treatments.
A pronounced advantage of carbon is the fact that it is
much easier to remove than silica by simple combustion.

Highly ordered mesoporous silica can be regenerated
from a mesoporous carbon CMK-3 that is a negative

replica of mesoporous silica SBA-15, indicating revers-
ible replication between carbon and inorganic materials
[203]. This method is likely to be a valuable complement
to the existing methods for the preparation of new mes-
oporous materials. The HUM-1 (I41/a) [204], a silica
replica of mesoporous carbon, is a cubic mesoporous
silica that is distinctly different from the original
MCM-48 silica and represents a previously unreported
new mesoporous silica material. The HUM-1 does not
possess the two noninterconnecting channel systems
found in the starting MCM-48 framework. It may not
be possible to make this material using the current
conventional surfactant assembly methods.

To obtain well-ordered porous products by nanocast-
ing, two requirements should be satisfied for the
precursor of the expected composition. (i) Precursor
should have a high solubility in a suitable solvent or
should exist in liquid state to maximize the loading
amount and produce a sufficiently rigid skeleton in
calcined solid to avoid collapse. Basically, a very high
concentration of the precursor solution, if at all possible,
the neat precursor, is highly recommended. (ii) Result-
ing material should have a melting point higher than
the temperature at which the carbon templates are com-
busted if the mesoporous carbon is used as template.
Silica has an excellent thermal stability, and TEOS as
silica precursor allows a high filling degree of the pore
system of the porous carbon. In addition, the moderate
hydrolysis rate helps to avoid a too rapid and vigorous
reaction. Alternatively, an aqueous Na2SiO3 solution
can be used as silica precursor [205].

16.9.11. Hierarchical Porous Materials

Recent interest is being devoted to the development
of hierarchically ordered porous structures, in which
different levels of porosity are integrated into a single
body. The hierarchical materials have a number of
potential advantages, e.g., improved overall mass trans-
port characteristics [206], better hydrothermal stability
[207], multifunctionality, etc. There are many studies
reported on the bimodal microemesoporous [208],
double mesoporous, macroemesoporous, and trimodal
porous materials. The most common synthetic way
involves the secondary templates such as colloid crys-
tals or emulsion or vesicle droplets for the formation
of macropores. In this section, a brief introduction of
microemesoporous bimodal materials is given due to
the limited scope of this chapter.

Different porous materials that combine micro- and
mesopores have been developed in the last decade
such as SBA-15, plugged hexagonal-templated silica,
mesoporous materials build up from zeolite nanopar-
ticles or precursors, zeolite crystals or particles with
mesopores, etc.

FIGURE 16.27 Schematic drawing of repeated templating for the
synthesis of ordered mesoporous materials. Reprinted with permission
from Ref. [202]. Copyright 2008 American Chemical Society.
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The plugged hexagonal-templated silica, PHTS
[209,210] (see Fig. 16.28), has been obtained by increasing
the silica over surfactant ratio in the synthesis of SBA-15.
PHTS possesses extramicroporous amorphous nanopar-
ticles (plugs) in uniformmesoporous channels. There are
two types of micropores: originating from the walls and
the nanocapsules, respectively. Micropore volumes have
a high value (up to 0.3 cm3/g) and the total pore volume
exceeds 1 cm3/g. The pillaring effect of the nanoparticles
shows that PHTS is much more stable than the conven-
tional micellar-templated mesostructures. The phenom-
enon of amorphous silica plugs has been observed in
other materials such as cubic Fd3m mesoporous silica
monolith [211].

Mesoporous materials with zeolitic properties [212]:
One simple synthesis approach is the deposition of
a clear solution containing zeolitic precursor particles
in large-pore mesoporous silica materials like siliceous
mesostructured cellular foams [213] or the impregnation
of zeolitic precursor solutions within mesoporous mate-
rials like SBA-15.

The direct synthetic method is to use zeolitic
precursor solutions as silica source in the normal meso-
porous material synthetic system with CTAB, P123, etc.
as template. There are several successful examples for
the self-assembly of preformed zeolite primary and
secondary structural building units (nanoclusters) with
surfactant micelle. A series of mesoporous materials
build up from Faujasite, zeolite beta, ZSM-5, titanium
silicalite-1, etc. precursor particles have been reported

by Pinnavaia and coworkers [214,215], Xiao [138], and
other groups. This method is effective in introducing
Al or other metals such as Ti into ordered mesoporous
silica materials. These materials are steaming stable
and have strongly acidic sites.

16.10. MORPHOLOGY CONTROL
IN MESOPOROUS MATERIALS

The control ofmorphology inmesoporousmaterials is
thought to be governed by kinetic effects as the self-
assembly of surfactant molecules and inorganic species.
Synthetic conditions, i.e., inorganic source or additive
such as organoalkoxysilanes, temperature, stirring rate,
ionic strength, acidity, and reactant ratio, affect the mes-
ostructures and macrostructures of materials. Mesopo-
rous inorganic materials have been synthesized
with various mesophase structures and macroscopic
morphologies (e.g., powders, various morphologies in
microscale [216], mesostructures within nanoconfine-
ment [217], “Single Crystal” [149], hollow spheres [218],
nanoparticles [156], beads in milometer scale [219],
ribbons [220], fibers [221,222], thin films [223,224], and
monoliths [225]).

16.10.1. Thin Film

Mesoporous thin films have potential applications
as low dielectric constant films, low refractive index
films, hydrogen sensors, biomolecular sensors, nano-
structured magnetic materials, photomodulated mass-
transport layers, nanostructured solar cells, and
nanostructured thermoelectrics.

An ordered mesoporous thin film can be obtained by
a combination of solegel and supramolecular chemistry
using a micelle-templated self-assembly process. The
evaporation-induced self-assembly (EISA) [195,224,226]
is a very effective method to make thin film, which is
reviewed in Chapter 22. The EISA technique is more
simple and easily controllable than other techniques such
as film growth on interface from reaction solution [223].

Pai and Watkins [227] have used selective deposition
of silica in a block copolymer film dialyzed by supercrit-
ical carbon dioxide. Unlike EISA, this strategy allows
pre-organization of the template by decoupling the
metal oxide condensation and the template self-
assembly. Mesoporous silica films with well-ordered
nanochannels oriented parallel to the substrate have
been also produced by this method [228].

16.10.2. Spheres and Nanoparticles

Mesoporous silica nano- and microspheres have
been intensively investigated for controllable drug

FIGURE 16.28 Nitrogen sorption isotherms at �196 �C for PHTS.
Schematic representation of the different pore structures. Reprinted
with permission from [209]. Copyright 2002 American Chemical Society.

16. SYNTHETIC CHEMISTRY OF THE INORGANIC ORDERED POROUS MATERIALS362



delivery [230e233], biosignal probing [234], gene trans-
port and expression [235], biomarking [180], other
important bioapplications [236,237], as building blocks
for structured materials [238], macromolecular separa-
tions, catalytic supports, and template agents for
photonic crystals. Several synthetic strategies to control
the sizes of mesoporous nanoparticles from hundreds
of nanometers to tens of micrometers have been
reported [239e241].

Among the synthetic strategies leading to the small
mesoporous silica particles, a modified Stöber route is
used with adding the structure-directing agent to
the waterealcoholeammonia-tetraalkoxysilane system
[242e244].

The hollow spherical mesoporous silicas are fabri-
cated either via hard templating such as inorganic or
polymer beads [245,246] or soft templating methods
such as emulsion [247].

Lu et al. [248] reported a rapid, aerosol-based process
for synthesizing solid, well-ordered spherical particles
with stable pore mesostructures of hexagonal and cubic
topology, as well as layered (vesicular) structures. This
method relies on evaporation-induced interfacial self-
assembly confined to spherical aerosol droplets.

Mesoporous silica MCM-41 nanoparticles with a diam-
eter ofw20 nm andwithout deformation of the hexagonal
mesostructure have been successfully synthesized [239].
In this synthesis, a nonionic surfactant (F127) was used
as a suppressant in grain growth to achieve a balance
between the ordered mesostructure and the nanoparticle.

The nanoscaled mesoporous silica spheres with
controlled particle size in highly diluted aqueous solu-
tion were synthesized, in which diluted surfactant
concentration was used to overcome the particle aggre-
gation [249e251]. However, it was very difficult to
isolate the product, and the high dilution technique
often resulted in low yields.

A series of monodispersed mesoporous silica spheres
with tunable particle size were synthesized by using
self-assembly of cationic gemini surfactant C18-3-1 and
silica source under basic condition [252]. The particle
sizes of these mesoporous silica spheres with radially
oriented pore structure were controlled between 120
and 490 nm, and the pore sizes changed from 2.2 to
3.4 nm by varying the initial synthesis conditions. With
increasing the concentration of ethanol, the sphere
diameter varied from 70 to 460 nm.

Bein and coworkers [253e255] reported a high-yield
synthetic procedure to synthesize the suspensions of
colloidal mesoporous silica with 50e100 nm particle
size by addition of triethanolamine (TEA). TEA was
thought to act as a complexing agent for silicate species
and additionally as an encapsulator for mesoporous
particles, limiting the growth and aggregation of
particles.

In the synthesis system with cetyltrimethylammo-
nium chloride (CTAC) as template, the nanoparticle
size can be controlled fromw25 nm tow200 nm by add-
ing suitable additive agents (e.g., inorganic bases, alco-
hols) to control the hydrolysis and condensation of
silica precursor TEOS in the solution [256]. A certain
acidebase buffer capacity of the reaction mixture in
the range of pH 6e10 is essential for the formation of
mesoporous silica nanoparticles.

16.10.3. Fiber and Rod

Huo et al. [222] described the synthesis of mesopo-
rous silica fibers by the general procedure for one-step,
two-phase synthesis at room temperature. The silica
fibers, which are 1e5 mm diameter and up to 5 cm
long, have excellent long-range order. Control over the
morphology and dimensions of the fibers is demon-
strated through control of the self-assembly and growth
mechanisms, which leads to orientationally ordered
hexagonal mesopores within the fibers and waveguide
properties. Themesopores in silica fibers run in a circular
direction around the axis [257]. The kinetics of fiber
formation and the product distribution vary, being
strongly dependent on the silica source and the amount
of additional oil [221].

Mesoporous silica nanofibers [258] can be synthe-
sized by a one-phase route under strongly acidic
conditions with cationic surfactants. The diameters
of the fibers range from 50 to 250 nm, and the length
is up to millimeters (see Fig. 16.29). The nanofibers
can have either a longitudinal pore architecture, in
which the pore channels are aligned parallel to the
fiber axis, or a circular pore architecture, in which
the pore channels are wound circularly around the
fiber axis. The pore channels in both types of nanofib-
ers are hexagonally packed. The cross-sections of the
nanofibers with longitudinal pore architectures are
hexagonal and those of the nanofibers with circular
pore architectures are circular. Generally, low temper-
atures produce nanofibers with longitudinal pore
architectures and high temperatures produce nanofib-
ers with circular pore architectures. The transition
temperatures for CTAC and CTAB surfactants are
around 75 �C.

Monodispersed SBA-15 materials with w100% rod-
like morphologies (w1 to 2 mm long) have been obtained
by using P123 as template under static conditions
without using salts [163]. This method produced rod-
like particles with temperature-dependent pore sizes
ranging from 5.8 to 12.5 nm but with similar external
dimensions. In order to prepare short monodispersed
SBA-15 rods, the absence of stirring is essential, and
the temperature of the first stage should not exceed
60�C.
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16.10.4. Monolith

The direct liquid crystal templating pathway is effec-
tive to make mesostructured silica monolith. For
example, Feng et al. [259] synthesized monolithic meso-
porous silica in ternary and microemulsion-type quater-
nary systems while preserving long-range ordering at
the mesoscopic level.

Large-sized, crack-free silica monoliths with highly
ordered mesostructure are prepared by a fast and easy
way via liquid-paraffin-medium protected solvent evap-
oration [260]. By employing the inert liquid paraffin,
cracks of the materials can be successfully avoided.
The block copolymeresilica composite monoliths are
transparent and crack-free with a large size.

16.11. NEW COMPOSITIONS:
NONSILICA-BASED MESOPOROUS

MATERIALS [13,22]

In addition to the preparation of various mesopo-
rous silica structures, incorporation of heteroatoms
such as Cu, Zn, Al, B, Ga, Fe, Cr, Ti, V, and Sn into mes-
oporous silica framework has been widely investi-
gated. Furthermore, it is possible to synthesize
mesoporous structures of materials other than silica
by using the similar supramolecular assembly of
surfactants or nanocasting method [133,139,261e264].
One of the main difficulties arouse from the

organization of two different units on the surface of
surfactant assemblies. Hydrogen-bonded and ligand-
assisted synthetic pathways were proposed for the
formation of various nonsilica-based mesoporous
materials and used surfactants were easily removed
by extraction. This research area covers the synthesis,
structural characterization, morphological control
(e.g., film, fiber, and monolith), and alignment control
of mesochannels [23,193,264e267]. Mesoporous mate-
rials now include a variety of inorganic-based mate-
rials, for example, aluminophosphate, transition metal
oxides, carbon compounds, inorganiceorganic hybrid
materials, polymers, and even metals.

16.11.1. Mesostructured and Mesoporous
AlPO-based Materials

The surfactant-templated synthesis is effective for the
preparation of mesoporous AlPOs by keeping the AlPO
frameworks amorphous. Crystallized AlPO frameworks
have high charge densities, which result in the forma-
tion of lamellar phases containing a larger amount of
ionic surfactants.

Block copolymer is good template for mesoporous
AlPO with two-dimensional or three-dimensional
hexagonal phase [268]. The periodicities of mesopores
are lost for almost all the mesoporous AlPOs after the
removal of surfactants though the uniformities of the
mesopores are somehow retained. Morphological
controls such as ordered mesoporous AlPO films based
on the acidebase pair route and mesoporous AlPO
spheres by the nanocasting technique (hard templating)
have been achieved recently [269].

16.11.2. Metal Oxides and Other Inorganic
Materials

Nonsiliceous mesostructured systems, such as transi-
tion metal oxides (TMOs), are often of greater interest
than silicate mesostructures due to varied framework
properties which are potentially useful for (photo)catal-
ysis, sensing, optics, energy conversion, etc. However,
there are two additional challenges for TMO synthesis
[264]. First, metal oxide precursors (generally chlorides
or alkoxides) are much more reactive than silica-based
analogues; uncontrolled condensation yields macro-
scopic phase segregation. Strategies for controlling the
hydrolysisecondensation rates of TMO precursors
include utilizing specific pH ranges, stabilizing ligands,
nonaqueous media, preformed nanoclusters, controlled
hydrolysis, or some combination thereof. Second, redox
reactions, phase transformations, and crystallization can
collapse the framework at elevated temperatures. To
address this problem, block-copolymer SDAs that yield

FIGURE 16.29 (a) SEM image of as-made silica nanofibers. (b)
TEM images of as-made nanofibers. Reprinted with permission from

[258]. Copyright 2004 American Chemical Society.
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thicker inorganic walls and careful heat treatment are
often employed.

An important development in the synthesis of meso-
porous TMOs was the work by Antonelli and Ying, who
developed a modified solegel route using acetylaceto-
nate chelators [270]. The resulting mesostructured TiO2

and Nb2O5 were thermally stable but with amorphous
pore walls.

Evaporation-induced self-assembly (EISA) has
proven to be an extremely useful process for both
controlling macroscopic form (thin films, membranes,
and monoliths) and enabling the synthesis of mesostruc-
tured TMOs [162,195,271]. Porous TMOs with semicrys-
talline frameworks were formed by utilizing EISA with
inorganic precursors in highly acidic alcoholic solutions
[162].

Using a surfactant as a template to synthesize metal
oxides often leads to the loss of the ordered structure
after removal of the template. Using mesoporous silica
as a hard template to create an ordered metal oxide is
an alternative effective method.

The porous chromium oxide single crystals were
obtained by using aminopropyltriethoxysilane func-
tionalized SBA-15 as the template and H2Cr2O7 as the
chromium precursor, which was chemically adsorbed.
Subsequent thermal treatment resulted in the forma-
tion of chromium oxide and the template was removed
by an aqueous hydrofluoric acid (HF) solution [272]. In
this synthesis, calcination temperatures exceeding
350�C were needed in order to create the crystalline
phase.

Zhao has demonstrated that three-dimensional mes-
oporous silica can be used as hard template and
hydrated metal nitrates as source to fabricate various
mesostructured crystalline metal oxides (Co3O4,
Mn2O3, CeO2, and In2O3) [166,273]. The nanocasting
pathway can be extended to other nonsilica composi-
tions which are not accessible by solution-based
methods. In addition, metal sulfide nanowires, such
as CdS, ZnS, and In2S3, with ordered mesostructure
were casted using mesoporous SBA-15 as a hard
template [274].

However, when silica is used as the hard template,
the leaching process with strong alkaline or HF is not
compatible with many different oxides. Carbon
templates provide an alternative to silica.

Monodisperse and high-surface-area mesoporous
inorganic spheres of various compositions including
metal oxides, mixed oxides, and metal phosphates
[269] have been prepared by templating mesoporous
carbon spheres replicated from spherical mesoporous
silica. Due to the rigid and thermally stable framework
of carbon template, the crystalline phases of the
obtained metal oxide spheres can be readily tailored
by controlling crystalline temperatures.

16.11.3. The Mesoporous Metals and Related
Metal-based Nanomaterials [275]

Mesoporous metals hold promises for a wide range of
potential applications, in electronic devices, magnetic
recording media, and metal catalysts. Mesoporous
metals with highly ordered networks and narrow pore
size distributions have been produced by using nano-
casting method with mesoporous silica as a hard
template or the direct-template a synthesis approach
from lyotropic liquid crystals (LLCs) made of nonionic
surfactants at high concentrations. Moreover, mesopo-
rous alloys of various compositions can also be designed
by controlling the composition.

Various types of nanostructured metals, including
three-dimensional networks, nanoparticles, nanowires,
and nanonecklaces, have been created by using mesopo-
rous silicas or organiceinorganic hybrid mesoporous
materials. For example, Shin et al. [276] reported nano-
porous Pt with three-dimensional networks by the
impregnation of a Pt precursor followed byH2 reduction
within the mesopores of the MCM-48 (Ia3d) template.

Many mesoporous metals have been prepared by the
chemical or electrochemical reduction of metal salts dis-
solved in aqueous LLC domains or hard template. As
a soft template, LLCs are more versatile and therefore
more advantageous than hard templates. Moreover,
the hard-template method has been widely applied for
the creation of metal nanowire films by utilizing electro-
chemical processes (Fig. 16.30) [277,278]. The electrode-
position method, which uses an external power source,
is an efficient technique for depositing metals in meso-
porous silica films. Wang et al. [277] fabricated Pd nano-
wire thin films through the reduction of Pd ions within
the mesochannels of two-dimensional hexagonally
ordered mesoporous silica films. After the removal of
the mesoporous silica template, Pd nanowire thin films
were successfully prepared. Several three-dimensional
nanowire networks can be prepared by using mesopo-
rous silica films with three-dimensional mesoporous
structures. The metal nanowires gradually grow from
the bottom surface of the conductive substrate by elec-
trodeposition. The electrodeposition process can easily
prevent metal deposition in the outer part of the silica
template by controlling the electrodeposition time.

16.12. POROUS CARBON MATERIALS

Porous carbon materials are commonly used as
adsorbent, catalytic supports, etc. [135,279]. While many
porous carbon materials are known to exhibit periodic
structures resulting from the uniform stacking of gra-
phene sheets and periodic arrangement of atoms within
these sheets. Carbon materials with periodic
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microporous or mesoporous structures have been
reported only recently. The effective synthesis methods
include nanocasting (see Fig. 16.31 [279]) and the carbon-
ization of mesoporous polymer.

16.12.1. Microporous Carbons

Zeolites were already employed as template in the
synthesis of microporous carbon with ordered

structures [280]. Zeolite Y template can cast a micropo-
rous carbon with a three-dimensional nano-array struc-
ture which is identical to those of supercages in zeolite Y
crystal [281]. Carbon has a surprisingly high BETsurface
area (3600 m2/g) with almost no mesoporosity. Zeolite
EMC-2 (EMT) allows the formation of faithful carbon
replica exhibiting up to three well-resolved XRD peaks
[282].

16.12.2. Mesoporous Carbon Materials [283]

It is very difficult to obtain mesoporous carbon mate-
rials with an ordered structure via a solegel process
involving a surfactant templating strategy. The dis-
covery of ordered mesoporous silica materials opened
new opportunities in the synthesis of periodic carbon
structures using the templating approach. By employing
mesoporous silica structures as hard templates, ordered
mesoporous carbon replicas have been synthesized from
a nanocasting strategy. The synthesis is quite tedious
and involves two main steps: (i) preparation and calci-
nation of the silica mesophase; and (ii) filling the silica
pore system by a carbon precursor, followed by the
carbonization and selective removal of the silica frame-
work. Various carbon precursors such as sucrose [284],
furfuryl alcohol [134,285], acetylene gas, phe-
noleformaldehyde, phenol resin, mesophase pitch
[286], polydivinylbenzene, acrylonitrile, and pyrrole
can be used for the synthesis of ordered mesoporous
carbons. These organic substances after carbonization
formed rigid carbon frameworks in the mesopores of
silica template. Following formation of the carbon
replica the silica substrate can be removed by dissolu-
tion in sodium hydroxide or HF solution and the struc-
tural order of the carbon frameworks can be retained.
These ordered mesoporous carbons exhibit high specific
surface areas (typically 1300e2000 m2 g�1), uniform
pore diameters (2e6 nm), large adsorption capacities

FIGURE 16.30 Schematic representation of the formation of three-dimensional continuous macroscopic metal or semiconductor nanowire
networks by a template-electrodeposition technique. Reprinted with permission Journals: Wang, D.; Luo, H.; Kou, R.; Gil, M. P.; Xiao, S.; Golub, V. O.;

Yang, Z.; Brinker, C. J.; Lu, Y.: A General Route to Macroscopic Hierarchical 3D Nanowire Networks. Angewandte Chemie International Edition. 2004.
Volume 43, Page 6169. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission [278].

FIGURE 16.31 a) Schematic representation showing the concept
of template synthesis. (b) Microporous, (c) mesoporous, and (d)
macroporous carbon materials, and (e) carbon nanotubes were
synthesized using zeolite, mesoporous silica, a synthetic silica opal,
and an AAO membrane as templates, respectively. Lee, J.; Kim, J.;

Hyeon, T.: Recent Progress in the Synthesis of Porous Carbon Materials..

Advanced Materials. 2006. Volume 18, Page 2073. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission [279].
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(1e2 cm3 g�1), and high thermal, chemical, and mechan-
ical stabilities. For the low temperatures (700e1000 �C)
synthesis, the resulting carbon materials are usually
amorphous because of no graphitization.

The carbon materials exhibit wide varieties of pore
shapes, connectivity, and pore wall thickness, depend-
ing on silica templates that are synthesized with various
structures and pore diameters. The first mesoporous
carbon examples are CMK-1 [284] with symmetry cubic
I4132 or I41/a from sucrose and CMK-4 [287] from
acetylene with symmetry Ia3d by using MCM-48 as
template. Figure 16.32 shows the XRD patterns of
CMK-3 (keep original symmetry) and CMK-1 (create
new symmetry).

After the discovery of CMK-1, many studies were
carried out to synthesize mesoporous carbons with
ordered structures [289,290]. Till date, many mesopo-
rous silicas, such as SBA-3, HMS, MSU-H, MCM-41,
MCM-48, SBA-15, KIT-6, FDU-5, FDU-12, SBA-16, and
mesocellular silica foam, have been used as templates
for periodic mesoporous carbons.

It is noteworthy that different types of carbons with
SBA-15 as template but different framework configura-
tions, rod- and tube-types, were obtained. The rod-
type p6mm mesoporous carbon CMK-3 was synthesized
by a complete filling of mesoporous cylindrical channels
of the SBA-15 silica. The CMK-5 carbon resulted from an
incomplete filling of the SBA-15 channels, which after
silica dissolution gave interconnected nanopipes.
NCC-1 carbon, which is essentially similar to CMK-5,
has a bimodal pore size distribution (two pore systems:
the pores left by the silica template and the pores in the
inner part of the nanotubes) [291]. The crucial factors for
the synthesis of such carbons are an aging temperature
of 140�C for the template SBA-15, a relatively

low concentration of furfuryl alcohol (25 vol.%), and
a carbonization temperature higher than 750�C [292].

Figure 16.33 shows the XRD pattern of CMK-5, TEM
image, and schematic structure [134]. The structural
model is provided to indicate that the carbon nanopores
are rigidly interconnected into a highly ordered hexag-
onal array by carbon spacers. The outside diameter of
the carbon structures is controllable by the choice of
a template SBA-15 aluminosilicate with suitable diam-
eter; the inside diameter is controllable by the amount
of the carbon source. The (10) diffraction peak is lower
than (11) in intensity, owing to the diffraction interfer-
ence between the walls and the spacers interconnecting
adjacent cylinders.

Nanoporous carbon with narrow pore size distribu-
tion can be prepared directly via a one-step nanocasting
technique by carbonization of cyclodextrinesilica
organiceinorganic hybrid composite [293]. The method
consists of preparing a cyclodextrin-templated silica
mesophase via soft chemistry, followed by direct
carbonization of the occluded cyclodextrins. The nano-
casting procedure provides granules (in millimeter
scale) or monoliths (in centimeter scale).

The ordered mesoporous carbon can also be synthe-
sized with a catalytic CVD method [294]. The ordered
carbons possess bimodal pores: the pores arise from
the replica of frameworks of the template and the pores
correspond to carbon nanotubes formed in the channels
of the template.

Meng et al. [295] fabricated highly ordered mesopo-
rous phenolic resin polymers by using the low-molec-
ular-weight and soluble polymers of phenolic and
formaldehyde as organic precursors and amphiphilic
triblock copolymers as templates via an EISA approach.
Subsequent carbonization at 600e1400 �C under

FIGURE 16.32 Powder XRD patterns of: (a)
CMK-3 carbon and SBA-15 silica used as
template for the CMK-3 synthesis. Reprinted with
permission from [288]. Copyright 2000 American

Chemical Society. (b) template MCM-48 and CMK-

1. Reprinted with permission from [284]. Copyright
1999 American Chemical Society.
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nitrogen directly transforms the polymers to carbon
counterparts. The synthesis approach is quite similar
to that of the mesoporous silica. The key issue for the
successful organization of organiceorganic mesostruc-
tures is the preformed polymer guest, which has plenty
of hydroxyl groups and strongly interacts with the
amphiphilic triblock copolymer host via hydrogen
bonds. The amphiphilic surfactant can be easily
removed by solvent extraction or calcination in N2.

16.13. ORDERED MACROPOROUS
MATERIALS

Ordered macroporous materials [296] with pore sizes
in the submicrometer range have applications in low
dielectric constant materials and lightweight structural
materials. Several single, binary, and tertiary macropo-
rous oxides have been prepared using solegel chem-
istry: SiO2, TiO2, ZrO2, Al2O3, Fe2O3, Sb4O6, WO3,
Eu2O3, Nd2O3, Sm2O3, YZrO2, VePeO; PbTiO3, etc.

Colloidal crystals consisting of three-dimensional
ordered arrays of monodispersed spheres can be used
as templates for the preparation of orderedmacroporous
materials that exhibit precisely controlled pore sizes and
highly ordered three-dimensional porous structures.
The macroscale templating approach typically consists
of three steps [297]. First, the interstitial voids of the
monodisperse sphere arrays are filled with precursors
of various classes of materials, such as ceramics, semi-
conductors, metals, and monomers. In the second step,
the precursors condense to form a solid framework
around the spheres. Finally, the spheres are removed
by either calcination or dissolution with a solvent
leaving a periodic array of holes in the inorganic matrix.
For example, a macroporous silica [298] or TiO2 [299] can
be synthesized through a slow sedimentation of
colloidal particles onto a template, the monomeric

alkoxide precursors permeate the array of bulk polysty-
rene spheres and condense in air at room temperature.
Close packed, open-pore structures with w100 to
w2000 nm voids are obtained after calcination of the
organic component at high temperatures.

Imhof and Pine [300] reported a microemulsion
method for producing highly monodisperse macropo-
rous materials with pore sizes ranging from 50 nm to
several micrometers. Macroporous titania, silica, and
zirconia were formed by using the nonaqueous mono-
disperse emulsion droplets of isooctane in formamide
as templates around which material was deposited
through a solegel process. Gelation and removal of the
droplets led to a macroporous amorphous titania gel.

16.14. CHALLENGES FOR POROUS
MATERIAL SCIENTIST

There is no doubt of the great importance of porous
materials in the general subject of materials science,
even though some of their essential features are not
wholly understood [37]. Porous materials, especially
zeolites, microporous molecular sieves, and ordered
mesoporous solids, have many present and potential
future applications for catalysis, adsorption and separa-
tion, life science, energy, environmental, functional
materials for high technologies, and so on.

Considerable scientific efforts has been made on the
preparation, characterization, and application of porous
materials. Strategy aimed at the controllable synthesis
has been focused on the control of micro-, meso-, and
macroscale, including synthetic methods, architecture
concepts, and fundamental principles that govern the
rational design and synthesis. However, many chal-
lenges remain for the future: (1) the practical applica-
tions of known porous materials, to compete with
current technologies. (2) The design of materials with

FIGURE 16.33 CMK-5 (a) TEM image viewed along the direction of the ordered nanoporous carbon and the corresponding Fourier
diffractogram. (b) Schematic model for the carbon structure. (c) XRD pattern indicating the hexagonal order between carbon cylinders. Reprinted
by permission from Macmillan Publishers Ltd: Nature [134], Copyright (2001).
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fully controllable pore structures, framework composi-
tion, active sites, morphologies, and properties. The
influence of changes in porous characteristics on the
final properties in adsorption, catalysis, diffusion, etc.
will facilitate in designing new, adjusted, or improved
porous materials that can be implemented in industrial
processes of various kinds. (3) The clear understanding
of formation mechanisms and the interactions between
templates and wall precursors. The knowledge of the
growth mechanism and behavior of the zeolite nuclei
in different environments will be of utmost importance.
Formation mechanism of the mesophase needs to be
fully understood. (4) The development of new and
versatile synthetic methods. (5) The industrial prepara-
tion of porous materials should be ecologically friendly,
low toxic, low-cost, and simple procedure.
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17.1. STRUCTURE OF ANION-
INTERCALATED LAYERED MATERIALS

17.1.1. Introduction to Layered Double
Hydroxides (LDHs)

Layered double hydroxides (LDHs) are a group of anion-
intercalated inorganic functionalmaterialswhich are also
known as hydrotalcite-like compounds or anionic clays.
In LDHs, positively charged metal hydroxide host layers
stack alternately with interlayer anions to form a sand-
wich structure. The metal ions in the host layer are octa-
hedrally coordinated divalent MII and trivalent MIII

cations, whereas the interlayer An� anions interact with
the host layers by ionic bonding, hydrogen bonding,
and van der Waals forces. Much of the interest in LDHs
arises from their wide range of possible compositions
which give rise to the possibility of tailoring the proper-
ties of the material in several different ways [1] to realize
the microscopic controllability of layer chemical compo-
sition, the microscopic controllability of the nature and
amount of interlayer anions, and themesoscopic control-
lability of crystallite size and size distribution.

Many examples of minerals with the LDH structure
are found in nature [2e4] and these are classified as
the sjögreniteehydrotalcite group [5]. The formula of
one such mineral, hydrotalcite [Mg6Al2(OH)16]CO37$
4H2O was first determined almost 100 years ago and
its crystal structure was determined in the 1960s [6e8].
From then onward, great efforts have been focused on
detailed studies of the structure of LDHs including the
possible range of stoichiometry and composition, the
extent of ordering of metal cations within the layers,
the stacking arrangement of the layers, and the distribu-
tion of interlayer anions and water molecules. The

literature up to 2005 describing the wide range of exper-
imental and theoretical studies of the structure of LDHs
has been reviewed [9]. In this chapter, we focus on some
more recent advances in our understanding of the struc-
tural chemistry of LDHs.

17.1.2. Structure of LDHs

17.1.2.1. Brucite-like Layers

The layer structure of LDHs is based on brucite
[Mg(OH)2] which consists of Mg2þ ions surrounded
octahedrally by hydroxide ions. These octahedral units
form infinite layers by sharing edges, with the OeH
bond perpendicular to the plane of the layers [10]. In
the lattice of LDHs, trivalent MIII cations substitute
some of the Mg2þ cations in the brucite layers resulting
in positively charged host layers, and the interlayer An�

anions are located in hydrated interlayer galleries,
whereas the host layers stack on top of one another to
form a three-dimensional (3D) structure, as shown in
Fig. 17.1. In brucite itself, the hydroxyl anions are
close-packed in the two-dimensional (2D) planes with
triangular symmetry and the metal cations occupy the
octahedral holes between alternate pairs of OH planes
and thus occupy a triangular lattice which is the same
as that occupied by the OH� ions. The local geometry
of the metal (D3d) is strongly distorted away from the
idealized Oh arrangement due to compression of the
octahedra along the stacking axis [11]. All brucite-like
metal hydroxides show this type of distortion [12,13]
which results in hexagonal symmetry (space group
P3m1). The weak forces between the layers of brucite
have been attributed to contributions from dispersion
forces and hydrogen bonding [10,14e16].

375Modern Inorganic Synthetic Chemistry, DOI: 10.1016/B978-0-444-53599-3.10017-4 Copyright � 2011 Elsevier B.V. All rights reserved.



17.1.2.2. LDH Stacking Polytypes

The brucite-like layers in LDHs may be stacked in
various ways, which gives rise to a variety of possible
polytype structures. If the opposing OH groups lie verti-
cally above one another an interlayer with a trigonal
prismatic arrangement results, whilst if they are offset,
an octahedral arrangement is formed [17e19]. There
are three possible two-layer polytypes with hexagonal
stacking of the layers, denoted as 2H1, 2H2, and 2H3,
where the 2H1 polytype has all prismatic interlayers
and the 2H2 polytype has all octahedral interlayers,
whilst both types of interlayers are present in the 2H3

polytype. There are nine possible three-layer polytypes,
of which two have rhombohedral symmetryd3R1 and
3R2dwhilst the remaining seven (3H1e3H7) have
hexagonal symmetry. The 3R1 polytype has all prismatic
interlayers; 3R2, 3H1, and 3H2 have all octahedral inter-
layers and other polytypes involve both types. The
various possible six-layer polytypes with rhombohedral
(6R) and hexagonal symmetry (6H) have also been
described [17e19]. Hydrotalcite (MgAleCO3

2�-LDH)
has the 3R1 polytype structure, which most other
carbonate-containing LDHs also adopt [8,19], since the
prismatic arrangement of hydroxyl groups facilitates
hydrogen bonding with the oxygen atoms of the
CO3

2� anion and the interlayer water molecules. Vucelic
et al. [20] have shown that MgAl-LDHs containing inter-
calated benzoate or terephthalate anions also have the
3R1 structure. Newman et al. [21] have reported that in
the 3R2 polytype of an LDH containing interlayer
hydroxide anions, the hydroxyl groups of adjacent

layers and the interlayer hydroxide ions form a cubic
close-packed array.

It is difficult to distinguish between the various poly-
types, since the intensities of reflections are sensitive to
the interlayer anion. Simulated XRD patterns and single
crystal XRD indicate that both manasseite and sjögrenite
(one polytype of [Mg6Fe2(OH)16]CO3$4$5H2O) have the
2H1 structure [8]. Hydrotalcite-like minerals containing
interlayer sulfate ions are sometimes found with pris-
matic (3R1) interlayers although octahedral (3R2, 3H2)
interlayers are more prevalent [18]. For most LDHs it
is not possible to unambiguously identify the polytype
present, because the powder XRD patterns contain
only a limited amount of structural information. The
reflections in the XRD pattern of an LDH can be divided
into three types:

(1) A series of strong basal 00l reflections at low Bragg
angles allow the basal spacing normal to the (00l)
plane (co), which equals the thickness of one brucite-
like layer plus one interlayer, to be determined. The
unit cell parameter c¼ 3co for a 3R polytype, while
c¼ 2co for a 2H polytype [19,22e24].

(2) The position of the 110 reflection allows the value of
the lattice parameter ao (ao¼ 2d110) to be determined,
which corresponds to the closest distance between
two metal cations in the layer.

(3) The positions of the 01l and/or 10l reflections can, at
least in principle, be used to determine the stacking
pattern of the layers. Rhombohedral and hexagonal
structures can be distinguished by systematic
absences [23].

The XRD reflections of hydrotalcite [Mg6Al2(OH)16]
(CO3)$4H2O (JCPDS 22e700) can be indexed in a 3R
polytype with rhombohedral symmetry (space group R
3� m, ao¼ 0.306 nm and c¼ 2.34 nm) [6e8]. The mineral
manasseite (JCPDS 14e525) has the same formula as
hydrotalcite and the reflections can be indexed in a 2H
polytype with hexagonal symmetry (space group P63/
mmc, ao¼ 0.306 nm and c¼ 1.56 nm) [25]. Hydrotalcite
and manasseite are often found intergrown [26,27].

For some synthetic LDHs, the stacking sequence
varies with temperature. A ZnAleCl-LDH undergoes
the polytype transformation 3R1 / 2H1 at 150�C,
whilst an NiIICoIIIeCO3-LDH undergoes the transfor-
mation 3R1 / 1H at 200�C [28]. [Ca2Al(OH)6]X$2H2O
LDHs exist as rhombohedral polytypes [6R (X¼Cl),
6R or 3R (X¼ Br), and 3R (X¼ I)] at high temperature
and undergo a phase transition to a monoclinic polytype
on cooling [29,30]. The polytype of the type [LiAl2(OH)6]
Cl$nH2O varies with the extent of hydration n, with the
n¼ 2 polytype having a rhombohedral form [31] and
that with n¼ 1 having a hexagonal polytype [32]. In
contrast, [LiAl2(OH)6]OH$nH2O has a random stacking
of layers [32]. Different types of disorder may be

FIGURE 17.1 Structure of layered double hydroxides.
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introduced during the crystallization of LDHs leading to
poor crystallinity [33e38]. Loss of regular stacking
results in turbostratic disorder, which is reflected in
increased broadening of the h0l reflections, whilst the
hk0 (100 and 110) reflections adopt a characteristic
“shark’s fin” shape [38,39e42]. Radha et al. [43] have
investigated the conservation of order, disorder, and
“crystallinity” during anion exchange in ZnAl-LDHs.
The anion-exchange reactions yield a solid with a greater
degree of order if the incoming ion is CO3

2� or Cl�. In
contrast, incoming NO3

� ions yield an interstratified
phase, whereas incoming SO4

2� ions generate turbos-
tratic disorder.

17.1.3. Metal Ions in LDH Layers

17.1.3.1. Cation Substitution in LDH Layers

The identity and proportions of the di- and trivalent
cations as well as the identity of the interlayer anions
can be varied to form a family of LDH materials with
the general formula [MII

1�xM
III
x(OH)2]

xþ[An�]x/n$yH2O,
where MII¼Mg, Zn, Mn, Fe, Co, Ni, Cu, Ca, Cd, etc.
and MIII¼Al, Co, Fe, Mn, Cr, Ga, In, etc. Many ternary
and quaternary LDHs involving mixtures of different
MII and/or MIII cations can also be prepared [44] and
this family can also include layered materials contain-
ing monovalent ions with the formula [LiAl2(OH)6]

þ

[An�]1/n$yH2O [32].
It has been speculated that the ionic radii of MII and

MIII and the difference between them [4,45e48], as
well as the solubility products of MII(OH)2 and MIICO3

[49], play roles in defining the boundaries of the range
of metal cations that can form LDHs. It was once
believed that Cu2þ, which is subject to a JahneTeller
distortion, does not form LDHs unless diluted by other
cations [2,50,51], but [Cu0.69Cr0.31(OH)2]Cl0.31$0.61H2O
[52,53] has since been well characterized, although it
does show a corrugation of the sheets associated with
the JahneTeller distortion around individual CuII

centers. Recently rare earth ions such as Eu3þ and
Tb3þ, which tend to adopt a coordination number higher
than six, have been incorporated into LDH layers
[54e56].

Many researchers have suggested [2,4,47,48] that
pure LDH phases can only be formed for stoichiometries
in the range 0.20< x< 0.33, corresponding to MII/MIII

ratios in the range 2e4. For x> 0.33, the presence of
MIIIeOeMIII linkages is unavoidable and this is energet-
ically unfavorable due to the strong repulsion between
the adjacent trivalent cations [57e59]. However, the
CrIII�O�CrIII unit does exist in the pure Zn7Cr4eCO3-
LDH phase [60]. LDHs of formula [MIIAl4(OH)12]
(NO3)2$nH2O (MII¼Co, Ni, Cu, Zn) have been prepared
[61] by reaction of an activated gibbsite with MII(NO3)2
solutions. Only half of the cation vacancies in gibbsite

are filled with MII cations, so that although the MII/Al
ratio is 1:4, there are still cation vacancies, whereas all
the cation sites are occupied in the brucite-like layers
of conventional LDHs. Monovalent LiI cations can fill
all of the vacancies in gibbsite giving LDH-like materials
containing cation-ordered [LiAl2(OH)6]

þ layers [32].
Furthermore, the AlIII cations can be substituted by
FeIII to give [LiFexAl2�x(OH)6](CO3)0.5$nH2O phases in
which the ordering of MI and MIII cations in the layers
is maintained [62].

17.1.3.2. Long-range Cation Orderedisorder

Since LDHs are used as catalysts [63] or as precursors
to catalysts [64,65], ferrimagnetic spinels [66e68], or
other functional materials, they should ideally have
a homogeneous distribution of cations without segrega-
tion of “lakes” of separate cations. Diffraction tech-
niques are not well suited for studies of the extent of
cation disorder in many of the most common LDHs,
due to the indistinguishability of cations such as Mg
and Al by X-ray diffraction, the difficulties in synthe-
sizing fully deuterated LDHs for high-resolution
neutron diffraction studies, and the turbostratic disorder
and stacking faults existing within many LDHs [42,57].
Pauling’s rules [69] suggest that MIII cations should
not occupy adjacent sites (unless accompanied by
vacant cation sites [70]): this implies that the minimum
possible MII/MIII ratio is 2 and that when MII/MIII is
exactly equal to 2 there is also a long-range cation order
with a superlattice involving an ordered array with
each MIII cation having six MII nearest neighbors and
each MII cation having three MII and three MIII nearest
neighbors [59]. The superlattice has a cell parameter
aO3 where a is the cell parameter of the disordered
brucite-like layers [42].

17.1.3.2.1. MG2AL-LDHS WITH LONG-RANGE

CATION ORDER

Solid-state nuclear magnetic resonance (NMR)
studies of LDHs are a potential source of structural
information [71]. Sideris [72] reported that by using
extremely fast magic angle spinning frequencies of up
to 60 kHz the homonuclear coupling is effectively elim-
inated in 1H NMR spectra and allows information about
the Mg and Al distribution in MgAleNO3-LDHs to be
obtained. They used MgAleNO3-LDH samples contain-
ing 19%, 25%, and 33% Al (denoted MgAl-19, MgAl-25,
and MgAl-33) as representatives of LDHs with low,
medium, and high Al content, allowing the degree of
cation ordering to be explored as a function of Al
content. Since each layer hydroxyl group is coordinated
to three metal cations, if the metal cations are arranged
randomly in the layers there are four possible hydroxyl
sites (Mg3-OH, Mg2Al-OH, MgAl2-OH, and Al3-OH)
as shown in Fig. 17.2A. The calculated ratios of the
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populations of the sites for the different MgAleNO3-
LDHs shown in Table 17.1 indicate that at least three
hydroxyl peaks (the population of Al3-OH sites is prob-
ably too low to give an observable signal) are expected in
the 1H MAS NMR spectrum. However, the spectrum of
MgAl-19 (Fig. 17.3) shows only two hydroxyl 1H reso-
nances at 0.8 and 2.4 ppm (the third signal at 4.7 ppm
can be attributed to interlayer water [73]). The resonance
at 0.8 ppm can be assigned to Mg3-OH by analogy with
the spectrum of brucite [74]. The resonance at 2.4 ppm
can therefore be assigned to Mg2Al-OH. No third peak
at lower field which is assigned to MgAl2-OH units
can be observed in the spectra of MgAl-19 (or in the
spectra of MgAl-25 and MgAl-33) (Fig. 17.3). This
strongly suggests that the cations are ordered with no
adjacent Al atoms (Fig. 17.2B) since 2D magnetization
exchange experiments [75] confirmed that the exchange
processes involving different OH andH2O sites were too
slow to affect the chemical shift positions and intensities
of the 1H resonances, and 1H�27Al transfer of popula-
tion in double resonance (TRAPDOR) NMR spectra
[76] confirmed that no additional resonances (such as

that due to MgAl2-OH) at higher frequencies were
obscured by the water resonance. The intensity ratios
of the peaks assigned to Mg3-OH and Mg2Al-OH sites
show a good correlation with those calculated for an
ordered arrangement of cations for the three different
LDHs (Table 17.1), further supporting the conclusion
that the cations are ordered.

17.1.3.2.2. MII
2M

III-LDHS WITH LONG-RANGE

CATION ORDER

ZnnCreCl-LDHs can only be prepared for n¼ 2,
indicative of the presence of ordered layers [52].
Mg2Ga-LDH has a supercell of aO3 as indicated by
a strong (100) reflection (0.463 nm) in its XRD pattern
[77]. Single crystals of [Ca2Al(OH)6]X LDHs (X¼CO3

2�

[78,79], NO3
� [80,81], and Cl� [82,83]) show complete

ordering of cations, which is believed to result from
the large size and the anisotropy of the seven-coordinate
Ca2þ ion [84]. Ni2AleCO3-LDH [85] also shows a
(O3�O3)R30� superlattice. Both X-ray and neutron
powder diffraction [32,86] show that [LiAl2(OH)6]X
LDHs always have an ordered array of cations with
a hexagonal supercell (a¼ aoO3¼ 0.532 nm), which orig-
inates from Liþ cations filling the ordered pattern of

FIGURE 17.2 The metal hydroxide sheets of an LDH with an Mg/
Al ratio of 2:1 [MgAl-33] are shown with (A) random and (B) ordered
cation distributions. Three major classes of hydroxyl groups are
present in (A) (Mg3-OH, Mg2Al-OH, and MgAl2-OH), whereas only
one hydroxyl environment (Mg2Al-OH) and one Mg local environ-
ment [Mg(OMg)3(OAl)3] are present in (B). Small red circles and large
green circles are hydroxyl and aluminum atoms, respectively. From
[72]. Reprinted with permission from AAAS.

TABLE 17.1 A Comparison of Relative Concentrations of Hydroxyl Groups (%) Calculated for a Random
and an Ordered Distribution of Cationsa

Random cation distribution Ordered model/experimental data

Mg3OH Mg2AlOH MgAl2OH Al3OH Mg3OH Mg2AlOH

MgAl-19 54 37 8 0.6 43/38(3) 57/62(3)

MgAl-25 42 42 14 2 25/20(3) 75/80(3)

MgAl-33 30 44 22 4 1/3(1) 99/97(1)

aAssuming AleAl avoidance, with values determined experimentally from the deconvolution and integration of single-pulse 1H MAS NMR spectra obtained

at a spinning speed of 60 kHz. Resonances in the 0.8e1.5, and 2.4e3.6 ppm ranges contribute to the Mg3-OH and Mg2Al-OH local environments, respectively.

FIGURE 17.3 The effect of Al content on the single-pulse 1H MAS
NMR spectra collected at a spinning speed of 60 kHz. Hydrotalcite-
like MgAl-LDHs containing 19%, 25%, and 33% Al are shown. From
[72]. Reprinted with permission from AAAS.
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vacancies in the dioctahedral gibbsite lattice [87,88].
The mineral shigaite, [Mn6Al3(OH)18][(SO4)2{Na(OH2)6}
(H2O)6], shows an ordered array of cations in a (O3� O3)
R30� array with a 3R polytype [89]. The mineral
nikischerite (M¼Ni) [90] is isostructural with shigaite,
and motukoreaite, [Mg5.6Al3.4(OH)18][(SO4)1.3(CO3)
Na0.6(H2O)12], also has essentially the same structure
[91]. The mineral zaccagnite, [Zn4Al2(OH)12]CO3$
3H2O adopts a 2H1 polytype stacking with a supercell
(a¼ aoO3¼ 0.462 nm) [92]. The minerals [MII

4Al2(OH)12]
CO3$3H2O (charmarite for M¼Mn, quintinite for
M¼Mg, and caresite for M¼ Fe) show a superlattice
of the type (2O3� 2O3)R30� [93]. A single crystal X-ray
study [94] on a mineral with the composition [Mg4Al2
(OH)12]CO3$3H2O revealed that it stacked in a 2H poly-
type with an ordered cation distribution giving rise to
a (O3� O3)R30� superlattice (a¼ aoO3¼ 0.5283 nm and
c¼ 1.5150 nm). Cation order has also been found in
synthetic materials with the formula [FeII4Fe

III
(2e6y)

AlIII6y(OH)12]SO4$8H2O for y¼ 0 (so-called “green
rust” materials) and y¼ 0.08 [95].

17.1.3.3. Short-range Cation Order

EXAFS is a useful means for studying short-range
cation ordering and has provided strong evidence for
the local cation ordering in LDHs. It has been shown
that FeIII cations in MgnFe

IIIeCO3-LDHs (n¼ 2, 3, and 4)
never occupy neighboring sites [59]. The Fourier
transform of the EXAFS oscillation at the cation K edges
in Zn2CreCl- and Cu2CreCl-LDHs can be simulated
with a six-shell model in which the first peak arises
from the O atoms coordinated to the metal whilst the
other five peaks result from metallic neighbors at a,
aO3, 2a, aO7, and 3a [96]. Local cation ordering was
observed in a Cu2Cr-LDH with a corrugated sheet due
to the JahneTeller distortion of the Cu2þ ion [96], and
in a Zn2Cr-LDH with a flat sheet [52,97]. EXAFS studies
at the Zn, Co, and Fe K edges have shown the ordered
nature of the cations in Zn2AleCl-LDHs [98,99] and in
[Co2(FeyAl1�y)(OH)6]Cl$nH2O (0� y� 1) [100]. The
presence of local cation ordering in Mg2GaeCO3- and
Mg5GaeCO3-LDHs has also been shown by EXAFS [77].

It has been proposed that the nature of the vibrations
in the 800e250 cm�1 region of the IR spectra of LDHs
gives an indication of the extent of lattice ordering.
When there are five sharp vibrations in this region, as
observed for Mg2AleCO3-, Ni2AleCO3-, and Mg2Fee
CO3-LDHs, this has been taken to indicate an ordered
array of MII

2Al(OH) units [101]. In the Raman spectrum
of Mg2.3AleCO3/NO3-LDH [102] and stichtite ([Mg6Cr2
(OH)16]CO3$4H2O) [103] distinct hydroxyl stretching
bands can be attributed to the individual Mg3-(OH),
Mg2Al-(OH)/Mg2Cr-(OH) and MgAl2-(OH)/Cr3-(OH)
units. Separate hydroxyl stretching bands attributable
to Mg3OH, Zn3OH, and Al3OH moieties were also

observed in the Raman spectra of the ternary [Mgx
Zn6�xAl2(OH)16](CO3)$4H2O (x¼ 0e6) LDHs [104].
The Raman spectra of [CuxZn6�xAl2(OH)16]CO3$4H2O
indicate that when x< 2, the cations are ordered,
whilst when x> 2 there is some evidence for segrega-
tion of different cations [105].

In so-called green rust materials, the extent of cation
ordering has been correlated with anion ordering [106].
For an LDH with layers of [FeII1�x�yMgyFe

III
x(OH)2]

xþ,
the Mössbauer spectrum is consistent with an ordered
arrangement of cations in which each FeIII cation is sur-
rounded by six MII cations. The Mössbauer spectra of
[FeII4Fe

III
2�yAly(OH)12](SO4)$nH2O [95,107] are also

consistent with an ordered array of FeIII/AlIII cations
around FeII sites. In the case of Zn2Cr- and Zn3Cr-
LDHs, it has been suggested that the UVevisible diffuse
reflectance spectra are consistent with the presence of
CrIIIO6 sites surrounded by six Zn2þ ions without any
CrIIIeOeCrIII linkages [108,109].

17.1.3.4. Non-octahedral Coordination
of Layer Cations

The structure of LDHs generally involves octahe-
drally coordinated MII and MIII cations. The presence
of seven-coordinate cations has been observed and
confirmed by single crystal XRD of LDHs containing
the CaII ion [8,29,30,78,80,81,83,110]. The seventh coordi-
nated oxygen may arise from interlayer anions or inter-
layer water molecules, and in [Ca4Al2(OH)12]CO3$
5H2O, it is one of the carbonate oxygen atoms. FT-IR
and 13C CP/MAS NMR spectra indicate that there
may also be a coordinate bond between sulfonate
oxygen atoms and Al3þ ions in sulfonate-intercalated
LDHs [111]. On heating, some interlayer anions can
become grafted to the layers in LDHs, with the anions
substituting one of the hydroxyl groups, thus maintain-
ing the octahedral coordination of the cation. Such graft-
ing has been reported for carboxylate, sulfonate, and
phosphonate anions [112], oxometalate [113], and poly-
oxometalate anions [114�116], as well as for carbonate
anions [117].

17.1.3.5. LDHs and Related Structures
without MIII Cations

Recently, a variety of LDHs containing MII cations
together with MIV or even MV or MVI cations have been
reported. Examples include ZnSieCO3-LDH [118] and
other MIIMIV-LDHs [119e123], CoVV- [124], ZnMoVI-
[125], and MgAlZr-LDHs [126]. In contrast, the
a-hydroxides of nickel and cobalt [40,127] and Zn5(OH)8
(NO3)2$2H2O [128], Ni1�xZn2x(OH)2 (CH3CO2)2x$nH2O
[129,130] and [Co7(OH)12](O3SC2H4SO3)$2H2O [131]
also have structures that are related to LDHs, although
they only contain MII cations. The mineral lawsonbauer-
ite [(Mn,Mg)9Zn4(OH)22](SO4)2$8H2O also contains only
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MII cations and has vacancies in two-ninths of the cation
sites in a brucite-like lattice with O atoms of the vacant
sites and SO4

2� ions coordinated to tetrahedral ZnII

ions [132].

17.1.4. Interlayer Anions of LDHs

17.1.4.1. Interlayer Hydration and Hydrogen
Bonding

The maximum amount of water which can be accom-
modated in the interlayer galleries of an LDH with
[MII

1�xM
III

x(OH)2]
xþ layers is given by (1�Nx/n) where

N is the number of sites occupied by an anion of charge n
[133]. The general formula of an LDH containing inter-
layer carbonate anions is therefore:

h
MII

1�xM
III

xðOHÞ2
i�

CO3Þx=2ðH2OÞ1�3x=2�D;

where D represents the number of vacant interlayer sites
[8]. In the case of hydrotalcite, there is one vacant layer
site per [Mg6Al2(OH)16]CO3$4H2O formula unit. In
synthetic LDHs, the experimentally determined amount
of water can exceed (1�Nx/n) because there is extrinsic
water adsorbed on external surfaces [134]. Hou et al.
[135] have shown that the swelling and water sorption
behavior of LDHs depend markedly on the interlayer
anion. Molecular dynamics (MD) calculations [136]
have shown that interlayer water molecules have on
average less than four nearest neighbor water molecules.
This differs from bulk water, which involves distorted
tetrahedral arrangements similar to that in ice (Ih). Ther-
modynamic measurements have indicated [137] that
interlayer water in LDHs has a higher entropy than
that of ice, but lower than that of bulk water. The inter-
layer water in MgAleCO3-LDHs is more strongly
bonded than physisorbed water by ca. 12 kJ mol�1

[138]. Increasing the MII/MIII ratio in the layers leads to
a decreasing number of anions and an increase in the
diffusion coefficient [139]. The extent of disorder
decreases with increasing charge on the interlayer

anions [140]. The presence of an extensive hydrogen-
bonding network involving the interlayer water mole-
cules and the layer hydroxyl groups has also been
confirmed by IR and Raman spectroscopy and inelastic
neutron scattering [141].

17.1.4.2. Arrangement of Interlayer Anions
and Water

17.1.4.2.1. INTERLAYER ALIGNMENT FROM X-RAY

DIFFRACTION ANALYSIS

If a metal complex anion is incorporated into the
interlayer galleries of LDHs, the second basal reflection
of the XRD pattern is generally [142] stronger than the
first [143e147] and sometimes the first basal reflection
may be too weak to be observed, as is the case of
[Mo7O24]

6�-intercalated LDHs [133]. When a tetrasulfo-
nated perylene dye is intercalated into an MgAl-LDH,
two maxima in the electron density in the interlayer
gallery are observed which presumably correspond to
the positions of the sulfur atoms, and the observed
two minima can be taken to locate the position of the
CeN single bonds [148]. In stearate-intercalated
MgAl-LDHs, the electron density distribution con-
firmed the presence of a bilayer of guest molecules
[149e151]. The packing sequences and interlayer struc-
tures in [FeII4Fe

III
2(OH)12]X$nH2O are different for

(X¼Cl2, n¼ 4) [152] and (X¼ SO4, nz 8) [153]. Moha-
nambe et al. [154] found that in the carboxymethyl-b-
cyclodextrin (b-CMCD)-intercalated MgAl-LDH, the
intercalation resulted in an increase in the interlayer
spacing from 8.9 Å to 24.5 Å. In view of the dimensions
of b-CMCD, two possible arrangements of intercalated
b-CMCD can be proposed, as shown in Fig. 17.4. A
combination of X-ray diffraction, 13C NMR spectros-
copy, infrared and Raman spectroscopy, augmented
with molecular dynamics calculations, showed that the
actual arrangement was that in Fig. 17.4b, which allows
guest species to access the wider opening of the
b-CMCD species, since this is located in the center of
the interlayer galleries.

FIGURE 17.4 (a) Structure of the b-CMCD molecule and (b) possible orientations of b-CMCD molecules within the MgAl-LDH galleries.
Reprinted with permission from [154]. Copyright 2005 American Chemical Society.
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17.1.4.2.2. INTERLAYER MOLECULAR MODELING

AND MOLECULAR DYNAMICS SIMULATIONS

Mohanambe et al. [155] studied MgAl-LDHs interca-
lated with three drug molecules, ibuprofen, diclofenac,
and indomethacin which all adopt a double layer
arrangement in the interlayer galleries. Spectroscopy
and molecular dynamics simulations showed that there
is a change in the geometry of intercalated diclofenac
and indomethacin, which is believed to originate from
the electrostatic interaction between the Cl group
on the drug molecule and the positively charged layers
of the LDH. Yan et al. [156] studied the orientation of
the 4-vinylbenzenesulfonate anion (VBS)-intercalated
NiAl-LDH by MD simulations. Three orientation angles
for the VBS and water molecules were defined as shown
in Fig. 17.5. The VBS molecules have a tendency to tilt
toward a vertical arrangement with respect to the layers
as the amount of interlayer water increases. For thewater
molecules, the H$$$$$$$H vector tends toward becoming
parallel to the layers and the plane of the water molecule
becomes more tilted with increasing amounts of inter-
layer water molecules. An ultrathin film (UTF) of an
LDH containing intercalated tris(1,10-phenanthroline-
4,7-diphenylsulfonate)ruthenium(II) anions has also
been studied [157]. The most significant change on inter-
calation is that the ruthenium complex anion undergoes
a dramatic degradation in symmetry.

17.1.4.2.3. SPECTROSCOPIC MEASUREMENTS

X-ray absorption near-edge spectroscopy (XANES)
and EXAFS data at the V K-edge indicate that ion-
exchange of a ZnAleCl-LDH with ammonium metava-
nadate may give either discrete [V10O28]

6� anions or
polymeric anions based on VO4 tetrahedra in the inter-
layer galleries, depending on the reaction pH [158,159].
The variation in the arrangement of interlayer benzoate
anions with extent of hydration of the LDH has been
studied by XANES [160,161].

Vibrational spectroscopy has been widely employed
in the study of LDHs [162,163]. The n3 band in the
C�O stretching region of their IR spectra is typically
split into two bands separated by 30e60 cm�1 [164],
which suggests a lowering of the symmetry to C2v or

Cs, associated with hydrogen bonding of the CO3
2� to

hydroxyl groups and/or interlayer water molecules
[162]. The positions of the two peaks arising from the
n3 band depend on the nature of the divalent cation in
the hydroxyl layer [164e166]. Varying the trivalent
cation has a similar effect [167]. For [Mg1�xAlx(OH)2]
(NO3)x$nH2O LDHs, it has been reported that when
x< 0.26, the NO3

� anions lie in the center of the interlayer
gallery with their planes parallel to the layers [168];
when x> 0.26, alternate NO3

� anions are shifted up
and down the c-axis with their planes remaining parallel
to the layers so that they are strongly hydrogen bonded
to one layer and do not interact significantly with the
other, in a “stick-lying” structure [169,170]. For interca-
lated octahedral [Fe(CN)6]

4� anions with their C3-axis
perpendicular to the sheets [142,171e173], the expected
one IR-active band is split into two bands, which can
be attributed to a reduction in symmetry to D3d

[171,172,174].
Solid-state 13C MAS NMR spectroscopy can detect

the presence of co-intercalated carbonate (and/or bicar-
bonate) anions [175,176]. The dynamics and orientation
of terephthalate anions in [Mg1�xAlx(OH)2][{p-C6D4

(COO)2}y(CO3)1�y]x/2$nH2O have been studied by 2H
solid-state NMR [177]. A 35Cl NMR study of ClO4

�-
intercalated MgAl- and LiAl-LDHs has shown that the
anion is rigidly held at low relative humidities and
temperatures, but undergoes rapid isotropic reorienta-
tion on raising the humidity and/or temperature [178];
the isostructural interlayer SeO4

2� anion, however, did
not undergo isotropic reorientation at any relative
humidity as shown by 77Se NMR spectroscopy [179]. A
first-order phase transition near 6�C of [Ca4Al2(OH)12]
Cl2$4H2O can be detected by 35Cl NMR, involving
a transformation of the Cl� anions located in triaxial
sites to uniaxial sites [180]. Dynamically disordered
water molecules in [LiAl2(OH)6]Cl$xH2O have been
detected by 1H NMR [181].

The absorption spectrum of 9-anthracenecarboxylate-
intercalated LDHs shows a band around 490 nm, not
present in the free anion, which has been attributed
to an aggregate of the guest anions [182]. Reaction of
[LiAl2(OH)6]Cl with 4-nitrohippuric acid (NHA) leads

FIGURE 17.5 Definition of the three orientation angles, q1, q2, and q3 for the VBS/LDH system, standing for the C3-axis of the sulfonate
group, the H$$$$$$$H vector and the dipole vector of the H2O molecule relative to the host layers, respectively. Reprinted with permission from

[156]. Copyright 2008 American Chemical Society.
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to an unusual intercalation of the neutral organic mole-
cule without loss of Cl�. The resulting material exhibits
frequency-doubling characteristics, indicating an or-
dered array of intercalated guest molecules [183]. By
using the polarized fluorescence method, Shi et al.
[184] have studied the molecular orientation of Zn2Al-
LDH intercalated with a-naphthalene acetate and
b-naphthalene acetate.

17.1.4.2.4. GUESTeGUEST INTERACTIONS

The photo-induced [2þ 2] dimerization of crystalline
trans-cinnamic acid requires both close contacts of
approximately 0.4 nm and a specific orientation of the
unsaturated bonds, and can be used to explore the
arrangement of substituted cinnamate ions in the inter-
layer galleries of LDHs [47,185]. Head-to-head (HH)
cyclodimers were formed selectively on irradiation of
LDHs containing cinnamate ions, indicating that the
arrangement of the intercalated anions inhibits the
formation of the head-to-tail (HT) dimer. Furthermore,
the ratio of anti-HH to syn-HH dimers increases as the
Mg/Al ratio increases. It was suggested that larger
MgAl ratios result in longerguesteguest distanceswhich
favor the formation of the anti-HH isomer [186]. Interca-
lation of (Z,Z)-2,4-hexadienedioic acid into a LiAl2-LDH
host affords a vertical arrangement of interlayer guest
anions which results in the 1,3-diene moieties being
arranged in a face-to-face manner which facilitates their
polymerization on photoirradiation [187].

In MgAl-LDHs intercalated with p-CH3C6H4CO
(CH2)nCO2

� (n¼ 4e10), the chains become increasingly
interdigitated as their length increases [188]. Aloisi et al.
[182] prepared an LDH containing co-intercalated
coumarin-3-carboxylic acid (3-CCA) and 9-anthracene
carboxylic acid (9-ACA) to probe the energy transfer
between the two confined guest anions. Yan et al. [189]
investigated the orientation of 3,4,9,10-perylene tetracar-
boxylate (PTCB) intercalated in an MgAl-LDH, and
found the existence of PTCB aggregates of H-type and
J-type dimers.

17.1.4.3. Interlayer Anion Ordering

Ordering of the interlayer anions may be observed in
LDHs. This may result from either an ordered arrange-
ment of cations or a specific pattern of hydrogen
bonding in the interlayer galleries. The XRD pattern of
Mg2Alebenzoate-LDH can be indexed to a superlattice
with a¼ aoO3 characteristic of ordered benzoate anions
[20]. A similar conclusion was drawn for an oxalate-
intercalated Mg2.2Al-LDH [190]. The ordering of inter-
layer silicate anions in a Zn3Al-LDH with a superlattice
(with a¼ aoO3¼ 0.5305 nm) has been explained [191] in
terms of the symmetry match between the hexagonal
condensed silicate anions and the layers. Sulfate anions
tend to be ordered when the interlayer gallery is

expanded to ca. 1.1 nm by inclusion of additional water
and/or hydrated cations [18,192]. The lattice periodicity
may be aoO3 (for 2:1 LDHs) as in [Mg3.96(Al1.98Fe

III
0.06)

(OH)12][(SO4)1.30Na0.56(H2O)7.3] [18,192] or 3ao for
shigaite [90]. The synthesis of [Zn0.67Cr0.33(OH)2]
[(SO4)0.22Na0.11(H2O)1.25] LDH adopts a two-layer poly-
type with an aoO3 superlattice [193]. High-intensity
XRD, [Ni1�xAlx(OH)2](CO3)x/2$yH2O, shows to have
ordering of cations for the case of x¼ 0.33 [85], whereas
for x¼ 0.30, the carbonate anions form an ordered
(O13�O13)R13.90� superlattice [85,194]. Single crystals
of [Mg4Al2(OH)12]CO3$3H2O exhibited an ordered
distribution of interlayer anions [94]. The interlayers
are composed of alternate layers of carbonate anions
and a net of water molecules which gives a hexagonal
structure (P62m, a¼ aoO3¼ 0.5283 nm, c¼ 1.5150 nm).

Atomic force microscopy (AFM) images of the crystal
surface of [Mg6Al2(OH)16](CO3)0.5Cl$2H2O in contact
with an aqueous solution of Na2SO4 show 2D hexagonal
periodicity, which results from the hydroxyl anions in
the basal layer plane [195]. Scanning tunneling micros-
copy (STM) image of the same sample in air showed
a 2D lattice (a¼ 0.75� 0.04 nm, b¼ 1.10� 0.03 nm, and
a¼ 70� 3�). STM images of the crystal in contact with
aqueous solutions of [Fe(CN)6]

n� (n¼ 3, 4) showed 2D
ordered arrays of the anions with different lattice
parameters, which was also reported for [Fe(CN)6]

n�

anions adsorbed on [Mg6Al2(OH)16](CO3)0.75(Cl)0.5$
2H2O [196]. Studies have suggested that ordering of
organic anions is more common than for inorganic
anions [197].

17.1.4.4. Staging Structures

An increasing number of LDH materials with more
than one type of interlayer, giving rise to so-called staged
structures have been reported [198]. A mineral [Mg4Al2
(OH)12]CO3$3H2O has alternate interlayers of carbonate
anions and water molecules [94]. The mineral coalingite
[Mg10Fe2(OH)24]CO3$3H2O has interlayers containing
carbonate and water with alternate vacant interlayers
[199]. On dehydration, the mineral motukoreaite [Mg5.6
Al3.4(OH)18](SO4)1.3(CO3)Na0.6$12H2O first reaches an
intermediate staged phase with basal spacing of 1.98 nm
and alternate hydrated and dehydrated interlayers
[200]. A mineral with the approximate formula [Mg4Al2
(OH)12](SO4)0.5(CO3)0.5$nH2O has alternate interlayers
of carbonate (0.756 nm) and sulfate (1.098 nm) anions
with the 6R4 polytype [192].

At intermediate temperatures, an interstratified inter-
mediate of terephthalate-intercalated MgAl-LDHs con-
taining alternate layers of vertical and horizontal
anions can be isolated with a 6R repeat unit [20]. Staging
has also been reported during reactions of terephthalate-
intercalated MgAl-LDHs with inorganic anions giving
partial exchange of terephthalate anions [201]. Staging
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in LDHs containing alternate interlayers of inorganic
and organic anions such as (4-phenylazophenyl)acetate
[151] or succinate or tartrate [96,202] anions has also
been reported. The staged intermediates can be
observed in exchange reactions of LDHs by in situ
energy-dispersive XRD experiments [203,204]. Second-
stage intermediates were revealed during the anionic
exchange of Cl� in Cu2CreCl-LDHs by tartrate and
succinate anions, resulting from the hydrophobic
binding effect of the organic moieties [96]. A carbox-
yethyl-substituted azacrown ether derivative (CSAE)
was intercalated into an MgAl-LDH with a vertical
orientation [205]. At 100�C, a staged phase with basal
spacing of 2.33 nm appeared, attributed to anion
exchange of CO3

2� and CSAE. Another 2.08 nm staging
phase appeared at 150�C, due to the regular stacking
of the 1.18 and 0.77 nm phases. To date, all staging exam-
ples observed in LDHs have involved second-stage
materials, which can be explained by the Rüdorff model
[206], rather than the Daumas and Hérold model
involving buckling of the layers usually invoked for
graphite [198]. The layers have been shown to be capable
of buckling, in species such as [SmW10O36]

9� interca-
lated LDHs, however [44,207], suggesting that buckling
of the layers cannot be ruled out.

LDHs are not necessarily easy to prepare as a pure
single phase and there still remain unresolved issues
concerning their structural chemistry. These include (i)
the range and the relative amounts of possible cations
incorporated in a pure LDH phase; (ii) the stacking
fashion of the brucite layers; (iii) the extent of ordering
of cations, both long-range and short-range; and (iv)
the detailed arrangements in the interlayer galleries.
Highly crystalline LDHs or even single crystals are
required to obtain the most accurate structural informa-
tion [78,114,208�211]. Technical advances including high-
intensity XRD sources [28,85], area detectors [212], and
image plate technology [149] as well as improved
methods of modeling static and dynamic disorder
[213] may also facilitate detailed studies of the structure
of LDHs. The rapid improvements in both hardware
and software for the theoretical study of materials
should also enhance our theoretical understanding of
the structure of LDHs.

17.2. PREPARATIVE CHEMISTRY OF
ANION-INTERCALATED LAYERED

MATERIALS

17.2.1. Methods of Preparation of LDHs

17.2.1.1. Coprecipitation Methods

The coprecipitation method has been extensively
employed for the one-pot direct synthesis of LDHs

containing different layer cations and interlayer anions
[214], and can easily be scaled up to produce large quan-
tities of LDHs in a commercial process. Many LDHs,
such as ZnnAleCO3-LDH [48], may be prepared with
a range of MII/MIII ratios using this method, while
some LDHs can be obtained only with a narrow range
of ratios, irrespective of the MII/MIII ratio employed in
the precursor solution. This synthetic route is often
chosen as the method for preparing organic anion-
containing LDHs which are difficult to synthesize by
other ways. A supersaturated state is necessary to
ensure the simultaneous precipitation of two or more
cations; this is generally implemented by controlling
the pH value of the solution. The coprecipitation should
be carried out at a pH value no less than that at which
the most soluble hydroxide is precipitated [2]. A proce-
dure using thermal treatment following coprecipitation
is often necessary to increase yields and/or the crystal-
linity of amorphous or poorly crystallized materials
[48]. Two main coprecipitation methods have been
commonly employed: precipitation at constant pH
value, and at variable pH value [48]. LDHs have
a high affinity for carbonate anions and coprecipitation
reactions are therefore generally carried out under N2

in order to avoid competition from CO3
2� resulting

from atmospheric CO2.

17.2.1.1.1. PRECIPITATION AT CONSTANT PH

In the constant pH method, the pH value of the reaction
system remains the same throughout the whole prepa-
ration process, leading to the coprecipitation of the
two metallic ions at low supersaturation [48]. Pure inter-
calated LDHs with high crystallinity can be obtained.
The target-intercalated anion should be present in
excess and have a high affinity for the LDH layers.
Metal nitrate and chloride salts are commonly used as
precursors because of the low affinity of LDHs for these
anions.

Many anions have been intercalated into LDHs by
precipitation at constant pH, including CO3

2� [134,215e
218], NO3

� [219], naphthalene-2,6-disulfonate [220],
tetraphenyl porphyrins [221], [Ni(EDTA)]2� [222], an
anionic azobenzene derivative (AzAA) [151], alizarin
red S [111], amino acids [223e225], nucleoside mono-
phosphates, deoxyribonucleic acid (DNA) [226], and
vitamins (A, C, E) [227]. A perylene chromophore has
been intercalated into an LDH host in order to increase
its stability when used as a pigment [148]. Catalytically
active species, including polyoxometalate anions such
as PW12O40

3� or SiW12O40
4�, have been introduced

into the interlayer galleries of LDHs giving active cata-
lysts or catalyst precursors [228]. Zr-containing LDHs
prepared by this method possess excellent catalytic
performance for the selective hydroxylation of phenol
to catechol in the liquid phase [229,230].
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17.2.1.1.2. PRECIPITATION WITH VARIABLE PH

The variable pH method involves addition of a mixed
MII/MIII salt solution to an alkaline solution containing
the target interlayer anion under intensive agitation,
which leads to a continuous change in solution pH
value, followed by an aging step. This method generally
gives poorly crystalline products, due to the large
number of crystallized nuclei obtained at high supersat-
uration. The formation of metal hydroxide impurity
phases is common, and thus an LDH product with an
MII/MIII ratio different from that in the precursor
mixture often results.

Using this method, many LDHs including MgAl-,
NiAl-, CoMnAl-, CoMnMgAl-, and NiCrAleCO3-LDHs
containing interlayer CO3

2� anions [231], MgAl�OH�,
�Cl�, �SO4

2� [232], or �W7O24
6� [233] intercalated

LDHs and (Cu, Zn)AleCO3/SO4-LDHs [234] have
been prepared. Alkoxide-intercalated derivatives of
LDHs have been synthesized using coprecipitation in
methanol or ethanol using the variable pH method
[235]. LDHs containing both FeII and FeIII cations
including MFeIIFeIII (M¼Mg, Co, and Ni) [67,68],
MgFeIII [236], and [Fe(CN)6]

3� intercalated MgFeIII-
LDHs have also been prepared by this method [237].
Organic anions, including caprate [238], indole-2-
carboxylate (ICTA) [239], 40-chloro-4-stilbenecarboxylate
[240], terephthalate [241,242], amino acids [243], dicar-
boxylates [175], anti-inflammatory drugs [244,245], and
L-aspartic acid [246,247] have also been incorporated
into the interlayer galleries of LDHs by coprecipitation
at variable pH. LDHs with a broad range of MII/MIII

ratios can generally be prepared by this method. Prefer-
ential intercalation of specific isomers of sulfonated
anthraquinone ions has been observed using this
method [248].

17.2.1.1.3. SEPARATE NUCLEATION AND AGING

STEPS (SNAS) METHOD

It is difficult to control the particle size and size distri-
bution of LDHs using traditional coprecipitation
methods at either constant or variable pH [214]. A
method involving separate nucleation and aging steps
(SNAS) has been devised [249], in which a very rapid
mixing and nucleation process in a modified colloid
mill is followed by a separate aging process. The design
of the colloid mill is illustrated in Fig. 17.6. The LDH
products formed using the SNASmethod have a slightly
higher crystallinity than those produced using the
coprecipitation at a constant pH value [2,134,250e253].
Moreover, the SNAS method affords smaller crystallites
with a higher aspect ratio, having a very narrow distri-
bution of crystallite size, as can be seen from Fig. 17.7
[249]. In the colloid mill, the mixing and nucleation are
complete in a very short time giving nuclei of all approx-
imately the same size; these are then subjected to

a separate aging process. This results in well-formed
crystallites with a similarly narrow range of diameters.
The SNAS method has proved to be very amenable to
scale-up [254] and is now employed to produce LDHs
commercially in China.

The non-equilibrium aging method was developed [255]
as a complement to the SNAS method. After a period of
aging, another portion of salt and alkali solution is
added to ensure that the metal ions are always supersat-
urated. A high temperature and slow rate of addition of
the reactants favor the adsorption of the added metal
ions on the preformed crystal particles, rather than the
formation of new nuclei [256]. MgAleCO3-LDHs with
increased crystallinity can be prepared by this method
[255].

17.2.1.1.4. UREA HYDROLYSIS METHOD

Urea is a very weak Brønsted base (pKb¼ 13.8) and
can be employed as a reagent for “homogeneous”
precipitation from solution [257]. The hydrolysis of
urea results in a solution with pH z9, depending on
the temperature, which is suitable for precipitating
many metal hydroxides and a variety of LDHs. The
urea hydrolysis method is suitable for the preparation of
MgAl-LDHs with high layer charge densities [258]. If
the MII(OH)2 is more insoluble than Mg(OH)2, the
LDH obtained has a composition near to that in the orig-
inal precursor solutions (e.g., ZnAl- and NiAl-LDHs).
This method results in LDH crystallites with a relatively
large size (microns) and a well-defined hexagonal shape
due to a low supersaturation during precipitation [259].
A prolonged aging time and decreased total metal
concentration allows MgAleCO3-LDHs with high crys-
tallinity to be obtained [260]. The particle size can be
controlled by altering the reaction temperature which
affects the hydrolysis rate of urea and larger particles
are formed at lower temperatures due to the lower
nucleation rate [261].

FIGURE 17.6 Schematic illustration of a colloid mill. [253] With
kind permission from Springer ScienceþBusiness Media:< Prepara-
tion of Layered Double Hydroxides, Struct Bond (2006) 119: 89e119,
Jing He, MinWei, Bo Li, Yu Kang, David G Evans and Xue Duan>.
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The as-synthesized LDHs usually contain carbonate
ions which generally cannot be deintercalated. However,
treatment with gaseous or aqueous HCl [210] or HCl/
NaClmixtures [262] can lead to replacement of carbonate
with chloride anions, which are labile and can be
replaced by bulky organic anions. However, the urea
hydrolysis method is not suitable for preparing LDHs
containing CuII or CrIII [210]. Hexamethylenetetramine
hydrolyzes at high temperature with the release of
ammonia, which makes the solution alkaline [263] and
has been used as an alternative to urea for the homoge-
neous preparation of LDHs. A simplified synthesis of
MgAleNO3-LDHs with various MgAl ratios using
NH3$H2O as a base has been developed [264]. No incor-
poration of CO3

2� was observed using this approach
even in ambient atmosphere.

17.2.1.2. Anion-exchange Method

The anion-exchange method is based on the
exchangeable properties of the interlayer anions [265].
This method is especially useful when the coprecipita-
tion method is inapplicable, for example, the divalent
or trivalent metal cations or the anions involved are
unstable in alkaline solution, or the direct reaction
between metal ions and guest anions is more favorable,
or there is no suitable soluble salt of the guest anions.
In thermodynamic terms, anion exchange in LDHs
depends mainly on the electrostatic interactions between
the host sheets and the exchanging anions and, to a lesser
extent, on the free energy associated with the changes of
hydration [265,266].

Anions with higher negative charges tend to
exchange and replace those with lower charge in the
interlayer galleries. The ion-exchange ability of common
anions is as follows:

CO 2�
3 > HPO 2�

4 > SO 2�
4 ;OH� > F� > Cl� > Br�

> NO �
3 > G:

Therefore, NO3
� or Cl�-intercalated LDHs are usually

used as the precursors for ion exchange [267].
The anion-exchange method is especially useful for

the preparation of LDHs containing anions other than
carbonate. A large number of organic and inorganic
anions have been incorporated into LDHs using the ion-
exchange process, such as carboxylates [265], anionic
surfactants [268], phosphonates [203], b-cyclodextrin
derivatives [269], pharmaceutically active species
[270,271], nucleoside and DNA molecules [272], amino
acids [273], glyphosate anions [274], dye anions
[263,275], polyoxometalates [252,276], metal complex
ions [144,147,277e285], polyoxirane derivatives [286,
287], and polystyrene sulfonate [288].

In general, the ion-exchange process can follow one of
two pathways shown schematically as follows:

ð1Þ LDH,Am� þ Xn�/LDH,ðXn�Þm=n þAm�

or ð2Þ LDH,Am�þ Xn�þmHþ/LDH,ðXn�Þm=nþHmA

In the first case, the LDH precursor generally contains
intercalated univalent anions (A�¼Cl�, NO3

�, ClO4
�)

which have a weak electrostatic interaction with the
host layers. By using different MgAl-LDH precursors,
OsO4

2� [289], W7O24
6� [233], naproxen [270], and Eu

(EDTA)� [282] intercalated MgAl-LDHs have been
prepared by this method.

In the second case, the LDH precursor contains
anions susceptible to acid attack, such as carbonate or
carboxylates (e.g., terephthalate). By using this method
under acidic conditions, inorganic anions such as Cl�,
Br�, NO3

�, SO4
2� [290], heteropolyoxometalate anions

containing vanadium [291], and organic anions such as
adipate, terephthalate, succinate, dodecyl sulfonate,
p-hydroxybenzoate, and benzoate [292,293] intercalated
LDHs can be prepared. Chisem et al. [294] have deter-
mined the surface acidity of Cl� and NO3

� intercalated
LiAl-LDHs using the Hammett indicator adsorption
method, which showed that the acidity of the

FIGURE 17.7 Distribution of particle size for MgAleCO3-LDHs with different Mg/Al ratios prepared using (a) the SNAS method and
(b) conventional coprecipitation at constant pH value. Reprinted with permission from [249]. Copyright 2002 American Chemical Society.
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intercalation products is related to the nature of
the interlayer anions, namely: carbonate< nitrate<
chloride< decavanadate.

It has been verified that the favorability of the anion-
exchange process is related to the following five main
factors. (1) The exchange ability of incoming anions
increases with increasing charge and decreasing ionic
radius. The co-intercalation of a second anion was found
to have no effect on the order of anion-exchange prefer-
ence [295]. (2) Appropriate choice of solvent will favor
the swelling and anion exchange of an LDH precursor
[296]. (3) The pH value should generally be greater
than 4, in order to preserve the host hydroxyl layer
against damage. A low pH value favors liberation of
anions of weak conjugate acids and incorporation of
a less basic anion [297]. (4) In some cases, the chemical
composition of the LDH host layer affects the anion-
exchange process. (5) Generally, higher temperatures
favor anion exchange [298].

The interlayer arrangement of organic anions
depends strongly on the area available to each anion
[9]. In some cases, shape-selective intercalation of
isomers [4,299,300] has been observed in the anion-
exchange process. Second staging structures as interme-
diate phases during the intercalation of organic guests
by anion exchange [151,202,204] have been observed,
as noted above. Phase segregation during the intercala-
tion of hexacyanoferrate(III) anions in the LDH-chloride
system [301] has also been observed in an anion-
exchange process. After intercalation of a variety of
bifunctional organic aromatic anions in LDHs using
ion-exchange, subsequent thermal treatment resulted
in a grafting reaction between the hydroxyl groups of
the host layers and either the anionic functionality or
a hydroxyl group on the aromatic anions [112]. An alter-
native method of anion exchange in LDHs based on the
formation of a salt between an anionic and a cationic
surfactant was reported by Crepaldi et al. [302,303].
The exchange is achieved by the formation of a water-
insoluble surfactant salt. The exchange of dodecyl
sulfate by different anions (chloride, carbonate, tere-
phthalate, cholate and a sulfonated Cu-phthalocyanine)
was achieved within 30 min with efficiency higher than
98.5%.

17.2.1.3. Calcination/reconstruction Methods

Calcination of LDHs at intermediate temperatures
results in a mixed metal oxide (MMO) [304]. Exposure
of the as-prepared MMO to an aqueous solution of an
anion results in regeneration of the layered structure,
with intercalation of the anion concerned [25,305e307];
this is sometimes described in the literature as the
structural memory effect of LDHs (Fig. 17.8). It is an impor-
tant method of synthesizing both inorganic and
organic anion-intercalated LDHs [182,308e328]. The

appropriate calcination temperature should be selected
based on the composition of the LDH precursor. Gener-
ally, it is possible to reconstruct the LDH structure when
the calcination temperature (Tc) is below 500�C. The
products of calcination of MgAl-LDHs at 600�C and
above contain the dense spinel phase, which cannot be
reconverted to the LDH structure. An inert N2 atmo-
sphere is required during the rehydration process
when an anion other than carbonate is to be incorpo-
rated. An anion such as tartrate, which has a strong
tendency to complex metal cations, cannot intercalate
into an LDH by the reconstruction method [41,323]. It
is difficult to obtain pure crystalline intercalated prod-
ucts because the lamellar structure of LDHs can often
only be partially restored during the reconstruction
stage [324].

It has been found that the extent of intercalation
observed using this method depends on the reaction
medium, the composition of the host layer, and the
geometric and electronic structures of the anions. Org-
anic chromophores [182], surfactants [311], 3-caprolactam
[312], a sulfonated spiropyran dye [315], the herbicide
glyphosate [316], naphthalene disulphonates [319],
metal complex anions [318,320,325], amino acids and
peptides [321], hexose [322], and even non-ionized
guest pentoses [314] have been incorporated into
LDHs using this method. W7O24

6� and [Cr(C2O4)3]
3�

intercalated MgAl-LDHs have been prepared by del
Arco et al. [278]. Li et al. [326,327] prepared benzoate,
phthalate, isophthalate, and terephthalate anion-inter-
calated MgAl- and ZnAl-LDHs. A study of [LiAl2
(OH)6](CO3)0.5$nH2O showed that the rate of recovery
of the LDH by hydration of a sample calcined at
220�C was faster than that of a material calcined at
820�C [328].

FIGURE 17.8 A schematic diagram of the calcination/recon-
struction method [328]. Reprinted from Progress in Organic Coatings 51
(2004), F. Wong, R.G. Buchheit, Utilizing the structural memory effect of

layered double hydroxides for sensing water uptake in organic coatings, pages

91e102, Copyright (2004), with permission from Elsevier.
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17.2.1.4. Hydrothermal Methods

Hydrothermal synthesis has been shown to be effective
for the intercalation of organic guest species with low
affinity for LDHs.When insolublemetal hydroxidesdfor
example Mg(OH)2 and Al(OH)3dare used as the inor-
ganic precursors, there is no chance of competition for
intercalation from anions in the precursor, ensuring
that the desired anion occupies the interlayer galleries
[329]. Single crystals of [Ca4Al2(OH)12]CO3$5H2O LDH
were synthesized by a hydrothermal process using Ca
(OH)2, Al(OH)3, and CaCO3 as precursors [79]. This
method has also been used to prepare a mesoporous
and fibrous LDH containing tetrahedrally coordinated
AlIII ion in the presence of dodecyl sulfate [330].

17.2.1.5. Pre-pillaring Method

The pre-pillaring method (also known as the pre-
intercalation method or the secondary assembly method) is
an anion-exchange method, and is a useful way to
prepare LDHs intercalated with bulky guest anions or
those with low charge density [331e333]. In such cases,
pre-intercalation by smaller guests is an effective way to
enlarge the interlayer space, and then the desired anions
can be subsequently intercalated into the interlayer
galleries by anion exchange [258].

C60 molecules [334] and polyethylene oxide [332] have
been introduced into LDH interlayer galleries by using
dodecyl sulfate pre-pillared LDH precursor. A three-
step process has been used for the immobilization of
penicillin G acylase (PGA) in the interlayer galleries of
LDHs [331]. Inorganic polyoxometalate-pillared LDH
derivatives have also been prepared using organic
anion-intercalated LDHs as precursors [241,302,303,333].
A dioxomolybdenum(VI) complex MoO2Cl2(THF)2 [99]
has also been intercalated into the interlayer galleries of
a ZnAl-LDH by using a 2,20-bipyridine-5,50-dicarboxylate
pillared LDH precursor. Tagaya et al. [335] achieved co-
intercalation of a photosensitizer, indole spirobenzopyr-
ansulfonate (SP-SO3

�) and p-toluenesulfonate LDHs by
this method. The pyran ring opening/closing intercon-
version of SP-SO3

� (stable in non-polar conditions) and
its photochemical product, merocyanine (MC) anions,
can be realized in this co-intercalated LDH under UV
irradiation.

17.2.1.6. Intercalation by Dissolution
and Re-coprecipitation

The dissolution and re-coprecipitation method
involves dissolution of the LDH in a solution of an
organic acid to form a transparent solution, which is
then added to an alkali solution resulting in the synthesis
of the organic carboxylate-intercalated LDH. Using this
method, competitive intercalation by carbonate formed
from atmospheric CO2 is not observed and pure and

crystalline products can be prepared without protection
by N2 or another inert atmosphere. This method is
not only suitable for the preparation of bulky anion-
intercalated LDHs, but is also an effective means of
pre-intercalation of the host layers of LDHs. Glutamate
[331], citrate, oxalate, tartrate, and malate intercalated
[336] LDHs have been prepared by this procedure.

17.2.1.7. Other Methods

Besides the methods for preparation discussed above,
various other methods have been developed for the
synthesis of LDHs. The salteoxide (or saltehydroxide)
method can be employed in the preparation of ZnCreCl-
and CuCreCl- [337,338], MgAl- [327,339,340], NiAl- and
NiFe- [341] LDHs. Using the microwave or ultrasound
aging methods [342], MgAl- and MgGa-LDHs can be
prepared rapidly and conveniently [343e345]. NiIIMIII

(MIII¼AlIII, CrIII, MnIII, and FeIII) [346] and FeIIFeIIIe
CO3-LDHs [347] have been prepared by electrochemical
synthesis. In situ oxidation can be employed to prepare
Mg0.3Co

II
0.6Co

III
0.2eNO3-LDH [348], MgFeIII- [349,350],

and MgMnIII- LDHs [208]. The template synthesis method
involves the growth of LDH crystallites in a solution of an
organic anion in the absence of CO2, and is suitable for
the intercalationeassembly of polymer anions
(e.g., polyethylene sulfonate, polypropylene sulfonate,
and polystyrene sulfonate) [250,266]. Water-in-oil
emulsions have been used as a soft template to synthesize
MgAleCO3-LDHs with a floccule or fiber-like mor-
phology [351]. The solegel method using nickel acetylacet-
onate and aluminum isopropoxide as precursors has
been employed in the preparation of Ni2.5Al-LDHs
with high surface areas [218,352]. The “chimie douce”
method employs a highly crystalline-layered g-oxyhydr-
oxide precursor and gives very crystalline LDHs with
controllable MII/MIII ratios. LDHs of the type [Ni1�x-

Cox(OH)2]Xx/n$mH2O (Xn�¼CO3
2�, SO4

2�, NO3
�, OH�)

[114,353] have been prepared using this method.

17.2.2. Control of the Chemical Composition
of LDHs

17.2.2.1. The Identities and Ratios of MII/MIII

in the Brucite Layers

A variety of naturally occurring minerals have the
LDH structure, such as the carbonate-containing LDHs
hydrotalcite and manasseite (Mg3Al-), sjogrenite and
pyroaurite (Mg3Fe-), stichtite (Mg3Cr-), takovite (Ni3Al-),
reevesite (Ni3Fe-), and sulfate-containing LDHs like
woodwardite (Cu2Al-). An often quoted empirical gener-
alization states that only six-coordinate MII and MIII

cations with their radius close to that of the MgII ion
(72 pm [354]) can enter the octahedral voids formed by
the hydroxyl groups and generate the brucite-like layers
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of LDHs [2e4,39,46]. CaII ion is an exception (ionic
radius, 100 pm), which can form a stable LDH layer
with AlIII [110,355]. Of the trivalent metal ions having
an ionic radius in the range 54e80 pm, only AlIII, CrIII,
FeIII, CoIII, and GaIII can form stable binary LDH layers
with divalent metal ions. Table 17.2 shows some combi-
nations of metal ions which are known to form LDH
layers [2,3]. Although they are unable to form a stable
binary LDH with one other metal ion, almost all of the
divalent and trivalent ions in the fourth and the fifth
periods, and some in the sixth period of the periodic
table may be introduced into the hydroxide layers to
a small extent in combination with a third (and some-
times fourth) ion to form ternary or quaternary LDHs.
For example, the molar ratio of CuII to the other divalent
metal ion should generally be no more than 1, in order to
generate a pure LDH structure [356e359], although there
are exceptions as noted earlier [52,53].

In general [2,3], the MII/MIII ratio of a pure LDH
phase ranges from 2 to 4, i.e., 0.25< x< 0.33. When
x< 0.1 or x> 0.33, MII(OH)2 or MIII(OH)3 impurity
phases will be precipitated, respectively [58,59,77,360].
Wider or narrower ranges of x for which pure phase
LDHs can be synthesized have been suggested for
some compositions of the layers, e.g., MgAleOH-
LDHs (0.25e0.44) [361], NiAleCO3-LDHs (0.17e0.33),
MgAleClO4-LDHs (0.20e0.33) [70], MgAleCO3-LDHs
(0.10e0.34) [2], and ZnCreCO3-LDHs (0.25e0.35)
[362]. As discussed above, an increasing number of
LDHs containing tetravalent metal cations such as SnIV

and ZrIV have also been reported [229,363]. FeII, CoII,
and MnII cations are easily oxidized to the correspond-
ing trivalent metal cations, and ternary LDHs containing
metal cations with different valences can be obtained by
controlling the synthesis conditions: examples include
MgCoIICoIII-LDH [348], MgMnIIMnIII-LDH [364], and
CoCuIIFeIII-LDH [51].

17.2.2.2. Incorporation of Noble Metal Ions
into LDHs

Introducing a small amount of noble metal cations
into the layers of a ternary or quaternary LDH should
not seriously affect its stability. Basile et al. [365] synthe-
sized a series ofMMgAl-LDHs (M¼ RhIII, IrIII, RuIII, PdII,

and PtII, 0.04e5.00 at.%) using coprecipitation at constant
pH 10.0. Apart from PtII, the other four noble metal ions
quantitatively entered the LDH layers according to their
proportion in the synthesis mixture. Qi et al. [366]
prepared NiAlMIII-LDHs (Ni/(AlþMIII)¼ 4, MIII¼Au
1.2 at.%, Ir or Rh 2.4 at.%) by using the same method.
Melo et al. [367] prepared ternary MIIMgAl-LDHs
(MII¼ PdII or RuII 0.4 at.%) at pH 13. By calcination
and/or reduction, noble metal catalysts can be prepared
using these ternary LDH precursors. In these catalysts,
the noble metal particles are uniformly dispersed, and
the thermal stability and specific surface area of the cata-
lysts are significantly higher than that of similar catalysts
prepared by the impregnation method [365]. The result-
ing loaded noble metal/LDH catalysts were active in
reactions such as CO2 reforming [368], methane oxida-
tion [369], Heck reactions [370], Guerbet condensation
[371], hydrogenation [372], and methanol steam reform-
ing for hydrogen production [366].

17.2.2.3. Metal Complexes in the Interlayer
Galleries

Another strategy to introduce noble metals into LDHs
is to intercalate their anionic complexes into the inter-
layer galleries. Highly dispersed catalysts such as M/
MgAlOx (M¼ Ru, Rh, Ir) with high catalytic activity
and CO selectivity in methane reforming were prepared
by calcination/reduction of a variety ofM(EDTA) chelate
anion-intercalated MgAleM(EDTA)-LDHs [373]. Car-
pentier et al. [374] obtained [PdCl2(OH)2]

2�-intercalated
MgAl-LDHs using the coprecipitation method at
pH 10. MgAlPd-LDHs calcined at 290�C exhibited high
catalytic activity and CO selectivity in toluene oxidation.
With the same method (pH 8.6), Sabbar et al. [375]
obtained materials with co-intercalated metal oxalate
complexes such as MgAle[Cu(C2O4)2/Pt(C2O4)2]-LDHs.
Francová et al. [372] obtained the co-intercalation of
(hydroxycitrato)palladium(II) anion and CO3

2� in
MgAlePd[(C6O7H3)OH]eCO3-LDHs by the anion-
exchange method. With the same method, Zhang et al.
[376] prepared a rhodium phosphine complex anion-
intercalated ZnAle[RhCl(CO)(P(m-C6H4SO3

�)3)2]-LDH.
Other transition metals can also be intercalated into
the interlayer galleries of LDHs, giving materials such
as the bis(oxalato)copper(II)-intercalated MgCuAl-LDH,
(citrato)nickel(II)-intercalated [377], and (nitriloacetato)
zinc(II)-intercalated MgAl-LDH [378].

17.2.3. Control of Mesomorphology of LDHs

17.2.3.1. Control of Particle Size

Controlled rapid nucleation and slow growth is the
key to prepare LDHs with small particle size. LDHs
prepared by the variable pH method have a small

TABLE 17.2 Combinations of MII and MIII Cations which give
Stable LDH Structures (The Shaded Boxes)

 MgII FeII CoII NiII CuII ZnII CaII LiI

AlIII

CrIII   
FeIII

CoIII

NiIII    
GaIII

InIII    
TiIV   
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particle size, typically on the nanoscale, due to the fast
nucleation resulting from coprecipitation at high super-
saturation. LDHs with slightly larger crystallite size can
be prepared by the constant pH method due to the slow
generation of new nuclei resulting from a low supersat-
uration state at all times. The SNAS method gives the
smallest particle sizes due to the high-speed (almost
instantaneous) nucleation step. If LDHs with small
particle size are required, crystallization should be
carried out at low temperature, and the crystallization
time should be limited.

The urea hydrolysis method is an ideal way to
prepare large-size LDH crystallites. The pH of the solu-
tion gradually increases and eventually reaches
a constant value of about 9, which is very suitable for
the growth of many different LDHs. The rate of decom-
position of urea can be controlled by adjusting the reac-
tion temperature, ensuring that the reaction system is in
a state of low supersaturation and slow nucleation, and
that most of the reactants are consumed in grain growth,
rather than in the formation of new nuclei. This method
is suitable for preparation of high charge density (low
MII/AlIII ratio) LDHs [258]. When the solubility of the
hydroxide MII(OH)2 is significantly less than that of
Mg(OH)2, LDHs such as ZnAl-LDHs and NiAl-LDHs
can be obtained with high layer charge densities by
using precursor solutions with low MII/Al ratios. The
urea hydrolysis method is not suitable for preparation
of LDHs precipitating at relatively high or low pH value
(e.g., CoAl-LDHs, MnAl-LDHs, or CoCr-LDHs) [379].

The LDHs produced by hydrothermal synthesis with
slightly soluble metal oxides or hydroxides as precur-
sors have a large particle size (a few microns), resulting
from heterogeneous nucleation and growth on the
surface of the metal oxide or hydroxide. The surface of
the metal oxide or hydroxide gradually hydrolyzes to
form a local supersaturation. Kovanda et al. [380] sub-
jected Mg2Al-CO3-LDHs to hydrothermal treatment at
180�C for 8 h, and the crystallite size of the product
increased to 800e1000 nm. In the non-equilibrium crys-
tallization method, the reactants are replenished during
the thermal crystallization process which results in
a non-equilibrium crystallization and large-size LDH
crystallites [255].

17.2.3.2. Control of Crystallinity

The degree of crystallinity of LDHs can be controlled
by adjusting the supersaturation during the nucleation
and crystal growth processes. The main factors affecting
the supersaturation degree are temperature, pH value,
and reactant concentration. In the variable pH method,
a high supersaturation state leads to the generation of
new nuclei at a faster rate than crystal growth, which
gives products with low crystallinity containing impuri-
ties. The constant pH method ensures an appropriate

and stable degree of supersaturation, and the MII/MIII

ratio varies over a narrow range and can be modified
within a certain range by regulating the pH value. The
optimal pH values for precipitation vary widely. For
example, ZnAl-LDHs can be prepared in the pH range
7e9, whereas ZnCr-LDHs and NiCr-LDHs require pH
values of 4.5e5 and w11.5, respectively. Hibino et al.
[217] prepared MgAleCO3-LDHs using the constant
pH method (pH 10, 70�C) without any treatment at later
stage, and obtained a very poorly crystalline flaky
powder with a grain diameter of 25e50 nm. When
precipitated at the same pH and temperature of 40�C,
followed by aging at 70�C for 40 h, hexagonal LDH
platelets with a size of 40e120 nm were obtained [134].
In general, when several metal ions coexist in solution,
the pH value for coprecipitation is different from the
respective pH values for the precipitation of each metal
ion alone. The pH value to prepare MgAleOH-LDHs
ranges from 7.7 to 8.5 [381], different from that for Mg
(OH)2 (9.5) and Al(OH)3 (4.0e4.5) [2]. Table 17.3 shows
the pH values required for the coprecipitation of some
cations to form LDHs. It is very important for the
synthesis of highly crystalline LDHs to select the appro-
priate ratio of metal ions and anion to be intercalated
and their concentrations. Suitable ratios for the value
of x are typically in the range 0.17e0.34, and the ratio
of the concentration of the intercalated anion to that of
MIII (An�/MIII) is (1/n e 1) [359]. The concentration of
metal ions can range from 1 mmol/L to 1 mol/L, and
lower concentrations of metal ions result in larger
LDH particle sizes.

TABLE 17.3 The pH Values Required for Coprecipitation
of Some LDHs

Metal cations

Interlayer

anions pH

Molar ratio

R[MII/MIII

ZnII, AlIII Cl� 7.0 1.0�R� 5.0

ZnII, AlIII Cl� 10.0 1.0�R� 3.0

ZnII, AlIII CO3
2� 9.0 1.7�R� 2.3

MgII, AlIII CO3
2� 8.0 1.0�R� 3.0

NiII, AlIII ClO4
� 10.0 1.0�R� 3.0

ZnII, CrIII Cl� 4.5 Rz 2.0

ZnII, CrIII Cl� 10.0 2.0�R� 3.0

NiII, CrIII Cl� 11.5 1.0�R� 3.0

NiII, CrIII CO3
2� 13.0 1.0�R� 2.0

CuII, CrIII Cl� 5.5 1.6�R� 2.3

MgII, FeIII CO3
2� e 2.7�R� 5.6

CoII, FeIII Cl� 9.0 1.8�R� 4.0

CoII, FeIII CO3
2� 9.0 1.0�R� 3.0
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17.2.4. Control of the Macromorphology
of LDHs

17.2.4.1. Three-dimensional Framework Structure

With polystyrene (PS) microspheres as the template,
Géraud et al. [382e384] prepared open-framework
structures of LDHs by coprecipitation. In the SEM image
shown in Fig. 17.9, the regular arrangement of macro-
scopic pores obtained after removal of the template
can be clearly observed. The resulting 3D macroporous
LDHs exhibit higher activity for the photodegradation
of 2,6-dimethylphenol than LDHs prepared by conven-
tional routes.

17.2.4.2. Hollow and Solid Spherical Particles

Recently, Li et al. [385] reported the preparation of
hollow spherical particles of LDHswith PSmicrospheres
as the sacrificial template (Fig. 17.10). In the preparation
process, the delaminated MgAl-LDH monolayers were
assembled with poly(sodium 4-styrene sulfonate) (PPS)
using layer-by-layer (LBL) techniques on the PS micro-
spheres to achieve a PS@(LDH/PPS)20 composite with
a coreeshell structure which was calcined at 480�C to
remove the organic species and then rehydrated in
humid air to reconstruct the LDH structure.

Gunawan et al. [386] prepared dodecyl sulfonate
(DS)-intercalated MgAleDS-LDH microspheres under
rapid agitation in an ethylene glycol/methanol mixed
solvent. The product had a unique coral-like solid spher-
ical morphology (Fig. 17.11), which is related to the self-
assembly of the LDH nanosheets under the action of the
solvent mixture.

Wang et al. [387] reported the preparation of LDH
solid spheres with diameters of tens of microns by
spray-drying methods (Fig. 17.12). The method is simple

and can easily be scaled up for industrial production of
LDHs.

17.2.5. Fabrication of LDH Films

17.2.5.1. Colloidal Deposition Methods

Various ways of preparation and deposition of LDH
colloidal nanoparticles with a narrow size distribution
have been devised [388e391]. Itaya et al. [388] ultrason-
ically agitated LDH particles prepared by a coprecipita-
tion method followed by high-speed centrifugation.
The as-prepared LDH nanoparticles homogenously
dispersed in the supernatant were deposited on SnO2

electrodes to form an LDH film with a thickness of ca.
100 nm. Lee et al. [389,390] ultrasonically dispersed
LDH nanoparticles treated under hydrothermal condi-
tions in a butanol/isopropanol mixture, and then fabri-
cated compact monolayer LDH films on an Si substrate
(Fig. 17.13). 1,10-Sebacate anions may be intercalated
into the LDH film by a solvothermal anion-exchange
reaction, to give a hybrid coating. With a coprecipitation
method, Roto et al. [391] and Qiu and Villemure [392]
prepared NiAl-LDHs and NiFe-LDHs, which were
deposited on the surface of an Au electrode to form
a type of clay-modified electrode.

17.2.5.2. Solvent Evaporation Method

The solvent evaporation method is a common colloidal
deposition method for the preparation of LDH films
[235,393,394]. Gardner et al. [235] reported that when
alkoxide-intercalated LDH gels with a particle size of
8e10 nm were subjected to solvent evaporation at
room temperature, continuous transparent LDH films
were formed. Iyi et al. [395] coated exfoliated acetate-
intercalated MgAl-LDH colloids on a substrate to form

(a) (b)

FIGURE 17.9 SEM micrographs of LDH-PS composite materials (a), and the resulting macroporous LDH obtained after removal of the PS
template (b). Reprinted with permission from [383]. Copyright 2006 American Chemical Society.
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an MgAleAcO-LDH film after vacuum drying. Self-
supporting MgAleAcO-LDH films (areas of up to
10e20 cm2, and thickness of 10e25 mm), with a certain
extent of flexibility, could be obtained by exfoliation
from the hydrophilic substrates such as polyethylene
and polypropylene. Wang et al. [396] prepared a suspen-
sion of colloidal LDH nanoparticles using the SNAS

method, which after deposition on glass afforded a trans-
parent and continuous LDH thin film with high degree
of orientation. Li et al. [397] subsequently showed that
large area and continuous composite metal oxide films
and macroporous spinel films with a (111) orientation
could be obtained by calcination of these (00l)-oriented
NiAleNO3-LDH films at different temperatures.

(a) (b)

FIGURE 17.10 SEM micrographs of PS@(LDH/PPS)20 (left, center) and a high-resolution TEM micrograph of the LDH hollow shell (right).
From [385]. Reproduced with permission from The Royal Society of Chemistry.

(a) (b) (c) (d)

FIGURE 17.11 SEMmicrographs of MgAleDS-LDHs prepared under different crystallization conditions: (a) 100 �C, 18 h; (b) 120 �C, 18 h; (c)
150 �C, 4 h; and (d) 150 �C, 8 h. [386] Reproduced by permission of The Royal Society of Chemistry.

FIGURE 17.12 SEM micrographs of LDH solid spheres with different compositions produced by spray-drying: (a) NiAl-LDHs, (b) ZnAl-
LDHs, (c) CuZnAl-LDHs ((Cuþ Zn):Al¼ 2) and (d) CuZnAl-LDHs ((Cuþ Zn):Al¼ 3). Reprinted with permission from [387]. Copyright 2008

American Chemical Society.

(a) (b) (c) (d)

FIGURE 17.13 (a) MgAl-LDH powder; (b, c) MgAl-LDH monolayer film; (d) MgAl-LDH film after intercalation by 1,10-sebacic acid.
Reprinted with permission from [389]. Copyright 2004 American Chemical Society.
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17.2.5.3. Layer-by-layer Assembly Method

Electrostatic layer-by-layer (LBL) assembly is one of the
most widely applied technologies to fabricate ultrathin
film (UTF). UTFs can be fabricated on various shapes
and sizes of substrates, and the film composition and
thickness can be controlled [398e402]. The positively
charged host layers of LDHs can be exfoliated to obtain
dispersed nanosheets [403], which are ideal building
blocks for constructing composite UTFs. LDH nano-
sheets have been deposited alternately with polystyrene
sulfonate (PSS), or polyacrylic acid (PAA), on a nega-
tively charged substrate, resulting in LDH/polyelectro-
lyte hybrid UTFs. Liu et al. [404] obtained (CoAl-LDH/
PSS) composite UTFs showing a magneto-optical effect
by LBL assembly. (Mg2/3Al1/3(OH)2/Ti0.91O2)n and
(Mg2/3Al1/3(OH)2/Ca2Nb3O10)n inorganic composite
UTFs were also prepared by LBL self-assembly [405].
Zhang et al. [406] assembled the positively charged
LDH nanosheets obtained by exfoliating a lactic acid-
intercalated LDH, with the negatively charged layered
MnO2 nanosheets to form (LDH/MnO2)n composite
UTFs. Wang et al. [407] deposited exfoliated CoAl-
LDH nanosheets on indium tin oxide (ITO) glass to
obtain an electrode material. Yan et al. [408] used
the electrostatic LBL method to assemble sulfonated
derivatives of poly(p-phenylene) (APPP) and poly(p-
phenylenevinylene) (APPV) with exfoliated MgAl-
LDH nanosheets in order to fabricate APPP/LDH
UTFs showing blue luminescence and APPV/LDH
UTFs showing orange luminescence (Fig. 17.14). The
presence of inorganic LDH monolayers improves the
thermal and optical stability of the interlayer anionic
polymers. Yan et al. also demonstrated an example of

ordered periodically stacked UTFs based on the anionic
complex tris(1,10-phenanthroline-4,7-diphenylsulfo-
nate)ruthenium(II), [Ru(dpds)3]

4�, and LDH mono-
layers by using the LBL method. The stepwise and
regular deposition procedure resulted in almost equal
amounts of [Ru(dpds)3]

4� being incorporated in each
cycle [157].

17.2.5.4. In Situ Growth Method
(surface synthesis)

In the in situ growth method, the substrate not only
serves as a matrix for attaching the LDH particles, but
is also directly involved in the reaction as a precursor
for the LDH. The resulting LDH film is linked to the
substrate by strong chemical bonding. In 1983, Mok
et al. [409] synthesized NiAl-LDHs by in situ synthesis
on the surface of a-Al2O3 with urea or ammonia as
a precipitator. Schaper et al. [410] obtained NiAl-LDHs
in the pores of an Al2O3 support. Clause et al. [411,412]
prepared CoAl-, NiAl-, or ZnAl-LDHs on g-Al2O3 by
regulating the pH value through bubbling ammonia
into the solution. Mao et al. [413] and Zhang et al.
[414] prepared NiAl-LDHs in situ on the surface and
in the pores of spherical g-Al2O3.

The in situ growth of LDH films can be achieved on
an anodized aluminum surface. Anodizing leads to
a coating of porous anodic alumina (PAO) with regular
vertical channels. The Al(OH)4

� ions adsorbed on the
alumina surface constitute the active centers, which
induce the heterogeneous nucleation and growth of
the LDH on the surface. The in situ growth of LDH on
the alumina surface ensures a strong chemical interac-
tion between the alumina and LDH films. Using such
in situ growth techniques, Chen et al. [415] showed
that an anodized aluminum matrix acted as both
substrate and aluminum source in the preparation of
a highly oriented NiAleCO3-LDH film with the (00l)
planes of the LDH perpendicular to the substrate
(Fig. 17.15). LDH films with controllable nano- and
micrometer composite structures can be achieved.
Zhang et al. [416] prepared a ZnAleNO3-LDH precursor
film on the same PAO/Al substrate. Laurate (La) anions
can be intercalated into the ZnAl-LDH interlayer
galleries to afford ZnAleLa-LDH thin films with
superhydrophobic properties (Fig. 17.16). The resulting
LDH film gives a high corrosion resistance. Standard
tests showed that the film is strongly bound to the Al
matrix, so that the film has the required long-term
stability for practical application as a corrosion resistant
coating.

Leggat et al. [275,417] prepared an [LiAl2(OH)6]NO3

thin film on an aluminum alloy surface. Gao et al. [418]
fabricated ZnAl-LDH films on a glass substrate coated
with an aluminum layer. Lei et al. [419] obtained LDH
thin films by hydrothermal in situ crystallization on

FIGURE 17.14 (a) The chemical formula of APPP. (b) A repre-
sentation of one sheet of an MgeAl layered double hydroxide
(MgeAl-LDH; purple: Al(OH)6 octahedra; green: Mg(OH)6 octa-
hedra). (c) Assembly process for (APPP/LDH)n UTFs.
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the surface of sulfonated polystyrene. Lei et al. [420] also
reported the fabrication of uniformly distributed LDH
thin films with an upright platelet morphology on the
surface of sulfonated polystyrene. The as-prepared
LDH thin film has strong adhesion to the substrate
and a high degree of orientation (Fig. 17.17). The mech-
anism of the growth of MgAleCO3-LDH film on the
negatively charged surface of the polystyrene substrate

has been analyzed in detail [420]. The growth of the film
can be divided into three stages: the adsorption and
enrichment of metal ions, supersaturation and nucleation
of the LDH, and the gradual growth of LDH nuclei. The
surface sulfonate groups play an important role in both
the heterogeneous nucleation and the film growth of
the LDH on the surface of the substrate. The sulfonate
group becomes the interlayer anion of the LDH layers

FIGURE 17.15 SEM micrographs of the in situ growth of an NiAl-LDH film on PAO/Al: (a) top view, (b) enlarged view of (a), (c) cross-
section view and the corresponding depth-scanning energy dispersive spectra (EDS).

FIGURE 17.16 (a) SEM image of the ZnAleLa-LDH/Al film and the contact angle photograph of a water droplet on the surface; (b) the
polarization curve (vs SCE) of the ZnAleLa-LDH/Al film in 3.5% NaCl aqueous solution at room temperature for 30 min: (a) bare Al substrate,
(b) PAO/Al substrate, (c) ZnAleNO3-LDH film, d) PAO/AleLa film, e) ZnAleLa-LDH film, f) ZnAleLa-LDH film after immersion for 21 days.
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and is the bridge between the polystyrene matrix and the
LDH and ensures a strong interaction. However, this
preparation method for preparing LDH films gives rela-
tively low yields, because of the homogeneous precipita-
tion of a large amount of LDH powder.

Both LDHs and their calcined products show good
catalytic performances in a variety of reactions such as
epoxide polymerization, aldol condensations, alkoxylation

reactions, and transesterification reactions. Lü et al. [421]
prepared an MgAl-LDH film on an anodic aluminum
oxide (AAO)/Al substrate by this method. After a calci-
nation/rehydration process, the film showed excellent
catalytic activity in the self-condensation reaction of
acetone (Fig. 17.18). The method provides a new ap-
proach to integrate LDHs as an active component into
a structured catalytic reactor.

(a) (b) (c)

(d) (e) (f)

FIGURE 17.17 SEMmicrographs showing the in situ growth of an MgAl-LDH thin film on a polystyrene substrate: (A) 1 h; (B) 24 h; (C) 48 h;
(D) 72 h; (E) 120 h; and (F) 168 h. [420]. Reprinted from Chemical Engineering Science 62 (2007). Zhi Lü, Fazhi Zhang, Xiaodong Lei, Lan Yang, David G.

Evans, Xue Duan. Microstructure-controlled synthesis of oriented layered double hydroxide thin films: Effect of varying the preparation conditions and

a kinetic and mechanistic study of film formation, pages 6069e6075, Copyright (2007), with permission from Elsevier.
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FIGURE 17.18 (a) SEM image of the product obtained after rehydration of the MgAleCO3-LDH film calcined at 500 �C for 8 h, and (b) the
conversion rate in the self-condensation of acetone at 0 �C with freshly activated (A), and five-times cycled (B) rehydrated LDH/AAOs (acetone/
LDH films¼ 2 mol/0.5 m2) as a catalyst [421]. Reprinted from Chemical Engineering Science 63 (2008), Zhi Lü, Fazhi Zhang, Xiaodong Lei, Lan Yang,
Sailong Xu, Xue Duan, In situ growth of layered double hydroxide films onanodic aluminum oxide/aluminum and its catalytic feature in aldol condensation of

acetone, pages 4055e4062, Copyright (2008), with permission from Elsevier.
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17.2.5.5. LangmuireBlodgett (LeB) Method

LangmuireBlodgett technology [422e427] is based on
the adsorption and arrangement of amphiphilic mole-
cules at a gaseliquid interface, and molecular combina-
tions with a specific spatial order can be realized at the
substrate surface [422,423,428]. He et al. obtained
amphiphilic RuII complex/LDH composite LeB films
at a gaseliquid interface and on the surface of mica
[426]. He et al. [427] also deposited stearate/MgAle
CO3-LDHs films on a mica substrate.

17.2.5.6. Spin-coating Method

The spin-coating method is a simple, convenient, and
rapid method for the preparation of uniform films with
large area and varying thickness on any flat substrate.
Zhang et al. [429] deposited exfoliated colloidal LDH
nanoparticles on a magnesium alloy surface by this
method and the thickness of the LDH film increased
linearly with increasing concentration of the LDH
colloid.

17.3. ASSEMBLY CHEMISTRY OF ANION-
INTERCALATED LAYERED MATERIALS

17.3.1. Intercalationeassembly Concepts

17.3.1.1. Selection of Intercalated Guests

In the LDH structure, the host layers are positively
charged, and must be balanced by the interlayer anions
to maintain charge neutrality. LDHs have the ability to
incorporate simple organic (e.g., carboxylate, sulfonate
anions), simple inorganic, hetero-/iso-polyoxometalates
(e.g., Mo7O24

6�, V10O28
6�, PW11CuO39

6�, SiW9V3O40
7�,

etc.), metal complex anions (e.g., Zn(BPS)3
4�, Ru

(BPS)3
3� (BPS¼ 4,7-diphenyl-1,10-phenanthrolinedisul-

fonate), etc.), polymer anions (e.g., polyacrylic acid,
polyvinyl sulfonate, polyaniline sulfonate, etc.), and
even biological guests, such as drug molecules, amino
acids, nucleotides, DNA, di-peptides, enzymes and
proteins with appropriate charge density and ionic
volume. The ion-exchange capacity (IEC) of anions
has a positive correlation with their charge density;
when the charge density is the same, the smaller the
diameter of the anion, the larger the IEC. For instance,
some bulky organic dye anions with sulfonate groups
can still be intercalated into LDHs by the ion-exchange
method due to their high charge densities [430].

17.3.1.2. Driving Force for Intercalationeassembly

The main driving force for intercalationeassembly is
the hosteguest interaction between the hydroxyl layers
and interlayer anions. In early studies, the intercala-
tioneassembly process was mainly regarded as being
driven by the hosteguest electrostatic interactions. Since

the LDH host layer is positively charged, in theory all
anions (including organic, inorganic, and biological
anions) can interact with the LDH through electrostatic
interaction. For organic anions, the protonation which
takes place under acidic conditions will reduce the elec-
trostatic interaction between the anion and LDH layers,
making the organic anions de-intercalate from the inter-
layer galleries.

There is an extensive network of hydrogen-bonding
interactions between the guest anions and water mole-
cules in the interlayer galleries and/or between the
guest anions and themetal hydroxyl groups of the layers
[431]. For example, H2O molecules and O atoms of
CO3

2� anions are distributed near the axis of the
hydroxyl group of the adjacent layers [2] and CO3

2�

and �OH are connected by hydrogen bonding [8,432].
The thickness of the interlayer hydrogen-bonding zone
is reported to be ca. 0.27� 0.1 nm [41], and this value
has often been used to derive a model of an intercalated
structure [247,433]. Studies have shown that covalent
bonds can form between the LDH hydroxyl layers and
the guest anions, which thus become grafted to the
layers. For example, ZnAl-LDHs can be structurally
recovered in aqueous solution from calcined LDHs,
and then become hydrophobic after surface modifica-
tion through esterification [317,434].

17.3.2. LDHs as Molecular Vessels
and Molecular Reactors

17.3.2.1. Molecular Vessels

LDHs are biocompatible and have been used as
a matrix for stabilization and controlled release of phar-
maceuticals such as antipyretic, analgesic, and anti-
inflammatory drugs [435]. In general, most biological
molecules and drugs are chiral molecules, and only
one chiral enantiomer has the desired performance
and efficacy, while the other is ineffective and may
even have undesirable side-effects. Therefore, it is
important to preserve the chiral characteristics of these
substances. When chiral guest anions are intercalated
into the interlayer galleries of LDHs, their racemization
can be inhibited significantly, and their thermo- and
photostability can be enhanced greatly due to the hoste
guest and guesteguest interactions. Furthermore, the
host layers of LDHs can block UV irradiation, which
further enhances the photostability and preserves the
optical activity of guest anions. Therefore, the interca-
lated LDH systems can be employed as a “molecular
vessel” to enhance the stability of guest molecules
with respect to racemization and decomposition by pro-
tecting them from the environment [223,273]. L-Tyrosine
(4-hydroxyphenylalanine, represented as L-Tyr) is
a non-essential amino acid, the lack of which in humans
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can lead to the symptoms of dysthymia and mental
depression. We have studied the influence on the rate
of racemization when L-Tyr is intercalated in NiAl-,
MgAl-, and ZnAl-LDHs by the coprecipitation method
[436]. Compared with free L-Tyr molecules, the rate of
racemization of the intercalated L-Tyr was significantly
reduced on exposure to sunlight, ultraviolet irradiation,
or high temperatures, as shown in Fig. 17.19. LDHs can
therefore effectively preserve the properties and perfor-
mance of the intercalated guest species, and can be
regarded as “molecular vessels”.

Generally, to have maximum performance, drug
molecules should be continuously transported to the
target site with a controlled rate, and should be
administered in a form which maintains an appropriate
therapeutic drug dose over a period of time [437]. Inter-
calation of drug molecules (e.g., diclofenac sodium,
ibuprofen, naproxen, etc.) in LDHs affords an effective
controlled release system, in addition to stabilizing the
drug during storage [271,438,439].

Various other studies have shown how the thermal
stability of a species may be increased by intercalation
in LDHs. Wei et al. intercalated naproxen drug mole-
cules (Fig. 17.20A) into the interlayers of MgAl-LDHs
by the ion-exchange method [270]. The intercalated nap-
roxen began to decompose at 250�C and underwent
a structural change at 300�C. In contrast, the free
naproxen decomposed at 170�C.

Meng et al. [440] have intercalated the herbicide
glyphosate anion (gly, Fig. 17.20B) in Mg-Al LDHs
by a coprecipitation method, in order to obtain a gly-
phosate-release agent. When the intercalated MgAle
gly-LDHs was exposed to the atmosphere, the interca-
lated glyphosate was gradually deintercalated from
the interlayer galleries because the ubiquitous carbonate
ions have stronger affinity for LDHs than glyphosate,
and result in a slow release of the glyphosate. Zhang
et al. [441] intercalated the antihypertensive drug,

captopril (Fig. 17.20C) in MgAl-LDHs. The thermal
stability of the intercalated product was enhanced
significantly compared with the free drug, due to the
hosteguest interactions in the LDH intercalate.

The molecular vessel characteristics of LDHs are also
highlighted when a second host species is intercalated in
the interlayer galleries, when the recognition and inter-
action between the host and guest molecules can take
place within a limited space, and the stability and selec-
tivity of the host molecule are enhanced. Cyclodextrin is
a cyclic oligosaccharide that contains a donut-shaped
non-polar ring. Cyclodextrin and its derivatives can
accommodate various organic or inorganic guest mole-
cules in their cavity [442e444], and form inclusion
compounds. Wei et al. [269] studied the molecular struc-
ture and thermal decomposition behavior of the sul-
fonated cyclodextrin (CD-SO3

�) intercalated in LDHs.
The CD-SO3

� anions aligned to form a single-layer,
with the direction of their cavity axis perpendicular
to the host layer of LDHs and the sulfonate groups of
adjacent CD moieties alternately interacting with the
upper and lower host layer of the LDH. The thermosta-
bility of the intercalated CD-SO3

� was significantly
enhanced, with its combustion temperature being
increased by about 250�C compared to the free CD-
SO3

� salt. Cyclodextrin and its derivatives intercalated
in LDHs can be used as a new stationary phase for
liquid chromatography [445], which has a high degree

FIGURE 17.19 Left plot: The relationship between optical activity and exposure time to sunlight. (a) L-tyrosine; (b) NiAleL-tyrosine-LDH;
(c) MgAleL-tyrosine-LDH; (d) ZnAleL-tyrosine-LDH. Middle plot: the relationship between optical activity and time of exposure to heat.
(a) L-tyrosine; (b) NiAleL-tyrosine-LDH; (c) MgAleL-tyrosine-LDH; (d) ZnAleL-tyrosine-LDH. Right plot: The relationship between optical
activity and temperature. (a) L-tyrosine; (b) NiAleL-tyrosine-LDH; (c) MgAleL-tyrosine-LDH; (d) ZnAleL-tyrosine-LDH [436]. Reproduced by

permission of The Royal Society of Chemistry.

FIGURE 17.20 Molecular structrues of (A) naproxen, (B) glyph-
osate, (C) captopril
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of chiral selectivity and low leaching. This is due to the
interlayer confinement effect of the LDHs, the rigidity
and stability of the layers and the molecular recogni-
tion properties of the intercalated CD-SO3

� guest,
which can enhance its working temperature range
and enable it to be applied to a wider range of chiral
analysis problems.

DNAwas successfully intercalated into Mg2AleNO3-
LDH through an anion-exchange reaction to form
a DNAeLDH nanohybrid as a DNA vessel [272].
Circular dichroism (CD) spectroscopic studies indicate
that the B-type DNA molecules are electrostatically
bound in the interlayer of LDHs, and the intercalated
DNA molecules are more or less twisted due to the
charge mismatch between anionic DNA and cationic
LDH. Since the as-prepared LDH particles (80, 150,
300 nm) are smaller in size than the DNA molecules,
some parts of the intercalated DNA chains dangle
outside the host LDH layer, and are decomposed
quickly by DNase I. The remaining DNA strands pro-
tected by LDH layers can be recovered by treating
with an acidic solution to dissolve the LDH host.

17.3.2.2. Molecular Reactors

L-Cysteine and L-cysteine intercalated MgAl-LDHs
have been prepared by coprecipitation. It was found
that L-cysteine is oxidized to L-cystine by some oxidants
(e.g., H2O2), just as in solution, whereas the intercalated
L-cysteine was oxidized by Br2 to the single product of
cysteic acid, irrespective of the amount of oxidant,
which is contrast to the case in solution, where the
oxidation product of L-cysteine is related to the
consumption of Br2. This discrepancy is closely related
to interlayer diffusion process of Br2 molecules, which
is the rate-limiting step of the oxidation reaction. The
proposed reaction mechanism is shown in Fig. 17.21
[446].

Wei et al. [447] intercalated methyl methacrylate
(MMA) into the interlayer ofMgAl-LDHs by a coprecipi-
tation method and heated the intercalated product to
obtain the polyanion-intercalated LDH by in situ
thermal polymerization in the interlayer galleries (see
Fig. 17.22).

Under N2 protection, the intercalated m-aminobenze-
nesulfonate (m-NH2C6H4SO3

�) anion can be thermally
polymerized in situ at 300�C, which results in polyani-
line (PANI)/LDH nanocomposites [448]. After polymer-
ization at 300�C, the UVevisible absorption spectra
of the composites showed a strong absorption band
at 296 nm corresponding to the pBepB) transition
absorption of the benzene-type polyaniline. After poly-
merization at 320�C, the pBepQ) absorption of the
quinone-type of PANI appeared at 550 nm which
showed that the intercalated polyaniline existed in its
highest oxidation state. Semi-empirical PM3 calculations
suggested that two types of dimer structure, namely
(a, b) and (N, N) (Fig. 17.23), are closest to the experi-
mental results. Shichi [449] intercalated the vinyl
benzoate, p-benzene diacrylate into the interlayer of
LDHs by the anion-exchange method, and achieved
interlayer polymerization of the organic anions.

A wide variety of methods are available for the syn-
thesis of LDHs. For example, hydrothermal synthesis
gives pure phases with high crystallinity allowing

FIGURE 17.21 Oxidation of L-cysteine intercalated in an LDH host by H2O2 (A) and Br2 (B). Reprinted with permission from [446]. Reproduced
with permission from The Royal Society of Chemistry

FIGURE 17.22 The in situ polymerization product of PMMA/
MgAl-LDHs. [447]. Reprinted from Solid State Communications 130
(2004), Wei Chen, Li Feng, Baojun Qu, In situ synthesis of poly(methyl

methacrylate)/MgAl layered double hydroxide nanocomposite with high

transparency and enhanced thermal properties, pages 259e263, Copyright
(2004), with permission from Elsevier.
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accurate structural information to be obtained, whereas
coprecipitation is generally more appropriate for
preparing LDHs for use as catalysts or catalyst precur-
sors. Colloidal deposition, solvent evaporation, and
layer-by-layer assembly methods can be employed for
the fabrication of LDH films. The structure of LDHs
allows them to be used as “molecular vessels” and
“molecular reactors”.

LDHs are one of the most technologically promising
inorganic layered materials, due to the microscopic
controllability of their layer chemical composition, the
microscopic controllability of the nature and amount
of interlayer anions, and the mesoscopic controllability
of their crystallite size and size distribution. Even
though much work of academic and commercial interest
on LDH materials has been carried out, still more prob-
lems remain to be solved in order to fully exploit their
potential applications.
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[96] C. Taviot-Guého, F. Leroux, C. Payen, J.P. Besse, Appl. Clay Sci.
28 (2005) 111e120.

[97] H. Roussel, V. Briois, E. Elkaı̈m, A. de Roy, J.P. Besse, J.P. Jolivet,
Chem. Mater. 13 (2001) 329e337.

[98] F. Leroux, M. Adachi-Pagano, M. Intissar, S. Chauvière,
C. Forano, J.P. Besse, J. Mater. Chem. 11 (2001) 105e112.

[99] S. Gago, M. Pillinger, A.A. Valente, T.M. Santos, J. Rocha,
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Electrochim. Acta 46 (2001) 1815e1822.
[348] H.C. Zeng, Z.P. Xu, M. Qian, Chem. Mater 10 (1998)

2277e2283.
[349] H.C.B. Hansen, C.B. Koch, Appl. Clay Sci. 10 (1995) 5e19.
[350] H.C.B. Hansen, C.B. Koch, R.M. Taylor, J. Solid State Chem. 113

(1994) 46e53.
[351] J. He, B. Li, D.G. Evans, X. Duan, Colloid Surf. A Physicochem.

Eng. Aspects 251 (2004) 191e196.
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A composite material is usually superior in property
as compared to the individual components from which
the composite is formed, and therefore it is preferable
to obtain composites through various strategies. Among
the composite materials, those formed from a porous
host and guest species have been attracting increasing
interest because of their unique functions and their great
potential in practical applications. Depending on the
nature of the porous host, the technique to introduce
a guest into the host is varied. Within the pores of the
host, the guest species may interact with each other or
with the pore walls of the host in a way distinct from
that outside the pores. Furthermore, it is possible to
obtain new entities with unusual physicalechemical
properties and these entities cannot be prepared outside
the host pores.

Porous materials include conventional zeolites which
are crystalline aluminosilicates with a pore diameter less
than 1.5 nm. Many zeolite-related materials including
crystalline porous aluminophosphates, and mesoporous
materials have also been invented in the past after the
discovery of zeolites. These porous materials as well as
the conventional zeolites have been successfully used
in a variety of fields such as ion exchange, gas separa-
tion, adsorption, and catalysis. However, in the past
decades many efforts have been directed toward the
use of zeolites and related materials as host to prepare
hosteguest composites. Especially the mesoporous
molecular sieves announced in 1990s provided new
hosts for hosteguest assembly. The compositions and
structures of zeolitic materials are versatile and in prin-
ciple, it is possible to encapsulate a particular guest
species using a special zeolite host. In return, through
variation of the guest species and the assembly
approaches, various guest matters, which may exhibit
versatile chemicalephysical properties, can be prepared.
As the diameters of the channels and cages in zeolites

fall into the category of nanometer scale, the guest
particles confined in a zeolite should also be nano-
meter sized and this lays foundation for the chemical
preparation of guest species with quantum size effects
[1,2]. In general, the hosteguest composite materials
based on porous hosts can be classified as five major
categories. The first category includes composites of
zeolites with encapsulated metal clusters or metal ion
clusters and occasionally in the clusters there are
nonmetal ligands such as carbonyl groups. The second
category concerns the hosteguest composite materials
of zeolites and dye molecules. The third category
involves polymers or carbons such as fullerenes and
carbon nanotubes in zeolitic materials. Whereas the
fourth category consists of inorganic semiconductor
particles in the channels and cages of zeolites and the
fifth includes metal complexes encapsulating zeolites.
These hosteguest materials not only exhibit interesting
chemicalephysical properties but also show great appli-
cation potential in various areas. For example, when
metal complexes and clusters are bonded to zeolite
supports, they may combine the technological advan-
tages of solid catalysts with the selectivity of soluble
molecular catalysts [3].

18.1. METAL CLUSTERS IN ZEOLITES

18.1.1. Preparation Approaches of Metal
Clusters

Two general approaches can be used to prepare metal
clusters in zeolites: (i) involves direct evaporation and
deposition of metals into the pores of zeolites; and (ii)
is to load the metal-containing precursors to the zeolite
pores followed by formation of metal clusters in the
zeolite pores through decomposition or reduction [4].

405Modern Inorganic Synthetic Chemistry, DOI: 10.1016/B978-0-444-53599-3.10018-6 Copyright � 2011 Elsevier B.V. All rights reserved.



According to the preparation techniques used, these two
approaches can be further divided into following sub-
approaches.

18.1.1.1. Metal Salt Impregnation and Reduction

A solution of the metal salt is prepared and thor-
oughly mixed with the corresponding zeolite. In this
way, the metal salt will penetrate into the zeolite pores.
After impregnation the solid zeolite is dried, calcined,
and reduced in gaseous hydrogen to form metal clus-
ters in zeolite pores. The metal salts used are usually
chlorides, nitrates, or carboxylates. The impregnation
method is suitable for the following cases: (a) zeolites
which lack or have low ion exchange capacity; (b) the
loaded metals (such as Mo) that are present as anions
that are not able to be ion exchanged into the zeolite
pores; and (c) generation of protons needs to be
avoided because H2-reduction after ion exchange
usually produces protons in the zeolite channels. In
some cases, the combination of the impregnation and
the ion exchange methods may reduce the reduction
temperature rendering the formation of metal clusters
easier.

18.1.1.2. Adsorption and Decomposition
of Metal Compounds

Organometallic and metal-carbonyl compounds can
be introduced into the zeolite pores through vapor depo-
sition or through solution adsorption. After entering
into the pores, these precursor compounds can be
decomposed through thermal treatment or other physi-
calechemical methods to form metal clusters in the
zeolite pores. This technique requires that the precursor
molecules should be smaller than the pore diameter so
that they are able to diffuse inside the pores. In addition,
the vapor pressure of the precursors should not be too
low because otherwise the evaporation cannot proceed
smoothly. During decomposition, formation of interme-
diates which can diffuse outside the zeolite channels
should be avoided and the decomposition of organic
ligands should not lead to easily depositing species to
block the zeolite channels.

18.1.1.3. Preparation through Metal Vapor

For metals with a relatively high vapor pressure, it is
possible to load the metal clusters into the zeolite pores
through direct evaporation. Rabo et al. first reported the
preparation of neutral or ionic sodium clusters through
contact of carefully dehydrated zeolites with sodium
vapor in vacuum. In fact, besides metal itself, some
compounds such as NaN3 can also be used as the metal
sources. The apparatus for the preparation of zeolite-
encapsulated metal clusters through the vapor prepara-
tion method [5] usually consists of the vacuum pumping
system, the valves, the joints, and the tube reactor.

18.1.1.4. Ion Exchange and Reduction

This technique is commonly used for preparation of
metal clusters in zeolite pores. First, the metal ions are
exchanged into the zeolite pores and then these metal
ions are reduced through various chemicalephysical
approaches to form metal clusters. The reduction of
the ion-exchanged zeolites is usually realized/accom-
plished through thermal treatment in H2 atmosphere
and to avoid diffusion of the reduced metal atoms to
condense outside the zeolite pores, the reduction
temperature should be as low as possible depending
on the reducibility of the metal ions. In some cases, in
vacuum or in an inert atmosphere, thermal treatment
will lead to spontaneous reduction of the exchanged
metal ions to form metal atoms. The presence of extra-
framework molecules or ions may facilitate this sponta-
neous reduction.

18.1.2. Alkali Metal Clusters

18.1.2.1. Preparation of Alkali Metal Clusters

Previously, the formation of ion clusters in zeolites
was realized through physical approaches, for instance,
g-ray irradiation or high-frequency ultraviolet irradia-
tion of cations in zeolites. In 1965, Kasai et al. reported
that after g-ray irradiation of dehydrated NaY zeolite
in vacuum, the obtained pink sample showed electron
spin resonance signals. The signal splitting indicates
the presence of Na4

3þ metal clusters in the zeolite. Later
on, Rabo and coworkers discovered that the exposure of
NaY to sodium vapor at 580�C resulted in the same
species. But in this case the sample was bright red in
color, suggesting that the metal cluster concentration
was relatively high.

In 1984, Edwards et al. reported the formation of
Na4

3þ in zeolites Y and A and the formation of K4
3þ

in Kþ-exchanged zeolite Y. Later on, they found that
if the zeolite was NaY, the formed metal ion clusters
are Na4

3þ no matter what (Na or K) the reaction
vapor was, whereas if the zeolite used was K-Y, the
obtained metal clusters will be K4

3þ. That is, the
formed metal cluster species is not related with the
vapor but simply depends on the type of the cations
in the zeolite used. After the alkali metals enter the
channels or cages of zeolites to form metal ion clus-
ters, the electrons on the original metal atoms will
be released to be shared by more than one metal
atom. It has been confirmed that these free electrons
actually occupy the holes formed by the metal atoms
(ions). Therefore, these electrons are also called solid
solvated electrons (in analogy with the solvated elec-
trons formed by alkali metals in solvents such as
liquid ammonia [6]) and the formed compounds are
called solid electrides.
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18.1.2.2. Location of Alkali Metal Ion Clusters

Either in sodalite, zeolite A or in zeolite Y, the Na4
3þ

formed gives rise to identical ESR spectra, indicating
that the Na4

3þ ion cluster is located in the same microen-
vironment as in the sodalite cage. The sodalite cage of
zeolites A and X can also accommodate K3

2þ ion cluster.
Relevant studies indicate that other ion clusters can also
form in the sodalite cage. However, alkali metals with
a larger radius such as Rb and Cs would exist in
different structural forms when they form ion clusters.
For instance, Cs4

3þ clusters in the sodalite cages of
zeolite A may be connected with one another to form
a chain structure. It is also proposed that in the sodalite
cages the clusters may not be isolated but interact with
the ions or ion clusters in neighboring cages to form
ion cluster groups. When the content of Na metal in
a zeolite is very high, the composite becomes black.
Under this circumstance, the ESR fine structure disap-
pear and only one broad signal with g¼ 2 shows up.
This phenomenon arises from the electron exchange
because the metal ion clusters in adjacent sodalite cages
of the zeolite get very close to one another. Potassium
has been loaded in zeolites LiX and LiA [7] and the
as-prepared hosteguest composites have been eluci-
dated via 133Cs NMR and ESR spectroscopy. It is found
that at low Cs loadings, the isolated Cs cations are
present whereas at higher loadings Cs clusters are
formed in the cages of the zeolites.

18.1.2.3. Metal Ion Cluster Crystals and Cation
Continuum

For samples with a sodium concentrationwhich is not
too low, the ESR spectrum of Na/NaY shows no fine
structure of Na4

3þ but a single line without fingerprints.
Initially, Edwards et al. thought that this single line arises
from themetal nanoparticles in the zeolite. But the subse-
quent study indicated that this single line might origi-
nate from the interaction between adjacent Na4

3þ ion
clusters. Through ab initio molecular dynamic modeling
calculations, Ursenbach et al. confirmed this postulation.
The calculation suggested that the extent of interactions
between Na4

3þ clusters in adjacent sodalite cages of
NaY is comparable to the reciprocal of observed 23Na
ultrafine coupling constant of Na4

3þ. In this case, if
each ion cluster has at least one adjacent ion cluster, the
disappearance of the ultrafine structure of ESR spectrum
becomes obvious. On the basis of detailed investigation
in the structures of metal ion-containing zeolites,
Armstrong and coworkers pointed out that there exist
Na4

3þ interaction networks in zeolites.
The distance betweenmetal ion clusters and the orien-

tation of the clusters in zeolite cages depends on the
zeolite host and as a result the three-dimensional arrays
can be described in different ways. They can be called

cluster crystals or superlattices. The Na/NaY cluster
crystal is formed by accommodation of one Na4

3þ cluster
in each sodalite cage. Because the Na4

3þ cluster can be
present in zeolites with different structures [8e11], it is
possible toprepare cluster crystalswithvariousgeometric
arrangements. In these cluster crystals, the centered
cubic array formed by the encapsulation of sodalite
framework is the simplest and it exists in the hosteguest
compound designated “black sodalite” [12,13].

18.1.2.4. Properties of Alkali Metal Clusters

Na4
3þ cluster can reversibly absorb O2 and form O2

�

ion in NaY [14]. Other molecules such as SO2, N2, Ar, Kr,
CO, CO2, NH3, benzene, n-hexane, and haloalkanes also
interact with these metal clusters [15,16] and as a result,
the metal clusters may catalyze the chemical reactions
involving these molecules. In principle, the metal clus-
ters in the zeolite channels and cages may act as basic
catalysts. Martens et al. investigated [17] the catalytic
performance of sodium clusters in zeolites A, X, and Y
for the isomerization reaction of cis-2-butene and for
the hydrogenation reaction of cis-2-butene, acetylene,
and benzene. Later on, Hannus et al. [18] also reported
the catalytic performance of sodium clusters in a series
of Y zeolites for 1-butene isomerization and they
proposed that in this catalytic reaction process the
butane isomerization intermediate is a carbanion
because of the basicity of the metal clusters. Simon
et al. reported that [19] in NaX the Na6

5þ clusters could
facilitate the isomerization of cyclopentene to propene.
The metal ion clusters formed by pyrolysis of NaN3 in
the cages of zeolite can catalyze branch-alkylation of
toluene and the aldehyde condensation of ketones.

Because cation-containing zeolites such as NaX can
adsorb a large amount of alkali metals to form metal
clusters, a large number of extra electrons in unit volume
can be produced in the compounds. When the concen-
tration of these extra electrons reaches a certain value,
it is possible for the metal cluster-containing hosteguest
material to undergo transition from insulator to
conductor. In particular, when there are crystallograph-
ically one-dimensional channels, the one-dimensional
metal clusters formed may become quantum wires
[20e-23]. In 1997, Anderson et al. reported that [21]
when more and more extra electrons are introduced
into the zeolite hosts, some zeolites indeed show
increase in electric conductance. The K/K-A hosteguest
compound exhibits interesting ferromagnetic behavior
[24] and this magnetism may be related with the forma-
tion of superlattice [25].

18.1.3. Metal Clusters of Silver

In 1962, Ralek et al. [26] reported that after dehydra-
tion/rehydration treatment, the silver-exchanged zeolite
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A changed fromwhite (hydrated) to yellow to orange and
finally to brick red in color. In 1977, Kim and Seff [27]
observed similar phenomenon for Ag-A single crystal
when carefully treated at 400�C and on the basis of XRD
analysis they revealed that after dehydration there exist
Ag6

0 metal clusters in the Ag-A zeolite. Later, Jacobs
et al. [28] revealed that Ag3

2þ clusters may be present in
the zeolite. In the absence of coordination water mole-
cules, isolated Ag0 atoms do not actually exist because
isolated silver atoms are paramagnetic and theoretically
they may be detected through ESR spectroscopy. Never-
theless, the compounds show no ESR signals. Therefore,
it is concluded that the Ag0 atoms formed through reduc-
tion interact with one another to form metal clusters [29].
In zeolites, silver clusters can also be obtained through
reduction of the silver ions in the zeolites using alkali
metals. Through H2-reduction, silver atom clusters or
ion clusters with various sizes can be prepared using
Ag-A or AgNa-A zeolites. In some cases, these clusters
show ESR signals indicating that there exist unpaired
electrons. By means of physical methods such as ray irra-
diation, paramagnetic silver metal clusters may also be
acquired at low temperatures [30,31].

Because in zeolites the silver clusters change their
color when in contact with water, it has been suggested
that these compounds may be used as water vapor
sensing materials. Ozin et al. [32] observed the vapor-
pressure chromic, cathode-ray chromic, water chromic,
photochromic, and thermochromic properties for silver
sodalite and they proposed that these compounds hold
promise for use as sensors. In addition, the silver clus-
ters in zeolites are also sensitive to other molecules
and therefore they have great potential as chemical-
sensing materials. Silver nanoparticles have also been
confined within the channels of selectively grafted mes-
oporous silica SBA-15 [33]. The as-formed Ag-SBA-15
exhibits an excellent electrocatalytic activity toward the
reduction of hydrogen peroxide.

18.1.4. Noble Metal Clusters

Differing from alkali metal ion clusters, the zero-
valence noble metal clusters prepared through encapsu-
lation in zeolites not only vary considerably in size range
but also in the number of atoms contained in the cluster.
For example, small-angle X-ray scattering (SAXS) and
transmission electron microscopic (TEM) analyses indi-
cate that the Pt-Y zeolite prepared through hydrogen
reduction at 300�C contains Pt metal clusters with
a diameter of 0.6e1.3 nm [34,35]. Furthermore, TEM
structure analysis reveals that almost all the Pt clusters
are smaller than the size (1.2 nm) of the supercage of
zeolite Y and the particles are homogeneously distrib-
uted in the zeolite. It is reasonable to believe that these
Pt clusters are located in the supercages of the Y zeolite

[36]. The number of atoms in each cluster is probably 40
and the cluster is accommodated in the faujasite super-
cage in the form of a truncated tetrahedron. Of course,
under different preparation conditions, other Pt clusters
may also form in the sodalite cages of the Y zeolite or on
the external surface of the crystal. It is claimed that
a high dispersion of platinum to predominantly mono-
atomic particles in the cavities of NaX zeolite has been
realized through impregnation and thermal decomposi-
tion of the Pt(II)-acetylacetonate [37].

Pd2þ ion and its reduced atom have a mobility in
zeolite higher than the corresponding Pt2þ and Pt. As
a result, it is difficult for all the preparedPdmetal clusters
to be located in the supercages of the hosteguest Pd-Y
zeolite. In general, smaller Pdmetal clusterswith a diam-
eter of 0.6 nm can be formed in the supercages of zeolite
Y under mild conditions. Pd-exchanged NaY zeolites
have been prepared [38] and used for catalytic Heck
coupling reactions. Other noble metal (Ru, Rh, Os, Ir)
clusters in zeolite Yprepared through ion exchange and
hydrogen reduction method are usually smaller than
the Pt cluster prepared under similar conditions. Some
noblemetal (Ru, Ir) clusters can also be obtained through
loading of metal-carbonyl compounds in zeolite pores
followed by pyrolysis.

The carbonyl metal cluster anions of Ru such as [Ru6C
(CO)16]

2� and [H2Ru10(CO)25]
2� can be loaded in meso-

porous molecular sieves through direct absorption from
organic solvents. Because the hydroxyls in the meso-
pores are able to interact with the carbonyl group of
the cluster anions through H-bonding, the two species
are attracted to each other and the cluster anions are
bound in the mesopores tightly. High-resolution elec-
tron microscopy clearly shows that the metal cluster
anions are arrayed in the MCM-41 channels [39]. Shep-
hard et al. [40] prepared a bimetal complex of Ag and
Ru and introduced this complex into the channels of
MCM-41 through adsorption. The subsequent thermal
treatment of the composite material converts the bimetal
complex to metal nanoparticles. It is revealed that the
metal nanoparticles are attached onto the channel walls
of the mesoporous host with the silver atoms being
closer to the SiO2 wall. It is found that the bimetal cluster
particles in the mesoporous channels are catalytically
active for hydrogenation reactions. A series of bimetallic
nanoparticles have been anchored within mesoporous
silica hosts and the hosteguest composites exhibit
high catalytic activities and high selectivities [41] in
a number of hydrogenations at low temperatures.

The reaction of trimethoxysilane with the SBA-15
molecular sieve leads to formation of a silane-modified
mesoporous host and through impregnation metallic
rhodium particles may be introduced [42] into the chan-
nels of the mesoporous host (Fig. 18.1). The metal parti-
cles are firmly bound to the mesoporous host and the as-
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formed composite material shows high catalytic activity
for the Heck coupling reaction. Gao and coworkers [43]
grafted a branched polymer onto the walls of the meso-
porous SBA-15 and they used this polymer-grafted SBA-
15 to trap Pd particles. They discovered that the nano-
composite is a good catalyst for hydrogenation and the
catalytic selectivity of the material is much superior to
the conventional Pd/Al2O3 catalyst. Furthermore, the
composite catalytic system shows excellent stability
and recyclability. After storing for several months or
many cycles of catalytic testing, the catalytic perfor-
mance of the material remains almost unchanged. The
polymer molecules grafted on the mesoporous channels
play a role not only in the stabilizing of the Pd nanopar-
ticles but also in facilitating their catalytic performance.

18.1.5. Other Metal Clusters

The mercury-exchanged zeolite X can adsorb a large
quantity of mercury vapor to form Hg2

2þ and/or
Hg(xþ2)

2þ species in the cages of the zeolites. When
Cd-A reacts with cadmium vapor, Cdn

2þ (n¼ 2e4)
and Cd5

4þ clusters [44e46] form in the zeolite, as
revealed by structure and spectroscopic analysis.
Cadmium and zinc react with H-Y to form Cd2

2þ

and Zn2
2þ cationic clusters [47,48]. The reports on

other zeoliteemetal cluster hosteguest compounds
are very rare. On the basis of single crystal X-ray
diffraction analysis, Heo et al. pointed out that
[49,50] it is possible to grow In5

8þ and In3
2þ ion clus-

ters in zeolite A. Univalent Znþ ions [51] in the
SAPO-CHA pores can be prepared when zinc vapor

reacts with the small-pore H-SAPO-CHA (chabazite
structure) molecular sieve. Furthermore, trisulfur
anionic radicals, which are chromogenic, have been
formed through reaction of vaporized sulfur with
univalent zinc in the Znþ-containing SAPO-CHA
(Fig. 18.2). It is found [52] that the sulfur radicals are
accessible to guest molecules and respond uniquely
to water molecules and as a result the radical-contain-
ing composite material may be used to detect trace
amounts of H2O efficiently on the basis of color varia-
tion. It is revealed that when water molecules are
allowed to interact with the trisulfur radicals, the elec-
trons on the radicals are transferred to the water mole-
cules and correspondingly the color of the radicals is
changed from deep blue to light yellow. The adsorp-
tionedesorption of water in the SAPOeCHA material
with sulfur radicals is reversible so that a convenient
system based on the composite material for water
detection may be fabricated.

After grinding of the mixture of hydrated cobalt
nitrate [Co(NO3)2$6H2O] and NaX, the cobalt nitrate
can easily enter the pores of the X zeolite. In cobalt
nitrate-loaded NaX zeolite upon heating at 60�C, the
cobalt nitrate decomposes to form Co3O4. If this
hoste guest material is further heated in H2 atmosphere
at 550�C, the cobalt oxide located in the zeolite would be
reduced to cobalt atoms which undergo coarsening to
form cobalt metal clusters [53]. However, X-ray diffrac-
tion and electron microscopy analysis indicate that the
particle size of the cobalt clusters reaches 15e25 nm,
much larger than the supercage size of the X zeolite.

FIGURE 18.1 Schematic representation for the Rh nanoparticles
attached on the external and internal surfaces of SBA-15 mesoporous
host [42].

FIGURE 18.2 Schematic representation of encapsulation of a S3
molecule in the cage of Zn-containing SAPO-CHA. Reproduced with
permission from The Royal Society of Chemistry [52].
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Further inspection reveals that the cobalt metal clusters
are not dispersed on the external surface of the zeolite
crystals but homogeneously distributed in the bulk of
the crystals. The only explanation on this phenomenon
is that there exist a large amount of defects in the zeolite
crystals and the cobalt metal clusters are accommodated
in these defects.

18.1.6. Clusters of Metal Oxides

Lanthanide-exchanged zeolite Y can be used as high-
performance petroleum refinery catalysts after calcina-
tion. The thermal stability of this catalyst is very high
and this high thermal stability may originate from the
charged O-bridged lanthanide metal clusters formed in
the sodalite cages of the zeolite [54,55]. On the basis of
XRD analysis, Park and Seff [56] pointed out that in
the sodalite and supercages of completely dehydrated,
partially dehydrated, and anhydrous LaX zeolites there
exist various metaleoxygen cluster ions. A typical
example is the La4O4

4þ cluster located in the sodalite
cage. Similar Pb4O4 cluster can also be formed in zeolite
A. In fact, this Pb4O4 cluster can further interact with
Pb2þ or Pb4þ ions to form larger clusters such as
Pb8O4

pþ. It has been evidenced that in sodalite there
exists Pb2(OH)(H2O)3

3þ [57]. When zeolite Y with
adsorbed Fe(CO)5 is thermally treated under O2 atmo-
sphere, Fe6On clusters are formed and in these clusters,
the Fe occupies the vertex of an octahedron [58]. The
interaction of dehydrated Zn-A with Zn vapor results
in body-centered cubic Zn9On

pþ clusters. In fact, in these
clusters there may exist ZneZn bonds because of O defi-
ciency [59].

Li and Shi [60] successfully prepared a hosteguest
composite formed by incorporation of nanometer-sized
MgeAl layered double hydroxide (LDH) in a mesopo-
rous material. This composite exhibits high catalytic
activity as a basic catalyst. The size of the LDH nano-
meter particles is not larger than 9 nm and the particles
contain rich active sites which render the composite
material superior in catalytic performance.

18.2. ENCAPSULATION OF DYES
IN ZEOLITES

In solutions, dye molecules aggregate even at
very low concentrations. After aggregation, the energy
of excited dye molecules can be released easily through
thermal relaxation and therefore, their optically
active properties cannot be realized. If the dye molecules
are dispersed in the zeolite pores, the aggregation of
molecules can be avoided and as a result the dye
molecules may exhibit excellent optical activities such
as lasing [61].

There are four approaches to load dyes in porous
molecular sieves: (i) direct ionic exchange for cationic
dyes [62], (ii) vapor phase deposition [63], (iii) crystalli-
zation encapsulation [64], and (iv) precursor in situ
synthetic method [65]. Hoppe et al. [66] successfully
loaded methyl blue into zeolite NaY through ionic
exchange and crystallization encapsulation methods.
X-ray structure analysis indicates that in the hosteguest
material prepared through ionic exchange, the dye
molecule is located at the center of the supercage of
the zeolite; whereas in the compound prepared via the
crystallization encapsulation technique the dye mole-
cule is close to the opening window of the supercage.

If detemplated AlPO4-5 crystals are directly mixed
with solutions of dye molecules, the dye molecules
will enter the channels of the molecular sieve with the
solvent molecules. After separation and drying of the
obtained solid material, the solvent molecules will
vaporize and the dye molecules will be attached in the
channels of the microporous crystals. Rurack et al.
investigated the loading of 2,20-dibyridine-3,30-diphenol
dye molecules into AlPO4-5 molecular sieve and the
spectral properties of the formed hosteguest composite
[67]. It is found that the hosteguest material exhibits
intense fluorescence and the crystal displays optical
anisotropy. The optical anisotropy indicates that the
guest dye molecules loaded in the host channels are
arranged linearly. Nevertheless, there is a tilting angle
between the axis of the guest dye molecule and the
running direction of the crystal channel. Proflavin is
a commonly used luminescent dye molecule. It is some-
what basic and as a result this molecule is able to interact
with proton to form a salt. Protonated proflavin can be
exchanged into the pores of zeolites Y and L [68]. The
fluorescent intensity of the proflavin dye molecules
loaded in a zeolite increases with loading amount but
decreases when the concentration reaches a certain
value because when the dye molecules get too close to
one another, self-quenching occurs. In zeolite L the pro-
flavin molecules are present in both monoprotonated
and di-protonated forms and the luminescent intensity
is high, whereas in zeolite Y, the proflavin molecules
are mainly monoprotonated.

By adding a small amount of pyridine 2 dye mole-
cules into the synthetic system for AlPO4-5, Vietze
et al. [69] obtained a composite of AlPO4-5 crystals
with the encapsulated dye molecules. The diameter of
the dye molecule is about 0.6 nm and the molecule
can just be accommodated in the one-dimensional
channel of the AlPO4-5 crystal. It is believed that the
chain direction of the dye molecules is parallel with
the axis of the zeolite molecular sieve, i.e., the dye mole-
cules are arranged along the microporous channels of
the molecular sieve. The zeolite-dye hosteguest
composite obtained through this method exhibits
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apparent optical anisotropy and the crystal displays
thermoelectrical properties, suggesting that the dye
molecules in the AlPO4-5 channels are oriented not
only along the channel direction but also in a head-to-
tail manner. When pumped with an Nd:YAG laser, the
dye-containing AlPO4-5 exhibits intense fluorescence.
Spectral analysis indicates that the fluorescent emission
peak is narrow and in some cases several lines appear,
whereas some crystals give only one single line. The
lasing behavior of the dye/AlPO4-5 composite suggests
that this hosteguest composite can be used as solid
laser [70].

This approach of preparation of microlaser through
loading of dyes in regular channels is also valid for mes-
oporous materials. Yang et al. [71] and Wirnsberger and
Stucky [72] used a similar method and successfully
loaded dye molecules in mesoporous silica to form
microlaser material. With block copolymer as template,
Vogel et al. [73] successfully loaded rhodamine 6G dye
molecules into mesoporous titania. Due to dispersion
effect of the block copolymer, the loaded 6G molecules
in the mesoporous material overcame aggregation and
as a result, they exhibited superior laser emission prop-
erties. These mesoporous hosteguest materials can form
films and through lithography they can be patterned.
Therefore, these materials may find applications in fabri-
cation of microlasers and other optically active devices.
Besides dye molecules, other luminescent matters can
also be loaded into zeolite channels to form laser mate-
rials. For instance the loading of Nd3þ complexes in
nanosized zeolite cages leads to a hosteguest composite
material that emits intensely in the near-infrared region
[74]. The loading of rhodamine dye molecules in micro-
porous and mesoporous molecular sieves results in
sensing material. For example, after grafting onto the
channel walls of the mesoporous MCM-41, rhodamine
B sulfonate (Rh B-sulfo) shows fluorescent spectrum
very sensitive to SO2 molecule [75].

Calzaferri et al. assembled various dye molecules in
zeolite L taking advantage of the wide channels of this
zeolite and they found that these multi-component
dyes exhibit efficient energy transfer properties as
guests in the channels. They also called these hosteguest
systems zeolite antennae [76,77]. In another work,
Calzaferri and coworkers [78] prepared oriented mono-
layers of zeolite L crystals which have their channels
perpendicular to the surface of the substrate (Fig. 18.3).
Subsequently, they inserted dyes into the open channel
ends and tested the energy transfer of the hosteguest
composite. The external acceptor or donor stopcock
dye at the channel ends traps electronic excitation
energy from donor molecules or injects it to an acceptor
inside the channels. The well-organized hosteguest
material offers possibilities for developing photonic
devices.

In another approach, pyronine molecules were
loaded in the central part of zeolite L microcrystal
whereas oxinine molecules were accommodated at the
ends of the zeolite channels [79]. In this case, because
the absorption and emission wavelengths of pyronine
are shorter than those of oxinine, after excitation of pyro-
nine upon light absorption, the energy will be trans-
ferred among different pyronine molecules along the
zeolite channel and finally the energy will be transferred
to the oxinine molecules at the ends of the zeolite crystal
where the energy will be released through spectral emis-
sion. Calzaferri et al. also suggested that if the double-
dye-molecule-loaded zeolite crystal is attached onto
the surface of a semiconductor, it is possible that the
energy will be transferred from the dye to the semicon-
ductor, achieving the goal of exciting semiconductor
with short wavelength light.

Bussemer et al. reported the loading of neutral dye
molecules in the channels of zeolite L and performed
quantum chemical study on the hosteguest interactions
[80]. The guest dye molecules show emission properties
in zeolite L comparable to that of solution. Matrix rank
analysis of the emission spectra reveals that there are
three contributing pieces, whereas quantum chemical
calculations provide different conformations depending
on the Si/Al distribution of the framework and the
extraframework cations and protons. Hashimoto et al.
[81] applied fluorescence microscopy and confocal laser
scanning microscopy techniques for the observation of
space-resolved pictures of the distribution and chemical
reaction of fluorescent dyes inside zeolite crystals.

In some cases, when the size of dye molecules is
similar or larger than that of the pores of a microporous
crystal, it is difficult to realize the hosteguest assembly
through direct loading. Nevertheless, an alternative
approach is to load the dye molecules into a larger
pore zeolite followed by alteration of the host zeolite
structure through chemicalephysical techniques and
in this way larger dye molecules can be loaded into
smaller-pore zeolites. For instance, under mild condi-
tions methyl blue and perylene can be loaded into
VPI-5 which is converted to AlPO4-8 after thermal treat-
ment at 120�C. This thermal treatment of the hosteguest

FIGURE 18.3 Organization of hosteguest functional dyeezeolite
crystals in oriented monolayers [78].
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material will lead to an AlPO4-8 with the guest dye
molecules tightly confined in the framework of the
newly formed host [82].

Microcrystalline AlPO4-5 possesses one-dimensional
circular channels that are suitable for loading chain
organic molecules. When optically active organic mole-
cules are orderly arranged in the AlPO4-5 channels,
they may exhibit special properties and functions.
para-nitroaniline has relatively large dipole moment
and it shows nonlinear optical properties. However,
the crystal formed by p-NA molecules possesses
symmetry center and therefore, the crystal exhibits no
nonlinear optical property. To take advantage of the
special feature of p-NA molecule, it is necessary to array
these molecules in the three-dimensional space in such
a way that no symmetry center arises. Zeolite Y has
a symmetry center and therefore, loading of p-NA in
zeolite Y cannot lead to nonlinear optical materials.
However, AlPO4-5 crystal structure has no symmetry
center and if p-NA is loaded in AlPO4-5 it is possible
to form a hosteguest material that shows nonlinear
optical properties. This has been proved true. Through
a vapor transport deposition technique, p-NA can be
loaded in the one-dimensional channels of AlPO4-5
[83,84]. The guest molecules can be arranged in the
channels in two different manners. One is that the p-
NAmolecules are positioned head-to-tail to form a chain
structure in the channel, whereas in another manner,
there are weak interactions among the p-NA molecules
and the molecules are similar to those in a molten state
of para-nitroaniline. However, in the second case, the
p-NAmolecules in the AlPO4-5 channels are still arrayed
rather orderly. If the loading amount of p-NA in AlPO4-5
is small, there are no H-bonds between the p-NA mole-
cules and the obtained hosteguest composite shows no
second-order nonlinear optical properties (second
harmonic generation, abbreviated as SHG). When the
loading amount reaches a certain value, the hosteguest
composite exhibits apparent second harmonic genera-
tion and infrared spectroscopy indicates that in this
case there are strong H-bonding interactions between
the p-NA molecules in the channels. p-NA/AlPO4-5
hosteguest composite can exhibit not only nonlinear
optical properties, but also thermoelectricity [85].

The loading of dye molecules in zeolites can also
result in spectral hole-burning material. Hole burning
is defined as the phenomenon of absorption intensity
decrease at the irradiation laser frequency when a mate-
rial is irradiated with a laser light. Spectral hole burning
can be observed at low temperatures when thionine and
methyl blue are loaded into zeolite X or Y through ion
exchange [86]. The hole-burning frequency of the thio-
nine/Y hosteguest composite is 605.05 cm�1 and the
highest hole-burning temperature is 13 K. A higher
hole-burning temperature (about 80 K) has been

observed for the composite formed by loading of phtha-
locynine dye in zeolites [87].

18.3. POLYMERS AND CARBON
MATTERS IN ZEOLITES

18.3.1. Polymers in Zeolites

The organic monomers adsorbed into zeolite pores
can easily undergo polymerization to form polymers
under proper conditions [88,89]. Attention has been
attracted by polymeric materials with conducting prop-
erties in microporous and mesoporous molecular sieves.
These polymers may exist as single chains due to the
confinement of zeolite pores and therefore they are
very important for investigation in physico-chemical
properties of polymers and for miniaturization of elec-
tronic devices. When acetylene molecules are adsorbed
into zeolites, they may polymerize under appropriate
conditions to form polymeric fragments with conjugated
double bonds [90]. In zeolites, the polymerization of
monomers sometimes requires the presence of oxidizing
agents. For instance, Cu2þ and Fe3þ exchanged into the
pores of zeolites Y and mordenite can act as an oxidant
to facilitate the polymerization of the successively
adsorbed pyrrole or thiophene, forming polypyrrole or
polythiophene [91e93]. Further oxidation of polypyr-
role will render the polymer chains electrically conduc-
tive. Another common oxidant for polymerization is the
water-soluble persulfate. Usually oxidation polymeriza-
tion occurs when a zeolite with adsorbed monomers is
mixed with persulfate. Through this approach polyani-
line [94] can be prepared in zeolites mordenite and Y.
The electrically conductive properties of polyaniline
are closely related with the extent to which the molecule
is oxidized and protonated and as a result, the structure
and composition of the zeolite host may affect the prop-
erties considerably.

Using zeolites as a host template, acrylonitrile mono-
mers can polymerize to form polyacrylonitrile in the
zeolite channels [95]. First, the zeolite is dehydrated
through evacuation followed by contact of the dehy-
drated zeolite with the vapor of liquid acrylonitrile
monomers and then the monomers will be adsorbed
into the zeolite channels through diffusion. Polyacrylo-
nitrile encapsulated in the zeolite framework can be
obtained by appropriately heating the mixture of the
acrylonitrile monomer-containing zeolite, persulfate,
and sulfite solutions. After formation of the hosteguest
material, the zeolite framework can be removed through
dissolution in HF solution and the remaining polymer is
characteristic of the normal polyacrylonitrile on the
basis of analysis results. It has been found that the poly-
merization of acrylonitrile differs in zeolites with
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different structures. Moller et al. [96] investigated the
formation of polymethylmethacrylate (PMMA) through
polymerization of methylmethacrylate (MMA) in chan-
nels of microporous crystals including NaY, mordenite,
zeolite b, ZSM-5, and mesoporous molecular sieves
such as MCM-41 and MCM-48. MMA in zeolites can
also polymerize as acrylonitrile and with the increase
in the host channel size the polymerization degree is
enhanced. Electron microscopic observation indicates
that the polymerization reaction proceeds mainly inside
the zeolite channels, because almost no polymers are
observable on the external surface of the zeolite parti-
cles. This is further confirmed by the fact that the poly-
mer/zeolite composite lacks the characteristic glass
transition temperature for a bulk polymer.

When the suspension of dehydrated H-Y zeolite in
dichloromethane is mixed with vinyl ether, the latter
will enter the channels of the zeolite rapidly and
undergo polymerization to various degrees [97]. Protons
are present in H-Y and these protons may destroy the
ether bonds of the vinyl ether, resulting in the formation
of polyethylene cations on the polymer chains. The pres-
ence of the polyethylene cations causes the hosteguest
composites to show various colors. The Na/H ratio in
H-Y and the substituent groups on the vinyl ether influ-
ence the behavior of the polymerization reaction and the
length of the polyethylene cations to a great extent.

18.3.2. Preparation of Carbon Matters
in Zeolites

Porous carbon can be prepared by using zeolites as
the host materials. First, organic species such as acrylo-
nitrile [95], polyacrylonitrile [98], polyfurfuryl alcohol
[99], or phenolic resin [100] are loaded into zeolite chan-
nels and then the loaded organic species are carbonized
through pyrolysis; the carbonized composites are mixed
with an acid solution to dissolve the inorganic substrate
and carbon molecular sieves are formed consequently.
The zeolites used include zeolites Y, mordenite, b, and L.
By varying organic species and preparatory conditions
various porous carbon materials can be obtained. Except
for a few examples, the pore structures of the porous
carbons prepared through this approach are not uniform
and therefore, these porous carbons cannot be used as
molecular sieves as the zeolites do. Through similar
techniques, porous carbons can also be achieved using
non-one-dimensional pore mesoporous molecular
sieves, but in this case the obtained porous carbons
have a pore size falling into the range 5e10 nm. Further-
more, unlike the porous carbons obtained frommicropo-
rous zeolites, the porous carbon materials obtained
from mesoporous molecular sieves possess uniform
pore structures and sizes [101e103]. Actually this type
of porous carbons can be classified as molecular

sieves because of their pore uniformity and they may
exhibit chemicalephysical properties different from
those of other porous materials. For instance, platinum
nanoparticles can be homogeneously dispersed onto
the internal surface of these uniform-pore carbon molec-
ular sieves [104].

If one-dimensional channel mesoporous molecular
sieves are used as host for preparation of carbonmatters,
the obtained carbon is usually of linear structure
because the carbon matter grows only in the one-
dimensional channels and their interconnection to
form a three-dimensional network is not possible. Wu
and Bein [105] reported evaporation of acrylonitrile
monomers into mesoporous molecular sieves at room
temperature followed by polymerization of the mono-
mers in the presence of a catalyst. The hosteguest
composite after polymerization underwent pyrolysis
at various temperatures, forming one-dimensional
graphitic matter distributed in the mesoporous chan-
nels. These graphitic species can be regarded as one-
dimensional conducting wiles and the experimental
results indicate that the one-dimensional carbon/
MCM-41 possesses electrical conductivity. The zeolite/
polymer hosteguest precursor for preparation of porous
carbon can also be obtained through direct contact of
monomers in a carrier gas with zeolite molecular sieves
followed by polymerization. For example, propylene
can enter into zeolite Y under the carriage of N2 and
polymerize to form polypropylene. After pyrolysis, the
polypropylene undergoes carbonization and the host
zeolite framework of the carbonization product can be
removed by dissolution in acids, leaving carbonmaterial
with characteristic pores [106].

It is also possible to prepare photoluminescent carbon
nanoparticles in zeolite host materials. Using a magne-
sium-substituted aluminophosphate with a chabazite
structure (MAPO-44) as the host, highly photolumines-
cent carbon nanoparticles have been obtained [107]
through thermal decomposition of the occluded template
or loaded organic molecules. The resulting composite
containing carbon nanoparticles (C-MAPO-44) can be
excited by a broad range of light in the ultraviolet region
and the emission wavelength is tunable through varying
the thermal treatment condition. It is demonstrated
that the emission wavelength is dependent on the carbon
content in the composite material and the higher the
content, the longer the emissionwavelength. Correspond-
ingly, upon excitation at a single UV wavelength, the
emission color is tunable from violet to orange red for
samples with various carbon contents. Spectroscopic
characterization reveals that heterogeneity or defects are
prevalent in the carbon nanoparticles of the composite
and it is these defects that form surface states responsible
for the photoluminescence of the material. In contrast
with the previously reported carbon phosphors which
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are coatedwith organic molecules, the C-MAPO-44 phos-
phormaterial is thermally stable because the material has
been subjected to elevated temperature during the prepa-
ration process.

18.3.3. Fullerenes Encapsulated in Zeolites

The van der Waals diameter of C60 is about 1 nm,
larger than the pore opening of most microporous
crystals. Therefore, it is rather difficult to load C60

into zeolite molecular sieves, although the adsorption
of fullerenes on the external surface of hydrophobic
zeolites [108] is easily realized. However, VPI-5 is
a one-dimensional channel microporous crystal with
a relatively larger (about 1.25 nm) pore diameter. Its
pore size is large enough to accommodate C60 mole-
cules. Hamilton et al. [109] successfully loaded C60

molecules into VPI-5 channels through interactions
of C60 benzene solution with VPI-5 molecular sieve
under 50 atm at 50�C. Because of the confinement of
the molecular sieve framework, the C60 in VPI-5
exhibits properties very different from those of the
parent C60. First of all, the C60 can prevent VPI-5
from conversion to AlPO4-8 under thermal treatment.
C60 can also be loaded into the channels of mesopo-
rous materials through solution impregnation. Drljaca
et al. [110] mixed the toluene solution of C60 with mes-
oporous SiO2 and obtained a hosteguest composite
containing solvated C60 molecules in the channels.
The color of this solid material is similar to that of
the C60 toluene solution (pale purple). However,
when the toluene solvent in the mesoporous channels
is evaporated through thermal treatment, the sample
becomes yellow. The appearance of this yellow color
and the corresponding UVevis diffuse reflectance
spectrum indicate that the C60 molecules in the chan-
nels undergo aggregation. If the yellow-colored hoste-
guest material is contacted with toluene again, the
original pale purple color reappears, suggesting that
the aggregation and dissolution of the C60 molecules
located in the mesoporous channels is a reversible
process. If hydrophobic cyclodextrin molecules with
strong encapsulating ability are added into the meso-
porous SiO2 solid containing toluene/C60, these cyclo-
dextrin molecules easily capture the C60 molecules in
the mesoporous channels to form C60 aggregates in
the space encapsulated by the cyclodextrin. In this
case, the hosteguest solid material becomes brown
yellow. C60 can also be directly loaded into the chan-
nels of mesoporous molecular sieves through thermal
diffusion.

Chen et al. [111] mixed C60 and MCM-41 material
with various features under vacuum and they observed
the dehydroxylation behavior of the latter. They discov-
ered that the C60 apparently facilitates the

dehydroxylation process. MCM-41 possesses a large
amount of hydroxyls on the inner walls after detemplat-
ing and these hydroxyls exist as either H-bonded or iso-
lated forms [112]. It has been revealed that when the
loading amount of C60 is small, the isolated hydroxyls
are lost more readily than the H-bonded ones, and the
dehydroxylation behavior in the presence of C60 differs
for MCM-41 materials with different hydroxyl amounts
or features. Infrared spectroscopy analysis indicates that
during dehydroxylation, the C60 captures the hydroxyl
groups of the MCM-41 silanols to form CeH and
CeOH bonds followed by condensation at higher
temperatures to be removed as H2O molecules.

18.3.4. Carbon Nanotubes Grown in Zeolites

Since Iijima reported [113] carbon nanotube prepa-
ration and its microstructure in 1991, carbon nanotubes
have attracted enormous attention. Because of their
unique structures, these materials exhibit a variety of
interesting physico-chemical properties and they may
play an important role in the manufacture of nano-
devices. Among the carbon nanotubes that can be cap-
ped by semisphere of C60 [114], those with a zigzag
structure have an integer pair of (9,0), whereas those
with an armchair structure have an integer pair of
(5,5). Carbon nanotubes can be prepared through
various techniques. The technique reported by Iijima
is similar to the one for the preparation of C60 and
other fullerenes, i.e., graphite arc-discharge method.
Pyrolysis of organic molecules such as benzene in the
presence of H2 has also been used to prepare multiwall
carbon nanotubes. Using porous alumina as an ex-
ternal template, carbon nanotubes can be grown in
the channels. However, the pore size of porous alu-
mina is large, falling into macropore (diameter> 50 nm)
category and therefore, the diameter of the prepared
carbon nanotubes is also large and they are usually
multiwalled.

Although there are many techniques for preparation
of carbon nanotubes, the preparation of single-wall
carbon nanotubes with a uniform diameter is usually
not easy. Carbon nanotubes with a diameter smaller
than 1 nm are even difficult to prepare. Because the
properties of single-wall carbon nanotubes are different
from those of multiwall ones and these properties can be
easily elucidated, it is more important to prepare single-
wall carbon nanotubes. Theoretically, microporous crys-
tals with one-dimensional channels are able to be used
as external templates for preparation of carbon nano-
tubes. Of course, the pore size of these microporous
crystals should not be too small because otherwise
even the thinnest carbon nanotube cannot be accommo-
dated in the micropores. Tang and coworkers [115,116]
tried the growth of carbon nanotubes in AlPO4-5 and
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they succeeded. First, they prepared perfect AlPO4-5
single crystals hydrothermally using tripropylamine
(TPA) as the template in the presence of F� ions. Second,
they placed the AlPO4-5 single crystals in a vacuum
system for pyrolysis at 500e800�C. The pyrolyzed
AlPO4-5 single crystals appeared deep black and they
exhibited anisotropy for polarized light absorption.
When the polarization direction of the polarized light
coincides with the crystal channel running direction,
the absorption reaches the maximum, whereas when
the polarization direction is perpendicular to the
channel axis the absorption is the weakest [117].

Although in principle the formation of carbon nano-
tubes in AlPO4-5 is possible, it is rather difficult to
confirm the existence of carbon nanotubes in the pyro-
lyzed product in the AlPO4-5 channels. The carbon
matter obtained through dissolution of the pyrolyzed
AlPO4-5 crystals in hydrochloric acid is very easily
damaged and form graphite fragments under high-
resolution electron microscope. However, after close
inspection, it is found that tiny single-wall carbon nano-
tubes are indeed present [118]. These observed carbon
nanotubes may be more stable than others because
they have fewer defects. The diameter of the carbon
nanotube is about 0.42 nm, larger than the lattice
spacing (0.34 nm) for the graphite fragments in the
same TEM image. The evidence for the presence of
carbon nanotubes in the pyrolyzed AlPO4-5 crystal is
from Raman spectrum. The Raman signals correspond-
ing to the template molecules appear in the spectrum
of the as-synthesized TPA-containing AlPO4-5 crystals.
When the sample is treated at 400�C, the Raman spectral
peaks disappear completely and in this case the
template molecules decompose to form an amorphous
matter. If the crystals are calcined in air or in O2 atmo-
sphere, the carbon matter is removed completely and
in this case there are no Raman signals. Nevertheless,
when the crystals are pyrolyzed in vacuum at
500e550�C, the Raman spectrum shows a series of
new peaks which are different from either TPA or
graphite (diamond) signals. This phenomenon indicates
that a new allotrope of carbon is formed. On the basis of
the signal positions, it is inferred that this new carbon
matter possesses the features of a carbon nanotube
[119]. Similar to the UVevis absorption, the Raman spec-
trum of the carbon nanotube containing AlPO4-5 also
exhibits anisotropy.

The powder X-ray diffraction patterns for the as-
synthesized AlPO4-5 crystals, the pyrolyzed carbon
nanotube-containing AlPO4-5 crystals, and the
AlPO4-5 crystals after complete template removal
show no distinct change. However, the relative intensi-
ties of the diffraction peaks of the three materials differ
and with the removal of the template the diffraction
intensities increase [120]. In addition, the diffraction

positions are moved slightly toward higher angles.
From the X-ray diffraction patterns it is concluded
that the template removal leads to slight lattice
contraction of the AlPO4-5 crystals, but the formation
of carbon nanotubes does not damage the basic struc-
ture of AlPO4-5.

Owing to their structural features, carbon nanotubes
exhibit unique electrical conduction properties. The
carbon nanotubes prepared through common methods
have a larger diameter and usually they show metallic
or semiconducting properties. In AlPO4-5 crystals, upon
pyrolysis the carbon nanotubes can growalong themicro-
crystal channels and they array orderly. As a result, it is
convenient to measure their conduction properties. The
experimental results show that the template-containing
AlPO4-5 and the completely detemplated AlPO4-5
crystals are typically insulators, whereas the carbon nano-
tube/AlPO4-5 crystal exhibits unique conduction proper-
ties. At room temperature, the measured conductivity is
in 0.1 U cm�1 order of magnitude. The magnitude of this
conductivity is smaller than that of metallic carbon nano-
tubes but is similar to that of semiconducting carbon
nanotubes. As the temperature is decreased, the conduc-
tivity drops as well, indicating that the carbon nanotubes
have semiconducting behavior. However, when the
temperature is lowered below 20 K, the carbon nano-
tube/AlPO4-5 crystals exhibit Meissner effect and this
effect implies that the carbon nanotubes in the AlPO4-5
crystals are one-dimensional superconductor at tempera-
tures below 20 K [121].

18.4. SEMICONDUCTOR
NANOPARTICLES IN ZEOLITES

Since late 1980s, increasing interest has been focused
on chemical fabrication of zero-dimensional semicon-
ductor clusters (or quantum dots) because these species
exhibit unusual opto-electronic properties [122]. As the
pore diameter of a zeolite is usually smaller than
1.5 nm, the semiconductor particles grown in a zeolite
microporous crystal host will exhibit apparent quantum
size effect.

Metal organic chemical vapor deposition (MOCVD)
technique can be used to prepare semiconductor nano-
particles in the pores of zeolites effectively. A typical
example is the formation of compound semiconductor
particles in zeolite Y through grafting of organometallic
species followed by reaction with gases. This approach
can be used to obtain IIeVI, IVeVI, and IIIeV type
semiconductor compounds encapsulated in zeolite Y
[123e125]. Due to the presence of charge-balancing
protons, it is very easy for H-Y to react with the organo-
metallic species in the channels. Quantitatively, the
number of protons in zeolite channels corresponds to
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the number of organometallic molecules that can be
grafted into the zeolite channels to form methane
molecules. After formation of the grafting hosteguest
material, the grafted organometallic groups may react
with the H2S introduced into the system to form
hydrogen sulfide compounds. Afterward, the hoste
guest material is thermally treated at a certain
temperature and the hydrogen sulfide species in the
microporous channels will condensate to form sulfide
clusters (Sn4S6). Of course, other types of metal sulfide
nanoclusters such as Cd6Se4 and Zn6S4 can also be
obtained through variation of the metal in the organo-
metallic molecule or through reaction with hydrogen
sulfide. In some cases, the newly formed protons can
be reacted with further introduced organometallic
compounds and as a result, the amount of the loaded
metal sulfide can be increased further. Through this
approach, not only IIeVI but also IIIeV type semicon-
ductor, such as GaP, clusters can be prepared. These
semiconductor clusters show distinct quantum size
effects and apparent blue shift is observed for the band
edge of their electronic transition absorptions.

In 1990, Canham reported [126] the room temperature
luminescence of porous silicon. This important
discovery has attracted much attention for the investiga-
tion of silicon with quantum size effect. Through chem-
ical vapor deposition, it is also possible to load silicon
nanoparticles into zeolite channels and pores. First, dis-
ilane is reacted with the protons in a zeolite and is
grafted to the zeolite walls. Second, mild thermal treat-
ment leads to the decomposition of the grafted disilane
molecules and the decomposed product reacts with
the grafted disilane to form clusters. Finally, clusters
containing as many as 60 Si atoms are formed in the
supercages of zeolite Y [127,128]. These clusters located
in the zeolite cages emit orangeered light at room
temperature. With the decrease of temperature, the
emission intensity of the hosteguest material is further
enhanced. Gao et al. used single crystal silicon as the
silicon source and prepared giant crystals of silicalite-I
and they deposited silicon nanoparticles in the zeolite
channels through reaction of silane with the detem-
plated silicalite-I single crystals [129]. Further investiga-
tion indicates that the nano-silicon particles located in
the silicalite-I single crystals emit strong red light and
the luminescence spectral wavelength is 570 nm at
room temperature, whereas it shows blue shift
(551 nm) at 10 K. Besides silicon nanoclusters, through
the vapor deposition technique it is also possible to
prepare germanium and siliconegermanium nanoclus-
ters in zeolite Y. Similar to compound semiconductor
nanoclusters, these element semiconductor nanoclusters
also exhibit apparent quantum size effects and their
band gap is distinctly blue-shifted in comparison with
the corresponding bulk matters.

Through chemical vapor deposition, not only semicon-
ductor nanoclusters in microporous zeolites can be
prepared, but also larger semiconductor clusters inmeso-
porous molecular sieves can be obtained. Detemplated
mesoporous silica possesses rich silanols on the channel
walls and these silanols easily react with organometallic
molecules so as to graft the latter onto the mesoporous
channel walls. It has been demonstrated that in detem-
plated MCM-41 200 wt% disilane can be loaded [127].
After thermal treatment, these grafted disilane species
decompose to form silicon nanoclusters. Because the
silicon content is high, the silicon nanoclusters in themes-
oporous channels are actually able to connect one another
to form nanowires. The case for nano-semiconductors in
microporous crystals, the nano-semiconductor clusters
located in mesoporous molecular sieves also exhibit
quantum size effects. Their band gaps and emission ener-
gies are correlated with the loading amount of semicon-
ductor and the particle size. Through chemical vapor
deposition, Ge nanowires can also be formed in mesopo-
rous channels [130].

It has been shown that the reaction of Cd2þ-ion-
exchanged zeolites with H2S gas results in the formation
of cadmium sulfide nanoparticles. In the sodalite cage of
faujasite nanoclusters such as Cd4S4 can be formed as
confirmed by extended X-ray fine structure analysis
and X-ray powder diffraction structural analysis [131].
Owing to the quantum size effects of nanoparticles, the
UVevis diffuse reflectance spectrum of the cadmium
sulfide nanoparticles loaded in zeolite microporous
channels is distinctly different from that of bulk CdS.
The band gap of bulk CdS semiconductor corresponds
to the absorption edge of electronic transition. However,
in microporous zeolite crystals, if the concentration of
the Cd4S4 nanoparticles formed is small, the related elec-
tronic absorption spectrum markedly exhibits blue
shifts, indicating that as the nanoparticles are formed
the semiconductor band gap is widened. When the
amount of Cd2þ ions in the system is increased, the
concentration of the formed Cd4S4 nanoparticles is
increased as well. In this case, because of the interactions
between semiconductor nanoparticles located in adja-
cent sodalite cages, the absorption edge shifts gradually
toward longer wavelength region. Nevertheless, for
molecular sieves with different structures, the degree
to which the nanoparticles interact with one another
varies.

In the treatment of zeolite with H2S many mesopo-
rous defects will be produced and these mesoporous
defects may accommodate larger cadmium sulfide clus-
ters. Therefore, in the microporous crystal with a partic-
ular structure, there may exist many different cadmium
sulfide particles with various sizes. However, the
content of these cadmium sulfide clusters located
defects is usually limited and as a result, they have little
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effects on the electronic spectral properties of the
composite. Detailed composition and structural analysis
indicates that the nanoclusters contain not only Cd and
S, but also O. In fact, these clusters can be written as
Cd4(S,O)4. CdS and ZnS clusters have also been incorpo-
rated within the pore structure of mordenite and clin-
optilolite. It is demonstrated that the metal sulfide
clusters interconnect to form well-defined aggregates
with a behavior intermediate between that of discrete
clusters and the bulk semiconductor. Furthermore, the
dynamics and the optical absorption are strongly
affected by the interface and the host [132].

Shi and coworkers [133] reported the preparation of
mesoporous molecular sieve membranes using a block
copolymer as the template. After formation of themolec-
ular sieve membrane, Cd2þ cations were introduced into
the molecular sieve channels through ion exchange, fol-
lowed by passing gaseousH2S to formCdS nanoparticles.
The amount of CdS formed in the channels is so large that
the optical property of the composite membrane is varied
to a great extent. The third-order nonlinear optical coeffi-
cient of the as-prepared membrane is increased by two
orders of magnitude in comparison with that previously
reported for other CdSepolymer membranes. The
enhancement of the nonlinear optical performance is
attributed to the increase of CdS amount, the homoge-
neity of CdS particle size distribution and the localized
field effect arising from the matrix around the CdS
particles. Besides cadmium sulfide, other semicon-
ductor particles can also be loaded in zeolite micropo-
rous crystals. Moller et al. prepared cadmium sulfide
nanoparticles in zeolite Y through a similar approach
[134]. Nevertheless, structural analysis indicates that
the formed cluster particles are actually rather complex
and apart from cadmium sulfide clusters, there exist
other nanoclusters such as Cd4O4 or Cd2O2Se in the
channels of zeolite Y. These nanoclusters are not iso-
lated and they strongly interact with the framework
oxygen of the zeolite.

The low temperature phase of bulk silver sulfide is
a semiconductor with a monoclinic structure and its
room temperature band gap is 1 eV. Because of its
unique luminescent property, silver sulfide nanopar-
ticles have attracted much interest recently. The tech-
nique to grow silver sulfide nanoparticles usually
involves formation of Agþ-loaded zeolite through ion
exchange of Agþ ions into a particular zeolite (such as
zeolite A). Silver sulfide nanoparticles can be obtained
through reaction of the loaded zeolite with H2S gas.
The silver sulfide particle size in zeolite A may be
controlled through varying the amount of Agþ ions
initially exchanged into the zeolite channels. Neverthe-
less, if the silver sulfide nanoclusters are located only
in the a-cages of zeolite A, their size should not exceed
the diameter of the cage (about 1.5 nm). At higher

concentrations, the silver nanoclusters in adjacent cages
may interact with one another, leading to variation of the
UVevis absorption and emission spectra [135,136].

PbI2 exhibits semiconducting properties. This
compound may be loaded into zeolite channels through
vapor transportation. When dehydrated Na-A zeolite is
sealed with PbI2 in an evacuated quartz tube followed
by thermal treatment at 420�C for 24 h, the PbI2 will
enter into Na-A through vapor deposition process
[137]. The loading amount of the guest in the host can
be varied through controlling the ratio of zeolite over
PbI2 in the quartz tube. UVevis diffuse reflectance spec-
troscopy reveals that as the loading amount of the guest
is increased, PbI2 forms (PbI2)4 clusters initially in the
zeolite supercages followed by growth to (PbI2)5 clus-
ters. HgI2 is also a typical semiconductor material and
it is also easy to vaporize after thermal treatment. There-
fore, HgI2 may be loaded into various zeolites through
vapor transportation approach. Due to the confinement
of zeolite framework, HgI2 in zeolites may exhibit
distinct quantum size effects. The electronic transition
absorption spectrum of HgI2 loaded in AlPO5-5 single
crystals shows apparent blue shift and in the meantime,
the composite exhibits anisotropic property [138]. This
anisotropy suggests that the HgI2 in AlPO4-5 one-
dimensional channels are probably present as chains.

Chen et al. [139] described the preparation of ZnO
nanoarrays from the one-dimensional channels (diam-
eter 0.9 nm) of VSB-1 nickel phosphate crystals. These
ZnO nanoarrays exhibit an unusual ultraviolet exciton
absorption which is located at about 266 nm, a wave-
length much smaller than that of the exciton absorption
for bulk zinc oxide. In addition, the absorption peak and
the corresponding photoluminescent emission peak of
the ZnO nanoarrays are both quite sharp. The blue shift
of the absorption is attributable to the quantum confine-
ment effect, whereas the sharpness of the peaks indi-
cates that the ZnO nanoparticles are uniform in size
distribution. Because the diameter of the VSB-1 channels
is 0.9 nm, the diameter of the ZnO nanoparticles formed
inside the channels of the VSB-1 host should not exceed
0.9 nm. Nevertheless, the Bohr radius of the ZnO exciton
is 1.25 nm, distinctly larger than the diameter of the
VSB-1 channel diameter (or the diameter of the ZnO
nanoparticle), accounting for the observation of the
intense exciton absorption peak. Zhang et al. [140]
grafted amino groups onto the channel walls of
MCM-41 and using this modified mesoporous material
as a precursor they prepared a Zn2þ-containing MCM-
41 through adsorption. Zinc oxide nanoclusters were
formed in the MCM-41 channels upon calcination of
the Zn2þ-containing MCM-41 material. Spectroscopic
and electron microscopic characterization demon-
strates that the zinc oxide particles are located in the
mesoporous channels and the absorption peak of the
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nanoparticles shows remarkable blue shift as compared
to the bulk ZnO. Photoluminescence has been observed
for the ZnO particles located in the channels. The emis-
sion wavelength is in the visible region and this visible
emission may originate from defects in the ZnO parti-
cles. Through similar approaches it is possible to
prepare cobalt oxide nanoparticles in MCM-41 channels,
but the corresponding nickel and copper oxide nanopar-
ticles fail to form using the same preparation technique.
Abe et al. [141] successfully loaded Fe2O3 nanoparticles
in MCM-41 and the band gap of the loaded particles is
increased from that (2.1 eV) of the corresponding bulk
material to 4.1 eV.

Element semiconductors include Se, Te, Ge, Si, etc.
Selenium has a low melting point (230�C) and at lower
temperatures it gives high vapor pressure. Therefore, it
is possible to load selenium in a zeolite through vapor
deposition at a temperature as low as 150�C when sele-
nium is sealed in a vacuum system with the dehydrated
zeolite. Parise et al. investigated the incorporation of Se
into zeolites A, X, Y, AlPO4-5 and mordenite [142].
Element, selenium, exists as different forms in different
channel structures. In linear channel molecular sieves
(AlPO4-5 and mordenite), it is present as chains running
along the channel direction [143e145], whereas in the
smaller-cage zeolite A, it is located in the cages as Se8
ring molecules. However, in larger cage zeolites such
as X and Y, there exist both selenium ring molecules
and spiral chains. Selenium/zeolite Y nanocomposites
can be readily prepared through sorption of the liquid
or gaseous chalcogen at moderate temperatures. The
hosteguest interaction renders it possible to tune the
structural, electronic, and thermodynamic properties
of the composite materials, whereas the molecular char-
acter of Se can be shifted from chains to rings through
interactions with the extraframework cations [146]. The
distance between the adjacent selenium atoms in each
selenium chain located in a zeolite is shorter than that
of the SeeSe bond length of bulk selenium crystal,
because the interactions between selenium chains are
weakenedwhen they are accommodated in zeolite chan-
nels. Poborchii et al. through polarized Raman spectro-
scopic study on Se-incorporated AlPO4-5 single
crystals [147], discovered that in the main channels there
are a small amount of Se chains besides the spiral Se
single chains and Se8 ring molecules. In mordenite, the
state of selenium in the channels varies to a certain
extent depending on the types of cations in the zeolite
and the preparation method of the hosteguest material
[148]. When the Na is replaced by K in mordenite, the
ratio of chained Se over Se6 ring in the loaded guest
species is decreased and in the meantime, if the guest
is loaded with the vapor deposition method, the
obtained guest Se is more ordered than the guest mole-
cules obtained through liquid Se injection. The case for

Te is similar to that for Se, i.e., the guest Te may exist
in the host as either chains or as ring forms depending
on the host channel structure. Polarized Raman spec-
troscopy and electronic transition spectroscopy indicate
that [149] the spiral S and Te chains are able to be loaded
in mordenite through vapor deposition technique and in
the meantime, S6, S8, and Te6 elemental ring molecules
may also exist.

IIIeV type compound semiconductors have been
gaining much more attention recently. It has been
reported that IIIeV type semiconductor nanoparticles
or nanowires can be grown in mesoporous channels
through chemical vapor deposition. The preparation of
IIIeV semiconductor nanoclusters follows the same
principle as for silicon and germanium clusters. First,
the organometallic compound of Al, Ga, or In (such as
trimethylindium) is grafted onto the mesoporous
channel walls through vapor deposition reaction and
second phosphine is introduced to react with the alkyl
metal to form IIIeV semiconductor compound particles.
Because the reaction of phosphine proceeds at a rather
high temperature (about 300�C), there is no need to
pyrolyze the reaction product [150]. Spectroscopic and
high-resolution electron microscopic analysis indicates
that the IIIeV semiconductor clusters prepared through
this technique are distributed not only in the mesopo-
rous channels but also partly deposited on the external
surface of the mesoporous molecular sieve. Through
reaction of adsorbed (CH3)3Ga with PH3, it is possible
to grow GaP nanoclusters in zeolite pores and channels.
Srdanov et al. investigated the assembly of GaAs in mes-
oporous MCM-41 and the optical properties of the
assembled hosteguest composite material [151]. They
used tert-butyl arsine and trimethylgallium as the
arsenic and gallium sources, respectively, and deposited
gallium arsenide directly in the MCM-41 channels at
700�C through organometallic chemical vapor deposi-
tion. The electronic transition absorption spectrum of
the hosteguest composite compound formed through
deposition shows apparent blue shift, indicative of
quantum size effect. The luminescent property of the
composite depends on pore size of the host MCM-41
material. Further analysis indicates that the particle
size distribution of the deposited GaAs nanoparticles
is wide and the particles are present not only in the
MCM-41 channels but also on the external surface of
the mesoporous molecular sieve. The GaAs particles
on the external surface of mesoporous material are
larger in size.

GaN dispersed in mesoporous channels can also be
prepared using MCM-41 as a host material. Winkler et al.
[152] reported the preparation of the composite material
MCM-41/GaN nanoparticles through passing ammonia
into the organogallium-containing MCM-41 precursor.
This composite shows characteristic luminescent property
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of GaN. The introduction of GaN into the MCM-41
channels decreases the X-ray diffraction intensity of
the latter and correspondingly the surface area and
pore volume of the MCM-41 host are reduced to
a considerable extent. However, the high-resolution
TEM reveals that the mesoporous structure of the
MCM-41 host remains unchanged after loading of the
GaN nanoparticles, indicating that the nanoparticles
are indeed located in the mesoporous channels.

18.5. METAL COMPLEXES
IN MOLECULAR SIEVES

Metal complexes encapsulated in zeolite molecular
sieves exhibit physicalechemical properties different
from those in solutions and in solid state [153]. The
molecular sieve frameworks protect the metal com-
plexes and the latter show enhanced thermal stability
and anti-oxidation property. The methods for prepara-
tion of metal complexes in zeolites are versatile, but
they may be classified as the following: (a) direct
synthesis of porous framework compounds encapsu-
lating metal complexes using the metal complex as
a template; (b) through the so-called ship-in-bottle
approach, small ligands complex metal ion helps to
form larger metal complex in the zeolite channels; (c)
volatile metal complexes can be loaded into zeolite chan-
nels through vapor transportation; and (d) grafting of
complexes onto the walls of molecular sieves and this
approach is suitable for preparation of complex/meso-
porous molecular sieve hosteguest composites.

18.5.1. Incorporation of Metalepyridine
Ligand Complexes

18.5.1.1. Pyridine Complexes

Copperepyridine complex was used as a homoge-
neous catalyst for oxidation-coupling reactions and the
reactants included acetylene [154], phenols [155], and so
on. Copper(II) tetraepyridine complex may catalyze the
oxidation of 2,6-dimethylphenol to oxides of phenols in
the presence of O2. If the complex is loaded or dispersed
on a solid support or into a porous crystal, it may be
possible to obtain composite heterogeneous catalysts
with superior catalytic performance. Ukisu et al. [156]
successfully incorporated the copper complex of
substituted pyridine into the pores of zeolite Y and they
investigated the state and catalytic performance of the
loaded complex. They first dealuminated zeolite Y to
form SieOH enriched microporous crystal and then
they used 2-(2-trichlorosilanyl)ethylpyridine to react
with the SieOH groups. The former is thus grafted onto
the walls of the Y zeolite, forming PyeNaY composite.

When this PyeNaY composite is contacted with Cu2þ-
containing solution, CuePyeNaY composite is formed.
X-ray absorption fine structure analysis indicates that
the oxidation state of the oxidized copper is þ2 whereas
that of the reduced copper is þ1. Dai and Lunsford
[157] ever reported that the Cu2þ of [Cu(Py)4]

2þ located
in the cages of zeolite Y is reduced toCuþ after evacuation
to dehydrate, but the Cuþ is able to be oxidized to Cu2þ

again in the presence of O2.
Böhlmann et al. [158] loaded copper pyridine

complex into mesoporous MCM-41 and investigated
the electron paramagnetic property of the composite.
The loading method they used was ion exchange, i.e.,
the cation complex of Cu2þ and pyridine was first
prepared followed by ion exchange of the complex
into Al-containing MCM-41 channels. Pöppl and Kevan
[159] incorporated copperepyridine complex into Al-
free MCM-41 channels and they found that in this case
the interactions between the complex and the MCM-41
walls are weak. Yamada [160] investigated the substitu-
tion reaction of copper(II) bis(acetylacetonate) loaded in
zeolite NaX by pyridine. ESR signal variation was
clearly observed after the substitution reaction and this
substitution reaction could not proceed in solution or
on silica gel. The static electric field generated by the
zeolite cations tends to reduce the stability of the Cu
(acac)2þ complex.

The complexes of pyridine and ruthenium possess
unique luminescent and catalytic properties and there-
fore their assemblage as guest molecules has been
extensively investigated. Dewilde et al. [161] first
reported the incorporation of tris(2,20-bipyridine)ruthe-
nium(II) complex into zeolite Y through the ship-
in-bottle approach. They first introduced [Ru(III)
(NH3)6]

3þ into zeolite Y through ion exchange to form
[Ru(III)(NH3)6]-Y and then heated the mixture of bipyr-
idine and [Ru(III)(NH3)6]-Y. In this case, the Ru(III) was
reduced to Ru(II) and [Ru(II)(bpy)3]-Y, which has spec-
tral properties completely different from that in solu-
tion, was formed. After incorporation, the complex
exhibits versatile opto-physical behaviors which depend
on hydration degree, and loading amount. Later on,
Quayle and Lunsford [162] reported the oxidation of
the [Ru(II)(bpy)3]-Y to [Ru(III)(bpy)3]-Y using Cl2. The
Ru(III) complexes loaded in zeolites are able to decom-
pose water into O2.

Lainé et al. [163] described the encapsulation of [Ru
(bpy)3]

2þ in the supercages of zeolite Y. They found
that generally the first ship-in-bottle reaction may
introduce [Ru(bpy)3]

2þ into 50% of the supercages of
zeolite Y, whereas multiple loadings may incorporate
the complex into 65% of the supercages. Attempt to
load [Ru(bpy)3]

2þ into more than 65% of the supercages
would lead to the formation of other complexes such
as [Ru(bpyn(NH3)6-2n)

2þ. Ledney and Dutta [164]
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investigated, in detail the catalytic performance of [Ru
(III)(bpy)3]

3þ loaded in zeolite for the oxidation of water
and itwas found thatwhen thepHof the systemwas lower
than 4, no O2 was formed. They believed that the Ru(III)
complex first bindsH2O to formOH radicalswhich evolve
toH2O2 and the latter then interactswith the un-reactedRu
(III) to formO2. The same research team [165] prepared [Ru
(bpy)2(H2O)2]-Y and oxidized it to [(bpy)2(Oz)Ru(IV)]
O]2þ in air (where Oz stands for zeolite framework O).
They also prepared Ru(bpy)3]

2þezeolite composite mate-
rial with different loading amounts and investigated the
interactions between the guest species located in different
supercages [166].

Maruszewki et al. [167] characterized the multi-
pyridine complex of ruthenium loaded in zeolite Y cages
using absorption and resonance Raman spectroscopies.
The complexes involved included [Ru(bpy)2]

2þ, [Ru
(bpy)(bpz)]2þ, [Ru(byp)2(dmb)]2þ, and so on. Photoelec-
tron transfer reaction may occur [168] between [Ru
(bpy)3]

2þ loaded in zeolite cages andmethyl violet. After
excitation by light illumination, the excited state *[Ru(II)
(bpy)3]

2þ generated through charge transfer transition
transfers its electron to the methyl violet in an adjacent
cage to form MVþ� ion radical, whereas the complex
itself is converted to [Ru(III)(bpy)3]

3þ ion. To maintain
the charge balance with the zeolite framework, for every
electron transferred, an Naþ ion must be moved simul-
taneously. Therefore, the mobility of the Naþ ion affects
the electron transfer rate and the recovery of the elec-
tron. The lifetime of the MVþ$ cationic radical is several
hours. Raman spectroscopy indicates that the radical has
strong interactions with the zeolite framework. Sykora
and Kincald [169] incorporated the complex of ruthe-
nium with bipyridine, 2,20-bipiperazine (abbreviated as
bpz), Ru(bpy)2bpz, ruthenium 5-methyl-2,20-bipyridine
(abbreviated as mmb) complex, and N,N0-trimethyl-
2,20bipyridine (abbreviated as DQ55

2þ) into the adjacent
supercages of zeolite Y to form a photochemical system
in which the [Ru(II)(bpy)2(bpz)]

2þ acts as a photosensor.
Upon illumination with light, an electron is promoted
from the ground state to the excited state to form *[Ru
(bpy)2(bpz)]

2þand then this excited state loses an elec-
tron which is transferred to the DQ55

2þ, the latter being
reduced to DQ55

þ, whereas the complex being oxidized
to [Ru(bpy)2(bpz)]

3þ. The oxidized complex may obtain
another electron from the [Ru(mmb)3]

2þ in an adjacent
cage to form its reduced state. In this way, the [Ru
(mmb)3]

2þ does not interact with DQ55
2þ directly to

undergo redox reaction and the electron transfer process
is accomplished through the photosensor-separated
electron donoreacceptor system. After reduction, the
electron acceptor DQ55

2þ interacts with the propylviolo-
gen sulphonate (PVS) in the solution and reduces the
latter. ThePVS-reduction efficiencyof thisdouble-complex
system is higher than that of the monocomplex-zeolite Y

system formed from [Ru(mmb)3]
2þ or [Ru(bpy)2(bpz)]

2þ

alone.
Innocenzi et al. incorporated [Ru(bpy)3]

2þ into a silica
gel membrane prepared through the solegel technique
and investigated the luminescent property [170] of the
composite. They hydrolyzed tetraethyl orthosilicate
mixed with [Ru(bpy)3]Cl2$6H2O and directly obtained
the silica film encapsulating the complex molecules. It
was found that the luminescence arising from recovery
of ground state from excited state which corresponds to
metaleligand charge transfer transition in the complex
on the solegel film is red-shifted, whereas after thermal
treatment the luminescence is blue-shifted. However,
when the heating temperature is over 200�C, the lumines-
cence is red-shifted again. With the drying temperature
increase, the fluorescence lifetime is increased, whereas
the luminescence efficiency is decreased.

Besides forming unique complexes with ruthenium,
bipyridine can also form functional coordination com-
pounds with other metals. Kim et al. investigated [171]
the incorporation of bipyridine complex of manganese
(II) into mesoporous MCM-41 and they found that the
composite is an effective catalyst for the oxidation of
styrene. Through electron spin resonance spectroscopy
(ESR) in combination with UVevis and infrared spectro-
scopic analysis, Luan et al. [172] revealed the state and
related property of the manganeseebipyridine complex
loaded inMCM-41 channels. They discovered that when
the loading amount is low, the guest complex exists as
monomolecules in the channels, whereas if the loading
concentration exceeds a particular value, the guest
complex molecules undergo aggregation and the ESR
signal fine structure disappears. The manganese ion in
the guest complex molecule may undergo reversible
redox reaction and the oxidation state may vary between
þ2 and þ4. This lays the foundation for the hosteguest
composite material to be used as a redox catalyst.
Knops-Gerrits et al. [173] investigated the luminescence
property of the zeolite X, Y and EMT-encapsulated
complex formed from Mn(II) and bipyridine or o-phe-
nanthroline (abbreviated as phen). The structure of
zeolite X is identical with that of zeolite Y but the
numbers of negative charges contained in the frame-
work and the cations (Naþ) are different for these two
zeolites. The topology of EMT is different from that of
zeolite X or Y and the number of its framework negative
charges and cations is also less, but its pore opening size
is comparable with that of zeolite X or Y. [Mn(bpy)3]

2þ in
all zeolites shows charge transfer transition absorption
(495 nm), whereas the charge transfer transition absorp-
tion for [Mn(phen)3]

2þ is broadened because of stereic
hindrance which causes distortion. The luminescence
efficiency of [Mn(bpy)3]

2þ incorporated in zeolite X is
enhanced, whereas the luminescence wavelength is
red-shifted; when this molecule is loaded in the more
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spacious EMT, its luminescence wavelength is red-
shifted and the corresponding luminescence efficiency
is reduced. The luminescence of [Mn(phen)3]

2þ in
zeolites is weak and the signal is widened.

Quayle et al. [174] exchanged Fe(II) into NaY under
the protection of N2 and then mixed the exchanged
product with bipyridine and heated the mixture to
form [Fe(II)(bpy)3]-Y composite compound. When the
content of Fe(II) is smaller than one Fe(II) per supercage,
the coordination is the most effective. Whereas if the Fe
(II) content is too high, the coordination reaction will
drive the excess Fe(II) to be located in between two
complexmolecules and to bind the ligands through extra
p-bondings.When the Fe(II) loading amount is low, chlo-
rine gas may oxidize [Fe(bpy)3]

2þ to [Fe(bpy)3]
3þand the

oxidation conversion is 90%. At high loading amount,
this oxidation is much incomplete, probably because
the chlorine gas cannot enter into the zeolite pores
easily or because there is not enough room for the
formation of chloride ion. Umemura et al. [175] used
various techniques to investigate the assembly and
states of [FeL3]

2þ in zeolite Y (L¼ ethylenediamine,
2-(aminoethyl)pyridinie, 2,20-bipyridine, 1,10-o-phenan-
throline, 4,40-dimethyl-2,20-bipyridine, 5,6-dimethyl-
1,10-o-phananthroline). It was found that the former
four ligands can form guest complexes with the iron
ions in the zeolite channels because their volumes are
small, whereas the latter two are not able to form coordi-
nation compounds with the Fe(II) ion in the zeolite Y
cages because of their larger sizes. The structure of the
guest complexes formed by ethylenediamine and 2-(ami-
noethyl)pyridine undergoes no distortion, whereas in
the guest complexes formed by 2,20-bipyridine and
1,10-o-phenanthroline the Fe(II) is in its low-spin state,
suggesting that the squeezing of the zeolite framework
enhances the coordination ability of the ligand toward
the Fe(II) center.

It has been demonstrated [176] that electrochemilumi-
nescent cells can be manufactured on the basis of incor-
poration of ruthenium tris-bipyridyl in zeolite Y
supercages. The cell contains an active layer consisting
of the Y-encapsulated Ru complex and the operation of
the cell requires the addition of polyethylene glycol as
the solid electrolyte. The cell also exhibits electrical
conductivity behavior typical of a semiconductor. Ion
exchange of sodium by cesium and vapor deposition of
calciummetal inside the zeolite pores distinctly enhances
the electrochemiluminescent efficiency of the cell.

18.5.2. Incorporation of MetaleSchiff
Base Complexes

N,N0-di(salicylal)ethylenediimine is a typical Schiff
base formed through condensation of salicylaldehyde
and ethylenediamine and this compound is abbreviated

as SALEN. SALEN is a widely used chelating ligand; not
only its twoN atoms are capable of coordinating but also
its two OH groups are able to participate in
coordination.

Balkus et al. [177] successfully prepared Rh(SALEN)
complex in zeolites X and Y. They incorporated Rh(III)
into the zeolite through ion exchange and heated the
mixture of the zeolite and SALEN at 140�C for 13 h.
The reaction product was cooled and washed copiously
with chloroform and brown yellow Rh(SALEN)-Y or Rh
(SALEN)-X was obtained. In 1991, Bedioui et al. [178]
reported incorporation of Co(III)eSALEN complex
into zeolite Y and investigated the electrochemical
property of the composite. Co(SALEN)-Y has two elec-
trochemical signals, corresponding to Co(III)/Co(II)
and Co(II)/Co(I) redox pairs, respectively. These poten-
tial values are the same as those of the signals of the
monomer Co(SALEN)3þ in solution. In addition, there
is another pair of redox signal for Co(SALEN)3þ

between the typical signals for Co(III)/Co(II) and Co
(II)/Co(I). Gaillon et al. attributed this pair of signals
to the Co(III)/Co(II) redox reaction of Co(SALEN)3þ

which has strong interactions with the zeolite frame-
work. In other words, Co(SALEN)3þ exists in zeolite Y
in two different coordination states but the detailed
coordination modes are not clear. It was revealed that
the assembly product Co(SALEN)-Y may be used as
a good oxidationereduction catalyst. Gaillon et al.
[179] also prepared [Mn(III)SALEN]]þ and [Fe(III)
SALEN]þ complexes in zeolite Y. Electrochemical anal-
ysis results indicated that depending on preparation
methods, two types of complexes with different coordi-
nation modes are present in the zeolite channels. In
addition, the incorporated complex is accessible by
small molecules, especially molecular oxygen, in solu-
tion and the latter may get activated.

Bessel and Rolison [180] reported the electrochemical
behavior of [Co(SALEN)]2þ and Fe(bpy)3]

2þ in zeolite Y.
They prepared an electrode using the complex-zeolite
composite and carbon powder and tested the electro-
chemical behaviors of the electrode and the composite
dispersed in a solution. It was found that the electro-
chemical behaviors of these two materials differ to
a great extent. After several cycles, the former loses all
the electrochemical signals, whereas the latter continu-
ously shows the signals. They believed that the electro-
chemical signals arise from the complex attached onto
the zeolite external surface (defects or external superc-
ages), whereas the complex inside the zeolite channel
does not participate in electron transfer of the electro-
chemical process. In fact, there has been dispute on
whether the electrochemical signals arise from electron
transfer in zeolite channels or those on the zeolite
external surface. Both views can find experimental
supports [181,182].
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Pd(SALEN) exhibits good catalytic activity when
used as homogeneous and heterogeneous hydrogena-
tion catalysts, with limited selectivity. To solve this
problem, Kowalak et al. [183] incorporated Pd(SALEN)
into zeolites X and Y and used the composite for selec-
tive hydrogenation catalyst. They discovered that the
composite shows high selectivity for the hydrogenation
of alkenes the main product obtained through hydroge-
nation of hexene is hexane and trans-2-hexene, whereas
the by-product cyclohexane is not observed in the
product. This suggests that channels of zeolite X or
Y limit the formation of larger molecules so that the reac-
tion selectivity is enhanced.

A series of transition metal (M¼Cu, Co, Fe, and Mn)
tetrahydro-Schiff base complexes (denoted as M-[H4]
Schiff with Schiff¼ salen, salpn, and salicyhexen) have
been successfully prepared and encapsulated in zeolite
Y [184] through in situ reaction approach. The prepared
M-[H4]Schiff/Y catalysts show higher activities in the
oxidation of cyclohexane than the corresponding
M-Schiff analogues encapsulated in zeolite Y. But the cata-
lytic performance of the M-[H4]Schiff/Y catalysts also
depends on the transition metals because of the different
redox nature of transition metals and the different oxida-
tive dehydrogenation activity of the formed complexes
toward oxygen. Among the as-prepared composite
materials, the Cu-[H4]Schiff/Y catalysts are highly active
and stable for the oxidation of cycloalkanes. It has been
revealed that a radical mechanism predominates the
catalytic process.

18.5.3. Encapsulation of Porphyrin
and Phthalocyanine Complexes

Nakamura et al. [185] successfully synthesized tetra-
methylporphin (TMP) complexes of iron and manga-
nese in NaY zeolite. They investigated the catalytic
properties of the composite for oxidation of cyclohexane
in the presence of H2O2. The results indicate that the
catalytic activity of [Fe(TMP)]-Y and [Mn(TMP)]-Y is
enhanced in comparison with the corresponding Fe(II)
and Mn(II) exchanged Y zeolite and the catalytic
product mainly consists of cyclohexanol and cyclohexa-
none. Liu et al. [186] silylated the mesoporous MCM-41
channel walls using 3-aminopropyltriethoxysilane and
then introduced the ruthenium complex of porphyrin
carbonyl. The porphyrin they used was tetra(4-chloro-
benzene)porphyrin. The four N atoms of the porphyrin
and one carbonyl occupy five coordination sites of the
ruthenium and the remaining coordination site was
occupied by a solvent molecule and the solvent mole-
cule can be easily replaced by the NH2 group of the
silylation agent, as a result the complex is attached
onto the MCM-41 channel walls tightly. The assembly
composite compound possesses good catalytic property

for oxidation reactions. The research results also indicate
that the catalytic performance is optimal if the Ruweight
content is in the range of 0.1e0.8%. Unlike in solution,
the incorporated complex does not form dimers because
it is attached on the channel wall. This is one of the
reasons that the catalytic activity of the composite mate-
rial is high.

Wang et al. synthesized tetrachlorotetramethylpor-
phine (TCTMP) and tetrabromotetramethylporphine
(TBTMP) [187] the size of which is comparable with
the inner diameter of NaX zeolite. They encapsulated
the porphyrin into Co2þ ion-exchanged NaY supercages
through a solideliquid phase step-by-step synthetic
technique and found that the decomposition tem-
perature of the encapsulated porphyrin molecules is
increased by about 70�C. For the oxidation reaction of
styrene by H2O2 [188], the porphyrin-loaded zeolite
exhibits a catalytic conversion 12 times that of the pristine
metal porphyrin. Through step-by-step sealed synthesis,
tetraphenyltetrabenzoporphinemay also be incorporated
into NaY supercages. Wang et al. investigated the cata-
lytic activities of tetraphenyltetrabenzoporphine zinc(II)
(TPTBP-Zn(II)), NaY, and the porphyrin-loaded NaY
(TPTBP-Zn(II)-NaY) for the oxidation reaction of styrene
by H2O2 [189] and they found that tetraphenyltetraben-
zoporphine zinc(II) has no catalytic activity, whereas
the zeolite shows some activity but the composite of
zeolite and the porphyrin exhibits much enhanced
activity. The fact that the catalytic activity of the metal
porphyrin loaded in a zeolite is enhanced may be
because the reactants in the zeolite cages are electrostati-
cally interacted by both the metal porphyrin and the
zeolite so that the styrene activation degree is increased.
It was also found experimentally that as a catalyst, the
amount of the porphyrin molecules should not be high
because there should be enough free space for the reac-
tants to get in contact with the catalytic sites to lower
the activation energy of the reaction and to increase the
conversion.

The size of phthalocyanine is larger than that of por-
phine and there is still dispute on whether phthalocya-
nine is able to enter the pores of microporous crystals.
Nevertheless, it is possible for faujasite, which has an
inner cage diameter of 1.3 nm, to accommodate phthalo-
cyaninemolecule and there have been occasional reports
in the literature on the incorporation of phthalocyanine
metal complexes into faujasite cages [190]. Paez-Mozo
et al. [191] investigated the incorporation of cobalt
phthalocyanine complex into zeolite Y and the physico-
chemical properties of the composite in detail. However,
they found that besides the cobalt phthalocyanine
complex, un-removable impurity compounds, which
are tightly bound to the acidic sites of the zeolite, are
also present in the zeolite cages. Balkus et al. [192]
also prepared and characterized the complexes of Co
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(II) and Cu(II) with hexadecafluorophthalocyanine
(MF16Pc) incorporated in zeolites. They used two incor-
poration methods: (i) ion-exchange reaction and (ii)
direct synthesis of zeolites in the presence of the
complexes. Middle-infrared, UVevis spectroscopies
and powder X-ray diffraction in combination with
elemental analysis indicate that the MF16Pc complex is
located inside the zeolite cages. Electrochemical analysis
also shows Co(II)/Co(I) and Cu(II)/Cu(I) redox signals,
which are not observable in solution.

Metal phthalocyanine compounds are large in size so
that the incorporation of these molecules into micropo-
rous molecular sieves is limited to a certain degree.
The appearance of mesoporous molecular sieves laid
the foundation for incorporation of metal phthalocya-
nine complexes into molecular sieves. The incorporation
of metal phthalocyanine compounds into mesoporous
molecular sieves may be realized through two path-
ways: (i) by addition of the metal phthalocyanine
complex into the synthetic system of the mesoporous
material, the formation of which directly occludes the
metal phthalocyanine with the surfactant template in
the mesoporous channels; and (ii) by introducing the
metal phthalocyanine into the mesoporous channels
through impregnation of the metal phthalocyanine solu-
tion with detemplated mesoporous material. Depending
on the incorporation technique and condition, the exist-
ing state and dispersion degree of metal phthalocyanine
in mesoporous channels vary to a certain extent
[193e195]. Zinc phthalocyanine (ZnPc) is dispersed in
the template medium of mesoporous channels as single
molecules after incorporation into MCM-41 through the
direct synthesis approach, because its absorption spec-
trum is very similar to that of the complex dissolved in
DMF solution. Through impregnation, the incorporation
of ZnPc into mesoporous channels exists not only as
single molecules but also as molecular dimers.

18.5.4. Encapsulation of Other Metal
Complexes

Through solution and solid-state ion exchange, it is
possible to exchange Cu2þ into mesoporous molecular
sieve MCM-41 [196] to form CueMCM-41 composite.
Pöppl et al. used electron spin resonance and electron
spin echo modulation techniques to investigate the coor-
dination state of Cu2þ in CueMCM-41 and its interac-
tions with adsorbates D2O and NH3. The research
results indicate that locations of the copper ions in
samples obtained through solution exchange differ to
a great extent from those in samples obtained through
solid exchange.

Ethylenediamine is a common aliphatic chain chelate
and it forms very stable chelating compounds with
a variety of transition metals. Howe and Lunsford

[197] incorporated Co(II)eethylenediamine complex
into zeolites X and Y to form composite compounds
which can adsorb oxygen. In both zeolite cages the
oxygen adduct [Co(II)])(en)2O2]

2� may be formed and
this complex adduct is stable up to 70�C in the presence
of oxygen. The ESR parameters of the adduct are similar
to those for the adduct in solution.

Nonaromatic N-containing heterocyclic compounds
have attracted much interest recently as ligands. The
aromaticity of these macrocyclic compounds is weaker
than aromatic heterocyclic compounds so that their
configurations can be varied greatly upon coordination
and their coordination modes are also versatile. Triaza-
cyclononane is a typical nonaromatic N-containing
heterocyclic compound. Its three N atoms may partici-
pate in coordination to metal ions. De Vos et al. [198]
incorporated [Mn(tmtacn)]2þ, the Mn(II) complex of
1,4,7-trimethyl-1,4,7-triazacyclononane (tmtacn) into
zeolite Y supercages and characterized the existing state
of the complex using ESR spectroscopy. They found that
the incorporated complex is suitable for use as a catalyst
for epoxidation reaction with H2O2 as the oxidant.

Dioxotetramine macrocyclic compounds are another
type of extensively investigated N-containing nonaro-
matic macrocyclic ligands. The complexes formed by
these ligands with metal ions exhibit various unique
properties. Taking advantage of the large channel size
of MCM-41, the Cu(II) complexes (140Cu and 14T2Cu)
formed by the dioxotetramine macrocyclic ligand
1,4,8,11-tetrazacyclotetradecane-12,14-dione (abbreviated
140) and the substituted dioxotetramine macrocyclic
ligand 4,8-bis(2-thienymethyl)-1,4,8,11-tetraazacyclote-
tradecane-12,14-dione (abbreviated 14T2) may be loaded
into the channels of silica [199]. Diffuse reflectance UVevis
and ESR spectroscopies indicate that after loading, the
absorption peak of 140Cu remains unchanged whereas
that of 14T2Cu blue shifts by 19 nm, suggesting that the
interaction of 14T2Cu with MCM-41 is stronger than that
of 140Cu. After incorporation, the ESR spectra for both
140Cu and 14T2Cu show anisotropy. Salavati-Niasari
[200] reported the synthesis of a series of nickel(II)
complexes with a 14-membered hexaaza macrocyclic
ligand in the cages of zeolite Y. The in situ formation of
the complexes was realized through direct reactions of
formaldehyde and ethylenediamine with amine within
the cavities of the zeolite and the as-prepared hosteguest
materials were characterized by chemical analysis and
spectroscopic techniques. It is demonstrated that the
encapsulated complexes do not experience extensive
distortions in the supercage and that chemical ligation to
the zeolitic surface is minimal.

Recently, Salavati-Niasari et al. [201] described the
synthesis of copper(II) complexes with tetraoxo
dithia tetraaza macrocyclic ligands [Cu([18]aneN4S2)]

2þ,
[Cu([20]aneN4S2)]

2þ, [Cu(Bzo2[18]aneN4S2)]
2þ, and
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[Cu(Bzo2[20]aneN4S2)]
2þ) in the supercages of zeolite Y.

The obtained hosteguest nanocomposite materials have
been thoroughly characterized via a variety of spectro-
scopic techniques.

Cobaltocene cation (Cp2Co
þ) is rather rigid and it is

stable even under hydrothermal conditions. Using
cobaltocene cation as template zeolites nonasil and
ZSM-51 (NON) can be synthesized. The size of cobalto-
cene matches with that of the cage of NON structure
[202,203], therefore this template is tightly encapsulated
by the zeolite framework of NON structure. Cobaltocene
can also act as a template for the synthesis of AlPO4-16
and AlPO4-5 [204]. Through using methylated cobalto-
cene cation (Cp*2Co

þ) as template, UTD-1, a totally new
structure zeolite has been synthesized. This is also the
first high-silica zeolite with 14-membered rings [205].
The methylcobaltocene cations in UTD-1 can be removed
through washing. Honma and Zhou [206] reported
the synthesis of mesoporous M41S silica using a ferro-
cene-quaternary ammonium derivative (ferrocenyle
(CH2)11eNþ(CH3)3) as template.

Enzymes in biological system are constructed from
protein and many enzymes contain transition metals.
These polypeptide chains bound or coordinated metal
ions play unique roles in catalysis. Therefore, it has
been continuously attempted to synthesize metal amino
acid complexes to mimic natural metal enzymes. Weck-
huysen et al. [207] incorporated copper(II) histidine
complex into zeolite Y and they found that the incorpo-
rated complex exhibits excellent catalytic performance
for oxidation. Differing from the commonly used ion
exchange followed by coordination method, the tech-
nique they adopted is to synthesize the Cu(His)2

2þ

complex first and then directly ion exchange it into
NaY zeolite. Through ESR analysis, they found that
the amino N, carboxylate O, and imidazole ring N of
one histidine participate in coordination to the Cu(II)
ion, whereas only the amino N and the carboxylate O
of another histidine coordinate to the metal. The sixth
coordination site of the Cu(II) ion may accept extra
ligand. In catalytic oxidation reactions, this sixth coordi-
nation site may activate the oxidant. It has been revealed

that using tert-butyl peroxide as the oxidant and
composite as catalyst, the conversions of 1-pentanol,
benzyl alcohol, and cyclohexene are 12%, 56%, and
28%, respectively. The main products are pentanoic
acid, phenylacetylaldehyde, and 1,2-cyclohexanediol
and the selectivity is rather high. Therefore, the [Cu
(His)2]

2þ-Y composite can be regarded as an effective
enzyme-mimicking compound.

Inspired by enzymes [208], a mononuclear copper(II)
complex with one MIm2Pr ligand [MIm2Pr¼ 3,3-bis
(1-methylimidazol-2-yl)propionate] in the supercages
of zeolite Y has been prepared by Weckhuysen et al.
(Fig. 18.4). The preparation procedure leaded to two
compounds (labeled 1 and 2), which differ in molecular
structure and chemical composition. In 1, the copper is
five-coordinated, with one MIm2Pr ligand in a facial-
type NNO coordination toward copper, the other two
coordination sites being occupied by oxygen atoms
from either the zeolite framework and/or a water mole-
cule. The total charge of 1 is 1þ. But in 2, the copper is
surrounded by two MIm2Pr ligands, both in a facial-
type coordination mode as found in the homogeneous
Cu(MIm2Pr)2 complex. 2 is neutral in charge and can
be easily washed out of the zeolite, whereas the mono-
nuclear species 1 remains inside the zeolite material
upon washing. The catalytic activity for 3,5-di-tert-butyl-
catechol and benzyl alcohol oxidation of 1 is comparable
with that of the zeolite-immobilized Cu(histidine)
complexes but differed from that of the homogeneous
Cu(MIm2Pr)2 compound. Therefore, the encapsulation
in zeolite offers a route to stabilize a fivefold-coordinated
copper complex with novel catalytic properties.

The structures and compositions of microporous
crystals are becoming more versatile and this has laid
foundations for incorporation of complexes with
various structures and functionalities in microporous
crystals. The previously reported complex incorporation
wasmainly limited to the use of zeolites as the hosts. The
aluminophosphate microporous crystal family discov-
ered in the 1980s possesses versatile structures as well,
but the incorporation of complexes in aluminophos-
phate hosts has been rarely reported. It is not surprising

FIGURE 18.4 Schematic representation for the
encapsulation of Cu(MIm2Pr)2 in zeolite Y. Reprinted with

permission from [208]. Copyright 2006 American Chemical
Society.
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that complex incorporation in microporous alumino-
phosphates will extend the porous hostecomplex guest
assembly chemistry. Mesoporous molecular sievesM41S
(including MCM-41 and MCM-48) have the advantages
of large pore size (>1.5 nm) and being capable of accom-
modating large molecules. Complex molecules with
a large size may enter or be loaded into the channels
or cages of M41S mesoporous molecular sieves to form
composite materials with special functionalities [172]
such as high catalytic performance. The channel size of
mesoporous molecular sieves is large and after introduc-
tion of complex molecules there is still enough room
for guest molecules to pass through and as a result,
diffusion in these materials may not be affected when
they are used as catalysts. Therefore, it is envisioned
that mesoporous molecular sieves can be widely used
to accommodate complex molecules to form high-
performance catalysts. Evans et al. [209] reported the
grafting of aminosilane onto the walls of mesoporous
silica and it was found that after grafting the amino
groups of the aminosilane exhibit strong coordination
ability and they may coordinate to many metal ions
such as Mn2þ, Cu2þ, Co2þ, and Zn2þ to form complexes.
Evans et al. investigated the physicalechemical proper-
ties of the complex/mesoporous silica hosteguest
composite materials and their use as catalysts for the
oxidation of aromatic amines. It was discovered that
the manganese-containing hosteguest material showed
the highest catalytic activity and the activity of the
copper-containing compound is the second highest fol-
lowed by those of the cobalt- and zinc-containing
compounds. There is an apparent induction period for
the reaction involving the latter two compounds as the
catalysts.

It is also of significance to incorporate complex mole-
cules into microporous crystals to form photochemically
or photophysically active centers. Because of the separa-
tion by the host framework, the complexes located in the
channels or cages of microporous crystals are isolated. If
the isolated centers with oxidation or reduction features
are loaded in the connected and adjacent cages of
a microporous crystal, redox pairs may be formed. Elec-
tron transfer may occur on these redox pairs under the
excitation of light and therefore photochemical reactions
may proceed effectively. This is important for the utiliza-
tion of solar energy. In addition, this type of assembly
system may also be used to simulate the electron trans-
fer process of oxidationereduction in biological
systems.

Apart from forming catalysts for photochemical reac-
tions, some rare earth ion complexes may also form effi-
cient luminescent materials after incorporation into
microporous crystals. Alvaro et al. [210] loaded euro-
pium complex into zeolite Y, mordenite, and ZSM-5.
Because of the confinement of zeolite framework, the

chance for the luminescent centers to decay nonradia-
tionally is reduced and as a result the lifetime is
increased in comparison with that in solution. In the
meantime, upon formation of complex, the luminescent
intensity of Eu3þ ion is distinctly increased. Therefore, it
is possible to prepare valuable composite luminescent
materials using microporous crystals as hosts and
complexes as guests.
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The history of ceramics is intertwined with human
history. From the first use of flint and obsidian during
the Stone Age, the formation of vessels from clay, the
use of refractories in the iron and steel industry, to the
fabrication of optical fibers for high-speed communica-
tion, ceramics have revolutionized the society and tech-
nology in many ways. Novel ceramic materials are
always surprising us. So how to prepare advanced
ceramics has become the key point. In this chapter we
will explore the topic of chemical preparation of
advanced ceramic materials. We will mention some of
the most recent developments in the field of advanced
ceramics. The chapter has been divided into four
sections. Section I: Fabrication of nanoceramics; Section
II: Making of ceramic matrix composites; Section III:
Integration of structures and functions of ceramics;
and Section IV: Fabrication of some transparent ceramics
such as laser ceramics, ceramic scintillators, upconver-
sion ceramics, and optical ceramics for windows.

19.1. NANOCERAMICS

Conventionally nanostructured ceramics are defined
as inorganic materials composed of structural units
with a size scale of less than 100 nm in any dimension
[1]. Based on dimensions, nanoceramics are classified
as zero-dimensional nanocrystals, one-dimensional
nanowires and nanotubes, two-dimensional nanofilms
and nanowalls, and three-dimensional bulk materials
with at least one nanocrystalline phase [2]. Nanoceram-
ics, in particular, bulk nanoceramic materials, exhibit
superior and unique properties in comparison to
conventional ceramics with coarser structured units.
A major challenge in the research on bulk nanoceramics

and nanoceramic composites is concerned with the
aspect of processing. The basic steps in nanoceramic
fabrication mainly involve obtaining unagglomerated
nanosized powders with uniform size distribution and
sintering to near theoretical density without grain
growth.

19.1.1. Preparation of Nanoscaled Powders

The synthesis of nanocrystalline powders is an essen-
tial and first step in the processing of bulk nanoceramics.
Efforts have been made to ensure appropriate control of
particle size, surface contamination, and degree of
agglomeration. Various chemical methods have been
adapted to synthesize nanocrystalline powders. The
main advantages of chemical synthesis method lie in
their ability to produce a large variety of compositions
and ensure homogeneous (atomic level) mixing of the
constituent particles.

19.1.1.1. Chemical Vapor Deposition (CVD)

Chemical vapor deposition (CVD), in which a
precursor is converted to nanoparticles, is one of the
conventional and widely used techniques to synthesize
ceramic nanopowders. This method is mainly used for
fabrication of oxide, nitride, and carbide nanopowders.
For example, TiO2 nanopowder [3] and TiO2/Al2O3

nanocomposite [4] have been synthesized by Shi et al.
CVD has also been utilized for synthesis of a technolog-
ically important materialdcarbon nanotube [5]. Laser-
induced chemical vapor deposition(LICVD) is a recently
developed method to prepare amorphous or crystalline
nanopowders with controllable particle size and homo-
geneous size distribution. A similar process, inert gas
condensation technique, has been used to synthesize
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nanosized TiO2 powders, involving formation of unltra-
fine Ti particles and subsequent in situ oxidation [6].

19.1.1.2. Chemical Precipitation

The nanosized ceramic powders are routinely synthe-
sized by chemical precipitation and reaction routes. In
such process, a solution containing precipitating agent,
commonly hydroxide, ammonium acid carbonate, or
oxalic acid, is added to the solution containing cation
of the desired oxide. This is followed by firing of the
precipitates (hydroxides, carbonates, or oxalates). Chem-
ical precipitation routes include direct precipitation,
coprecipitation and homogeneous precipitation. In the
direct precipitation process, only one cation is contained
in the solution. For example, alumina precursor NH4Al
(OH)2CO3 has been produced by direct precipitation
using NH4Al(SO4)2$12H2O as starting material,
NH4HCO3 as precipitating agent, and nanosized a-
Al2O3 as seed [7]. a-Al2O3 powders with average
particle size of 150 nm can be obtained by washing,
drying, and firing the precursor. It is found that the
temperature of nucleation can be reduced and the trans-
formation rate can be increased effectively by adding
a small quantity of a-Al2O3 seeds [8].

In addition, the effects of fluoride additions on the
phase transition of a-Al2O3 formation have also been
investigated. The addition of 2% LiF and AlF3 decreases
the transformation temperature by 300�C and well-
dispersed a-Al2O3 powders with average particle size
of w2 mm were obtained [9]. The LiF and AlF3 additives
prove to be effective in enhancing the phase formation of
a-Al2O3 because an intermediate compound, AlOF, can
be formed in the case of the phase transformation and
AlOF can accelerate the mass transportation from tran-
sient phase to stable a-Al2O3 phase [10].

For the coprecipitation method, multications are
present in the mixed solution. Nanosized YAG powders
with average particle size of 60 nm have been synthe-
sized by a coprecipitation method from amixed solution
of NH4Al(SO4)2 and Y(NO3)3, with NH4HCO3 as the
precipitant [11]. Composition of this precursor will be
the result of competition between OH� and the
carbonate species generated by the following chemical
reactions during combination with metal cations:

NH4HCO3 þH2O5NH4OHþH2CO3 (19.1)

NH4OH5þNHþ
4 þOH� (19.2)

H2CO35Hþ þHCO�
3 (19.3)

HCO�
3 5Hþ þ CO2�

3 (19.4)

As mentioned earlier, Al3þmay precipitate as AlOOH
or NH4Al(OH)2CO3. On the other hand, Y3þ may most
likely precipitate as normal carbonate of [Y2(CO3)3$nH2O

(n¼ 2� 3)] [12] or basic carbonate of [Y(OH)CO3] [13]
from the carbonate anions containing NH4HCO3 solu-
tion. Also, homogeneous distribution nano-mulite pow
ders (w100 nm) have been prepared by hydrolysis and
coprecipitation method using TEOS and AlCl3$
6H2O as starting materials [14].

Compared to direct precipitation and coprecipitation
method, homogeneous precipitation has the advantage
of excellent homogeneity of nucleation and precipita-
tion. In the homogeneous precipitation process, urea
is usually used as precipitant. For example, Eu,
Li-codoped ZnO:(Eu, Li) nanopowders have been syn-
thesized by the homogeneous coprecipitation method
using Zn(NO3)2$2H2O, CO(NH2)2, Eu(NO3)3$6H2O,
and LiNO3$2H2O as raw materials. The ZnO:(Eu, Li)
nanopowder calcined at 700�C for 2 h is a pure hexa-
gonal wurtzite structure and the particle size distribu-
tion is uniform in the range of 20e40 nm [15]. Using
the same urea homogeneous precipitation method,
monophase ytterbium aluminum garnet (Yb3Al5O12)
powders with the particle size of 20e30 nm have also
been obtained at the low calcination temperature of
900�C [16].

Spherical anatase microparticles (15e40 nm) with
good crystallinity have been synthesized by homoge-
neous precipitation under mild conditions (83e100�C),
employing ammonium fluorotitanate as the titanium
source and urea as the precipitant [17]. Urea decom-
poses at a temperature higher than 80�C during the
urea precipitation process, as shown in Eq. (19.5).

2ðNH2Þ2COþ 5H2O/4NHþ
4 þOH� þHCO�

3 þ CO2�
3

(19.5)

The NH4
þ and OeH� ions generated then react

readily with ammonium fluorotitanate to yield TiO2

according to Eq. (19.6).

ðNH4Þ2TiF6 þ 4NHþ
4 þ 4OH�/TiO2 þ 6NH4Fþ 2H2O

(19.6)

Figure 19.1 shows the particle morphologies of the
powders obtained after 30 min at three typical tempera-
tures of 83, 90, and 100�C. The resultant particles are
microspheres in each case, irrespective of the reaction
temperature. Furthermore, these microparticles show
good dispersion and no apparent aggregation is
observed.

19.1.1.3. Solegel Method

Among various synthetic routes, solegel processing
is also one of the most widely used techniques for
nanoparticle formation. In this process, organic or inor-
ganic precursors are gelled to form an intercon-
nected three-dimensional network after hydrolysis and
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polycondensation in organic solvents. This is followed
by dehydration and calcination of the gel to form nano-
powders. The solegel approach is of particular interest
which allows compositional and microstructural tail-
oring through controlling the precursor chemistry and
processing conditions. Solegel processing provides an
excellent chemical homogeneity and the possibility of
deriving unique metastable structures at low reaction
temperatures. TiO2 nanocrystals have been derived via
solegel hydrolysis precipitation of titanium isopropox-
ide Ti(OC3H7)4, followed by calcination or hydrothermal
treatment [18].

Simultaneous control over particle size, morphology,
and surface is one of the pertinent advantages of using
solegel process for nanopowder preparation. However,
high costs of alkoxide precursors possess a serious limi-
tation to this process.

Gel combustion is a method, which combines the
advantages of solegel and combustion method. The
synthesis method includes two steps: the first is gelation
and then combustion reaction. The gelation process
from solution can guarantee a precise control of cationic
stoichiometry and homogeneous mixture of metal ions
at the atomic level. The following gel combustion reac-
tion can avoid the rigorous condition in the dry process.
Ultrafine a-Al2O3 powders with average particle size of
w200 nm have been synthesized by the gel combustion
method using a citrate polymeric precursor derived

from aluminum nitrate and citric acid mixed solution
[19e21]. Also, nanosized Nd:YAG powders have been
prepared at low temperature by a gel combustion
method with citric acid as fuel and nitrate as oxidizer
[22]. By altering the citrate-to-nitrate ratio, a variety of
Nd:YAG powders with different agglomerate structures
could be obtained [23].

Gel combustion for synthesizing fine powders is of
significant interest, primarily due to the overall sim-
plicity and high efficiency of the technique. However,
the powders produced are not as uniform as those
from the solegel process: they often contain hard
agglomerates.

19.1.1.4. Microemulsions

Since Boutonnet et al. put forward using microemul-
sions to prepare nanomaterials in 1982 [24], the micro-
emulsion method has been paid more and more
attention. The development of the microemulsion
method offers a good way to obtain the nanocrystals
with controlled surface and size [25]. Usually, the prep-
aration of nanocrystal in the microemulsion process
involves two steps. One is to prepare nanoparticles in
a water-in-oil (W/O) microemulsion, which is a trans-
parent, isotropic liquid medium with nanosized water
droplets dispersed in a continuous oil phase and stabi-
lized by surfactant molecules at the water/oil interface.
These surfactant-covered water pools offer a unique

FIGURE 19.1 The particle morphologies of the anatase powders obtained after 30 min at different temperatures (a) 80�C, (b, c) 90�C,
(d) 100�C [17].
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microenvironment for the formation of nanoparticles.
They act as microreactors for processing reactions
and inhibit the excess aggregation of particles. As
a result, the particles obtained in such a microenviron-
ment are generally very fine and monodispersed [26].
The other step in the process is to crystallize the nano-
particles by increasing the annealing temperature. The
properties of nanocrystal, such as crystalline size,
shape, strain, and stacking faults, are governed by the
chemical nature of the “microreactor” and the anneal-
ing process of the nanoparticles. Using the microemul-
sion method, cubic phase CeO2 nanocrystals with size
of 6e8 nm have been prepared by Zhang et al. [27].
For another example, nanosized 3 mol% Y2O3 stabi-
lized tetragonal ZrO2 powders with average particle
size of 14 nm have also been prepared by microemul-
sion processing [28]. The obtained particles are weakly
agglomerated into polyhedral or spherical-shaped
powders.

The microemulsion method has many advantages in
synthesizing nanopowders, however, the method still
has limitation in application. A mass of surfactant is
needed in the water-in-oil (W/O) microemulsion
system, so the cost is too high. The second disadvantage
is the low yield due to the small amount of water solvent
in the microemulsion. In addition, the existence of
surfactant also has some influence on the purity and
properties of the obtained nanopowders.

19.1.1.5. Hydrothermal/solvothermal Method

In a sealed vessel, solvents can be brought to temper-
atures well above their boiling points by the increase in
autogenous pressures resulting from heating. Perform-
ing a chemical reaction under such supercritical condi-
tions is referred to as solvothermal processing or, in
the case of water as solvent, hydrothermal processing.
Hydrothermal/solvothermal processing allows many
inorganic materials to be prepared at temperatures
substantially below those required by traditional solid-
state reactions. Unlike the cases of coprecipitation and
solegel methods, which also allow for substantially
reduced reaction temperatures, the products of hydro-
thermal/solvothermal reactions are usually crystalline
and do not require postannealing treatments [29,30].

Highly crystallized, well-dispersed perovskite-type
BaTiO3 crystallites with very fine (<100 nm) particles
have been produced by the hydrothermal reaction of
a newly prepared Ti(OH)4 gel with the Ba(OH)2 solution
[31], and the crystallographic properties of hydrothermal
BaTiO3 crystallites have also been investigated [32].

The synthesis of nanocrystalline TiO2, which is an
important photocatalyst for the decomposition of toxic
chemicals, is one of the more thoroughly investigated
hydrothermal/solvothermal reactions. The preparation
of anatase by hydrothermally processing hydrous titania

prepared by the controlled hydrolysis of Ti(OEt)4 in
ethanol has been reported by Oguri et al. in 1988 [33].
More recently, a method for preparing nanoparticulate,
phase-pure rutile from aqueous TiCl4 by a hydrothermal
process has been developed by Zhang and Gao [34]. By
adding citric acid to stabilize the TiO2 nanoparticles and
hydrothermally heating the precursors in the presence
of KCl or NaCl mineralizers, 2e10 nm crystallites of
monodispersed, phase-pure anatase has been produced
by Yin et al. [35]. Furthermore, TiO2 nanocrystals can be
prepared by the low-temperature reaction of low-valent
organometallic precursor [36]. Pure anatase TiO2 have
bee prepared by the hydrolysis of TiCl4 with ethanol at
273 K followed by calcination at 360 K for 3 days [37].
Nanocrystals of the transition metal dichalcogenides
(ME2; M¼ Fe, Co, Ni, Mo; E¼ S or Se) with diameters
in the range of 4e200 nm have also been prepared by
a hydrothermal route [38].

Compared with hydrothermal reaction method, sol-
vothermal decomposition of organometallic precursors
is more common for preparation of metal oxide nano-
crystals. The use of cupferron complexes as precursors
to prepare g-Fe2O3, Cu2O, and Mn3O4 nanocrystals has
been described by Rockenberger et al. [39]. Metallic
ReO3 nanocrystals with diameters in the 8.5e32.5 nm
are obtained by the solvothermal decomposition of R2O7-
dioxane under solvothermal condition [40]. Figure 19.2a
shows a TEM image of ReO3 nanocrystals of 17 nm
average diameter with the size distribution histogram
as an upper inset. The lower inset shows an high
resolution transmission electron microscopy (HRTEM)
image of 8.5 nm nanocrystal. The nanocrystals exhibit
a surface plasmon band around 520 nm which un-
dergoes blue-shifts with decrease in size (Fig. 19.2b).
Nanocrystals of metal chalcogenides are also prepared
by the reaction of metal salts with an appropriate
sulfiding or seleniding agent under solvothermal
conditions. Toluene-soluble CdSe nanocrystals with a
dia-meter of 3 nm have been prepared solvothermally
by reacting cadmium stearate with elemental Se in
toluene in the presence of tetralin [41].

Unlike the cases of the precipitation and solegel
methods, hydrothermal/solvothermal method can ob-
tain agglomeration free (or less agglomeration), high
crystallinity and high sintering activity nanosized pow-
ders with postannealing treatment [42]. However, this
method still has its intrinsic limitation, such as long
reaction period, rigorous temperature, and pressure.

19.1.2. Sintering of Nanoceramics

There are two challenges in nanoceramic sintering:
achieving full density and maintaining nanosized
grains. While a number of techniques are capable of
achieving full density, maintaining nanosized grains
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remains to be a tough problem to solve. When both full
densification and nanosized grains are desired, innova-
tive sintering approach becomes a must. The success in
consolidation of nanopowders to yield nanoceramics
lies with the precise control of the coarse-densification
competition during the sintering process, i.e., enhancing
densification while suppressing coarsening. In the
following section, some nanoceramic sintering methods
will be introduced.

19.1.2.1. Pressureless Sintering

In the case of conventional pressureless sintering,
due to the absence of any external driving force, higher
temperature and longer time are required for obtaining
near theoretical densification. The enhanced duration
of elevated temperature results in significant grain
growth, especially in the last stage of sintering [43].
For nanoparticle sintering, there are three aspects that
can be utilized to improve pressureless sintering [44].
The first is devising the sintering schedules to control
the relative contribution of densification and grain
growth in nanoceramics. The second is attainment of
high nanoparticle packing (green density). And the
third is to introduce second phase, reducing the grain
boundary mobility while encouraging grain boundary
diffusion. The application of a two-step sintering
process, which involves lowering the peak sintering
temperature and holding the sample at the lower
temperature for the final stage of densification, can be
employed to prepare nanoceramics via pressureless
sintering. The success of this process is first demon-
strated by Y2O3 nanoparticle sintering [45,46]. Two

different sintering schedules have been adopted to
prepare Y2O3 while using nanosized Y2O3 powders
with particle size of 10e15 nm as raw material. For
pure Y2O3 initially heated to 1310�C, full density was
achieved after holding at 1150�C for 20 h, during which
there is no grain growth. As another example, with the
first step reaching 1250�C, full densification without
grain growth is achieved after holding at 1150�C for
20 h. For 1 wt% MgO-doped Y2O3, fully dense ceramic
with average grain size of w60 nm has been obtained
by sintering at 1000�C for 20 h, after reaching 76% rela-
tive density in an initial firing to 1080�C, as shown in
Fig. 19.3. According to the explanation provided by
Chen and Wang [45], the kinetics of grain boundary
mobility is reduced at the lower holding temperature,
while maintaining sufficient grain boundary diffusion
kinetics for elimination of residual pores. This ap-
proach is further corroborated by BiTiO3 and NieCueZn
systems [47].

In sintering, besides the starting nanoparticle size and
size distribution, high packing density is a critical factor
to consider. Due to the rapid grain growth tendency of
nanoceramics, one natural approach in maintaining the
nanosized grains is to reduce the necessary sintering
shrinkage by starting with high green density. The
low-density samples formed under convention compac-
tion show rapid densification but at the expense of rapid
grain growth. For the high green density samples com-
pacted under superhigh pressure, there is no excessive
grain growth. More importantly, the final sintered
densities are always higher for the higher green den-
sity samples. Sixty percent dense Y2O3eZrO2 sample

FIGURE 19.2 (a) TEM image of ReO3 nanocrystals of average diameter 17 nm. Upper inset shows the size distribution histogram. Lower
inset shows the HRTEM image of a single 8.5 nm nanocrystal. (b) Optical absorption spectra of ReO3 nanocrystals with average diameters of 8.5,
12, 17, and 32.5 nm. Inset in (b) shows a picture of four different sizes of ReO3 nanocrystals dissolved in CCl4. Reprinted with permission from [40].

Copyright 2006 American Chemical Society.
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compacted under 3 GPa pressure can be sintered at
1050�C while maintaining the grain size at about
80 nm [48]. g-Al2O3 is a metastable phase and vermic-
ular structure will be formed during g- to a-phase trans-
formation. So it is very difficult to get dense alumina
ceramics by traditional pressureless sintering of
g-Al2O3 nanopowders. However, when the g-Al2O3

nanoparticles are compacted at >3 GPa pressure, there
is no formation of vermicular structure and nearly full
density is obtained with grain size at 150 nm [49]. As
another example involves phase transformation during
sintering, 99% dense TiO2 nanoceramic with grain size
at 60 nm has been obtained from the titania hydrosol
heated at 600�C [50].

In order to obtain fully dense nanoceramics by pres-
sureless sintering, dopants or lower melting tempera-
ture species that form liquid phase at sintering tem-
perature are introduced to reduce the grain boundary
mobility and encourage grain boundary diffusion. Y2O3

and Al2O3 are used in the Y2O3eZrO2 and Al2O3e
ZrO2 systems. The Al2O3 particles have 10 nm size and
Y2O3 particles have <20 nm size. The ZrO2 matrix parti-
cles also have 10 nm size. After 1100�C sintering, the
ZrO2 composites have 30 nm grain size with full
density. Such small grain size is believed to result
from a homogeneous distribution of Y2O3 and Al2O3

particles hindering ZrO2 grain boundary mobility and
thus grain growth by pinning the grain boundaries
[51]. Empirically, the suppression of grain growth
during sintering by pinning the grain boundaries with

second phase is successful when the starting particle
size does not exceed 30 nm. The desired condition for
controlled grain growth is that secondary phase is well
separated and homogeneously dispersed in the matrix
phase [52].

By any means, pressureless sintering of nanoceramics
requires careful control of sintering schedule, nanopar-
ticle size, nanoparticle packing, and sintering additives
in order to enhance sintering densification while sup-
pressing grain growth. Even with the best efforts, pres-
sureless sintering of nanoceramics remains to be
a challenging task. So pressure sintering and other
new sintering techniques are more prevalent in sintering
of nanoceramics.

19.1.2.2. Pressure Sintering

Pressure sintering can drastically accelerate nanocer-
amic densification and achieve nanosized grains by
providing external sintering driving force. As a result,
lower sintering temperature and shorter sintering time
can be used while achieving nanoceramic full densifica-
tion. Pressure sintering mainly includes hot pressing,
hot isostatic pressing, and sinter forging. Hot pressing
and sinter forging involve the application of uniaxial
pressure during elevated temperature exposure, in the
presence or absence of constraining die, respectively.
MgO of 10 nm particle size is hot pressed to 99.5% at
790�C, 150 MPa and <74 nm grain size is obtained
[53]. When additives are used as sintering aids, liquid-
phase amount needs to be carefully adjusted for
combined liquid phase sintering and hot pressing. For
example, dense SiC ceramics with a mean grain size of
<100 nm can be obtained through combined hot
pressing and liquid-phase sintering [54]. In this process,
SiC nanoparticles of 30 nm are used as raw materials
with Al2O3 and Y2O3 as sintering aids. The optimal
liquid phase for SiC matrix is 10 wt%. It is clear that
the most desirable approach is still hot pressing the
nanopowders with additives. As mentioned before,
phase transformation during sintering will hinder nano-
ceramics full densification. However, one special type of
hot pressing, whose pressure is in the order of a few gig-
apascals, can desirably utilize phase transformation to
assist consolidation. Pressure-induced phase transfor-
mation of anatase TiO2 has been sintered at 1.5 GPa for
1 h, and the sintered compact is 98% dense rutile phase
with a mean grain size of 36 nm [55]. The anatase to
rutile phase transformation that begins at 650�C can be
greatly lowered as the pressure is raised. The increased
pressure during the phase transformation assisted sin-
tering will lead to the grain refinement of the rutile
phase [56].

Sinter forging is a combined superplastic deformation
and sintering process. Sinter forging of ZrO2 nanopar-
ticles at 950�C and 300 MPa achieves 45 nm grain size

FIGURE 19.3 Microstructure of fully dense Y2O3 doped with
1 wt% MgO. Reprinted by permission from Macmillan Publishers Ltd:

Nature [45], Copyright (2000).
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and full density [57]. Uchic et al. [58] were able to
densify nanocrystalline TiO2 powders to near theoretical
density at 650�C via sinter forging and obtained ceramic
retains grain size of 50e60 nm. Sinter forging can
achieve fast densification. However, there is little theo-
retical understanding about the microstructure evolu-
tion. Compared with other sintering techniques,
sintering forging is not a mainstream sintering method
for nanoceramics.

In the case of hot isostatic pressing, the pressure is
uniform from all directions and it is applied to densify
the ceramic body via fluid medium, such as inert gas.
The application of nanostructured oxides is best demon-
strated by 10 vol% ZrO2eAl2O3 nanocomposite with the
intent of using ZrO2 nanoparticles to reduce Al2O3 grain
growth. The nanoparticle mixture is cold isostatically
compacted at 495 MPa and presintered at 1200�C for
2 h before it is isostatically pressed at 1200�C and
247 MPa. The sintered sample is 99% dense with
<100 nm grain size [59]. However, hot isostatic pressing
is not widely applied to oxide nanoceramics as the rela-
tively low pressure cannot provide sufficient sintering
driving force for grain growth control. For nonoxides,
hot isostatic pressing has been utilized to carbide nano-
ceramics, as well as their composites. Dense and nano-
structured SiC ceramic with average grain size of
about 100 nm has been obtained at 1850�C and 200 MPa
pressure after sintering for 1 h [60]. Si3N4/SiC nano-
composite is prepared by using pretreated Si3N4 and
SiC nanoparticles; dense and homogeneous nanostruc-
ture with an average grain size of 50 nm is obtained at
1750�C and 150 MPa for 1 h. Hot isostatic pressing has
the advantages of uniform densification in all direc-
tions and homogeneous microstructures. However, it
has its own disadvantages, such as the complexity
and high cost of the equipment, low pressure, and
lack of container materials suitable for nanoceramic
sintering [61].

19.1.3.3. Spark Plasma Sintering

Spark plasma sintering is also named as plasma-
activated sintering, pulse electric current sintering, and
pulse discharge pressure sintering [62]. In spark plasma
sintering, sintering is realized by subjecting the green
compact to arc discharge generated by a pulsed electric
current. An electric discharge process takes place on
a microscopic level and accelerates material diffusion.
The externally applied pressure is generally 30e200
MPa and the heating rate is 100e1000�Cmin�1[63].
Spark plasma sintering is the most effective densifica-
tion technique for nanoceramics. One of the most
remarkable features of this technique is that the small
grain size can be maintained while achieving full densi-
fication. For oxides such as MgO, nanoparticles are
spark plasma sintered between 700 and 825�C under

applied pressure of 100e150 MPa. The obtained MgO
transparent ceramic is fully dense and with 52 nm
average grain size [64]. For nitrides such as Si3N4, nano-
particles of 10 nm size are spark plasma sintered at
1600�C for 5 min at a heating rate of 300�Cmin�1. The
sample is fully densified with homogeneous nano Si3N4

grains of 70 nm size [65]. Besides the single-phase
nanoceramics mentioned above, SPS is also used for
nanoceramic or nanocomposite fabrication. Hydroxya-
patitee3 mol% Y2O3eZrO2 composite has been sintered
by spark plasma sintering at 1150�C and 50 MPa with
a heating rate of 200�Cmin�1. The grain size of YeTZP
is only about 50 nm and hydroxyapatite grain size is
about 100 nm [66].

A wide variety of nanoceramics have been success-
fully densified by the SPS process. There are several
advantages that accrue from this process, such as fast
heating rate, fast cooling rate, and very short holding
time. These combined advantages offer very limited
grain growth. However, the sintering mechanism of
spark plasma sintering is not very clear, so the funda-
mental study is still needed.

Finally, it should be stated that, in spite of the prog-
ress made in the processing of bulk nanoceramics, this
remains an emerging field and further research is
required to optimize processing parameters, develop
processing techniques for large scale production, gain
further understanding of their properties, and render
nanoceramics and ceramic nanocomposites viable for
further novel applications.

19.2. CERAMIC MATRIX COMPOSITES
(CMCS)

Ceramic matrix composite is a kind of material
which uses ceramic as matrix and fiber, whisker,
pellet, or particle as reinforcement. CMC is also
named as multiphase composite. CMCs have the
advantages of high temperature resistance, high hard-
ness, corrosion resistance, and high wearing resis-
tance. In addition, the intrinsic brittleness can be
improved and the unexpected destruction can be
avoided by introducing the reinforcer into the ceramic
matrix. CMCs have been widely used in high tech-
nology, aerospace, national defense, and national eco-
nomic fields. Generally speaking, CMCs include
fiber (or whisker) reinforced ceramic matrix compos-
ites, particle dispersion-strengthened ceramic matrix
composites, in situ growth ceramic matrix composites,
and ceramic nanocomposites.

The characteristic of atomic arrangement in ceramic
structure leads to the lack of plastic deformation like
ability in metal. When broken, ceramic has no other
energy absorption mechanisms, except to form new
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broken surfaces [67]. Usually, the toughening mecha-
nisms involve dispersion toughening, microcrack
toughening, bridging crack toughening, crack deflection
toughening, fiber extraction toughening, compressive
prestress toughening, and stress-induced phase trans-
formation toughening [68]. By the proper design of
composite, the brittleness of ceramic materials can be
greatly improved. In this section, some typical ceramic
matrix composites with important use and applications
will be introduced.

19.2.1. Fiber-reinforced Ceramic Matrix
Composites

19.2.1.1. Cf/SiO2 Composites

Fused silica (SiO2) has very low density, thermal
expansion coefficient, electric conductivity, relatively
high mechanical property, heat resistance, thermal-
shock resistance, corrosion resistance, and dielectric
constant, so it is extensively used in optical and opto-
electronics devices, microwave dielectric materials,
and refractory materials. However, comparedwith other
materials, fused silica is a kind of typical brittle material
with low strength and toughness, which influence its
application and reliability. So the introduction of rein-
forced fiber to form composite is the main approach
to improve its mechanic properties. Carbon fiber-
reinforced fused silica (Cf/SiO2) composite materials
have been developed by Guo and Yen [69]. Compared
with silica glass, the strength and toughness of Cf/SiO2

composite have been greatly improved. The strength
has been increased to 11 times and the work of fracture
has been increased to two orders of magnitude. The high
temperature, lightweight Cf/SiO2 composite have been
used.

19.2.1.2. Cf/C Composites

The carbon/carbon (Cf/C) composites contain carbon
fiber and carbon matrix. Among the thermostructural
CMCs, Cf/C composite is the most lightweight material
with excellent properties. The advantageous properties
of Cf/C composites such as their high temperature
strength, creep and corrosion resistances, high tough-
ness, resistance to shocks, fatigue and damage, and reli-
ability make them ideal candidates for the military and
aerospace applications. The Young’s modulus of high-
performance carbon fiber is over 700 MPa and the
strength is at the range of 3e4 GPa. Carbon fibers in
Cf/C composites can be continuous or discontinuous.
By adjusting the orientation and weave of carbon fibers,
the strength and modulus of Cf/C composites at
different directions can be controlled.

Based on CVI, chemical liquid vapor infiltration
(CLVI), which utilizes liquid hydrocarbon as precursor,

is introduced as a new method to fabricate Cf/C
composites [70,71]. By a rapid CLVI processing, Cf/
C composites have been fabricated with the deposi-
tion temperatures in the range of 850e1400�C and
under the system pressure of w0.1 MPa [72]. By intro-
ducing microwave heating into the densification
process of carbon fiber-reinforced CMCs, a new me-
thod named microwave pyrolysis chemical vapor
infiltration (MPCVI) has been developed. Cf/C com-
posites have been prepared by MPCVI with different
deposition temperatures [73].

Cf/C composites are full carbon materials and their
main disadvantage is the degradation in an oxidizing
atmosphere beyond 400�C, resulting in the need for an
external oxidation protection. It is known from oxida-
tion kinetics that increasing the final heat treatment
temperature (for example by a graphitization step)
results in an improved oxidation resistance of the C-
fibers. Therefore, the oxidation resistance is also
improved by reinforcements with high modulus (HM)
or ultrahigh modulus (UHM) carbon fibers in compar-
ison to high tenacity (HT) fibers. Long-term oxidation
protection requires multilayer protection coatings,
where the Cf/C composites are protected for example
with SiC layers and additional self-healing glass form-
ing layers, based on oxides like mullite, alumina, or
silicon[74]. The silicon carbide layer can be performed
via pack cementation, but superior oxidation resistance
can be achieved with pure b-SiC layers, deposited via
the CVD process. SiC and modified SiC coatings have
been produced by a pack cementation technique on
surface of Cf/C composites [75]. The results show that
the anti-oxidation resistance of the modified SiC coating
is greatly improved at 1773 K. In another example, pre-
coated carbon layers on the surface of Cf/C comp-
osites have also been prepared first by slurry and
high-temperature treatment for preparing the anti-
oxidation coating with SiC concentration gradient [76].

High-melting MoSi2 or WSi2 with superior oxidation
resistance has been used as one of the best materials to
protect Cf/C composites [77e79]. However, single
WSi2 is too hard and brittle and MoSi2 has high-temper-
ature plasticity. These disadvantages influence their
high-temperature mechanical properties and confine/
limit their uses in high-temperature materials. Com-
pared with singleWSi2 or MoSi2, WSi2/MoSi2 composite
has better property. An SiCeWSi2/MoSi2 multilayer
oxidation protective coating for Cf/C composites has
been prepared by pack cementation [80]. A stable and
dense glassy SiO2 film can be formed on the coating
surface with 10.0 at% (W and Mo) during the oxidation
test. The coated specimen with 10.0 at% (W and Mo)
has no weight loss after oxidation in air for 315 h at
1500�C and no cracks after thermal cycling between
1500�C and room temperature for 18 times, which
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implies that the multicoating has excellent oxidation
protective ability and thermal shock resistance.

19.2.1.3. Cf/SiC Composites

The applications of carbon fiber-reinforced silicon
carbide (Cf/SiC) lie in fields, where conventional mate-
rials, due to their insufficient mechanical properties at
high temperatures or limited damage tolerance behavior
can no longer be considered and includedin all principal
areas of lightweight construction. The carbon fibers
generally decreases the brittleness of SiC considerably
so that the damage tolerance of Cf/SiC components
lies in the same order of magnitude as for grey cast
iron. Due to the excellent mechanical properties, Cf/
SiC composites have been a new and potential genera-
tion of high-temperature structural material used in
the aerospace field. Nowadays, the traditional prepara-
tionmethods for Cf/SiC composites contain hot pressing
(HP) [81], chemical vapor infiltration (CVI) [82], reactive
melt infiltration (RMI) [83], and precursor infiltration
and pyrolysis (PIP)[84].

Using carbon fibers as reinforcer, Cf/SiC composites
have been prepared by hot pressing at 1800e1880�C
and 20 MPa [85]. By chemical vapor infiltration, two-
dimensional Cf/SiC composites used for hinge bearing
have been prepared [86]. Excellent wear resistance and
load-carrying ability has been demonstrated by low

wear and especially small deformation. The hot-
pressing method, the preparation temperature for Cf/
SiC composites, is relatively high and it is only suitable
for component with simple configuration.

Through chemical vapor infiltration (CVI) combined
with liquid melt infiltration (LMI), the Cf/SiC brake
materials have been prepared [87]. The carbon fiber pre-
form is fabricated with the three-dimensional needling
method. The Cf/SiC composites exhibited excellent
toughness and the main toughening mechanism of the
brake materials is fiber pull-out, interfacial debonding,
bridging of fibers, and deflection of crack (Fig. 19.4).
Chemical vapor infiltration is a traditional method for
Cf/SiC composition fabrication.

Compared with hot pressing and chemical vapor
infiltration, precursor immersion pyrolysis (PIP) is
a comparably novel method. Using this method, large-
scaled, complex-shaped, and large batch Cf/SiC compo-
sitions can be prepared at low temperature. Cf/SiC
compositions have been prepared by PIP utilizing poly-
carbosilane as the precursor for matrix formation and
two-dimensional layered 0�/90� carbon fabrics as the
reinforcement [84].

Regarding the advantages of CVI and PIP, carbon
fiber needling preform-reinforced Cf/SiC compositions
are prepared by “CVIþPIP” combined process [88].
The results show that the densification efficiency of

FIGURE 19.4 Typical SEM micrograph of the samples after tensile test (a) fiber pull-out, (b) interfacial debonding, (c) bridging of fibers, and
(d) deflection of crack. Reprinted from Composites Science and Technology, Vol. 67, Shangwu Fan, Litong Zhang, Yongdong Xu, Laifei Cheng, Jianjun Lou,
Junzhan Zhang, Lin Yu, Microstructure and properties of three-dimensional needle-punched carbon/silicon carbide brake materials, Copyright (2007), with

permission from Elsevier [87].
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carbon fiber needling preform is higher than that of
three-dimensional woven preform. The composites rein-
forced with carbon fiber needling preform exhibit good
mechanical properties with flexural strength of 237 MPa
and shear strength of 26 MPa, respectively. In addition,
Cf/SiC compositions fabricated by the reaction melt
infiltration (RMI) method show some excellent advan-
tages such as moderate density (about 2.0 g/cm3), low
open porosity (<5%), and good oxidation resistance in
comparison with Cf/C composites [83,89].

Due to the anisotropic coefficient of thermal expan-
sion (CTE), Cf/SiC composites, the oxidation protection
is more difficult than it is for nonreinforced carbon or
graphite bulk materials. The mismatch of CTE between
the SiC coating and the carbon fiber reinforcement
creates cracks in the SiC coating during the cooling-
down period after deposition [90]. At the same time,
residual pores will inevitably remain during the fabrica-
tion process of Cf/SiC composites [91]. The existence of
cracks and pores provides the diffusion channels for
oxygen and leads to the oxidation of carbon fiber.
Thus, the properties of Cf/SiC composites will be greatly
depressed. SiC coating has become the commonly used
method to protect carbon fiber from being oxidized,
because SiC can be oxidized into SiO2 with very low
oxygen diffusion coefficient and the crack can be envel-
oped. The oxidation behavior of Cf/SiC composites with
three SiC protection layers has been investigated by
Cheng et al. [92]. It is found that, at the temperature
range from room temperature to 1500�C, the oxidation
degree of interface carbon and carbon is the most serious
at 700�C. Considering the bad oxidation resistance of
SiC coating at the intermediate and low temperatures,
B4C [93] system has been introduced into the SiC coating
to protect Cf/SiC composites. B4C and SiBC can be
oxidized into B2O3 with low melting point (450�C) and
good fluidity. The cracks in the SiC coating can be closed
up and oxygen can be prevented from diffusing into the
fibers. However, the B coating is usually used as middle
healing coating on Cf/SiC composites due to volatility of
B2O3. Modification of SiC coating has been carried out
with B and BCx prepared by CVD. SiC/B/SiC and
SiC/BCx/SiC multilayer self-healing coatings are
prepared on a two-dimensional Cf/SiC composite [94].
The main reactions involved during preparation of B
and BCx middle layers by CVD are as follows:

3BCl3 þ 3H2 ����!1100�C
3Bþ 6HCl

6BCl3 þ 2xC3H6 þ ð9� 6xÞH2 ����!1000�C
6BCx þ 18HCl

The results show that the B2O3 glass produced by oxida-
tion of B or BCx can seal the cracks that existed in the
coating well, the kinetics of oxidation is controlled by
diffusion of oxygen through the mocrocracks and B2O3

glass layer. SiC/BCx/SiCeCfeSiC composites have low
weight loss during the oxidation and higher strength
retention after oxidized for 10 h.

Long-carbon-fiber-reinforced SiC composites are
thoroughly investigated and the materials have been
widely utilized in high-temperature structural elements
for aerospace equipments like rocket nozzles, aeronautic
jet engines, and leading edges. In the recent years, the
research on short carbon fiber-reinforced silicon carbide
(Csf/SiC) has progressed [95,96]. Csf/SiC composites
have been fabricated by hot pressing at 1800�C and
25 MPa using Si as the main sintering aid [97]. It is found
that the maximum oxidation weight loss of the
composite occurs at 900�C [98]. Below 900�C, the oxida-
tion weight loss of the composites is caused by the
carbon fibers oxidation. Between 900 and 1450�C, short
carbon fibers on the composite surface are oxidized
and the SiC matrix forms a protecting film. The inner
short carbon fibers still have the strengthening effect
on the oxidation layer and matrix protecting them
from oxidation, and the composite have good self-resis-
tance oxidation property. Above 1600�C, the composite
surface is destroyed badly and loses the resistance
oxidation capacity.

19.2.1.4. SiCf/CMCs

Silicon carbide fiber-reinforced ceramic matrix
composites (SiCf/CMCs) are developed initially for
military and aerospace applications. Now they are being
introduced into new fields and their range of applica-
tions will grow when their cost is lowered drastically.
The advantageous properties of SiCf/CMCs such as
their excellent high-temperature strength, creep and
corrosion resistances, low density, high toughness, resis-
tance to shocks, fatigue and damage, and reliability
make them ideal candidates for the replacement of
metals and ceramics in many engineering applications
involving loads, high temperatures, and aggressive
environments [99,100]. Compared with carbon fibers,
SiC fibers have better high temperature stability. Even
at the high temperature of 1200�C, there is still no
obvious decrease in tensile strength and Young’s
modulus of SiC fibers. So SiCf/CMCs are of great poten-
tial application and used as high-temperature structural
materials. The preforms of SiC fibers have been devel-
oped from discontinuous structure to one-dimensional,
two-dimensional, three-dimensional, and multi-dimen-
sional overall structures [101].

As to the SiCf/CMCs system, the main matrices
include Al2O3, ZrO2, ZrSiO4, Si3N4, and SiC. The interest
in the development of SiCf/Si3N4 composites stems
from the fact that: (1) SiC and Si3N4 are thermodynami-
cally compatible and stable at temperature to 1700�C, (b)
Si3N4 processing temperature can be tailored to avoid
fiber degradation, and (c) Si3N4 matrix microstructure
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can be controlled to improve composite properties such
as cracking strength and thermal conductivity [102]. The
fabrication of SiCf/Si3N4 composites begins by the use of
monofilaments, fiber tows, and textile processed to form
multifiber bundles or tows of ceramics fibers into two-
dimensional and three-dimensional fiber weave
preforms that meet the product size and shape require-
ments. For assuring crack deflection between the fibers
and final matrix, a thin fiber coating or interphase mate-
rial with a mechanically weak microstructure, such as
boron nitride (BN) or pyrolytic carbon is then applied
to the fiber surfaces by chemical vapor infiltration
(CVI).Silicon nitride-based matrices are then formed
within the coated preforms by a variety of processes
such as CVI, reaction-bonded silicon nitride (RBSN),
polymer infiltration and pyrolysis (PIP), hot pressing
(HP), and hot-isostatic pressing (HIP). The pressure-
less-sintering method commonly used for the fabrica-
tion of monolithic silicon nitride ceramics cannot be
successfully adapted for the fabrication of SiC fiber-rein-
forced silicon nitride matrix composites because of
significant degradation strength of currently available
fibers at the high temperatures required for sintering,
and also because of the problems associated with retar-
dation of densification of the matrix material by the
presence of already dense fibers. Fabrication of SiCf/
Si3N4 composites by CVI was not successful because of
the difficulty in maintaining stoichiometry of silicon
nitride, and infiltrating into thick sections of the
preforms. Only SiC monofilament and SiC fiber tow-
reinforced Si3N4 matrix composites fabricated by reac-
tion-bonding, or hot pressing, or hot-isostatic pressing
have been successfully prepared [103].

The SiCf/SiC composites consist of an SiC-based
matrix reinforced by SiC fibers. Usually, the SiCf/SiC
composites can be prepared by chemical vapor infiltra-
tion (CVI). In very simple terms, the SiC-based matrix
is deposited from gaseous reactants onto a heated
substrate of fibrous preforms (SiC). CVI is a slow
process, and the obtained composite materials possess
some residual porosity and density gradients. Despite
these drawbacks, the CVI process presents a few advan-
tages [104]: (i) the strength of reinforcing fibers is not
affected during composite manufacture, (ii) the nature
of the deposited material can be changed easily, simply
by introducing the appropriate gaseous precursors into
the infiltration chamber, and (iii) a large number of
components and large complex shapes can be produced.
The SiCf /SiC composites prepared by CVI exhibit good
mechanical properties at room and high temperatures
that depend on the fiber/matrix interface. Pyrocarbon
(PyC) has proven to be an efficient interphase to control
fiber/matrix interactions and composite mechanical
behavior. But pyrocarbon is sensitive to oxidation at
temperatures above 450�C. A few versions of high

temperature resistant SiCf/SiC composites are pro-
duced. In order to protect the PyC interphase against
oxidation, multilayered interphases and matrices have
been developed. Multilayered matrices contain phases
which produce sealants at high temperatures preventing
oxygen from reaching the interphase. This composite is
referred to as CVI SiCf/SieBeC. Oxidation-resistant
interphases such as BN or multilayered materials can
also be coated on the fibers. An “oxygen getter” can be
added to the matrix to scavenge oxygen that might
ingress into the matrix (enhanced CVI SiCf/SiC).

19.2.2. Whisker-reinforced Ceramic Matrix
Composites

Using carbothermic reduction reactions of low-cost
silica and carbon precursors, industrial-scale quantities
of SiC whiskers have been produced. At the present
time, commercial sale of whiskers is limited to a few
companies in the world with SiC whiskers, the most
predominant [105]. In addition, whiskers of TiC, TiN,
Al2O3, mullite, Si3N4, and B4C have also been produced
and studied. However, SiC remains the most interesting
and commercially successful whisker.

19.2.2.1. SiCw/Al2O3 Composites

The ideal SiC whisker for reinforcement of ceramic
composites would have several characteristics that
would also depend on the matrix phase. In every case,
the ideal whisker would have no internal structural
imperfections, be relatively smooth, and possess high
strength. For alumina matrix where the difference in
thermal expansion is higher between the matrix and
the whisker, the whisker diameter would be in the
range of 1.5e2.0 mm [106]. For Silicon carbide whisker-
reinforced alumina (SiCw/Al2O3) composite, it was
determined that the presence of excess surface carbon
on the whiskers resulted in a weak interfacial bond
and produced materials with high toughness and
strength. In the fabrication of SiCw/Al2O3 composites,
the SiCwhiskers are normally received from commercial
sources in an agglomerated form. Deagglomeration and
dispersion of the SiC whiskers have been found to be
extremely important in the fabrication of composites
with good mechanical properties. The methods used
to disperse the SiC whiskers and mix them with the
matrix powders include ultrasonic homogenization,
high shear mixing, ball milling, and turbomilling[107].
Densification methods fall into two general categories:
(1) pressureless-sintering and (2) pressure-assisted.
Pressureless sintering is the most economical and is
capable of producing complex shaped parts. However,
whisker loadings are limited where high sintered densi-
ties cannot be achieved. The pressure-assisted tech-
niques include hot-pressing and hot isostatic pressing
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(HIP).These methods produce high densities at high
whisker loadings.

19.2.2.2. SiCw/Si3N4 Composites

Si3N4 ceramic is a structural material with excellent
mechanical properties, thermal shock resistance, oxida-
tion resistance, and low coefficient of thermal expan-
sion. It is one of the most promising material used as
the component of ceramic engine. However, the
component will be catastrophically destroyed during
the application course due to the intrinsic brittleness
of Si3N4 ceramic that prevents its wide utility. In order
to improve the mechanical property of Si3N4 ceramic,
SiC whisker is used as the reinforcement. SiCw/Si3N4

composites have been prepared by hot pressing at
1780�C for 1 h and under the pressure of 25 MPa
[108]. Compared to Si3N4 ceramic, the bending strength
and fracture toughness of the obtained SiCw/Si3N4

have been improved to a certain extent. As to the prop-
erty of thermal shock resistance, the SiCw/Si3N4

composite is also better than Si3N4 ceramic. In the
system of SiCw/Si3N4 composite, debonding along
the Si3N4 matrixeSiC whisker interface and microcrack
propagation are both attributed to the increase of frac-
ture toughness.

19.2.3. Particle Dispersion-strengthened
Ceramic Matrix Composites

19.2.3.1. Ni/Al2O3 (Co/Al2O3) Composites

Introducing ductile metal phase into the brittle
alumina ceramic matrix has been proved to be a prom-
ising way to improve the toughness [109,110]. In the
metal/alumina systems, Ni/Al2O3 has been widely
investigated. For example, Ni/Al2O3 composites have
been prepared by hydrogen reduction and hot pressing
of powder mixtures of NiO and Al2O3 obtained by two
processes, namely, the ball-milled mixing process and

the coating process [111]. In the ball-milled mixing
process, NiO nanopowders with average particle size
of 8 nm are prepared by chemical precipitation method
using analytically pure Ni(NO3)2$6H2O and NH4HCO3

as starting materials [112]. The reaction can be repre-
sented in the form of following equation:

3Ni2þþ 6HCO-
3 þH2O

¼ NiCO3,2NiðOHÞ2,2H2OYþ 5CO2[

However, after ball milling, the obtained NiOeAl2O3

composite is severely agglomerated. In the coating
method, Ni-coated Al2O3 powders are prepared by the
heterogeneous precipitation method using Al2O3 with
diameter of 350 nm, Ni(NO3)2$6H2O and NH4HCO3 as
raw materials [113]. Figure 19.5 shows TEM micro-
graphs of NieAl2O3 composite powders prepared by
the above-mentioned two processes. It can be seen that
spherical Ni particles of size 10e106 nm are obtained
by ball-milled mixing and then hydrogen reduction.
By heterogeneous precipitation, calcination, and reduc-
tion method, spherical Ni particles of size 10e55 nm
can be obtained [111].

Dense NieAl2O3 composites are prepared by hot
pressing at 1300e1500�C for 1 h in argon atmosphere
with an applied pressure of 20 MPa [111]. The NieAl2O3

composite prepared by direct mixing method, many
small Ni particles of size 100e600 nm are located with
Al2O3 grain, and the relatively large Ni particles are
dispersed at grain boundaries. For the heterogeneous
precipitation method, most Ni particles are located at
grain boundaries, and few small ones are entrapped
within Al2O3 grains. In addition, NieAl2O3 composites
have also been prepared by a chemical method and
hot-pressing technique using Al(NO)3$9H2O and NiO
as starting materials [114]. It is revealed from micro-
structure observation that Ni grains are uniformly
dispersed in the Al2O3 matrix.

FIGURE 19.5 TEM micrographs of Ni-Al2O3 composite powders prepared by (a) direct mixing, and (b) heterogeneous precipitation.
Reprinted from Materials Science and Engineering: A, Vol 352, Guo-jun Li, Xiao-xian Huang, Jing-kun Guo, Fabrication and mechanical properties of

Al2O3eNi composite from two different powder mixtures, Copyright (2003), with permission from Elsevier [111].
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Besides NieAl2O3 composites, CoeAl2O3 ceramic
matrix composites have also been prepared and investi-
gated. For example, CoeAl2O3 nanocomposite powders
have been prepared by coprecipitation method using
Al(NO3)3$9H2O and Co(NO3)2$6H2O as raw materials,
NH4HCO3 as precipitation agent and PEG as dispersant
[115]. The resulting precipitates are washed, filtered,
dried, calcined, and then in situ selectively reduced to
form CoeAl2O3 nanocomposite powders with average
particle size of about 30 nm. CoeAl2O3 ceramic matrix
composites can be prepared by hot pressing at 1400�C
in Ar atmosphere for 30 min under the pressure of
30 MPa. It is observed that the obtained 15 vol%
CoeAl2O3 composite contains submicron-sized cobalt
particles disperse at the alumina matrix grain bound-
aries. Most of the triple junctions are occupied by Co
particles.

19.2.3.2. SiCp/Si3N4 Composites

As mentioned before, Si3N4 ceramics are structural
materials with excellent mechanical property, which
can be prepared by pressureless sintering, hot pressing,
and hot isostatic-pressing [116e118]. However, the brit-
tleness of Si3N4 ceramics prevents its use in wide appli-
cations. Besides fiber and whisker-reinforced Si3N4

ceramic matrix composites, particle reinforcement is
also used to improve the mechanical property. SiCp/
Si3N4 composites are representational materials in the
particle dispersion-strengthened ceramic matrix com-
posites and have been used in cutting ceramics, bearing
balls, ceramic dies, and components of plunger pump.
In contrast to fibers and whiskers, particles have less
reinforcement effect. However, particle-reinforced
ceramic matrix composites have wide application poten-
tial due to their prominent advantages of homogeneous
mixing of raw material, better densification behavior,
and easy to obtain products with complex shapes.
SiCp/Si3N4 composites have been prepared from
organic precursor [119]. The bending strength of the
obtained 5 wt% SiCp/Si3N4 composite is as high as
970 MPa, which is 25% higher than that of Si3N4 ceramic
prepared at the same conditions.

19.2.4. In Situ Growth Ceramic Matrix
Composites

19.2.4.1. In Situ Growth Whisker-reinforced
Ceramic Composites

Whisker-reinforced ceramic matrix composites have
been widely investigated. However, introducing whis-
kers into ceramics to fabricate whisker-reinforced
ceramic matrix composites still has following disadvan-
tages [120]: (a) difficult to disperse whiskers homo-
geneously, (b) expensive and bad for health, (c) easily
polluted in air, and (d) physicochemical change between

whisker and matrix during sintering and application
at high temperature. In situ growth whisker is likely
to overcome the mentioned disadvantages. Whiskers
can be homogeneously dispersed in the matrix be-
cause they grow uniformly in the powders. Whiskers
and composites are prepared at a certain protective
atmosphere, which prevents them from being pol-
luted. Because whiskers grow in the ceramic matrix
at high temperature, both whiskers and matrix are in
the state of thermodynamic and phase equilibrium.
In addition, the possible bonding between whiskers
and matrix can improve their interface bonding prop-
erty. At the same time, the process of in situ growth
whisker-reinforced ceramic composites can decrease
the fabrication cost.

In the process of in situ growth whisker-reinforced
ceramic composites, whisker growth initiator is pre-
introduced into the matrix and homogeneously dis-
persed. After the green body is prepared, it is treated
and densified at a certain condition and finally, in situ
growth whisker-reinforced ceramic composite can be
obtained. The main preparation methods of in situ
growth whisker include carbothermic or alumin-
othermic method of reducing and synthetic reaction
method.

For the carbothermic method, SiCw/Si3N4 composite
will be taken as an example. At first, graphite powder
or carbon black, SiO2 and Si3N4 powders are mixed by
ball milling. Then the slurry will be dried, sieved and
reduced at N2 protective atmosphere. Additives are
added into the formed SiCw/Si3N4 powder mixtures
and calcined in air to remove the residual carbon. The
SiCw/Si3N4 composite can be obtained by forming and
then hot pressing at N2 or Ar atmosphere. The main
reactions in the SiO2 carbothermic reduction process
can be described as follows [121]:

SiO2ðsÞ þ CðsÞ/SiOðgÞ þ COðgÞ
SiO2ðsÞ þ COðgÞ/SiOðgÞ þ CO2ðgÞ
SiOðgÞ þ CðsÞ/SiCðsÞ þ COðgÞ
SiOðgÞ þ 3COðgÞ/SiCðsÞ þ 2CO2ðgÞ
CO2ðgÞ þ CðsÞ/2COðgÞ

In addition, in situ growth SiCw/Al2O3 composite can
be fabricated by aluminothermic method of reduction
[122]:

4Alþ 3SiO2 þ 3C/2Al2O3 þ 3SiCw

For the synthetic reaction method, Si3N4 or SiC whiskers
can be synthesized in situ by silicon nitrification [123] or
carbonization reaction [124]. The main reactions are as
follows:

3Siðl; sÞ þ 2N2ðgÞ/b-Si3N4ðsÞ
SiðlÞ þ CðsÞ/SiCwðsÞ

CERAMIC MATRIX COMPOSITES (CMCS) 441



In situ growth whisker-reinforced ceramic compos-
ites have some unique advantages. However, only
some exploratory work has been done; systemic and
deep investigation is still needed.

19.2.4.2. In Situ Growth Particle-reinforced
Ceramic Composites

The research on TiNp/Al2O3 composite has attracted
much attention, due to its excellent properties and
wide applications. The introduction of TiN particles
into Al2O3 matrix can increase not only its strength,
toughness, and resistance to abrasion, but also its electri-
cal conductivity. Usually, TiNeAl2O3 composite is
prepared by ball milling TiN and Al2O3 powders, form-
ing, and then sintering. However, this method will
cause the agglomeration of the additive or local com-
position segregation. Ultimately, the mechanical prop-
erty and electrical conductivity of the TiNeAl2O3

composite will be reduced. A novel in situ preparation
method has been provided by Li et al. Nanosized
TiNeAl2O3 composite powders are prepared by in situ
nitridation using TiO2eAl2O3 nanopowders synthesized
by a coprecipitation method [125]. Experimental results
show that the nitridation reaction begins at 700�C
and completes at 900�C for 5 h. Nanosized TiN with
particle size of about 50e70 nm are homogeneous in
the Al2O3 matrix. In another example, in situ formation
of zirconiaealuminaespinelemullite ceramic multi-
composites has been prepared by a simple one-step
reaction sintering of commercial-grade zircon, alumina,
and magnesium carbonate according to the equation
given below [126]:

2ZrSiO4 þ ð3þ xÞAl2O3 þ xMgO

/2ZrO2 þ 3iAl2O3,2SiO2 þ xMgAl2O4

19.2.5. Ceramic Nanocomposites

As pioneered by Niihara [127], the significant
improvement in mechanical properties, in particular,
strength, hardness, and fracture toughness, can be
achieved in ceramics by nanocomposite design. Ceramic
nanocomposites can also be classified on the basis of
their microstructural design, depending on whether
the matrix or the reinforcement or both are nanocrystal-
line, and distribution of the nanocrystalline reinforce-
ment. It is to be noted that the development of ceramic
materials by nanocomposite design not only results in
the improvement of mechanical properties like hard-
ness, strength, and reliability at room temperature but
also in high temperature mechanical properties like
hot hardness, strength retention, creep, and fatigue frac-
ture resistance [128].

19.3. INTEGRATION OF STRUCTURES
AND FUNCTIONS

With the development of our society, the application
requirements of materials have been increasingly
improved. The reinforcement mechanisms in structural
ceramics are put forward to improve the mechanical
properties of functional ceramics, because functional
ceramics need to be used at rigorous environment/con-
ditions. In addition, by incorporating functional
composites into the structural ceramics, the optical, elec-
tric, and magnetic applications have been gradually
developed. Utilizing the perfect ceramic fabrication tech-
nology and accurately controlling fabrication process, it
is observed that some structural ceramics themselves are
excellent functional materials. Among the earliest mate-
rials that have realized the integration of structures and
functions, the most widely used structural ceramics is
alumina ceramic. In the early 1960s, translucent alumina
ceramics have been developed by General Electric Co.
The obtained alumina ceramics of high transmission,
high strength, and high corrosion resistance are widely
used as high voltage sodium lamp envelope. In order
to realize the integration of structures and functions,
reasonable design and controllable fabrication of mate-
rials are necessary. Transparent ceramics, such as laser
ceramics and ceramic scintillators, are typical examples,
which will be discussed in detail in the next section
“Advanced ceramic materials”. In this section, CNTs/
SiO2 and CNTs/BaTiO3 composites will be mainly rec-
ommended as the examples of structuralefunctional
integration.

19.3.1. CNTs/SiO2 Composites

Due to the unique structure and outstanding proper-
ties of carbon nanotube, CNT-reinforced ceramic matrix
composites are expected to realize the integration of
structures and functions. However, in the previous
works, the research on carbon nanotubeeceramic
composites mainly focuses on fabrication process and
mechanical properties [129e132]. The investigations on
functional characteristics were seldom involved.

By introducing CNTs in SiO2 matrix, the mechanical
properties of CNTs/SiO2 composite can be improved
and some functional properties can be developed. As
to CNTs/SiO2 composites, usually, there are two
different fabrication methods. One is direct mixing
method [133] and the other is in situ composite method
[134]. Direct mixing is a relative simple and common
usedmethod. However, in the in situ composite method,
surfactants are generally used to disperse CNTs in the
SiO2[135,136]. Using the in situ composite method,
CNTs/SiO2 composite with high bending strength and
fracture toughness has also been prepared by hot
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pressing. The obtained CNTs/SiO2 composites have
higher thermal conductivity [137], high electrical and
dielectric properties [138e140], and high complex
permittivities [138]. It is also suggested that the fused
silica matrix with appropriate characteristic impedance
and MWNTs is suitable to design low reflecting and
high absorbing efficiency sandwich gradient electro-
magnetic absorbing materials [141].

At the same time, strong and broad-band optical
limiting has been observed in single-walled and multi-
walled nanotube suspension [142,143] or solution [144],
as well as inorganic films [145]. But most of these inves-
tigations are carried out in suspensions or solutions,
which have many practical drawbacks. So it is urgent
and also interesting to prepare CNTseceramic com-
posite with improved strength and stability for optical
limiter. Transparent MWNTs/SiO2 composites have
been prepared by rapid solegel process and hot-
pressing technology [146]. It is considered that
MWNTs/SiO2 composite is a good candidate for optical
limiting application.

19.3.2. CNTs/BaTiO3 Composites

Among the ceramic matrices, barium titanate (BaTiO3)
is a very important functional material, which has been
applied in various fields such as ferroelectrics, piezo-
electrics, and thermoelectrics. Incorporating MWNTs
into BaTiO3 has been adopted to obtain novel composite
materials [147]. A suitable scheme has been developed
to prepare well-dispersed carbon nanotubeeBaTiO3

composite powders and then further fabricate novel
MWNTs/BaTiO3 nanocomposite ceramics. At first, an
effective one-step scheme is introduced for immobiliza-
tion of rutile TiO2 on the side wall of MWNTs [148].
MWNTs/BaTiO3 nanocomposite ceramics with varied
contents of MWNTs have been obtained by hot pressing
at 1200�C for 1 h. All the samples are sintered densely
and the sizes of BaTiO3 grains are statistically reduced
when adding MWNTs [147]. A maximal toughness
value of 1.65 MPa m1/2 has been obtained in 1 wt%
MWNTs/BaTiO3 nanocomposite, which is about 240%
that of the carbon-free BaTiO3 ceramic, whose toughness
is only 0.68 MPam1/2.

For the MWNTs/BaTiO3 nanocomposites prepared
by SPS method, it is found that the incorporation of
carbon nanotubes can effectively accelerate the densifi-
cation process ofMWNTseBaTiO3 composites. Excellent
electrical and thermal conductivity of MWNTs are
proposed to account for this unexpected sintering
behavior [149]. The resistivity of MWNTs/BaTiO3 nano-
composites is found higher than that of MWNTs-free
BaTiO3 ceramics. And the temperature dependence of
resistivity shows abnormal metallic conductance
behavior in the 1 wt% MWNTs/BaTiO3 nanocomposite.

It is proposed to be due to the additional subgrain
boundary between MWNTs and BaTiO3 matrix, which
leads to transformation from an impurity-scattering
mechanism to a dominant lattice-scattering mechanism
in the MWNTs/BaTiO3 nanocomposites as the content
of carbon nanotubes increases [150]. Based on observed
unique electrical properties, bilayer ceramics stacked by
one layer of MWNTs-free BaTiO3 and another layer of
MWNTs/BaTiO3 nanocomposite are fabricated and
show excellent rectification property. These electrical
properties of MWNTs/BaTiO3 nanocomposites shed
light on the future application of carbon nanotubes in
functional bulk ceramics.

19.4. TRANSPARENT CERAMICS

Since translucent alumina ceramics (Lucalox) were
first prepared by Coble in 1962 [151], some other trans-
parent (or translucent) ceramic systems, such as MgO
[152], Y2O3[153], MgAl2O4[154], PLZT [155], AlON
[156], SiAlON [157], AlN [158], and YAG [159], were
gradually developed. In one side, these ceramics have
good transparency, and in the other side, they are of
high strength, hardness, corrosion resistance, and
high-temperature resistance like structural ceramics.
So transparent ceramics are suitable for windows and
lens materials. For example, transparent MgAl2O4 and
AlON ceramics, which have higher strength and hard-
ness than glasses, have been utilized in windows of mili-
tary vehicle, airplane and missile, windows of bar
code scanner, and scratch-resistant lenses. What’s
more important is that the functional characteristics of
transparent ceramics have been paid more and more
attention. Transparent ceramics have been used as
solid-state laser host [160], upconversion materials
[161], and ceramic scintillators for advanced medical
X-ray detectors [162,163]. The following section involves
the fabrication of optical ceramics for windows, laser
ceramics, upconversion nanoparticles and ceramics,
and ceramic scintillators.

19.4.1. Optical Ceramic for Windows

19.4.1.1. Alumina Transparent Ceramics

Transparent alumina ceramics, discovered by Coble
in the early 1960s [164], have been developed for
infrared domes and high-intensity discharge lamps
because of their high heat resistance and high chemical
durability. It is widely known that the elimination of
scattering centers such as residual pores, optical anisot-
ropy due to birefringence, secondary-phase inclusions,
and rough surfaces is essential for improving transpar-
ency. Residual pores, in particular, reduce transmission
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drastically. A porosity of�1% is needed for translucent
polycrystalline alumina (PCA) ceramics [165]. As
alumina has hexagonal structure, optical birefringence
at grain boundaries also affects transmission. The bire-
fringence is caused by the differences in the refractive
indices for different polarizations due to the crystal
structure. The refractive index of Al2O3 is 1.768 for ordi-
nary rays (perpendicular to c-axis) and 1.760 for
extraordinary rays (parallel to c-axis) [166]. The scat-
tering of birefringence is closely related to the PCA
microstructure. It has been reported that the in-line
transmission of PCA increases with a decrease in grain
size [167].

To obtain alumina ceramics with high transparency,
two approaches have been utilized in order to reduce
the source of light scattering and absorption, such as
grain boundaries and pores. One approach is sintering
at very high temperatures (>1700�C) for a long time
which mainly reduces the area of the grain boundaries
[168]. High-temperature sintering, however, causes
severe grain growth, and hence, poor mechanical prop-
erties. Furthermore, the in-line transmission of sintered
coarse-grained alumina is typically lower than 10%.
For example, translucent alumina ceramics have been
prepared by gelcasting in air and pressureless sintering
in hydrogen atmosphere. The grain size of sintered
alumina is in the range of 10e20 mm. The in-line trans-
mission increases gently from 9% to 10% in the wave-
length range of 190e1100 nm for the sample with
a thickness of 0.5 mm [169]. The low in-line transmission
probably results from residual pores which are not suffi-
ciently eliminated by conventional pressureless sintering.
However, using a magnetic-field-assisted slip-casting
method, transparent polycrystalline alumina ceramics
with orientated optical axes have been demonstrated
[170]. The photo and transmission of the obtained
alumina ceramicsare shown in Fig. 19.6. The samples
are placed 8 mm above the paper. It can be seen that
the sample cast in the magnetic field exhibits better

transparency than that without using a magnetic field.
The transmission of the sample cast in the magnetic field
is much higher than that of the sample prepared without
a magnetic field. Furthermore, the transmission main-
tains a high level as the wavelength shifts toward the
UV range. For example, a transmission of 44% is
observed at 300 nm. The XRD results revealed that
grains in the alumina ceramics have been orientated
successfully by the magnetic-field-assisted slip casting
method.

For transparent alumina ceramic fabrication, the
other approach is hot isostatic pressing (HIP) at low
temperatures (1200e1300�C), which sufficiently elimi-
nates residual pores with suppressed grain growth
[171]. By using HIP, the porosity can easily be reduced
to lower than 0.05% and the grain size can be suppre-
ssed to less than 1 mm. The fully dense and fine-grained
alumina has good mechanical properties and the in-line
transmission exceeds typically 50%. This is the reason
why many studies have recently been conducted on
transparent alumina prepared by using HIP [172]. For
example, Krell et al. [171] have manufactured flat tiles
and hollow bodies by gelcasting and HIP. The results
illustrated that transparent alumina ceramics with
complicated shapes could be produced by the combina-
tion of gelcasting and HIP methods. Highly translucent
PCA with various grain sizes has been fabricated by
HIP. The effects of residual pores and optical birefrin-
gence on transmission through translucent polycrystal-
line alumina have been studied with the Mie scattering
theory [173]. It has been revealed by the model that
porosity has a significant effect on both the total forward
scattering and the in-line transmission, whereas grain
size affects only in-line transmission. The calculated
transmittance is in good agreement with the experi-
mental values. The in-line transmission gradually
increased with a decrease in grain size, and the effect
of birefringence on the total forward transmission is
negligible in the visible spectrum. The total forward

FIGURE 19.6 Photo and transmission of polycrystalline alumina ceramics slip cast (a) in and (b) outside a magnetic field [170]. Reprinted with
permission from Wiley.
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transmission in the visible spectrum is mainly governed
by residual pores.

Another available candidate for obtaining trans-
parent alumina is spark plasma sintering (SPS). Trans-
parent alumina ceramic with a fine grain size of
270 nm (Fig. 19.7) has been obtained by controlling the
heating rate during SPS processing [174]. The alumina
sintered at 1150�C with a heating rate of 8�C/min has
a residual porosity of 0.03% and an in-line transmission
of 47% for a wavelength of 640 nm. It is also shown that
a low heating rate has an effect on the densification and
transparency of alumina for sintering at 1150�C.

In another case, highly IR transparent alumina with
a maximum transmittance of 85% has also been success-
fully sintered at 1300� C for 5 min using the SPS method
[175]. It is suggested that annealing as well as sintering
for a longer time or at a slower heating rate can reduce
the residual porosity, which contributes to the improved
transmission. The localized residual stress at grain
boundaries may be another factor influencing the optical
transmission among other factors such as grain size,
porosity, and oxygen vacancy concentration for the
SPS-sintered alumina.

19.4.1.2. MgAl2O4 Transparent Ceramics

Polycrystalline magnesium aluminate spinel
(MgAl2O4) is one of the most promising optically trans-
parent ceramics that exhibits a unique combination
of optical and mechanical properties. Its advantage lies
in the optically isotropic cubic structure, so that light
scattering at grain boundaries is less critical than with
optically anisotropic systems. To fabricate MgAl2O4

transparent ceramics, it is very important to obtain

high-quality MgAl2O4 powders. Ultrafine MgAl2O4

spinel powders have been prepared by various methods
to enhance their sinterability. These methods include
hydroxide coprecipitation [176,177], ammonium bicar-
bonate precipitation [178], freeze drying [179], and
hydrolysis alkoxides [180]. However, MgAl2O4 spinel
is one of the hard-to-sinter ceramics, and hence a trans-
parent spinel ceramic is difficult to fabricate directly
from a high-purity powder using conventional tech-
niques such as pressureless sintering processing. In
most studies on transparent MgAl2O4 spinel ceramics,
fine powders doped with sintering aids, such as CaO,
LiF, and B2O3, are utilized to enhance the sinterability.
Furthermore, the powders have usually been consoli-
dated into dense bulks at high temperatures using hot
pressing (HP), hot isostatic pressing (HIP), or spark
plasma sintering (SPS) techniques. For example, a trans-
lucent polycrystalline MgAl2O4 ceramic has been
prepared from finely divided coprecipitated spinel, in
which a small amount of CaO, added as a sintering
aid, is uniformly distributed [154]. The CaO promotes
densification through the formation of a liquid phase
at the sintering temperatures. Depending on the sinter-
ing treatment, the relative density of the sintered spinel
is 99.7e100% of theoretical. The in-line optical transmis-
sion was >10% from 0.3 to 6.5 mm. Total transmission in
the visible region was between 67% and 78%. In another
case, B2O3 is used as sintering aid to prepare transparent
MgAl2O4 spinel ceramic by hot isostatic pressing of the
sintered materials composed of fine grains [181]. It is
found that a small addition of B2O3 is very effective to
restrain anomalous grain growth, which is important
for transparency. The samples added with 0.15 wt%
B2O3 show high optical transmittance of 80%. MgAl2O4

spinel doped with LiF can be hot pressed to densities
above 98% [182], but the residual porosity must be
removed by a subsequent process step such as hot-
isostatic pressing. Considering that various steps are
needed for formation and densification, there exist
many possible processing variations, including rates of
heating and cooling, rates of pressure application and
removal, hold times, and the maximum temperatures
and pressures. It has been indicated that the distribution
of LiF within the powder compact before sintering is
essential in utilizing its effectiveness [183]. The removal
of LiF before complete densification is further necessary
as it otherwise scatters light. This makes hot pressing
with LiF challenging, because the detailed chemical
reactions and subsequent vaporization involved in this
process are sensitive to temperature and applied pres-
sure. Therefore, it is of interest to control the distribution
and resulting behavior of LiF and any associated reac-
tion products throughout the entire sintering process
of spinel [184]. Using an HP technique at 1550�C for
2 h, Reimanis et al. [185] have successfully attained an

FIGURE 19.7 Microstructure of the transparent alumina SPS-
sintered at a heating rate of 8�C/min. Reprinted from Scripta Materialia,

Vol 57, Byung-Nam Kim, Keijiro Hiraga, Koji Morita, Hidehiro Yoshida,

Spark plasma sintering of transparent alumina, Copyright (2007), with
permission from Elsevier [174].
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excellent visible transmittance of 85% in a 1 wt% LiF-
doped spinel. Utilizing superhigh pressure of 2e5 GPa
and nanopowders, transparent MgAl2O4 spinel nano-
ceramics can be sintered at relatively low temperature
of 500e700�C using a hydrostatic press[186].

Besides HP and HIP, spark plasma sintering (SPS)
technology has also been utilized to fabricate trans-
parent MgAl2O4 spinel nanoceramics. The SPS tech-
nique has a significant advantage over the HIP and HP
techniques, because it can complete the powder consol-
idation within a short sintering time owing to the avail-
able high heating rates of typically �50�Cmin�1. Frage
et al. [187] have reported a light transmission of <50%
and w70% by SPS processing at the low heating rate
of 10�Cmin�1 in highly pure and LiF-doped materials,
respectively. However, the grain size of the transparent
spinel exceeded 10 mm, probably because of the high sin-
tering temperature of 1600�C; grain coarsening became
more pronounced owing to the existence of sintering
aids. In addition to transparency, another important
point regarding optical applications is the mechanical
properties, high strength, and toughness are required
for window materials. For brittle ceramic materials, as
fine-grained materials are expected to possess better
mechanical properties than coarse-grained ones, a fine-
grained spinel is preferable for engineering applications.
According to Morita et al.’s [188] work, transparent
MgAl2O4 spinel ceramic can be fabricated without any
sintering aids by spark plasma sintering (SPS) process-
ing for only a 20 min soak at 1300�C. The spinel exhibits
an in-line transmission of 47% for a visible-wavelength
of 550 nm and a fracture strength of 500 MPa.

19.4.1.3. AlON Transparent Ceramics

The acronym “AlON” is used for an aluminum oxyni-
tride, of composition Al(64þx)/3O32�xNx (0� x� 8)d
a pseudo-binary solid solution of AlN in Al2O3, which
may be regarded as a nitrogen stabilized cubic g-Al2O3

phase (spinel). It has interesting optical, mechanical,
and chemical properties, making it potentially useful
as a high-performance ceramic material [189]. The mate-
rial, AlON, has been processed into fully dense trans-
parent materials suitable for use in infrared and visible
window applications. It is regarded that four different
spinel AlON phases exist at molar ratios of approxi-
mately 10 mol% AlN (d-AlON), 17 mol% AlN (ø0-AlON),
21 mol% AlN (g0-AlON), and 36 mol% AlN (g-AlON)
[190]. Gamma AlON exists in the widest stability range,
which is a function of temperature with eutectoid decom-
position into Al2O3 and AlN below about 1640�C [191].
Dense AlON ceramic has excellent optical properties
with useful transmission from about 0.2 mm in the UV
through the visible range to about 6.0 mm in the near-IR
[192]. While AlON is denser than AlN, its cubic structure
allows it to be made transparent, even at considerable

thickness, while maintaining decent mechanical proper-
ties [193]. Usually, there are two methods to fabricate
transparent AlON ceramics. A single-step preparation
method has been used to make transparent AlON
ceramics, by mixing Al2O3 and AlN powders in the
molar ratio of 5:9 and subsequent reactive sintering at
2025�C in nitrogen atmosphere [156]. In order to inhibit
grain growth of AlON, Zeta alumina (LiAl5O8) is reac-
tion sintered with a-Al2O3 and AlN to produce trans-
parent LiAlON ceramic [194]. Microwave reactive
sintering methodhas also been used to fabricate highly
transparent AlON ceramic using high purity a-Al2O3

and AlN powders as starting materials and Y2O3 as sin-
tering aid to improve the densification and transparency
of the sintered body [195]. Another conventionalmethod
to fabricate transparent AlON ceramics involves using
presynthesized AlON powder to form a green body, fol-
lowed by sintering in a nitrogen atmosphere at high
temperatures. Carbothermal nitridation of alumina is
a well-established preparation procedure. The reaction
process can be described as follows:
ð64þx

3 ÞAl2O3 þ 3xC þ xN2ðgÞ/2Alð64þxÞ=3Oð32�xÞNx þ
3COðgÞUsing the prepared AlON powders, transparent
AlON ceramics can be obtained by sintering.

19.4.2. Laser Ceramics

19.4.2.1. YAG Transparent Ceramics

Solid-state lasers are widely used in metal processing,
medical applications, such as eye surgery, rede
greeneblue (RGB) light sources in laser printers and
projectors, environmental instrumentation measure-
ments and optical transmission systems, and have
potential for future nuclear-fusion applications [196].
Conventionally, single crystal or glass is used as the
gain medium in solid-state lasers, the first example
being the ruby laser, devised by Maiman in 1960 [197].
Since the success in generating continuous-wave (c.w.)
laser oscillation using an Nd:YAG single crystal at
room temperature in 1960 [198], designs of solid-state
lasers using single crystal have continually progressed.
However, there remains the challenge of finding
an approach that can overcome the technological
and economical issues of conventional single-crystal
laser gain media. Attempts to synthesize solid-state
laser materials from polycrystalline ceramics such as
Nd-doped Y2O3eThO2 ceramics have been reported
by Greskovich [199,200], and attempts from YAG
ceramics by de With and Van Dijk [159], Mudler and
de With [201] and Sekita et al. [202]. In the experiments
of both deWith and Sekita et al., laser output can be real-
ized due to relatively large scattering loss in the
obtained YAG transparent ceramics. In 1995, Ikesue
et al. first demonstrated the possibility of fabricating
transparent Nd:YAG ceramics of sufficient quality for
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solid-state lasers with reasonable efficiency [160,203].
Since then, Nd:YAG laser ceramics have attracted
much attention because the optical quality has been
improved greatly and highly efficient laser oscillations
can be obtained whose efficiencies are comparable or
superior to those of Nd:YAG single crystals [204e207].

As compared to laser single crystal, one of the prom-
inent advantages of laser ceramics is the ease in ach-
ieving composite structure. According to the man-
ufacturing process of ceramics, multilayer ceramic laser
materials can be fabricated together, whereas this is
impossible with the single-crystal growth method. This
advantage provides more freedom in the design of laser
systems. Usually, there are two typical methods to fabri-
cate high-quality YAG transparent ceramics. One is
solid-state reaction method and the other is wet-chemi-
cal precipitation and vacuum sintering technology.
Transparent polycrystalline Nd:YAG ceramics with
different concentrations have been fabricated by solid-
state reaction method by sintering a mixture of commer-
cial Al2O3,Y2O3, and Nd2O3 powders [208e210], and the
fabrication process is shown in Fig. 19.8[211].

In the Al2O3eY2O3 system, three phases are known,
monoclinic phase (YAM, Y4Al2O9), perovskite phase
(YAP, YAlO3), and cubic phase (YAG, Y3Al5O12), and
the reaction temperature of each phase has been
reported by Kinsman and McKittrick [212]. Figure 19.9
shows the photo and optical transmittance of the
mirror-polished 2.0 at%Nd:YAG transparent ceramic
(F59 mm� 3 mm) sintered at 1770�C for 50 h. It can be
seen that the sample is very homogeneous and trans-
parent. The optical transmittance of the sample is 82%
at the lasing wavelength of 1064 nm.

Using the solid-state reaction method, highly trans-
parent Yb:YAG[213], Tm:YAG [214], and Er:YAG [215]
transparent ceramics have also been fabricated. Using
end-pump method, high efficient laser outputs have
been obtained. For example, the obtained 6 at% Tm:
YAG ceramic slab was end-pumped by a laser diode at
792 nm. The maximum output power of 4.5 W has
been obtained with a slope efficiency of 20.5% at
2015 nm. In addition, Cr, Nd:YAG [216,217] and Cr,
Yb:YAG [218] transparent ceramics can be prepared by
this method as self-Q-switched laser materials.

Besides solid-state reaction method, wet-chemical
method is also a primary way to fabricate YAG laser
ceramics [219]. Nd:YAG nanopowders have been
prepared by coprecipitation method using aluminum,
yttrium, and neodymium chlorides as starting materials
and ammonium hydrogen carbonate as precipitator and
highly transparent Nd:YAG ceramics can be obtained by
vacuum sintering [220].

Method for preparation of YAG laser ceramics using
nanopowders obtained by calcining of precursors
deposited from nitrate solutions with ammonium bicar-
bonate as a precipitant has also been developed [221].
High-pressure colloidal slip-casting (HPCSC) method
is used for nanopowders compactions, and green
density up to 60%. Application of HPCSC compaction
method reduces the requirement of starting nanopow-
ders. Transparent YAG ceramics have been obtained

FIGURE 19.8 Solid-state reaction fabrication process of Nd:YAG
transparent ceramics. Reprinted from Optical Materials, Vol 31, Jiang Li,

Yusong Wu, Yubai Pan, Wenbin Liu, Liping Huang, Jingkun Guo, Fabri-

cation, microstructure and properties of highly transparent Nd:YAG laser
ceramics, Copyright (2008), with permission from Elsevier [211].

FIGURE 19.9 Photo and optical transmittance of the mirror-polished 2.0 at% Nd:YAG transparent ceramic (F59 mm� 3 mm) sintered at
1770�C for 50 h.
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by sintering of compacts at 1700e1800�C in vacuum.
Laser action has been achieved in plate ceramic samples
with longitudinal pumping by semiconductor laser.

The above-mentioned two fabrication processes are
mainly used to prepare polycrystalline YAG laser
ceramics. As compared to laser single crystal, one of
the prominent advantages of laser ceramics is ease of
achieving composite structure. According to the man-
ufacturing process of ceramics, laser ceramic composites
can be easily fabricated, whereas this is impossible with
the single-crystal growth method [222,223]. This advan-
tage provides more freedom in the design of laser
systems. Figure 19.10 shows an all-ceramic composite
with a layer-by-layer (YAG/Nd:YAG/YAG) structure
and its interferometry image. The sample is completely
transparent and, as can be seen in the photograph, the
interferometry shows straight fringes, meaning that
the crystal is optically homogeneous. Although the laser
oscillation greatly depends on the resonator system,
the slope efficiency of this composite laser reaches
58% when the reflectance of the output mirror was
88.5%. This layer-by-layer composite is designed and
fabricated for the application of a high-power laser
because the thermal conductivity of the pure YAG
bonded on both surfaces of the Nd:YAG is about
15 W/mK and these two layers (pure YAG) act as
a heat-sink system.

19.4.2.2. Sesquioxide Transparent Ceramics

The sesquioxides scandia (Sc2O3), yttria (Y2O3), and
lutetia (Lu2O3) can easily be doped with rare-earth
ions and exhibit higher heat conductivity than yttrium
aluminum garnet (YAG) [224]. These properties make
the sesquioxides attractive for high-power solid-state
lasers. However, growth of large crystals from the melt
is a difficult task due to the high melting point
>2400�C [225].

With the development of nanopowder technology
and vacuum sintering method, the optical quality of ses-
quioxide ceramics has been improved greatly. The
ceramic lasers can be obtained with a high efficiency

that is comparable with that of single-crystal lasers. To
prepare sesquioxide transparent ceramics, nanopow-
ders of Y2O3, Sc2O3 and Lu2O3 are synthesized by wet-
chemical method. For example, Y2O3 nanopowders can
be prepared via hydroxyl precipitation and yttria trans-
parent ceramics can be obtained by vacuum sintering
[226]. In another case, hydroxyl-type Sc2O3 precursors
have been synthesized via precipitation at 80� C with
hexamethylenetetramine as the precipitant [227]. Hard-
aggregated precursors (g-ScOOH$0.6H2O) are formed
with scandium nitrate, which is converted to Sc2O3 at
temperatures >400�C, yielding nanocrystalline oxides
of low surface area. The use of sulfate leads to a loosely
agglomerated basic sulfate powder having an approxi-
mate composition of Sc(OH)2.6(SO4)0.2 H2O. The powder
transforms to Sc2O3 via dehydroxylization and desulfur-
ization at temperatures up to 1000�C. Well-dispersed
Sc2O3 nanopowders (w64.3 nm) of high purity have
been obtained by calcining the basic sulfate at 1000�C
for 4 h.

Based on sesquioxide nanopowders, a series of laser
ceramics, such as Nd:Y2O3[228], Yb:Y2O3[229,230],
Yb:Sc2O3[231], and Nd:Lu2O3[232], have been produced.
As the ceramics fabrication technique overcomes
the shortcomings of single-crystal growth method,
large-size high-quality Nd:Y2O3 ceramics have been
fabricated and highly efficient CW laser oscillation has
also been demonstrated under LD end-pumping. Due
to its remarkable advantages, such as refractory nature,
stability, ruggedness, optical clarity over a broad spec-
tral region, broad emission band, and high thermal
conductivity, Nd:Y2O3 transparent ceramic is a very
promising laser media that can be used in many fields,
such as high-power industrial lasers and laser fusion
system, Yb:Y2O3 ceramics, a new solid-state laser mate-
rial, have been fabricated and highly efficient CW laser
oscillation has been achieved [233]. The broadband
luminescence of Yb3þ ions in this novel laser material
also makes it possible to generate the femtosecond
pulses from diode pumped solid-state laser (DPSSL).
Demonstrated promising results and nonexhausted
potential of advanced ceramic technology indicate that
this novel laser material can be applied in many fields,
such as femtosecond lasers, tunable lasers, and high-
power solid-state lasers.

19.4.3. Upconversion Nanoparticles
and Ceramics

Upconversion luminescent materials can convert
infrared radiation into visible light, which have a variety
of potential applications, such as upconversion lasers,
three-dimensional volumetric displays, fluorescent la-
bels, and fiber optic amplifiers[234e236]. Most of the
upconversion luminescent materials that had been

FIGURE 19.10 Appearance of a layer-by-layer YAG/Nd:YAG/
YAG laser ceramic composite and its wave front image [222]. Reprinted
with permission from Wiley.
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developed are rare-earth-doped halides, oxyhalides,
and oxysulfides existing in the forms of crystals, glasses,
or ceramics [237]. Recently, oxides and oxynitrides are
attracting much attention because of their good chemi-
cal, photochemical stability, and mechanical properties.
Rare-earth-doped oxides such as Y2O3[238], Lu2O3[239]
and yttrium aluminum garnet (YAG) [240] show very
useful visible emissions, and have great potential appli-
cation in upconversion devices. Er3þ:Y2O3 and
Yb3þ,Er3þ:Y2O3 nanocrystalline powders have been
prepared via reverse-strike coprecipitation method
using nitrates and ammonia as raw materials [241].
The obtained powders are of cubic-phase structure of
Y2O3 and the particle size is in the range of 60e80 nm.
Strong red (4F9/2e

4I15/2) and (2H11/2/
4S3/2e

4I15/2)
upconversion luminescence can be observed in all
samples when excited with a 980 nm continuous wave
(CW) diode laser. Yb3þ, Ho3þ:Lu2O3 nanocrystalline
powders with the particle size of 30e50 nm have also
been synthesized by the same method using NH4HCO3

and NH3$H2O as precipitators [242]. Under the excita-
tion of a 980-nm continuous wave diode laser, green
and red emissions centered around 548 and 667 nm,
respectively, can be observed and the green emission
dominates the upconversion spectrum. Yb3þ,Er3þ:YAG
pure phase nanopowders can be prepared by a copreci-
pitation method in which ammonium hydrogen
carbonate is used as precipitator [243]. Upconversion
emissions are investigated on the nanopowders pumped
by a 980-nm continuous wave diode laser, and red emis-
sion centered at 660 nm and green emission centered at
563 nm can be observed. In addition, Yb3þ,Tm3þ:YAG
nanopowders with crystallite size of 40 nm have been
prepared using the same method. Strong blue emission
can be seen with by the naked eye under the excitation
of 940 nm [244].

Oxynitrides, such as g-AlON with spinel structure,
could also be a promising host for upconversion applica-
tion because of their excellent mechanical and optical
properties suitable for infrared/visible window and
g-AlON has low phonon energy[245]. The low photon
energy leads to low nonradiative transition rates due
to multiphoton relaxation and high radiative transition
rates, which increase the quantum efficiency from
excited states of active ion. Er-doped g-AlON phosphors
with different Er3þ concentrations for upconversion
luminescence have been prepared by a combination of
carbothermal reduction and nitridation and solid-state
synthesis methods [246]. Under the excitation of
980 nm diode laser, green emission centered at 548 nm
and red emission centered at 666 nm can be observed,
which are ascribed to the transitions of 4S3/2/

2H11/2/
4/15/2 and 4F9/2/

4/15/2 of Er3þ ions, respectively.
Using the same method, g-AlON:Yb3þ,Tm3þ ceramic
phosphors are prepared and upconversion emission

properties have also been investigated under single-
wavelength diode laser excitation of 980 nm [247].

Although highly efficient upconversion emissions
have been achieved in rare-earth-doped oxide and oxy-
nitride powders, it is obvious that bulk transparent
materials have more broad practical applications than
those of the powders. Er3þ:Y2O3 transparent ceramics
have been fabricated successfully via nanocrystalline
powder technology and hydrogen atmosphere sintering
method[248]. Under the excitation of 980 nm diode laser,
very strong green emission centered at 562 nm and red
emission centered at 660 nm are observed, which can
be assigned to the transitions of 4S3/2/

2H11/2e
4I15/2

and 4F9/2e
4I15/2 energy levels of Er3þ ions, respectively.

That the excited-state absorption mechanism played an
important role in the upconversion processes and coop-
erative energy transfer (CET) processes between two
nearby Er3þ ions cannot be ignored. By changing the
doping concentration of Er3þ ions, the color of upcon-
version emissions can be tuned from green to red, grad-
ually. In another case, Yb3þ,Er3þ:YAG transparent
ceramics are fabricated by solid-state reaction method
and vacuum sintering by using high-purity Y2O3,
Al2O3, Yb2O3, and Er2O3 powders as starting materials
[249]. When the obtained ceramics are excited by a CW
980 nm laser diode, strong green emission centered at
523 and 559 nm and red emission centered at 669 nm
can be observed.

19.4.4. Ceramic Scintillators

Inorganic scintillators play an important role in radi-
ation detection in many sectors of research concerning
almost all medical diagnostic imaging modalities that
use X-rays or gamma rays, dosimetry, nuclear medicine,
high-energy physics, and also in many industrial
measuring systems [250]. In different applications, the
scintillator is essentially a luminescent material that
absorbs high-energy photons and then emits visible
light [163]. The common scintillator requirements are
fast response time (10e100 ns), high light yield, high
density, and high atomic number [251]. Scintillation
optical ceramic materials based on slow 4fe4f transitions
of rare-earth ions appeared about 20 years ago. Now
ceramic scintillators have become competitive to single
crystal ones in medical imaging, namely, in computer
tomography [252], where some of them are widely
used today. Luminescence and scintillation characteris-
tics of the fast scintillation ceramics based on the Ce3þ

-doped Y3Al5O12 (Ce:YAG) have been reported by
Zych and coworkers [253,254], followed by a few other
reports [255]. For example, Ce:YAG transparent
ceramics have been fabricated by a solid-state reaction
method and vacuum sintering using commercial
a-Al2O3, Y2O3, and CeO2 as starting material [256].

TRANSPARENT CERAMICS 449



Transparent Ce:YAG ceramics show a substantial advan-
tage with respect to single crystal. In particular, there is
an absence of antisite defects (Y at Al site) and related
electron traps [257], allowing, in principle, a much faster
and more efficient energy transfer to the Ce3þ emission
centers. Consequently, there still is a considerable space
for optimization of such ceramic scintillators.

Lutetium aluminum garnet (LuAG) exists in cubic
form and has a garnet structure. Recently, because of
its high density (6.73 g/cm3, 94% of bismuth germanate
(BGO)) and other physical properties such as shock
resistivity, chemical radiation stability, LuAG has been
known to be a promising host structure for scintillating
materials. This host lattice containing rare-earth ions as
luminescent activators, especially cerium (Ce3þ), yields
fast decay and is an efficient high-response scintillator
[258]. On the other hand, Tm3þ-, Ho3þ-, or Yb3þ-doped
lutetium aluminates are very promising for microchip
laser or neutrino physics. However, LuAG single crys-
tals are almost entirely grown from the melt (Czochral-
ski method) by slow cooling in an expensive iridium
crucible. They are very expensive, and it is difficult to
produce large-sized LuAG single crystals. As an alterna-
tive, polycrystalline LuAG can be used if high density
and transparency are acquired using ceramic processing
techniques. Ce:LuAG transparent ceramics have been
prepared by either solid-state reaction [259,260] or
coprecipitation routes [261]. For example, using the
Lu2O3 powders synthesized by a precipitation method
and commercial Al2O3 and CeO2 powders as starting
materials, Ce:LuAG transparent ceramic has been
prepared by solid-state reactive sintering at 1770�C for
10 h under vacuum and then annealed at 1450�C for
20 h in air to remove oxygen vacancy.

In another case, Ce:LuAG nanopowders with
a uniform particle size of about 30 nm have been syn-
thesized by an alternative wet-chemical route, namely,
the urea homogeneous precipitation method [262].
The fabrication of transparent Ce:LuAG ceramics has
been attempted by vacuum sintering of the obtained
powders without any additives. The transmittance in
the visible light region of the transparent Ce:LuAG
ceramics fabricated at 1800�C for 10 h reaches 70%
[263]. Optical absorption of Ce:LuAG transparent
ceramic shows an additional light scattering loss due
to nanovoids and/or refraction index inhomogeneities.
Even though radioluminescence intensity of the optical
ceramics prepared by this method exceeds that of
single crystal, its scintillation light yield is lower due
to the charge carrier retrapping in the process of energy
transfer toward the Ce3þ emission centers [264]. The
obtained Ce:LuAG transparent ceramic does not show
the presence of the LuAl antisite defects which
decreases the scintillation figure of merit in single

crystals. Furthermore, using the ceramic technology,
one can achieve both the homogeneous doping and
higher Ce concentration. Similar to Ce:YAG, the trans-
parent ceramics may therefore become competitive to
the Ce:LuAG single crystals, if trapping phenomena
at other defects can be further reduced.
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Amorphous materials are amongst one of the impor-
tant types of nonequilibriummaterials. Traditionally, the
solid physics refers to crystal physics, usually in equilib-
rium state in which the atomic arrangement is of long-
range periodicity. In recent years, the metastable
materials at far from the equilibrium state have become
one of the most active research fields. The reasons being:
(i) many new preparation techniques are developed for
producing various kinds of metastable materials; and (ii)
due to rapid progress of high technology a lot of new
materials having various exceptionally peculiar proper-
ties and functions are required. The deep theoretical
understanding of the amorphization and nonequilib-
rium state guides and promotes the research and devel-
opment of amorphous materials.

This chapter briefly summarizes the structure, forma-
tion criteria, and preparation technology of amorphous
materials.

20.1. AMORPHOUS STRUCTURE

Crystalline and amorphous materials are all real
solid, possessing basic characteristics of solid materials.
The main discrepancy is the difference in atomic-scale
structure. In crystal, the atomic equilibrium locations
are arranged in a long-range periodicity and on the
contrary in the amorphous there is a lack of long-range
periodicity and they have a disordered arrangement as
shown in Fig. 20.1. In this case the amorphous material
can also be termed as metallic glass material.

20.1.1. Morphology of Noncrystal

Figure 20.2 demonstrates the path from gaseous state
to solid state. During cooling, the gaseous atoms trans-
form to liquid atoms at boiling temperature Tb, and
the liquid volume continuously drops. The slope of

FIGURE 20.1 Schematic representation of atomic arrangements in crystal, amorphous and gas. (a) crystalline, (b) amorphous, and (c) gas.
R. Zallen, The Physics of Amorphous Solids, Wiley-Interscience Publication, Copyright 1983 Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with

permission.
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V(T) curve is the thermal expansion coefficient of the
liquid. When the temperature is lowered to the melting
point Tf, the liquid transforms to solid state (except
liquid helium). One of the characteristics of solid is the
smaller slope of V(T) curve. The transition of liquid to
solid can be expressed by the abrupt volume contraction
and discontinuity of V(T) curve. If the cooling rate is
rapid enough, the liquid state can be maintained right
up to the glass transition temperature Tg. It is the second
solidification phenomenon, that is, the transition from
liquid state to amorphous state. Here volume change
discontinuity is absent. Large number of experiments
prove that there is a close relationship between the glass
transition temperature and cooling rate, that is, the
kinetic nature of the glass transition temperature. Gener-
ally, an ordered change in the cooling rate can alter the
glass transition temperature for several degrees. If the
cooling process is longer, the glass transition moves to
a lower temperature because of the relation between
atomic relaxation time s and the temperature.

The atoms are frozen in an amorphous state, that
must favor to the condition that s(T) has to exceed the
practical cooling time.

For a long time, it is considered that only a few mate-
rials can be obtained in amorphous state. Sometimes
some oxide glasses and organic polymer compounds
are also named as glassy solid. Most of the condensed
matters have glass-forming ability. It is a generalized
character. All the materials probably can be transformed
into amorphous state, only if the cooling rate is high
enough and the cooling temperature is low. Table 20.1
lists the bonding modes and glass transition tempera-
tures of some amorphous materials, including metals,
alloys, oxides, and organic compounds [1].

Relative to the lowest energy of thermodynamic equi-
librium state of crystalline materials, the noncrystalline
is metastable. It is correct. However, it is noticed that
dynamically it is hard to revert back to the crystalline
state, for example, once the glass forms, it can remain
for a long time. Under standard temperature and pres-
sure, graphite is a stable equilibrium phase, but dia-
mond can remain in metastable state forever.

20.1.2. Long-range Disorder of Noncrystal

The radial distribution function is used to charac-
terize the structure of amorphous alloy, in which there
still exists short-range order having the nearest and sub-
nearest coordinations, therefore in the radial distribu-
tion function curve there are clear first and second
peaks. Also the amorphous alloy has no long-range
order distribution function curve. Due to the random
distribution in the space, in the system of the average
number of atoms n per unit volume, radial distribution
function curve can be obtained by the number of atoms
in a shell volume of 4pr2dr. Figure 20.3 shows the typical
radial distribution function curves of crystal, noncrystal,
and gas. When radius r is large, the part of radial distri-
bution function curve approaching the dotted curve
gives information related to average density. Sometimes
it can be also expressed by the reduced radial distribu-
tion function g(r). When r becomes higher, g(r)
approaches zero. The radial distribution function can
be obtained by diffraction experiment after Fourier
transformation. Therefore, the diffraction experiment is
an important means to study the amorphous structure.

FIGURE 20.2 Cooling paths from gas to solid. 1 Pathdroute to
crystal and 2 Pathdroute to glass by rapid quenching.

TABLE 20.1 Bonding and Glass Transition Temperature of Some
Amorphous Materials [1]

Glass Bonding Tg (K)

SiO2 Covalent 1430

GeO2 Covalent 820

Si, Ge Covalent d

Pd0.4Ni0.4P0.2 Metallic 580

BeF2 Ionic 570

As2S3 Covalent 470

Polystyrene Polymerized 370

Se Polymerized 310

Au0.8Si0.2 Metallic 290

H2O Hydrogen 140

C2H5OH Hydrogen 90

Isopentane Van der Waals 65

Fe, Co, Ni Metallic d
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From the diffraction data of X-ray, electron or electron
scattering one-dimensional description of the atomic-
scale amorphous structure can be calculated. Recently
developed extended X-ray absorption fine structure
(EXAFS) can further overcome the shortage of scattering
technique which only describes an average surrounding
of an atom in the solid state, suitable for a pure metal,
but for an alloy composed of different atoms, it is not
suitable due to the presence of bonding between

different atoms. Figure 20.4 depicts a typical X-ray
diffraction intensity curve of amorphous Fe80P13C7 alloy.
In the figure there is a diffraction curve of polycrystal-
line alloy with same composition for comparison.
Figure 20.5 shows the electron scattering intensity
curves of amorphous Si and crystalline Si [2].

Because of the long-range disorder, the amorphous
alloys have a large peculiarity in optical and electrical
properties. The reflectivity in the electron excitation
range of crystalline, amorphous, and liquid Ge is
compared in Fig. 20.6 [4]. The low-frequency behavior
of liquid Ge is different from that of crystalline and
amorphous Ge. When the electron energy of liquid Ge
approaches zero, the reflectivity is nearly 100% but it is
about 36% for amorphous and crystalline Ge, this
explains why the amorphous material is of long-range
disorder and short-range order. Figure 20.7 shows the
imaginary part of dielectric constant of crystalline Si
and amorphous Si. It can be seen that the band of crys-
talline Si has a characteristic of full structure, whereas
that of amorphous Si is smooth [5]. The above-
mentioned result once again proves that the amorphous
material has long-range disorder which has to increase
the electrical resistivity as shown in Fig. 20.8 [6].

FIGURE 20.3 Radial distribution function curves: (a) crystalline solid, (b) amorphous solid, and (c) gas.

FIGURE 20.4 X-ray scattering results of metallic glass (thick line)
compared to crystalline alloy of the same sample after crystallization
(fine line) [3]. With kind permission from Springer Science þ Business,
Media: Zeitschrift für Physik B Condensed Matter, An X-ray diffraction

study of the structure of amorphous Cu57-Zr43 alloy, volume 21, 1975, page

235, Y. Waseda, figure 1, and any original (first) copyright notice displayed
with material.

FIGURE 20.5 Electron diffraction pattern of amorphous Si (thick
line) compared to partially crystallized film (fine line) [2].
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20.1.3. Molecular Dynamics Computer
Simulation

Computer simulation of electronic and atomic levels
has been developed to an advanced stage. The advanced
theories combined with supercomputer push the
profound understanding of the materials’ behaviors
with ever thorough details and believable accuracy
about electronic and atomic levels, that finally creates
a new interdisciplinary research field. By the help of
this epochal progress, it is possible not only to simulate
experiments, but also to design new alloys and predict
their properties.

The applications of molecular dynamics calculation
on materials science, particularly on rapid solidification
as well as on the phase transformation during rapid
heating or rapid cooling, already made great achieve-
ments. For example, Ni3Al is an intermetallic compound
vastly studied nowadays, which cannot be amorphized
by conventional rapid cooling technologies (usually less
than 107 K/s cooling rate). Now the computational
materials science can help us to know at what cooling
rate Ni3Al can be amorphized. Figure 20.9 represents
the total two-body distribution function of Ni3Al at
4� 1013 K/s cooling rate. It can be seen that the three
former peaks become higher as the temperature goes
down. The lowering of peak valley means that the
atomic arrangement tends to short-range ordering. At
300 K final simulated state, the second peak is split,
which is the indication of amorphization. Again from
Fig. 20.10, the number of 1551 bond pair indicating
amorphous structure is of majority at Rc1(4� 1013 K/s)
and Rc2(1� 1013 K/s) cooling rates. On the contrary,
the 1551 bond pair is absent at Rc3(2.5� 1012 K/s) and
Rc4(4� 1011 K/s) cooling rates, which means that under
these conditions it cannot be amorphized [7].

FIGURE 20.6 Reflectivity in electron excitation range of crystal-
line, amorphous, and liquid Ge [4].

FIGURE 20.7 A comparison of imaginary part of dielectric
constant between crystalline and amorphous Si [5].

FIGURE 20.8 Resistivity of Pb0.8Si0.2 metallic glass [6].
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It is very difficult to perform high-pressure experi-
ment, but by using pseudo-potential theory under the
approximation of free atoms, prediction of high-
pressure phase stability can be made. Jin [8] studied
the phase transformation of Mg at high pressure.
Figure 20.11(a) indicates that Mg has hexagonal close-
packed structure at normal pressure after rapid

solidification at 1� 1012 K/s and 6� 1012 K/s cooling
rates. But it is amorphous structure, if the cooling rate
is 1.2� 1013 K/s. At high pressure (45 GPa) at cooling
rates of 8� 1012 K/s and 5� 1013 K/s, Mg has a body-
centered cubic (bcc) structure, but Mg becomes amorph-
ized at cooling rate of 1� 1014 K/s (Fig. 20.11(b)). Table
20.2 compiles the numbers of different bond pairs [8].
Liquid Mg and amorphous Mg have numerous 1551
and 1541 bond pairs at normal and high pressures.
Increase of pressure can enhance the 1551 bond pairs,
which renders the second peak of g(r) to split.

Wang et al. [9] calculated the two-body distribution
function of Au and Ni at liquid, supercooled, and solid
states. The calculated data are very close to the experi-
mental ones. The splitting of second peak goes grad-
ually and completes at a rather low temperature,
which is usually the intrinsic characteristic of amor-
phous formation. According to Abraham theory, the
amorphous transformation temperature Tg can be
obtained (Fig. 20.12). By using molecular dynamics,
the temperatures for amorphization of Au and Ni are
787 K and 1010 K, respectively, and the cooling rates
should exceed 3.8� 1013 K/s and 4.0� 1013 K/s, respec-
tively. During rapid solidification, the main point is the
increase of icosahedrons number. The dynamic factor
governs the structure evolution. The difference between

FIGURE 20.9 Total two-body distribution function g(r) of Ni3Al
during rapid solidification at different temperatures [7].

FIGURE 20.10 Influence of temperature on relative number m of different bond pairs of Ni3Al [7].
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the supercooled liquid and amorphous structure is that
the amorphous structure has more icosahedra, while the
supercooled liquid has a broad distribution of local
ordering, exhibiting a higher disordering.

20.1.4. Atomic Diffusion in Amorphous Alloy

Diffusion is the transport process of solute atoms or
matrix atoms driven by thermal activation. There are
many important properties of amorphous alloys closely

related with the diffusion, for example, self-diffusion
influences, viscosity, creep, time-dependent paramag-
netism, electrical resistivity, internal friction, crys-
tallization rate, etc., chemical diffusion (transport of
extraneous atoms), control over oxygen dynamics, inter-
metallic compound formation, degradation of diffusion
barrier of amorphous film, etc. Besides the vacancy
mechanism and interstitial mechanism describing the
atomic diffusion in amorphous alloys, the cooperative
movement of adjacent atoms cluster is a common mech-
anism. The hydrogen movement in amorphous alloy is
definitely governed by the interstitial mechanism. For
those larger atoms, it is controlled by vacancy mecha-
nism. Due to lack of definite vacancy in amorphous
alloy, it can be imagined as a vacancy-like, and the diffu-
sion for large atoms can be operated by a cooperative
movement of nearby atoms, that can be described as
the redistribution of many small vacancies to reform
into several large vacancies easy for diffusion of atom.

The atom diffusion in amorphous alloys is influenced
by matrix structure, chemical composition, atom
species, etc. The influence of relaxation on diffusion
depends on the thermal history of the preparation
methods. Generally, the effect of relaxation on structure
change is very small that makes the determination very
hard. In those preparation technologies in which there
happens self-relaxation already, there is no pronounced
influence of relaxation on diffusion.

The influence of plastic deformation on diffusion of
atom in amorphous alloy can be explained by the change
of free volume. The free volume can be increased by
plastic deformation that enhances the atom diffusion.

FIGURE 20.11 Total two-body distribution g(r) Mg at normal
pressure and 45 GPa high pressure [8].

TABLE 20.2 Relative Number of Typical Bond Pairs of Liquid
Mg, Amorphous Mg, and Crystalline Mg at Normal
and High Pressures [8]

P/MPa State 1551 1541 1421 1422 1431 1661 1441

0.101 Liquid 0.115 0.135 0.039 0.078 0.211 0.04 0.044

Amorphous 0.178 0.224 0.095 0.116 0.216 0.044 0.026

Crystalline
(hcp)

0 0.052 0.459 0.330 0.04 0.002 0.008

45� 103 Liquid 0.2133 0.143 0.018 0.036 0.154 0.094 0.080

Amorphous 0.332 0.205 0.032 0.056 0.156 0.109 0.071

Crystalline
(bcc)

0.039 0.072 0.011 0.005 0.04 0.458 0.350

FIGURE 20.12 Relationship between Abraham coefficient gmin/
gmax and temperature.Reprinted from Physica B: Condensed Matter, Vol 239,

Luhong Wang, Haozhe Liu, Kuiying Chen, Zhuangqi Hu, The local orienta-

tional orders and structures of liquid and amorphous metals Au and Ni during
rapid solidification. Copyright (1997), with permission from Elsevier [9].
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At a certain temperature, the diffusion coefficient
becomes smaller in a following series: deformed state -
> quenched state> relaxed state. Radiation can lower
the diffusion coefficient in amorphous alloy. Cahn et al.
[10] measured the diffusion coefficient of Au in amor-
phous alloy Ni64Zr36 before and after fast neutron radia-
tion, they found that the diffusion coefficient was
lowered by radiation despite the increase in average
atomic volume by radiation because the radiation rein-
forces the chemical short-range disordering that in turn
results in volume contraction and lowering of diffusion
coefficient of Au. Besides these factors, other factors
which influence diffusion in amorphous alloys are solute
atom concentration [11] and environmental pressure [12].

The methods of measuring the atomic diffusion in
amorphous alloys are mostly related to the ionic beam,
such as the measurement of Ag diffusion in amorphous
Pd81Si19 alloy. Ag was implanted in a thin film of the
amorphous alloy. After diffusion annealing, the surface
film was thinned by Ar bombardment layer by layer.
The profile of Ag concentration versus depth can be
obtained by measuring the intensity of isotope of silver.
The secondary ion mass spectroscope (SIMS) also needs
ion peeling, but this time stable isotope was used. By
applying this method, the diffusion of Al in Fe78Si19B13

amorphous alloy was measured as shown in Fig. 20.13
[13]. The nondestructive Rutherford back scattering
(RBS) method can also be used. Another method is
nuclear reaction method, which is complex, accurate,
and nondestructive, with the help of nuclear reaction
between diffusive atoms and detected ions.

The diffusion in amorphous alloys can be also studied
by indirect methods, i.e., to measure the physical or
chemical factors governed by diffusion. There is no
need to measure the in-depth solute composition
directly. The indirect methods to measure the diffusion
coefficient in amorphous alloy must have the following
prerequisites: first, it must have a physical or chemical
process relating to the diffusion; second, it can be
expressed by a definite mathematical formula; and
finally, the corresponding physical or chemical values
can be accurately measured, for example, crystallization
kinetics, internal friction controlled by solute migration
(to measure hydrogen diffusion), magnetic resonance
spectrum, X-ray diffraction of multilayer film, viscous
flow, or surface segregation dynamics. Figure 20.14
shows the Si diffusion coefficient in (Fe, Ni)78Si12B10

amorphous alloy determined by surface segregation
dynamics method [14,15].

20.2. FORMATION RULE OF
AMORPHOUS ALLOY

20.2.1. Principles for Formation
of Amorphous Alloy

The glass-forming abilities of various metals and
alloys are quite different, for example, S and Se can
become amorphous only at a moderate cooling rate and
other typical metals need a cooling rate higher than
1010 K/s to suppress the nucleation. Adequate alloying
can lower the cooling rate less than 106 K/s to be amorph-
ized. For three alloys Pd77.5Cu6Si16.5, Pd60Cu20P20, and

FIGURE 20.13 Diffusion coefficient of Al in Fe78Si9B13 amorphous
alloy [13].

FIGURE 20.14 Diffusion coefficient of Si in (Fe, Ni)78Si12B10 amor-
phous alloy. Reprinted from Materials Letters, Vol 17, H.G. Jiang, B.Z. Ding,

H.Y. Tong, J.T. Wang, Z.Q. Hu, Diffusivity of Si in two amorphous alloys of

(Fe, Ni)78Si12B10., Copyright (1993), with permission from Elsevier [14].
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Pd56Ni24P20, the cooling rate can be as low as 102 K/s to
form millimeter-size bulk metallic glass.

Recently the known formation rules of binary alloys
are as follows as shown in Fig. 20.15 [16].

(1) Base metals (inert or late transition metals) are
alloyed with about 20 at% semimetal (B, C, Si, P, etc.)
to form amorphous material like Fe80B20, Au75Si25,
Pd80Si20, etc. (Fig. 20.15I).

(2) Late transition metals such as Fe, Co, Ni, Pd (right
side of periodic table) together with Cu as base
metal, are alloyed with early transition metals (Ti, Zr,
Nb, Ta, etc.) on the left side of periodic table, to form
amorphous materials like Ni50Nb50, Cu60Zr40, etc.
(Fig. 20.15II).

(3) The binary alloys consisting of alkali-earth metals
(Mg, Ca, Sr) of II group in periodic table and solute
atoms (Al, Zn, Ga) are easily amorphized, e.g.,
Mg70Zn30, Ca35Al65 (Fig. 20.15III).

(4) Alloy compositions near their eutectics are prone to
be amorphized (Fig. 20.16), the shaded areas in the
rectangular blocks under the six binary phase
diagrams, are the composition ranges near eutectic
compositions, in which the alloys can easily be
amorphized (glass formation).

20.2.2. Semi-empirical Criteria of Metallic
Glass Formation

There are several simple semi-empirical criteria to
predict the metallic glass formation: First criterion is
Tg/Tm, where Tg is the amorphization temperature
and Tm is the alloy melting temperature. The larger the
ratio, the easier the glass formation. At the “nose” of

temperatureetime transformation curve the higher the
alloy viscosity, the higher the Tg/Tm value. The second
criterion is the value of (Tx� Tg), where Tx is crystalliza-
tion temperature. If (Tx� Tg) value is higher, the alloy is
amorphized easily. Based on the parameter (Tx� Tg), the

other two criteria were derived, that is: Kgl ¼ Tx�Tg

Tm�Tz
and

S ¼ ðTp�TxÞðTx�TgÞ
Tg

, where Tp is the crystallization peak

temperature. The greater the Kgl or S, the easier the
formation of metallic glass. The third one is the thermo-
dynamic state functions DH and DS. Increasing DS or
lowering DH can lower the homogeneous nucleation
rate and crystallization growth rate, this is beneficial
for the metallic glass formation. Similarly, enhancing
the solid/liquid interfacial energy can also promote
the amorphization.

Marcus and Turnbull [17] proposed a normalized
parameter DT

T0
1

, where DT is the deviation of T1 away
from the ideal liquidus temperature T0

1, T
0
1 can be calcu-

lated from the following formula:

T0
1 ¼ DHA

f T
A
m

DHA
f � Rlnð1� xÞTA

m

; (20.1)

whereDHA
f ¼ melting enthalpy of solvent metal;TA

m ¼
melting point of solvent metal; and x¼mole fraction of

solvent metal. If the DT
T0

1

is a big positive value, it denotes

the glass formation ability (GFA) is good. This criterion
is suitable to predict GFA of the alloy system of late tran-
sition metal with semimetal, but it is not suitable on the
binary alloy systemof late transitionmetalwith early tran-

sition metal, because in this case DT
T0

1

is negative value.

Donald and Davies [18] suggested Eq. (20.2) to
describe GFA of eutectic alloys of metalemetal systems
and metalesemimetal systems:

DT� ¼ ðTmix
1 � TÞ1Tmix

1 ; (20.2)

Tmix
1 ¼

Xn
xiT

i
m; (20.3)

where xi is mole fraction of I component in the alloy and
Tm is the melting point.

Another empirical criterion is that the difference in
atomic radii of two components of binary alloy must
exceed 15% and the difference of the two group numbers
in the periodic table (Dn) must be greater than five.
However, the above-mentioned amorphization criterion
is not obeyed in some systems, for example, Dn¼ 2 for
Be-(Ti, Zr) and Dn¼ 0 for CaeMg, which are easy to
be amorphized.

The key aim is that the amorphization model should
successfully predict composition and cooling rate which
can suppress nucleation. For this reason, a profound
knowledge on the crystallization kinetics is necessary.

FIGURE 20.15 Basic constituents of three categories of AxBy

amorphous alloys [16].
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The crystallization fraction x and nucleation
frequency I (nuclei formed in unit time t and unit
volume) are related to the growth rate R:

x ¼ 1

3
pIR3t4: (20.4)

For homogeneous nucleation:

I ¼ Nn exp

 
�16p g3T2

f

3L2kTDT2

!
: (20.5)

For metal having typical low melting entropy:

Rza0v

"
1� exp

 
� LDT

kTTf

!#
; (20.6)

where ndatom jump frequency, approximately D=a2o;
Ndnumber of atoms in unit volume; gdsolid/liquid
interface energy; Tfdequilibrium solidification temper-
ature; Ldmelting latent heat of unit volume;
kdBoltzmann constant; Tdtemperature; dTdsuper-
cooling (Tf� T); and aodatomic spacing.

By using above three equations (Fig. 20.17), one can
predict the cooling rate required for the amorphization.

Liu studied the effects of crystal structure, atomic size
and electro-negativity on glass formation ability after
systematic experiments of ion mixing, and proposed
a new criterion of maximum possible amorphization
range (MPAR) to predict the glass forming possibility.
MPAR is measured as 100% minus two maximum solid
solubilities on both sides of equilibrium binary phase
diagram. The larger the MPAR, the broader the compo-
sition range, in which the alloy can be amorphized [19].

FIGURE 20.16 Composition ranges easy to be
amorphized [16] (expressed by the shaded areas).
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Liu used the combination of two characteristic parame-
ters, DHf and MPAR, to predict the glass forming ability.
Figure 20.18 is the map of dHfeMPAR, in which experi-
mental data of 54 binary alloys were summed up. It is
concluded that:

(a) MPAR< 20% of the binary alloys is hard to be
amorphized (HGF);

(b) MPAR> 20% of the binary alloys can be
amorphized (PGF); and

(c) MPAR> 65% and dHf< 0 of the binary alloys can be
easily amorphized (RGF).

According to three glass-formation abilities, it can be
classified into three categories: hardly glass-forming
system (HGF), possibly glass-forming system (PGF),
and readily glass-forming system (RGF) [20].

Liu et al. first pointed out the important function of
interface in multilayer film and estimated the interface
free energy. The calculation results indicate that for
systems of DHf > 0, the interface energy is increased
with the increase of atom fraction at the interface, which
intersects the convex free energy curve of amorphous
state. It means that the interacted composition parts on
both sides of phase diagram are now possible to be
amorphized. Continuing to increase the interface frac-
tion, it is possible tomake the initial energy state of multi-
layer completely over the amorphous curve, therefore the
composition near the peak of the free energy curve can
also transform into amorphous state, that is realized by
experiments. For those systems having DHf < 0, the
effect of interface energy on alloying is rather small,
therefore thermodynamic models fitting for DHf < 0
and DHf > 0 binary alloy systems, that can predict the
amorphization tendency by multilayer ion mixing [21].

Fan et al. [22,23] proposed a dialectical concept. In the
preparation of amorphous alloy by mechanical alloying,
the mechanical ball milling of amorphous ribbon can
have two effects: (i) destruction of the short-range order
and diminishing of the nuclei; and (ii) to create a new
volume and accelerating the crystal growth. The compe-
tition between these two mechanisms governs the
thermal stability of amorphous Fe80B20 alloy. It is proved
that low-energy ball milling can improve the thermal
stability. The crystallization temperature Tp, crystalliza-
tion latent heat dH, and crystallization activation energy
of Fe80B20 amorphous alloy are increased with the
prolongation of milling time, as compiled in Table 20.3.
By using mechanical alloying technique, Ti100�xAlx alloy
can be synthesized from Al powder (200 mesh, 99.9%)

FIGURE 20.17 Map of temperature versus time to predict the
beginning of crystallization (TFdcrystallization temperature, TNd
nucleation temperature).

FIGURE 20.18 Map of dHfdMPAR diagram [21], :dreadily
glass forming, -dpossibly glass forming, Cdhardly glass forming
(the empty symbols denote those predicted alloy systems have not
been proved experimentally). B.X. Liu and O. Jin, Physica Status Solidi A

e Applied Research, 161 (1997) 3.Copyright Wiley-VCH Verlag GmbH &
Co. KGaA. Reproduced with permission.

TABLE 20.3 Influence of Low-energy Ball Milling on Crystalliza-
tion Temperature, Latent Heat, and Activation
Energy of Fe80B20 Amorphous Alloy [23]

Milling time (h) Tp (K) DH (cal/g) Ex (eV)

0 751.8 128.3 2.78

5 752.4 128.0 2.81

10 754.3 135.7 2.95

20 755.4 140.9 3.01

40 755.6 143.7 3.06
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and Ti powder (360 mesh, 99.9%). It is found that at
x� 64%, Ti(Al)supersaturated solid solution is formed;
at x� 28%, Al (Ti) supersaturated solid solution is
formed, only at x, in the range between 29% and 63%,
the alloy can be amorphized as shown in Fig. 20.19 [24].

20.2.3. Criterion of Thermodynamic To Curve

An explicit analysis on thermodynamic To curve has
been given by Baker and Cahn [25], which has important
significance on the formation of amorphous alloy. In the
binary phase diagram, To curve is the locus of equal
value of liquid mole free energy (GL) and solid mole
free energy (Gs).

To curve always locates between the liquidus and
solidus and is the maximum limit of liquid composition
and temperature in diffusionless solidification. There-
fore, To curve can be obtained by alloy thermodynamic
calculation.

In rapid solidification, To curve can be extended like
the extension of liquidus and solidus, as shown in
Fig. 20.20 [26,27]. The To curve in Fig. 20.20(a) is the locus

of the intersection of Gs and GL in Fig. 20.20(b). Different
Gs curves can get different To curves due to the move-
ment of the intersection points like ToI curve and ToII
curve. For ToI curve, a continuous metastable solid solu-
tion can be produced after rapid solidification. On the
contrary, it is impossible to get this continuous meta-
stable solid solution in the case of ToII curve.

Now we can discuss with some real examples.
Figure 20.21(a) shows a continuous To curve of
AgeCu system; therefore it can form a-continuous
solid solution after rapid solidification [27]. There is
a cross-intersection of two To curves in Fig. 20.21(b)
like AleAl6Fe system, which shows that it cannot
form a continuous solid solution. In Fig. 20.21(c) the
two To curves neither intersect nor connect continu-
ously, like Pd73Si12Cu15ePd9Si2 system. It indicates
that the alloy cannot undergo partitionless solidifica-
tion or diffusionless solidification. From Fig. 20.22
[28], it can be seen that it cannot undergo diffusionless
solidification or partitionless solidification because the

FIGURE 20.19 X-ray diffraction pattern of Ti100�xAlx alloys
produced by mechanical alloying. Reprinted from Scripta Metallurgica et

Materialia, Vol 32, G. J. Fan, M. X. Quan, Z. Q. Hu, Mechanically driven
phase transformation from crystal to glass in TieAl binary system, Copy-

right (1995), with permission from Elsevier [24]. FIGURE 20.20 Effect of rapid solidification on To curve [26]. (a)
Extension of To curve in the phase diagram and (b) different To from
different Gs.
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alloy composition cannot meet the To curve (it cannot
crystallize whether the curve of transformation from
liquid to solid extends to a very low temperature).
In this occasion, the alloy can be easily amorphized.
Figure 20.21(c) shows that the alloy can turn into
amorphous state after the solidification rate reaches
to a certain value.

20.2.4. Formation of Amorphous Alloy Under
High Pressure

Since the discovery of metallic glass, researchers and
technicians are trying to produce it in a bulk in order to

utilize its promising properties in real applications. One
type of method is to increase the crystal energy that
helps the crystalline alloy to transform spontaneously
into amorphous at a temperature lower than the corre-
sponding crystallization temperature. The solid reaction
amorphization at high pressure is a typical example.
High pressure induces formation of new high-energy
metastable crystalline phase in which the energy is
higher than the noncrystalline phase. Below the room
temperature, it spontaneously transforms or dissociates
into noncrystalline material. Another kind of method
(vapor deposition, melt quenching, etc.) is to freeze
the disorder state (such as liquid). The starting point
of previous research is to let the atoms no time to
move for long-range diffusion and retain original melt
disorder state. However, to freeze the atoms needs
a very high cooling rate that limits the melt quenching
or vapor deposition to produce bulk metallic glass.
High-pressure technology is an effective way to over-
come the above-mentioned drawback. Due to the intro-
duction of high pressure, the atomic spacing is
decreased, atoms are hard to diffuse, not to have long-
range diffusion, then it is possible to retain the whole
block in a disorder state, and finally to form a bulk amor-
phous alloy.

Li et al. [29] studied the formation of CueTi amor-
phous alloy. Cu60Ti40 alloy is cooled from 1573 K at
a cooling rate of 300 K/s under 5.5 GPa, that is, basically
transformed into amorphous state proved by X-ray
diffraction. Figure 20.23 is the electron diffraction ring
of amorphous Cu60Ti40 alloy. If the cooling rate drops
to 50 K/s, only a little indication of the amorphous pres-
ence remains. It means the higher the cooling rate, the
easier the high temperature disordered state to be
retained When the Cu60Ti40 alloy is cooled from 1373 K
instead of 1573 K at a cooling rate of 300 K/s under
5.5 GPa, a part of the sample can be amorphized. Where
the amorphous halo is still clear, it becomes fully crystal-
lized as it is cooled from 1473 K at a cooling rate of
300 K/s under 3 GPa. It indicates that the melt quench-
ing under high pressure exists at a critical pressure.
Below this critical pressure, it is impossible to get the
amorphous alloy. For Cu60Ti40 alloy quenched at
300 K/s, the critical pressure is around 3e4 GPa. CdeSb
system can also be amorphized by high-pressure melt
quenching, as shown in Fig. 20.24 [30,31]. Heat the alloy
to 670�C under 9 GPa, keep it for 5 min and quench to
room temperature at a cooling rate of 102 K/s by liquid
nitrogen. Figure 20.24(a) is the X-ray diffraction pattern
of original crystalline Cd43Sb57 alloy, and Fig. 20.24(bef)
shows the presence of the high-pressure metastable
phase after holding for 12 h, 24 h, 36 h, 48 h, and 60 h,
respectively. Metastable g-phase is formed after high-
pressure melt quenching, which is a simple hexagonal
structure with a¼ 0.3182 nm and c¼ 0.2939 nm. With

FIGURE 20.21 Three kinds of To curves [28].
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the prolongation of holding time, metastable g-phase
disappears and fully transforms into amorphous phase
(Fig. 20.24(f)).

The pressure has influence on melt viscosity and
density [32]. ho is the melt viscosity at normal pressure,
and the viscosity at pressure p is:

hðpÞ ¼ h0 exp ½ðEþ pVNAÞ=kT�; (20.7)

where, Edactivation energy of viscous flow;
Vdvolume; NAdAvogadro constant; kdBoltzmann
constant; and Tdtemperature.

The melt viscosity is increased with the rise of pres-
sure, and solid viscosity is also increased with the rise
of pressure. However, the solid volume change is less
than melt volume change with pressure. Although the
solid viscosity at normal pressure is greater than the
melt viscosity, the melt viscosity increases with increase
in pressure much more than that of solid, therefore,
there is an intersection of the two curves expressing

the pressure effect on melt or solid viscosity. The inter-
section point is actually the critical pressure Pc. At the
same time, the densities of melt and solid have similar
trend. At normal pressure, the melt density is smaller
than the solid density. The melt volume is expansible.
When the pressure elevates, both the melt density and
solid density increase, but the rate of melt density rise
is faster than that of solid density rise.

FIGURE 20.23 Electron diffraction pattern of amorphous Cu60Ti40
alloy [29].

FIGURE 20.24 X-ray diffraction patterns (CuKa) of high pressure
metastable phase in Cu43Sb57 alloy [30,31]. adcrystal; b to fdhigh-
pressure metastable phase at room temperature held for 12 h, 24 h,
36 h, 48 h, and 60 h, respectively.

FIGURE 20.22 Requisite condition for partitionless solidification [28]. (a) If the composition cuts To curve, it cannot be amorphized. (b) If the
composition cannot cut To curve, it can be amorphized.
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The melting temperature decreases with the increase
in pressure. When the slope of melting curve in TeP
map is negative, the solidification process involves
volume expansion. Pressure suppresses the transforma-
tion from molten state to crystalline state and favors the
disordered molten state to be retained at room tempera-
ture. The condition for high-pressure melt quenching to
form amorphous is the system that has a negative slope
of the melting curve. It must be higher than the critical
pressure, that is, the melting temperature is decreased
with the pressure rise. It means that the glass-forming
ability depends upon the critical pressure. The system
having large compressibility possesses good glass-
forming ability but the system having low compress-
ibility is hard to be amorphized due to the high critical
pressure.

At high pressure, the glass-forming temperature Tg is
closely related to the pressure [33].

Tg ¼ T�
gðEþW þ pVNAÞ=ðE� þW�Þ; (20.8)

where T�
g is the glass-forming temperature at normal

pressure, W* is the nucleation barrier at normal pres-
sure, and W is the nucleation barrier at pressure p.

From Eq. (20.8), it can be roughly verified that Tg is
increased with the pressure rise due to W*	 E*

(1) For systems DVf ¼ VL � Vs > 0, dTm=dp > 0, the
melting temperature Tm increases with increase in
pressure. Although Tg is enhanced with the pressure
rise, the important GFA criterion Tg/Tm changes
a little with the pressure variation.

(2) For systems DVf ¼ VL � Vs < 0, dTm=dp < 0, the
melting temperature Tm decreases with increase in
pressure, while Tg is increasedwith the pressure rise.
Both reasons make Tg/Tm rise, that reinforces the
glass-forming ability.

It can be concluded that the systems possessing
DVf ¼ VL � Vs < 0 can satisfy the glass formation by
melt quenching under high pressure. The larger the
jDVfj, the less the pressure required and the easier the
glass formation.

20.3. PREPARATION TECHNOLOGY
OF AMORPHOUS MATERIALS

The preparation technology of amorphous materials
can be summarized as following:

1. melt quenching
(1) melt quenching
(2) atomization
(3) laserglazing

2. large supercooling of pure melt
(1) droplet emulsion method

(2) flux method
(3) drop tube method

3. physical and chemical vapor deposition
(1) evaporation
(2) sputtering
(3) laser chemical vapor deposition
(4) plasma-excited chemical vapor deposition

4. radiation
(1) ion bombardment
(2) electron bombardment
(3) neutron bombardment
(4) ion implantation
(5) ion mixing

5. chemical methods
(1) hydrogenation
(2) electrode position
(3) chemical plating

6. mechanical methods
(1) high-energy milling
(2) mechanical alloying

7. reaction
(1) solid-state reaction
(2) dissociation of solid solution

8. high pressure

20.3.1. Melt Quenching

The schematic diagram of melt quenching is shown in
Fig. 20.25, in which (a), (b), (c), and (d) represent two-
piston method, single-roller method, melt spinning

FIGURE 20.25 Schematic diagram of melt quenching. (a) two-
piston method, (b) single-roller method, (c) melt spinning method,
and (d) double-roller method.
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method, and double-roller method, respectively. All the
above-mentioned methods belong to a kind of rapid
solidification that the hot melt directly smashes onto
the cool metallic surface. By using this melt quenching,
the melt stream can directly touch the outer metallic
surface as well as to the inner metallic surface of the
roller. This subdivides the single-roller method into
two methods: one is free jet method in which the melt
is freely sprayed on the roller surface rotated at high
speed, and the other is planar flow method in which
the puddle of melt flow directly touches the rotating
roller when the melt jet nozzle is placed very close to
the roller surface. The latter method can damp the
perturbation of melt flow, improve the geometrical accu-
racy of ribbon size which in turn guarantees whole
section of ribbon subjected to have same cooling rate
in order to obtain homogeneous microstructure.

Based on heat convection mechanism, the interface
heat transfer coefficient is an important parameter,
reaching 106 N (m2 K)�1, that can roughly estimate the
moving velocity of solid/liquid interface to be 1 m s�1.
The cooling rate mainly depends on the ribbon thick-
ness, as shown in Eq. (20.9). Generally, the cooling rate
can be as high as 105e106 K s�1.

R ¼ hðT � TÞ0
lrC

; (20.9)

where R is cooling rate, h is interface heat transfer coef-
ficient, T is melt temperature, To is roller temperature, l is
ribbon thickness, r is metal density, and C is metal heat
capacity.

20.3.2. Atomization

Figure 20.26 is the schematic diagram of atomization.
In the subsonic range, themelt stream converts into atom-
ized droplets in order to overcome the low tangential

drag. For those high property and easy oxidizedmaterial,
a method of argon gas atomization is usually selected.

But the gas content is still high at about 10 or
20 mg g�1. The cooling rate of this atomization is also
not high, usually at 102e103 K s�1. The atomized
powder quality is not good enough due to high gas
porosity and low density. Moreover, the powder has
satellite structure (small particles sticking on large parti-
cles) that makes the microstructure nonhomogeneous
which makes the powder screening difficult and prone
to gas contamination. Afterward, a new atomization
technology, forced convection centrifugal atomization
by helium gas, is developed which increases the cooling
rate up to 105 K s�1. The cooling rate can be elevated to
an order of magnitude by helium gas instead of argon
gas. Recently a new ultrasonic atomization is developed,
which involves applying a pulsed helium or argon gas
flow having a velocity of 2e2.5 Mach (680e850 m s�1)
and a frequency of 20,000e100,000 Hz directly on the
melt stream to form very fine atomized powder parti-
cles. The principle is to use a cone nozzle of Hartmann
shock wave tube, and the transmission of ultrasonic
wave in liquid passes through by standing wave mech-
anism that creates compression and depression periodi-
cally. During depression, vacuum cavity is formed
which is closed during compression and exerts a large
shock wave at a level of a few megapascals which
convert the melt stream into enormous droplets. The
higher the frequency, the smaller the droplet size. The
cooling rate can reach 105 K s�1. Table 20.4 summarizes
the cooling rate and powder quality of various atomiza-
tion processes. The cooling rate can be calculated
according to the following equation:

R ¼ 3hðT � T0Þ
rrC

; (20.10)

where r is the droplet radius.

FIGURE 20.26 Schematic diagram of atomization: (a) gas atomization and (b) rotation disk atomization.
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20.3.3. Laserglazing

The schematic diagram of laserglazing is shown in
Fig. 20.27. This technology uses laser beam of very
high energy density (about 107 W cm�2) and for a very
short time period (10�3e10�12 s) to interact with metal.
Such high energy is enough to heat the metal surface
to thousands of degrees to melt the surface metal, even
to evaporate it. Afterward, the melt is rapidly quenched
by the substrate in cold state with a cooling rate of
105e109 K s�1, e.g., by using pulsed laser, the pulse
energy is 100 J and pulse width is 2e8 ms, the peak
power density can reach 400e1700 kW cm�2. For
a 2-kW continuous laser, the power density is about
70 kW cm�2. The future direction is to shorten the pulse
width from millisecond to picosecond. Besides, one can
apply laser rotation lens for scanning, so that the scan
width can increase to 20 mm or so.

There are two ways to increase cooling rate of laser-
glazing, one is to increase the absorbed heat flux density,
and the other one is to shorten the interaction time. For
example, by using 10�12 s pulsed laser, it can make

silicon to be amorphous. Roughly speaking, if the
absorbed heat flux density is increased 10 times, or the
interaction time is decreased 100 times, it is equivalent
to shortening the melt depth 10 times, enhancing the
solidification rate 10 times, increasing the thermal
gradient at liquid/solid interface 10 times, or increasing
the cooling rate 100 times.

When the laser absorption length is smaller than the
heat diffusion length, the heat source can be imagined
as a surface heat source, the cooling rate can be approx-
imately calculated as:

R ¼ ð1� R�Þ I0
rCð2astpÞ

1
2

; (20.11)

where R* is reflectivity of laser beam to metal surface; Io
is the output of laser power; asis the heat diffusivity; tp is
the pulse width.

When the laser absorption length is larger than the
heat diffusion length, the influence of heat diffusion
can be ignored. The cooling rate can be roughly
estimated by the following equation:

R ¼ 2as ð1� R�Þ I0a3tp
r C

; (20.12)

where a is the absorption coefficient.
Figure 20.28 demonstrates the relationship among

cooling rate, surface melt depth, and absorbed power
density in laserglazing [34]. Here, the rules are the
same, i.e., the thinner the surface melt depth, the larger
the cooling rate. The higher the absorbed power density,
the larger the cooling rate.

It has to be emphasized that various laser beams
interacting on a same material with various conditions
can get different absorption coefficients (Fig. 20.29).

20.3.4. Emulsion Droplet Method

One way to increase the cooling rate is to increase the
supercooling. The homogeneous nucleation needs larger

TABLE 20.4 Cooling Rate and Powder Quality of Various Atomization Processes

Process

Powder size

(mm)

Average size

(mm)

Cooling

rate (K sL1)

Gas

entrapment Powder quality

Subsonic atomization 1 to >500 50e70 100e102 Yes Spherical having satellite

Ultrasonic atomization 1e250 20 104e105 No Spherical with less satellite

Rotation electrode atomization 100e600 200 10 No Spherical without satellite

Centrifugal atomization 1 to >500 70e80 105 No Spherical with less satellite

Soluble gas atomization 1 to >500 40e70 102 No Irregular having satellite

Electrohydrodynamic atomization 10�3e40 10�1e10�2 107e108 No Spherical without satellite

Electrosparking ablation atomization 10�3e75 10�1e10�2 107e108 No Spherical without satellite

FIGURE 20.27 Schematic diagram of laserglazing.
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undercooling than heterogeneous nucleation. The
maximum undercooling is usually about 20% of the
absolute temperature of the melting temperature of
metal. Using the emulsion droplet method it can
dramatically increase up to 30e40%. The scientists
hope that later it will be increased to two-third of the
absolute temperature of the melting temperature of
metal. Figure 20.30 is the schematic diagram of emulsion
droplet method [36]. The droplet is dispersively distrib-
uted in a special solution. For high purity metal, only
a limited number of droplets contain nucleants that
can create very large undercooling. One of the important
factors to define the undercooling is the particle size. For
example, if the average diameter of Sn droplet is 275 mm,
the undercooling is 48�C; and if the average diameter
drops to 4 mm, the undercooling rises to 187�C.

Flemings [36] put SnePb alloy in polyphenylether
emulsifier, which has very high boiling temperature,
about 520�C. In order to prevent the sticking of drop-
lets, several drops of oxidizer were added (usually
phthalic acid or organic peroxide). The additional
amount is 0.05 g phthalic acid per 1 g metal. Heat the
alloy to a temperature of 25�C higher than the melting

FIGURE 20.29 Absorption coefficient and temperature of amor-
phous, solid, and liquid Si laserglazed by ruby laser (l¼ 0.69 mm) and
Nd glass laser (l¼ 1.06 mm) [35].

FIGURE 20.28 During laserglazing, the relationship among cool-
ing rate, melt depth, and absorbed power density [34].

FIGURE 20.30 Schematic diagram of experimental setup for
emulsion droplets to study undercooling of low-melting point metal
in oil [36].
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temperature. Mix for 40 min under argon atmosphere.
The rotating speed is 4000 r min�1 that disintegrates
molten alloy in carrier into 2e30 mm droplets; usually
a ratio of 1 g metal and 5 mL emulsifier carrier can
obtain 108 droplets with the diameter of 5e30 mm.

20.3.5. Mechanic Method

By using high-energy ball miller to study Se
amorphous formation, it can be transformed into amor-
phous state after milling for 5 h. The purity of crystalline
Se reaches to five nine that is milled under Ar protection
at a rate of 0.8 mL s�1. The mass ratio of ball and metal is
10. If the milling is carried out in amixture of dry ice, me-
thanol, and liquid nitrogen at temperature (�100
 5)�C,
only 2 h is required to transform Se into amorphous
as shown in Fig. 20.31 [37].

Shen et al. [38] mechanically ball milled Ge and S
powders, which can also be transformed into Ge1�xSx
(x¼ 0.61, 0.67, and 0.72) semiconductor amorphous alloy.
For NieNb alloy at 1000�C, 3.5% Ni can be solid solu-
tioned into Nb, while 4.2% Nb can be solid solutioned
into Ni. After mechanical alloying, both can be extended
to 10%, for NixNb1�x alloy (0.24< x< 0.79) which can be
transformed into amorphous by mechanical alloying
[39,40]. Another system of NixZr1�x (0.24< x< 0.85) can
also be amorphized by mechanical alloying [41].

The following two factors can be considered as the
driving force of amorphization: (i) the rapid elevation
of free energy by moving the composition to nonstoichi-
ometry; and (ii) increase of defect concentration.
Another criterion fitted for thin-film diffusion couple
method can be depicted. If we want two pure metals
to be amorphized, there must be a very large negative
mixing heat and a large difference between mutual
diffusions which is also fitted for mechanical alloying.
Some alloys first form intermetallic before amorphiza-
tion as an intermediate product, such as Nb75Ge25 alloy
and Ni75Sn25 alloy, respectively. They first form Nb3Ge
or Nb3Sn with A15 structure, then transform into amor-
phous state. In the process of formation of Cu71Ni11P18

ternary amorphous alloy by mechanically alloying, Cu,
Ni, and P powders are refined and diffused mutually
in the first milling stage, Cu3P intermetallic is formed
in the intermediate stage without the formation of
Ni3P as its activation energy is higher than Cu3P. In
the third stage, it forms Cu71Ni11P18 amorphous alloy
from Cu3P and Ni.

Binary systems like FeeNb, CueTi, and TieFe having
largernegativemixingenthalpy are able tobe amorphized
by ball milling method. The two requisites to produce
amorphous alloys by mechanical alloying of the two
metals mixed powders are: (i) there should be large nega-
tive mixing enthalpy between the two metals and (ii) one
metal can quickly diffuse through another metal. The

former provides the driving force for the amorphization
reaction, and the latter guarantees the amorphization
formation rate. Lou et al. [42] carried out an interesting
experiment, in which they mechanically milled Cu60Ti40
and Fe50Nb50 amorphous alloypowders andquickly crys-
tallized them into nanometer-sized solid solution. But if
they mechanically milled the four metal powders with
an atomic ratio of 38.4Cue25.6Tie18Fee18Nb, it can be
amorphous in the earlymilling stagebecause in the former
experiment, the two amorphous alloys have already
released the energy that makes the negative mixing
enthalpy very small that is not beneficial to amorphiza-
tion. However, in the latter experiment, the negative mix-
ing enthalpies of the mixture of above four metals are

FIGURE 20.31 XRD of Se [37] milled (A) at room temperature and
(B) at �100�C.
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large, so as to have larger driving force which is beneficial
for amorphization.

Similar tomechanical alloyingmethod, themultiphase
powder rolling method can be also applied for the
amorphization, as shown in Fig. 20.32 [43]. For example,
the Ag-70 at% Cu alloy begins amorphization only after
seven passes reversely. After 30 times of reverse rolling,
the amorphization becomes much evident in XRD exam-
ination. Shen et al. carried out reverse rolling Ni/Ti-
enveloped powders and annealing with a constant heat-
ing rate, that can form amorphous alloy [44].

20.3.6. Solid-state Reaction Method

Besides melt rapid quenching to produce amorphous
alloy, it is possible to form amorphous alloy by solid-
state mutual diffusion reaction below melting point.
For example, if Au and La multilayer film is annealed
below 125�C, the product is amorphous alloy. The
fundamental condition for forming amorphous alloy
by solid-state reaction is that the free energy of noncrys-
talline state should be lower than the corresponding
metastable crystalline state. It is the thermodynamical
driving force of amorphization.

Comparison between solid-state reaction amorphiza-
tion and melt rapid solidification deduces the following
peculiarities:

(1) The composition range for amorphous formation
becomes wider.

(2) It is not restricted by the melting points of system
components and mutual solubilities.

The solid-state reaction method becomes frequently
used method for producing amorphous alloys, because
it cannot be limited by the cooling rate which gives the
possibility to produce bulk amorphous alloys. The
mechanism of amorphous formation is controlled by
atom diffusion. The kinetic prerequisite of amorphous
alloy formation is the existence of very large difference
in mutual diffusion coefficients of the AeB system
components. In other words, A metal component
possesses a very high diffusion coefficient in B metal,
which in turn has a low diffusion coefficient in A.

The main research interest on mutual diffusion of
solid-state polycrystalline thin film is at first focused
on the metallization of semiconductor integrated circuit.
In order to enhance the stability and service life of semi-
conductor integrated circuit, it is necessary to under-
stand the chemical reaction and mutual diffusion
between the metallized films. It is different from bulk
material, inside the solid-state polycrystalline thin film,
wherein exist high-density grain boundaries and
dislocations. It becomes very special that the mutual
diffusion and chemical reaction can be evolved even at
low temperature. In recent years, the study on meta-
stable materials has become an active area of research.
Using solid-state reaction and mutual diffusion of poly-
crystalline thin film to produce amorphous and other
metastable materials has been studied enormously.
Schwarz and Johnson [45] first discovered that after
vacuum annealing of AueLa polycrystalline thin film,
it can form metastable amorphous alloy via solid-state
reaction which is not only used to produce amorphous
alloys, but also can be used for modeling theoretically

FIGURE 20.32 Reverse powder rolling method to amorphize Ag-70% Cu alloy and XRD patterns after repeated rolling times and various
durations of ball milling [43] (a) reverse powder rolling method and (b) XRD patterns.
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the thermodynamic conditions and kinetic process of the
solid-state reaction (such as mechanical ball milling).

20.3.7. Radiation Method

Replacement of electron beam with laser beam can
also be used to produce amorphous alloys. The electron
beam reacts with nuclei and electrons of the substrate.
The collision with nuclei is elastic. Same as laser radia-
tion, the transfer of energy is rapid to the atomic lattice
as heat energy. If the heating process can be approxi-
mately considered as quasi-adiabatic, the thermal
conductivity effect can be omitted. The temperature
distribution curve follows the electron energy loss curve
of the substrate interior.

The energy maximum appears at a certain depth. The
depth increases and the distribution width is broadened
with the rise in electron energy. In laser radiation on
a homogeneous medium, the maximum energy concen-
trated on the surface; in this case the surface structure is
very sensitive to absorption and reflectivity.

Figure 20.33 shows the three main differences
between electron beam and laser radiation during heat-
ing [46,47]. For Al, the main difference between ruby
laser (l¼ 0.69 mm) and electron beam (10e50 keV) is
the cooling rate (see Fig.20.33(c)), which is due to the
different energy absorption depth (see Fig.20.33(b)).
For example, the 20 keV electron beam having 50 ns
typical pulse width and about 1 mm energy absorption
depth to radiate on Al, the quenching rate is mainly gov-
erned by the energy absorption depth. Such depth deter-
mines the thermal gradient in solid and heat dissipation
time. It is similar to the solid cooling rate just after the
solidification. To a specified material, the short pulse
width does not always create a rapid cooling rate, only
if the energy absorption depth is small. The energy
absorption depth also governs the minimum melting
depth caused by the pulse electron beam. The heat
flow calculation gives the 2.6 mm melting depth, about
500 ns melting time, about 8 m s�1 resolidification inter-
face rate, if the pulse is 50 ns and 1.5 J cm�2.

The main differences between electron beam and
laser radiation can be summarized as follows:

(1) The molten layer by electron beam radiation is
thicker.

(2) The energy deposition range by electron beam
radiation is larger than that by laser radiation.

(3) The liquid temperature after electron beam radiation
is lower than that after laser radiation, therefore, the
thermal gradient is also lower.

(4) The cooling rate by electron beam radiation is lower.
(5) The electron beam radiation has a lower regrowth

rate, roughly an order of magnitude lower than the
laser radiation.

The ion beam radiation has been used for pulse heat-
ing of metal which has an energy absorption distribution
curve qualitatively similar to that of electron beam radi-
ation. Typically, during the initial few microseconds, the
curve is approximately in a Gaussian distribution.
Besides, both the electron beam and ion beam radiation
deposit energy in the electron excitation and lattice exci-
tation, but the ion beam energy entering lattice excita-
tion has a larger percentage. On the contrary the laser

FIGURE 20.33 A comparison of pulse heating Al between elec-
tron beam (20 keV) and ruby laser [46e48]. (a) Absorbed energy; (b)
distribution curve between absorbed energy density and depth; and
(c) calculated surface temperature.
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energy first deposits in electrons initially, that has
a maximum intensity at the surface, but decreases with
the depth exponentially.

During ion beam radiation, ions transfer energy to
nuclei and electrons. The transfer predominantly depends
on the ion velocity, bombardingparticles aswell as atomic
number and atomic weight. The ion beam radiation can
deposit energy at the substrate surface in a short time
that can make the surface melt [48].

By using 300 keV proton beam to bombard Si, the
deposited energy distribution curve is shown in
Fig. 20.34. In the range from sample surface to the depth
of 2.5 mm, the deposited energy distributed homoge-
neously [35].

20.4. BULK AMORPHOUS ALLOY-BASED
COMPOSITE MATERIALS

The bulk amorphous alloys have a large potential to
be used as a structural material due to their peculiar
properties of bulk amorphous alloys, such as high
strength, high hardness, large elastic limit, good corro-
sion resistance, and superplasticity at high tempera-
ture. However, the room temperature ductility of the
bulk amorphous alloy is limited to the formation
and propagation of single band or only a few shear
bands, and ruptures suddenly without any macro-
scopic plastic deformation. In order to improve the
ductility of bulk amorphous alloy, shear band must
be taken into account, as single shear band may
govern the plastic deformation behavior of bulk amor-
phous alloy, to control the initiation and propagation
of shear band and increase in number of shear bands

can enhance the amorphous alloy ductility. Therefore,
it is considered that the formation of amorphous alloy-
based composite material by introducing nanocrystal-
line, microcrystalline ductile particles, or adding
secondary phases (ceramic particles, fiber, or dendrite
grains) can alter the geometrical constraint during
deformation.

The interaction between the secondary particles and
shear bands can obstruct the shear band propagation
and induce the formation of multiple shear bands that
can enhance the room temperature plastic deformation.
The emergence of amorphous alloy matrix composite
material gives a broad prospect of enlarged applications
of amorphous alloy.

20.4.1. Preparation of Amorphous Alloy
Matrix Composite Material

The amorphous alloy matrix composite material is
prepared by introducing secondary phase into amor-
phous matrix to improve the comprehensive properties.
The reinforcing particles can be in situ precipi-
tated or added from outside, and can be nanosized or
micrometer-sized.

1. Methods to add secondary particles or fibers
(1) Liquid phase process (infiltration)

Maintain the temperature above liquidus, mix
thoroughly the particles into melt and quickly
quench, for example, wire, steel wire, or carbon
fiber-reinforced Zr-based amorphous matrix
composite material can be produced by this
process.

(2) Powder metallurgy process
Produce amorphous powders by atomization

or mechanical alloying, mix thoroughly the
amorphous powders, secondary-phase particles,
and hot-extrude in the undercooled temperature
range, but the as-prepared materials have
some microporosity, low density, and low
strength as compared with the material
prepared by melt quenching. Now it is prepared
by the combination of powder metallurgy
process and melt quenching process, that is
induction heat and melt the as-pressed slab,
then cast into Cu mold. Using this new
combined process amorphous Zr-based [49,50],
Cu-based [51,52], and Mg-based [53,54] matrix
composite materials reinforced with metallic
particles (W, Nb, Ta, Mo, etc.), and ceramic
particles (SiC, ZrC, TiC, TiB, WC, intermetallics,
etc.) can be produced.

2. Methods to introduce in situ secondary particles
(i) Partial crystallization or in situ precipitation of

nanocrystals:

FIGURE 20.34 Energy distribution curve of 300 keV proton beam
bombardment on Si [35].
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By isothermal annealing of the bulk
amorphous alloy in the undercooled liquid
region in order to produce partial crystalline
phase, a nanocrystalline-reinforced amorphous
matrix composite material.

(ii) In situ precipitation of micron-size secondary
phase or dendrites:
By adding refractory metal Nb, Ta, etc. in

Zr-based, Cu-based, or Ti-based amorphous
alloys to precipitate b-Ti type particles or
dendrites with bcc structure, it finally forms
amorphous alloy-based composite material. For
the Pd-based and La-based amorphous systems,
the alloy compositions at deviated eutectics are
selected and the composites are formed by in situ
precipitation of dendrite phases.

20.4.2. Zr-based Amorphous Matrix
Composite

1. Two-phase reaction dynamics
To select Zr55Al10Ni5Cu30 alloy having good glass

formation ability and to study the interface between
amorphous matrix and reinforcing phase are very
important because the characteristics of this region
dominate the load transfer and crack obstruction
during deformation of the metal matrix composite
material. However, the interface between crystalline
metal matrix and ceramic phase has been studied
since 1960, but the study on the interface between
amorphous matrix and ceramic phase is not much
studied, because the interest in bulk metallic glass
started a few years ago, and only one point that can
be generally accepted is to increase the wettability,
to control the interface reaction, and to reduce the
oxide formation, the interface strength, is to be
optimized. The interface can effect mechanical
adherence or chemical bonding between matrix and
reinforcement. Only when the interface strength is
higher than the surface tension of liquid metal, the
wetting between solid and liquid is effective. The
wettability can be obtained by measuring the
contact angle.

Figure 20.35 is an SEM micrograph of
Zr55Al10Ni5Cu30 amorphous alloy reinforced with
60 vol.% W fibers, which are uniformly distributed in
the glassy matrix. The bonding quality between
matrix and W fiber is influenced by many factors. If
the criteria are the interface reaction and matrix
amorphization, there are two important factors: one is
infiltration temperature and the other is holding time
during infiltration.

2. Dynamics of two-phase wetting
Figure 20.36 is the wetting dynamic curve between

SiC and Zr55Al10Ni5Cu30 alloy. At 1173 K (m.p.

1108 K), it is only 65 K higher than the melting
temperature, so the superheating is low, viscosity of
alloy melt is high, flowability is bad, and the contact
angle is as high as 74� at the equilibrium condition.
When the temperature increases to 20 K, the wetting
dynamic curve does not change much but the contact
angle drops a bit. When the temperature is 1223 K, the
dynamic curve changes to flat form and the
superheating is 115 K and the time to reach
equilibrium contact angle is rather longer. When the
temperature is 1373 K, the liquid alloy possesses
a very high superheating (265 K) that requires only
a short time to reach equilibrium.

The relation between temperature and contact
angle of a Zr55Al10Ni5Cu30 liquid alloy droplet on SiC
substrate is demonstrated in Fig. 20.37. It can be
summarized that the curve trend is similar, and for
better wettability increasing temperature is quicker
and better than prolonging time, for example, the

FIGURE 20.35 SEM micrograph of bulk amorphous matrix with
60 vol.% W fibers [49].
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FIGURE 20.36 Relation between time and contact angle of
Zr55Al10Ni5Cu30 alloy droplet on SiC substrate [49].
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contact angle at 1323 K (15 min) and at 1373 K
(10 min) is similar. In general, the higher the
temperature, the shorter the time needed to reach
equilibrium.
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FIGURE 20.37 Relation between temperature and contact angle of
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Synthetic Chemistry of Nanomaterials
Shi Zhang Qiao, Jian Liu, Gao Qing (Max) Lu

The University of Queensland, Australia

21.1. BASICS OF THE SYNTHETIC
CHEMISTRY OF NANOMATERIALS

We are currently witnessing the advancement and
development of a new interdisciplinary scientific fieldd
Nanoscience. The synthesis of nanoscale materials, the
foundation of nanoscience and nanotechnology, has
become one of the most popular research topics in recent
years. Nanoscale materials, or so-called nanomaterials,
can be defined as materials with at least one dimension
that in the nanometer scale (1 nm¼ 10�9 m), and with its
properties influenced by this dimensional confinement
[1e4]. Nanomaterials possess unique chemical and
physical properties such as size, surface, and interface
effect, compared to their corresponding bulk or isolated
atoms and molecules. The technological importance of
these nanomaterials is well demonstrated in innu-
merous applications, including their use in catalysis,
biotechnology, photonic, and energy-storage [5e30].
Relative to their bulk counterparts, the thermodynamic,
dynamic, mechanical, optical, electronic, magnetic, and
chemical properties of nanomaterials can be signifi-
cantly altered [31e56]. These properties are dependent
not only on size but also on morphology and spatial
organization [4e6]. For example, the color or absorption
spectrum changes dramatically with size when the size
is small, compared to the de Broglie wavelength or the
Bohr exciton radius of the electron. When a metal
particle such as gold is smaller than 10 nm, it essentially
exists in a state that is neither liquid nor solid. The shape
of the particle is in a constant state of flux. When
a common liquid such as water is confined to a space
that is only a few nanometers in dimension, its proper-
ties are significantly different from those of the liquid
water and solid ice that we are familiar with [6]. There-
fore, in addition to the tremendous potential in various
applications of nanomaterials, the fascinating properties

of nanoscale materials will remain a strong motivation
for scientific discovery and exploration.

The synthesis of nanomaterials is oneof themost active
fields in nanoscience and nanotechnology [12e56]. It is
clear that in order for nanomaterials to realize their full
potential, evolutional progress and revolutionary break-
throughs are needed in the synthesis of nanomaterials,
and in the understanding of the fundamental properties
of such materials. Nanochemistry is a science to utilize
synthetic chemistry to make nanoscale building blocks
of different size and shape, composition and surface
structure, charge, and functionality [3,4]. Nanochemistry
aims to extend the traditional length scales of synthetic
chemistry and exploit the collective properties of orga-
nized assemblies. There are numerous methods for
synthesizing nanomaterials with various characteristics.
Typically, two drastically different approaches are
involved: the top-down approach and the bottom-up
approach. The bottom-up approach involving self-
assembly ofmolecular species,with controllable chemical
reactions, is more efficient and flexible. Nanomaterials
withwell-controlled shape, surface properties, anddevel-
oped porous structures can be conveniently prepared
through such chemical synthesis techniquesdbottom-
up method [3,4,40]. Synthesis of nanoparticles with
narrow size distributions has allowed the construction
of a superlattice or artificial atomic structures using
different assembly techniques.

Structurally organized porous nanomaterials and
zero-, one-, two-, and three-dimensional (0D, 1D, 2D
and 3D) nanomaterials have attracted much attention
for emerging applications (e.g., catalysis, storage and
controlled release systems, smart fillers, and biotechnol-
ogies) and become a focal area in nanochemistry
[24e30]. To constitute a complete toolbox for the “top-
down” and “bottom-up” approaches in nanotechnology,
the ability of making functional materials into various
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artificial nanokits and nanoparts is essential [4,31e56].
This chapter will mainly focus on the synthetic chemistry
of nanomaterials. The nanomaterials to be covered in this
chapter include nanocrystals, nanowires, hollow nano-
structures, and coreeshell nanomaterials. This chapter
is aimed at early career researchers who require nanofab-
rication for their research, or who are interested in
learning how to fabricate nanostructures in practice. It
will cover many of the techniques employed in the nano-
fabrication of hard materials (semiconductors, metals,
and ceramics) and softmaterials (polymers andpolymere
biological), with reference to applications in biotech-
nology, catalysis, sensors, clean energy, nanomedcine,
lithium-batteries, nanophotonics, and nanoelectronics.
A key aim of the chapter is to assist researchers in
choosing the appropriate nanofabrication techniques
for their particular project, as well as information on
how to access these capabilities. This chapter is orga-
nized as follows. In the first section we systematically
survey the synthetic approaches for nanomaterials, and
the available strategies are broadly categorized into two
themes, top-down, and bottom-up approaches, and
each includes several well-established methods. By
choosing some typical references as examples, we will
present a comprehensive overview of synthetic strategies
for nanomaterials.We then explicitly discuss a number of
strategies that are being developed for synthesis of the
nanocrystals, nanowires, hollow nanostructures, and
coreeshell nanostructures. The novel properties and
applications of these nanostructures will be surveyed.
Finally, wewill present our thoughts on the future devel-
opment of the synthetic chemistry of nanomaterials. It is
the intention of this contribution to provide a brief
account of these research activities and some of our
recent works in this research area.

21.2. SYNTHETIC METHOD
FOR NANOMATERIALS

The synthesis of nanomaterials is an essential compo-
nent of nanoscience and nanotechnology. Advances in
this field largely depend on the ability to synthesize nano-
materials with different components, sizes, and morphol-
ogies [7,8]. It is well recognized that properties of metal
nanoparticles highly depend on the size, shape, composi-
tion, structure, and crystallinity [32e37]. Therefore,
various approaches have been developed to control these
parameters and, hence,meet the requirements for various
applications. Although nanomaterials can be generated
by physical (top-down) approaches [20,22] (such as evap-
oration and laser ablation), the chemical (bottom-up)
approach is the more preferred and efficient method for
fabricating a wide variety of nanoparticles. The most
important nanomaterials synthesis method includes

nanolithography techniques [21,23], templated-directed
synthesis [25e31], the vapor-phase method [38,55],
vaporeliquidesolid (VLS) methods [38,40], solutione
liquidesolid (SLS) methods [38,40], the solegel process
[56e58], micelle and emulsion [51e55], vapor deposition
[34e36], hydrothermal and solvothermal methods
[47,48], self-assembly [59], layer-by-layer assembly
[60e63], spin-coating, spraying, and some other special
synthesis methods [49,64e68] as shown in Fig. 21.1. It is
generally accepted that photolithography, which includes
chemical vapor deposition (CVD) or metal oxide CVD
(MOCVD), is the most popular method used in the
semiconductor industries, which has already been
reviewed in Chapter 7. The bottom-up synthesis methods
of thermal decomposition, hydrothermal, and solvother-
mal synthesis have been reviewed in Chapters 2 and 4.
The template method, widely used in the synthesis of
nanoporous materials, has been introduced in Chapter 16.
The special synthesis methods, including microwave
irradiation, photochemical synthesis, and bioinspired
synthesis, are mentioned and illustrated in Chapters 6
and 23, respectively. The wide array of synthesis tech-
niques pursued to prepare nanomaterials is well beyond
the scope of this chapter. We will therefore focus on
a few types of routes that are being frequently used to
prepare nanomaterials.

21.2.1. Top-down Methods

Top-down strategies involve two categories: (1) using
macroscopic tools to transfer a computer-generated

FIGURE 21.1 (a) Schematic illustration of the synthesis method of
nanomaterials.
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pattern onto a larger piece of bulk material first, and then
“sculpting” a nanostructure by physically removing
material (e.g., through wet/dry etching); and (2) using
macroscopic tools to directly add/rearrange materials
on a substrate. In the first category, the most common
techniques are based on photolithography, which is
cost-effective and relatively fast, but its resolution is ulti-
mately limited by optical diffraction effects to typically
0.2e0.5 mm. Electron and ion-based lithographic
methods, in contrast, permit the creation of ordered
nanostructured arrays with high resolution (i.e., 50 nm
features and/or spacing) and allow very good control
over particle shape and spacing; their throughput,
however, is limited and line-by-line pattern generation
(a serial technique) is considered slow when compared
with a parallel technique (such as photolithography), in
which the entire surface is simultaneously patterned at
once. The second category of top-down approaches
includes scanning probe lithographic (SPL) techniques
(e.g., dip-pen nanolithography (DPN) and scanning
tunneling microscopy (STM)), microcontact printing
(mCP), and nanoimprint lithography (NIL). Currently,
patterns generated using DPN can be as small as
15 nm, whereas STM offers the unparalleled capability
to position individual atoms to pattern structures with
ultrahigh, subnanometer precision. However, DPN and
STM are also serial techniques and are therefore not
suitable for high-volume manufacturing technologies,
although this is a drawback that may eventually be over-
come by the introduction of massively parallel microfab-
ricated probe tip arrays.

21.2.1.1. Photolithography

Photolithography is the basic technique used to define
the shape of nanomaterials [6,9,10]. The technique is
essentially the same as that used in the microelectronics
industry. Figure 21.2 lists lithographic techniques
reported to produce various feature sizes such as a thin
film of some materials (e.g., SiO2) on the substrate of
other materials (e.g., a silicon wafer). It is desirable that
the thin film can be selectively removed so that it only
remains in particular areas on the silicon wafer
(Fig. 21.2f). In this technique, first a mask is prepared.
This is typically a chromium pattern on a glass plate.
The wafer is then coated with a polymer which is sensi-
tive to ultraviolet light (Fig. 21.2b), it is so-called a photo-
resist. Ultraviolet light is then shone through the mask
onto the photoresist (Fig. 21.2c). The photoresist is then
developed which transfers the pattern on the mask to
the photoresist layer (Fig. 21.2d). Micropatterns can be
readily produced using well-known techniques. Most
reported methods of micropatterns include photolithog-
raphy and micromachining. These techniques can
produce micro features as small as possible. Recent
advances in X-ray, electron- and ion-beam lithography,

nanoparticle lithography, soft lithography, colloidal
lithography, and microcontact printing (mCP) and nano-
contact printing have broken the wavelength barrier to
prepare patterns as small as 300 nm. To distinguish
between micro and nanolithography, techniques capable
of producing feature sizes of 100 nm or smaller are
defined as nanolithography.

21.2.1.2. X-ray, Electron- and Ion-beam
Lithography

In conventional photolithography, a projection
configuration is used, where a collimated light passes
through a mask and illuminates the resist surfaces [9].
Depending on the optics, various magnifications could
be projected onto the resists. There are, however, no
ideal materials available for X-ray projection. Therefore,
shadowmask techniques were developed, which consist
of a thin membrane of SiC, or Si, and heavy metals such
as Ta, W, or Au to absorb X-ray photons. These masks
are produced using microfabrication/processing and
electron-beam lithography.

Figure 21.3 illustrates the fundamental approaches in
electron- and ion-beam lithography. In electron-beam
lithography, a focused electron-beam is achieved by con-
verting commercial SEM or TEM instruments, which
operate at 50e100 kV [27e29]. The electron-beam has
very high energy, and is focused on a tiny spot (a few
nanometers). The spot can be moved by the electron

FIGURE 21.2 Schematic illustration of lithographic techniques to
prepare nanomaterials in various feature sizes.
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optics following a programmed trajectory. The resolution
is not determined by the spot size, but rather by electron
scattering, which impacts both the exposed and nearby
areas (proximity effect). The correction and improve-
ment of proximity effect has been intensely studied.

21.2.1.3. Nanoparticle Lithography

To produce periodic arrays of nanostructures, a rela-
tively inexpensive and simple method of nanoparticle
(or nanosphere) lithography has attracted much atten-
tion [21,23,69]. Monodispersed latex particles are first
synthesized and purified. Particles can assemble into
ordered and closely packed 2D and 3D structures under
carefully controlled conditions. These assemblies are
used as templates, where the void space is filled with
the materials of interest. Particles can then be removed
by either calcination or solvent dissolution. Arrays of
nanostructures are produced, which include 2D and
3D arrays of metals, metal oxides and silica, porous
membranes of polyurethane, as well as 3D opal or
reversed opal structures of photonic band-gap materials
such as SiO2 and TiO2.

21.2.1.4. Scanning Probe Lithography

Scanning probe microscopy such as scanning
tunneling microscope (STM) and atomic focal micros-
copy (AFM) are well known for their capability to visu-
alize surfaces of materials with the highest spatial
resolution. In terms of structural characterizations,
AFM can attain a lateral resolution of 0.1 Å and vertical
resolution of 0.05 Å [10]. STM resolution is intrinsically
five times higher than that of AFM. These high resolu-
tions are reached for crystalline systems. For noncrystal-
line surfaces or soft-and-sticky surfaces, it is more
difficult to achieve high resolution. AFM-based lithog-
raphy is a very active area of research because of the flex-
ibility and simplicity of the technique. AFM tips may be
used to carry catalysts to selectively induce surface reac-
tions, or as a pen to attach molecules on surfaces in DPN
and its derivative techniques. AFM tipsmay also be used
as an electrode to direct local oxidation on surfaces.

21.2.1.5. Colloidal and Soft Lithography

Colloidal lithography provides another inexpensive
method for creating nanoscale topographies. This tech-
nique allows for the production of surfaces with
controlled heights and diameters. Colloidal lithography
involves the use of nanocolloids as an etching mask
[21,23,70]. These nanocolloids are dispersed as a mono-
layer and are electrostatically self-assembled over
a surface. Directed reactive ion-beam bombardment or
film evaporation can then be used to etch the area
surrounding the nanocolloids, as well as the nanocolloids
themselves.

Self-assembled monolayers (SAMs) for patterning and
shapingmaterials over different length scales and dimen-
sions were first developed byWhitesides. SAMs embrace
concepts of self-assembly, templating, and crystal engi-
neering, together with soft lithographic techniques of
microcontact printing and micromolding. It is an alterna-
tive low-cost, nonphotolithographic. SAMs provides
access to topologically complex 3D objects for building
micro- or nanomachines. Chemists are interested in
experiment with reliable, convenient, and inexpensive
methods for patterning planar or cured surfaces with
organic, inorganic, polymer, liquid crystal, ceramic, or
biological structures. mCP uses a polydimethylsiloxane
(PDMS) stamp to “print” a chemical “ink” on a target
substrate. This technique has been widely used to pattern
SAMs on gold because alkanethiol molecules can be
transferred from a PDMS stamp to a gold surface to
form patterns of SAMs (Fig. 21.4). Using this technique,
nanoscale patterns of SAMs are printed and the patterned
molecules are used along with chemical etching to
generate metallic nanostructures. SAMs can act as an
etching resist to protect the underlying gold surface
from chemical etching. Thus, when a gold film patterned
with SAMs is placed into solution of cyanide-free gold
etch (Transene), the exposed areas of gold are removed
to reveal a pattern resembling the relief features of the
PDMS stamp (Fig. 21.4, top). Archival-grade gold CD-
Rs were used to produce more complex metallic nano-
structures. Using a PDMS stamp from an Aluminum
master, some researchers printed SAMs on the gold-CD
surface. Molecules were transferred to the gold-CD only
in the regionswhere the lines of the stampwere in contact
with the lines on the gold-CD. When the lines on the
stamp were nearly perpendicular to the lines of the CD,
a checkerboard pattern of SAMs was produced. After
students placed this substrate into the gold etching, the
gold regions not protected by the SAM were etched
away to reveal a checkerboard gold pattern (Fig. 21.4,
bottom).

21.2.1.6. Chemical Etching

Chemical etching is a means of producing nanoscale
features on the surface of a material by soaking it in an

FIGURE 21.3 Three basic approaches adopted by electron- and
ion-beam lithography and subsequent methods.
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etchant. Typical etchants are hydrofluoric acid (HF) and
sodium hydroxide (NaOH). As the material is etched
away, the surface is roughened creating pits and protru-
sions at the nanometer scale. This process is essentially
a surface treatment and cannot create structures with
any prescribed geometry or organization. It can, however,
provide a very quick, easy, and inexpensive means of
creating a nanostructured surface by changing the scale
of the roughness on the material surface.

Silicon wafers can be etched using HF to create nano-
meter-scale roughness on the surface of thewafer. Etching
time can control the roughness with longer etching times
leading to rougher surfaces (i.e., smaller surface pits and
protrusions). Very recently, Yin and coworkers [71e74]
described the formation of hollow silica nanoparticles
by reacting silica particles with NaBH4 or NaOH. Poly-
vinyl pyrrolidone (PVP) or polyacrylic acid (PAA) is
selected as the surface-protecting agent because its
carbonyl groups can form strong hydrogen bonds with
the hydroxyl groups on the silica surface. Because the
silica surface is protected by PVP, OH� ions cannot
dissolve the surface layer rapidly. Instead, the small ions
diffuse into the interiors of the silica spheres, leading to
a relatively higher etching rate at the center, eventually
producing hollow spheres upon continued etching
(Fig. 21.5) [71,72]. Further etching removes materials
from the particle cores, making the appearance of hollow
structuresmore pronounced (Fig. 21.5d). Simultaneously,
the shells come to appear rougher and less homogeneous
in transmission contrast,which canbeattributed topartial
and local etchingof the remaining shellmaterial. Park and
Kim [75] described that the spontaneous hollowing of
silica nanoparticles can occur in a verymild basic solution
of typical bases used in the synthesis of silica nanopar-
ticles, demonstrating that the hollowing effect is a general
phenomenon that can commonly occur in silica nanopar-
ticles. They also show that the shape evolution of silica
particles is size-dependent, reinforcing the importance

FIGURE 21.4 Procedure for micro-contact printing and etching of a gold film (top) and a gold-CD (bottom).

FIGURE 21.5 (a) Schematic illustration of the spontaneous
formation of hollow SiO2 spheres. (b) TEM images of as-prepared SiO2

spheres. (c and d) Samples after reacting with 0.06 g/mL NaBH4 for
6 h at 51�C (c), and 5 h at 56�C (d). Scale bars are 200 nm. (e) Schematic
illustration of the spontaneous formation of hollow SiO2 spheres at
room temperature reacting [72].

SYNTHETIC METHOD FOR NANOMATERIALS 483



of evaluating chemical reactivity and structural transfor-
mation as well as physical properties for different size
ranges.

Top-down methods can produce large quantities of
nanomaterials. However, the size control of nano-
materials is very difficult. The bottom-up approach
takes advantage of physicochemical interactions for
the hierarchical synthesis of ordered nanoscale struc-
tures through the self-assembly of basic building
blocks. The particle morphology and size can be easily
controlled.

21.2.2. Bottom-up Methods

Bottom-up nanofabrication is driven by the self-
assembling processes of component molecules, where
various examples based on supramolecular chemistry
have been intensively investigated. Currently, the most
common types of bottom-up fabrication procedures
are those based on the use of a templating substrate,
such as chemically or topologically patterned sur-
faces, inorganic mesoporous structures, and organic
supramolecular complexes (mainly block copolymer
(BCP) systems). Topographically/chemically patterned
surfaces have shown to be particularly effective in
directing the nucleation and growth of 1D/2D colloidal
crystals or highly uniform colloidal aggregates with
well-controlled sizes, shapes, and structures. BCPs
provide another versatile route for templating the self-
assembly of ordered nanoscale structures (metallic
nanoparticles and other inorganic materials), particu-
larly on surfaces. The periodicity of the microphase-
separated domains in BCP systems is typically in the
range of 10e200 nm. However, the main disadvantage
to the use of block copolymer templates is the require-
ment, in some synthesis cases, of highly specialized
polymeric components that may not be readily or
commercially available.

21.2.2.1. Direct Self-assembly

One of the major technological challenges in nano-
science and nanotechnology is the self-assembly of
tiny nano-building units (nanokits and nanoparts)
into larger organized conformations and geometrical
architectures for device applications. Self-assembly
phenomena have been used both to form templates for
fabricating nanostructures and to assemble the nano-
structure itself [59]. Self-assembled processes are molec-
ular processes. Self-assembly also can be used to
describe the spontaneous formation process for highly
ordered assemblies from disordered components by
noncovalent interactions. During the self-assembly, the
system minimizes its free energy thereby evolving
toward equilibrium. It balances attractive and repulsive
colloidal and intermolecular forces that include van der

Waals interactions, electrostatic interactions, hydro-
phobic/hydrophilic interactions, surface tension, capil-
lary forces, steric forces, and hydrogen bonds such as
the hybridization of DNA. For the preparation of thin
films, the LangmuireBlodgett (LB) technique [59,76]
and the SAMs [77] method are usually used. Direct
self-assembly of building blocks, which may involve
molecular and organic structure-directing additives, in
addition to the constituent building units, is considered
to be distinct from spontaneous self-assembly. Using the
self-assembly method, various nanomaterials including
nanoclusters, nanorods, nanotubes, nanowires, nano-
porous materials, and block copolymer nanostructures
have been synthesized. Particle morphology will thus
influence the collective properties of the assembly struc-
ture through various kinds of translational and orienta-
tional ordering, and the interaction and coupling of the
individual nanoparticle building blocks. Self-assembled
superlattice structures have modified properties com-
pared to isolated particles due to interparticle interac-
tions. Very exciting results have been obtained with
self-assembly using crystalline surfactants and polymer
liquid crystalline structures, with proteins and other
biomolecules. Assembling, patterning, and integration
of nanoparticles in functional and ordered networks
(on suitable surfaces) are of great importance for the
fabrication of efficient electronic, photonic, or sensor
devices. However, the self-assembly approach still
needs to demonstrate the large-scale control required
for functional devices, and needs to find ways to make
connections and interfaces between the devices and
the systems.

21.2.2.2. Layer-by-layer Assembly

Based on the charge theory, the layer-by-layer (LbL)
adsorption technique provides an easy and inexpensive
process for multilayer formation [60e62]. Therefore, the
LbL assembly method can be regarded as a versatile
bottom-up nanofabrication technique. Since its intro-
duction in 1991 [78], the LbL assembly technique has
rapidly expanded to become a premier method for the
preparation of nanoscale films with tailored properties.
Typically, the LbL process begins with the adsorption
of a charged species onto a substrate with opposite
charge, thereby reversing the substrate surface charge.
Further layers are then deposited by the alternate
adsorption of oppositely charged species onto the
substrate, until the desired thickness is achieved. The
versatility of the LbL approach has allowed a broad
range of materials (e.g., polymers, nanoparticles, lipids,
proteins, dye molecules) to be assembled on various
substrates, on the basis of not only electrostatic interac-
tions but also hydrogen bonding, hydrophobic interac-
tions, covalent bonding, and complementary base
pairing. The LbL approach offers a number of key
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advantages when compared to other methods for
surface modification. An important feature is the preci-
sion with which the layer thicknesses can be controlled.
This control can be achieved by varying: (a) the specific
materials being used, (b) the number of layers assem-
bled, and/or (c) the specific adsorption conditions
used. For instance, by using variables such as the
temperature of adsorption, the ionic strength of the
adsorption and rinse solutions, and the solvent polar-
ity, the thickness of each adsorbed layer can be tuned
within nanometer resolution. The flexibility in the LbL
films’ structure allows researchers to fabricate higher-
dimensional structures from functional components.
One of the most outstanding strategy modifications for
LbL assembly preparation involves invisible particles
and subsequent hollow capsule formation, which is
reported by Caruso et al. [63] in their pioneering work
(Fig. 21.6). In this strategy, the LbL films were assembled
sequentially, similar to the conventional assemblies, on
a colloidal core. Dissolution of the central particle core
upon exposure of the particles to appropriate solvents
results in hollow capsules. A similar template synthesis
was applied to nanotube synthesis. For example, Hou
et al. [79] reported fabrication of nanotubes using LbL
assembly between 1,10-decanediyl-bis(phosphonic

acid) and zirconium ion on porous alumina template.
Highly versatile LbL assembly methods can be
combined with the template synthesis approach to yield
complex assemblies such as free-standing and nanopo-
rous films, capsules, nanotubes, nanoporous particles,
and macroporous and biomimetic structures. Their
structures and properties may be readily controlled
through the choice of the LbL components and the
template.

21.2.2.3. Template Method

“Templating” essentially involves the replication of
one structure into another under structural inversion.
In the case of direct templating, the templated material
is a 1:1 copy of the template structure, and no changes
in order or length scale of the template structure occur
(Fig. 21.7). Templating therefore is a versatile technique
for the formation of nanostructured materials, especially
for nanoporous materials, as size and shape of the result-
ing pore structures can be easily tuned by choosing the
appropriate template structures [80]. As described in
Chapter 16, templating is one of the most frequently
used methods of synthesizing materials with structural
units ranging from nanometers to micrometers, as in
the case of zeolites and photonic crystals, respectively.

FIGURE 21.6 Layer-by-layer (LbL) assembly of poly-
electrolytes on (a) planar and (b) colloidal substrates.
A substrate with inherent charge is first exposed to an
oppositely charged polyelectrolyte, followed by thorough
rinsing. Reversal of the surface charge then facilitates
further adsorption steps. The process is continued until the
desired layer number (or thickness) is achieved. In (b), the
core can be dissolved to give hollow polyelectrolyte
capsules. From Ref. [62]. Reproduced with permission from The

Royal Society of Chemistry.
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The templates can be in a variety of forms including
molecules, supramolecular aggregates, nanoparticles,
colloids, nanoporous matrix, and even biological mate-
rials such as viruses. Generally, the employed materials
in template synthesis can be simply classified into hard
templates and soft templates. Usually, organic molecules
or supramolecular aggregates are used as soft templates
to impart structural features to the porous solid formed.
Conversely, the resulting porous solids can be used as
hard templates to structure the guests, often being
inverse replicas of the hosts. The key to successful tem-
plating synthesis is to select a template that ensures the
formation of a desired nanostructure and can be easily
removed without damaging it. For using nanoporous
solid as hard templates, generally, the connectivity of
the pores or channels strongly influences the structure
of the resulting solid product. The hard template can
be anodic aluminum oxide (AAO) membranes, colloid

beads, ordered mesoporous materials, zeolites, ice, etc.
For soft templates, supramolecules function as struc-
ture-directing agents that assist in the assembly of react-
ing species. It is generally accepted that soft templates
are facile for controllable synthesis of nanomaterials
because of either the unique anisotropic structures or
the functionality of their subunit groups. Typical exam-
ples are surfactants, long-chain polymers, micelles, and
supramolecular aggregates. Except them, the biological
species such as bacteria, textiles/paper, hair, cells, insect
wings, living cells, mushroom gills, plant leaves,
diatoms, spider silk, wool, and wood have also been
used as templates for synthesis of nanomaterials. In
the template method, a new concept called repeated
templating provides a versatile method to synthesize
various nanomaterials. The general principle of repeat-
ed templating is very straightforward. The matrices
are themselves created by templating procedures; thus

FIGURE 21.7 Schematic depiction showing some typical examples of the hard and soft template synthesis of electrode materials with diverse
morphologies. Reprinted with permission from Ref. [80]. Copyright 2008 American Chemical Society.
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the entire process can be envisaged as “repeated tem-
plating”. For example, a porous solid material is used
as a rigid matrix (template), that is, its pores are filled
with one or more precursor species, which react in situ
to form the desired material. The matrix is finally
removed to yield the product as its negative replica;
the replica can be further used as template to synthesize
nanomaterials.

Overall, hard template-based synthetic approaches
suffer from several intrinsic disadvantages, which
range from the inherent difficulty of achieving high
product yields from the multistep synthetic process to
the lack of structural robustness of the shells upon
template removal. These difficulties can be partly over-
come by the use of soft templates. Compared to solid
templates, the soft templates can be more efficient and
easily removed. Additionally, soft templates allow
facile and efficient encapsulation of functional species
like biomolecules.

21.2.2.4. Microemulsion- or Nanoemulsion-based
Synthesis Methods

Microemulsion- or nanoemulsion-based synthesis
has proven to be a versatile route to synthesize a variety
of nanomaterials. A micro-emulsion is a thermodynami-
cally stable dispersion of two immiscible liquids in the
presence of an emulsifier or surfactant. They are charac-
terized by ultralow interfacial tension, large interfacial
area, and capacity to solubilize both water and oil
components. Micro-emulsions are of use in oil recovery,
pharmaceutics, cosmetics, detergency, and lubrication,
among other processes. They are categorized as water-
in oil (W/O) microemulsions when the water is
dispersed homogeneously in an organic media with
the help of the surfactant and oil-in-water (O/W)
micro-emulsions, where oil is dispersed in water. The
water-in-sc-CO2 (sc¼ supercritical) micro-emulsion is
another class of microemulsion developed recently. In
W/O micro-emulsions, the aqueous phase is dispersed
as microdroplets (typically 1e50 nm in diameter) sur-
rounded by a monolayer of surfactant molecules in the
continuous hydrocarbon phase. The size of the reverse
micelle is determined by the molar ratio of water
to surfactant. By mixing two identical W/O micro-
emulsions containing the desired reactants, the micro-
droplets will continuously collide, coalesce, and break
again, and finally a precipitate forms in the micelles.
The precipitate can be extracted by filtering or centri-
fuging the mixture by the addition of solvent, such as
acetone or ethanol, to the microemulsions. In this sense,
a micro-emulsion can be used as a nanoreactor for the
formation of nanoparticles. Microemulsion-based syn-
thesis is a powerful method where expensive or special-
ized instruments are not needed, contrasting to the case
for several physical methods such as plasma synthesis,

ball milling, and chemical vapor deposition. The
product obtained is micro homogeneous as the desired
stoichiometry is maintained inside the water pools.
Metallic nanoparticles, semiconductor quantum dots,
polymeric nanoparticles, metal oxides nanoparticles,
ceramics, coreeshell nanostructures, etc. are a few
examples of nanomaterials synthesized using reverse
micelles. The reverse micelles collide among themselves
to exchange the reactants and then again break apart.
This coalescence process is critical since it is only
through this mechanism that the reactants, solubilized
in individual reverse micelles (nanoreactors), come in
close contact and undergo homogeneous mixing. While
decoalescence ensures the presence of the protective
coating of the amphiphile for the controlled nucleation
and growth, it also prevents aggregation. On mixing
the microemulsions, the reverse micelles containing
the reactants collide with each other to form water
channel, resulting in a transient dimer. Once such
a dimer is formed, intermicellar exchange of the reac-
tants takes place and thus nucleation starts at the
micellar edges with the well-known growth process
from the boundary to core. The intermicellar exchange
rate can be characterized by the type of microemulsion
chosen. Along with intermicellar exchange time, the
time required for the chemical reaction, r (occurring
inside the reverse micelles), is also critical. The ratio r/ex
determines the kinetics of the chemical reaction inside
the micelle. An encounter rate factor, depending on the
film flexibility, affects the exchange rate constant kex.

First, for the synthesis of spherical metal nanopar-
ticles in the 1980s, the emulsion-based synthesis method
has grown considerably, many highly complex and
multifunctional nanostructures have been synthesized
by this method today [81]. Understanding of the subject
has benefited tremendously due to the availability of
several new techniques to follow the dynamics of the
processes, underlying the synthesis carried out in micro-
emulsions. The future of microemulsion-based synthesis
appears bright because this method can be applied in
several applications in high growth industries such as
cosmetics, food, and pharmaceuticals. However, there
are some challenges that will dominate the directions
of this research area in the next decade. The major chal-
lenge is the utilization and recycling of the used solvents
involved in these microemulsion systems. There is no
doubt that the microemulsion-based synthesis will
always be more appropriate for the preparation of nano-
materials with stringent size and shape restrictions.

21.2.2.5. Colloid Chemical Routes

The colloid chemical method is popular for the
synthesis of a wide variety of metal and metal oxide
nanoparticles. In the seeding growth, finemetal particles
are first produced by reducing metal ions with a suitable
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reducing agent. These fine metal particles are so-called
seed particles, since in a subsequent step they are added
to growth solutions containing the same or different
metal ions along with other additives such as dopants
and ligands. In this approach, a small quantity of rela-
tively strong reducing agent is introduced into the
reaction medium, in which a mild reducing agent is
already present. The purpose of the strong reducing
agent is to initiate homogeneous nucleation in the reac-
tion medium. The growth of the seed created in situ
from the reduction of metal ions by the strong reducing
agent is then carried forward by the mild reducing agent
present in the reaction medium. Nanorods/nanowires,
rectangle-, cube- or tetrapod-like gold nanoparticles,
and silver nanoplates and disks have been synthesized
in aqueous solution at room temperature by this method
[82]. Colloidechemical preparative processes do not
always deliver monodispersed particles. The polydis-
persity of the final product (in terms of either particle
sizes or shapes) may be acceptable only in certain cases.
Therefore, size and shape separations are necessary.

21.2.2.6. Solegel Method

During the twentieth century, the solegel synthesis
processes were developed both in academic research
and in industry, producing glasses by straightforward
polymerization of molecular precursors in solution.
Basically, solegel synthesis is carried out in a liquid
medium. Typical examples are silica gels which have
been synthesized in 1846, since then many ceramics
materials have been synthesized through the solegel
method [56e58]. This process involves the evolution of
inorganic networks through the formation of a colloidal
suspension which is called sol and gelation of the sol to
form a network in a continuous liquid phase which is
denoted as gel. Three reactions generally describe the
solegel process: (1) hydrolysis reaction, (2) alcohol
condensation process, and (3) water condensation
process. The solegel approach also provides an alterna-
tive and usual way for synthesis of nanomaterials.
Combined with chemical nanotechnologies, remarkable
progress has been achieved and solegel techniques have
taken their place as a fundamental approach to the
development of new nanomaterials. The solegel syn-
thesis method has been used for the production of metal,
metal oxide, and ceramic nanoparticles with high purity
and good homogeneity. If an organic surfactant is added
to the sol as the structuring agent, it is even possible to
obtain an ordered porous structure in two dimension
or three dimension.

The solegel process is consideredas a low-temperature
synthesis method that gives pure, homogeneous nano-
particles with good size distribution in the design of
complex nanoarchitectures. These nanoarchitectures can
be further functionalized using organic molecules or

polymers as the gel developed or even after as the gel
has dried. Furthermore, many kinds of nanoparticles
including oxides, sulfides, metals, and semiconductors
with nanoporous structures can be synthesized through
a precise heat treatment (Fig. 21.8). The versatility of the
process is largely due to the rich and varied chemistry of
organometallic precursors, combined with the low pro-
cessing temperature.

21.2.3. Special Synthetic Method
for Nanomaterials

21.2.3.1. Biomimetic and Bioinspired Method

Nature is indeed a school for nanomaterials synthesis
and the highdegree of sophistication andminiaturization
found in natural materials provides inspiration for scien-
tists to synthesize nanomaterials. A biomimetic and bio-
inspired approach to materials is one of the most
promising scientific and technological challenges in the
comingyears. Bioinspired selectivemultifunctionalmate-
rials with associated properties such as separation, ad-
sorption, catalysis, sensing, biosensing, imaging, and
multitherapy will appear in the near future. Chapter 23
provides detailed synthesis examples to introduce this
intriguing method [18e20].

21.2.3.2. Photochemical and Radiationechemical
Method

Synthesis ofnanomaterials is associatedwith thegener-
ation of highly active strong reducers like electrons, radi-
cals, and excited species [64e66]. Photosynthesis is
characterized by energies below w60 eV, whereas radio-
lysis uses energies of 103e104 ev. Optical irradiation can
provide a relatively easy, controlled reduction of metal
salts. Photochemical reduction involves UV irradiation
of the metal-precursor solution in the presence of an

FIGURE 21.8 Various solegel-derived nanoarchitectures for sole
gel organiceinorganic hybrids. Reprinted with permission from Ref. [58].
Copyright 2009 American Chemical Society.
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electron-donating reagent. Photochemical and radiatione
chemical reduction methods make it possible to produce
nanoparticles under solid-state conditions and at low
temperatures. Photoreduction of silver nitrate in the pres-
ence of polycarboxylic acids allows the methods of
controlling the shape and size of particles to bedeveloped.
Spherical and rod-like silver particles are obtained.
Synthesis of silver nanoparticles in nanoemulsions by
radiation reduction is also conducted and described. A
more rapid variant of the photochemical method is
a mixed chemicalephotochemical reduction of metal
precursors, where an active reducing agent is also present
in reaction solution.

21.2.3.3. Ultrasonic-assisted Synthetic Method

Sonochemistry is one of the earliest techniques used
to prepare nanomaterials [67]. Sonochemistry is the
research area in which molecules undergo a chemical
reaction due to the application of powerful ultrasound
radiation (20 kHze10 MHz). The physical phenomenon
responsible for the sonochemical process is acoustic
cavitation. A number of theories have been developed
in order to explain how 20-kHz sonic radiation can break
chemical bonds. Nanomaterials can be easily prepared
using the ultrasonic method. Furthermore, the sono-
chemical method is superior to all other techniques in
the following topics related to nanomaterials: (1) prepa-
ration of amorphous products; (2) insertion of nanoma-
terials into mesoporous materials; (3) deposition of
nanoparticles on ceramic and polymeric surfaces; and
(4) morphology control of nanomaterials.

21.2.3.4. Microwave Synthetic Method

Microwave (MW)-assisted rapid heating has received
considerable attention as a new promising method for
the one-pot synthesis of nanostructuredmaterials in solu-
tions [24,64]. Conceptually, advantageous applications of
this method have been demonstrated in the preparation
of single-crystalline Ag, Au, Pt, and AuePd nanostruc-
tures or zeolites, mesoporous materials with various
morphologies, such as spherical nanoparticles, polygonal
plates, sheets, rods, wires, tubes, and dendrites, can be
preparedwithin a fewminutes underMWheating condi-
tions. In general, nanostructures with smaller sizes, nar-
rower size distributions, and a higher degree of
crystallization have been obtained under MW heating
compared to those in conventional oil-bath heating. The
MW synthetic method could also be another avenue for
green synthesis ofnanomaterials. The advantagesof green
nanosynthesis include shorter reaction time, reduced
energy consumption, and better product yields.

21.2.3.5. Ionic liquid-assisted Synthesis Method

Water and traditional organic solvents are generally in-
volved in synthesisof traditional inorganicnanomaterials.

These synthetic approaches have their advantages and
disadvantages, regarding both fundamental and applica-
tion purposes, and new synthetic routes with other
solvents need to be developed [49,68].

Room-temperature ionic liquids (ILs) are organic salts,
composed entirely of ions, with low melting points of
below 100�C, sometimes as low as 96�C. The first finding
of an ILwith amelting point of 12�Cwas reported in 1914
[68]. After that, a succession of the interesting analogous
compounds has been discovered. In recent years, the
advantages of ILs in synthesis of inorganic nanomaterials
have been gradually realized andhave receivedmore and
more attentionsdue to their uniquephysical and chemical
properties. ILs havemany advantages including environ-
mental friendly, negligible vapor pressures, good thermal
stability, wide electrochemical potential windows, and
tunable solubility for organic and inorganic substances.
Using ILs as additives, various approaches have been
reported toprepare inorganic nanomaterialswithunprec-
edented andunique structures andproperties. IL-assisted
synthesis method can produce not only conventional
inorganic nanomaterials but also new inorganic nano-
materials with properties that cannot or only with great
difficulty be made via conventional processes.

Since the inception of the IL-based system for the
synthesis of inorganic nanomaterials in 2000 [83], it
has witnessed the fast growth in this research area. ILs
have been applied in the synthesis of many nanomateri-
als, including metal nanostructures, mesoporous silicas,
organosilicas, zeolites, metal oxides, metal chalcogen-
ides, metal salts, and open-framework structures. In
many examples, ILs provided new synthesis pathways
for nanomaterials with special morphologies and
controlled crystalline phases. Using an ILs, 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide
([EMim][NTf2]), instead of water as the solvent, Dai’s
group first reported the synthesis of SiO2 aerogel in
2000 [83]. Dupont et al. [84] prepared uniform Ir nano-
particles in ILs media. Hollow TiO2 microspheres were
prepared by Nakashima and Kimizuka [85] at the inter-
face between a toluene droplet and an IL. Similarly,
using an IL as solvent, Zhou and Antonietti obtained
spherical TiO2 nanoaggregates [86]. By using an IL
precursor, Taubert brought forth an “all-in-one” concept
for the synthesis of CuCl nanoplatelets [87]. Later, ion-
thermal synthesis concept was proposed by Cooper
et al. [88] for the preparation of aluminum phosphate
open-frameworks.

The synthesis of inorganic nanomaterials in ILs is
a rather new field, which has roughly emerged over the
last 10 years [89]. The unique adaptability and flexibility
of ILs provide us with a new, flexible, and powerful tool
for the fabrication of interesting and sophisticated nano-
structures via chemical approaches. However, the appli-
cation of the ILs in synthesis of inorganic nanomaterials
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is still in its infant stages. Further research on developing
the approach and examining the breadth of the IL appli-
cation is highly desirable. The use of ILs may lead to new
nanomaterials with interesting morphologies, structures,
and properties that are not accessible by using conven-
tional synthesis method.

21.2.3.6. Electrochemical Synthesis

Inducing chemical reactions in an electrolyte solution
via the use of an applied voltage are called the electro-
chemical nanomaterials synthesismethod. This technique
has the advantage of being compatiblewith awidevariety
ofmaterials.Metallicnanoparticleshavebeenpreparedby
electrochemical pathways with and without the use of
nanoporous hard templates. Hard templates consist of
nanoporous materials such as track-etched polymers,
anodized-aluminum oxides, and others. Electrochemical
deposition is carried out by coating one face of the
membrane with a metal film, which acts as a cathode for
electroplating. Appropriate metal ions are then electro-
chemically reduced and deposited within the pores of
the template membranes. The size and morphology of
the nanoparticles can be controlled by varying the elec-
tro-deposition parameters, such as potential, number of
coulombs passed, temperature, deposition time, appro-
priate surfactants, or soluble polymers, during the deposi-
tion process. Electrochemical synthesis is a powerful
method for fabricating multicomponent nanowires with
different metals. Electrospinning and electrodeposition
are also simple, versatile techniques for generating nano-
fibers from a rich variety ofmaterials including polymers,
composites, and ceramics. Electrospinning has exhibited
a strong ability to generate polymeric nanofibers in the
past decade. Combined with calcination or carbonation,
ceramic or other inorganic nanofibers could also be
synthesized using the electrospinning technique.

21.3. SYNTHESIS OF NANOMATERIALS

Insteadof compiling all the literature thatwould by far
exceed the scope of this chapter, we try to present typical
and representative examples, and themost recent reports
for the discussion of nanomaterials’ synthetic pathway.
The materials covered here include magnetic nanopar-
ticles, nanocrystalswith large percentages of reactive fac-
ets, semiconductor nanowires, porous and hollow
nanomaterials, and coreeshell nanocomposites. Many
of thesematerials represent themost exciting, and cutting
edge research in the recent years.

21.3.1. Gold and Silver Nanocrystals

The synthesis of small, monodisperse nanoparticles is
a major challenge in nanotechnology research. Due to

diminished surface energy, it is easy for small particles
to aggregate. A protective coating or capping is necessary
during synthesis to keep them in a highly dispersed state.
The synthesis of Au and Ag nanocrystals with well-
defined shapes appears to be one of the most popular
subjects of research over the past decade judging from
the total number of publications per year. Au nanocrys-
tals represent an ideal platform for chemical and biolog-
ical sensing as well as applications in nanomedicine. Ag
nanocrystals have been widely used as substrates for
surface enhanced Raman spectroscopy (SERS), optical
labeling, and near-field optical probing. Both Au and
Ag nanoparticles have been finding use as a catalyst in
various oxidation and oxidative coupling reactions.

There have been many reported methods for control-
ling the shape of Au and Ag nanocrystals including the
well-known polyol reduction method. As pioneered by
the Murphy group, the seeded growth has proven to
be extremely powerful in the synthesis of Au nanocrys-
tals [90]. In theirmethod, first, by reductionwith a strong
reducing agent, small Au nanoparticles were prepared.
These Au seeds are then used to initiate further nano-
crystal growth when an additional precursor is added
and then slowly reduced in the presence of a surfactant
or polymeric stabilizer. In the presence of citrate-capped
twinned Au seeds and cetyltrimethylammonium
bromide (CTAB), HAuCl4 is reduced with ascorbic
acid to produce anisotropic Au nanorods and nano-
wires. As a variant of these seeded growth methods,
Habas et al. [91] extended their heteroepitaxial method
to prepare Au nanorods. In this example, single-crystal
Pt nanocubes were used to seed Au nanocrystal growth.

Recently, Xia’s group reported a very rapid route to
Ag nanocubes, in which oxidative etching was not
necessarily involved [92]. In this case, sulfide or hydro-
sulfide is added to ethylene glycol at parts per million
level prior to the introduction of PVP and AgNO3.
Upon AgNO3 addition, Ag2S clusters or nanocrystallites
are formed, which can serve as primary sites for nucle-
ation by catalyzing the reduction of Agþ [93]. In a related
study, Tao et al. [94] also produced single-crystal Ag
nanocubes in a matter of minutes, in this case by adding
trace CuCl2 to a 1,5-pentanediol-based polyol synthesis.

21.3.2. Magnetic Nanoparticles

Magnetic nanoparticles are of great interest for
researchers from a wide range of disciplines, including
magnetic fluids, catalysis, biotechnology/biomedicine,
magnetic resonance imaging, data storage, and en-
vironmental remediation [33e37]. While a number of
suitable methods have been developed for the synthesis
of magnetic nanoparticles of various different com-
positions, successful application of such magnetic nano-
particles is highly dependent on the stability of the
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particles under a range of different conditions. Magnetic
nanoparticles have been synthesized with a number of
different compositions and phases that include iron
oxides, such as magnetite (Fe3O4) and maghemite
(g-Fe2O3); pure metals, such as Fe and Co; or alloys
such as CoPt3 and FePt; as well as spinel-type ferromag-
nets, such as MgFe2O4; and CoFe2O4 alloys. In the last
decades, much research has been devoted to the
synthesis of magnetic nanoparticles with particle size
being smaller than 20 nm. Among the practiced
magnetic nanoparticle synthesis methods, coprecipita-
tion, thermal decomposition, emulsion, and hydro-
thermal technologies are mentioned here. To date,
magnetic nanoparticles prepared from coprecipitation
and thermal decomposition are the most widely studied.
Some recent examples are introduced as follows.

21.3.2.1. Coprecipitation

Coprecipitation is a very effective method to obtain
iron oxides with a structure of either Fe3O4 or g-Fe2O3.
It was prepared in aqueous solutions by coprecipitation
of Fe2þ/Fe3þ salt under alkaline condition at ambient
temperature or at elevated temperature with the protec-
tion of inert gas. It has been found that a number of
experimental factors have significant impacts for the
synthesized magnetic NPs, such as the type of salts
used (e.g., chlorides, sulfates, nitrates), the Fe2þ/Fe3þ

molar ratio, the reaction temperature, the pH value,
and ionic strength of the media. The particle size, shape,
and composition of the prepared magnetic NPs can be
controlled by changing the experimental conditions.
Recently, significant advances in preparing monodis-
perse magnetite nanoparticles with different sizes have
been made by the use of organic additives as stabiliza-
tion and/or reducing agents [95].

21.3.2.2. Thermal Decomposition

Inspired by the synthesis of high-quality semicon-
ductor nanocrystals and oxides in nonaqueous media
by thermal decomposition [96e104], monodisperse
magnetic nanoparticles can be synthesized through the
thermal decomposition of organometallic compounds
in boiling organic solvents that contain stabilizing
surfactants [96]. The ratios of the starting reagents,
including the organometallic compounds, surfactant,
and solvent, together with the reaction temperature
and reaction time, are the main parameters for control-
ling nanoparticle synthesis. For example, nearly mono-
disperse iron oxide crystals with sizes adjustable over
a wide size range (3e50 nm) have been prepared
[96e98]. The reaction system is composed of iron fatty
acid salts, fatty acids, hydrocarbon solvents, and activa-
tion reagents. Monodisperse magnetic nanocrystals with
smaller size can essentially be synthesized through the
thermal decomposition [96,99,101].

Jana et al. [102] reported a general decomposition
approach for the synthesis of size- and shape-controlled
magnetic oxide nanocrystals based on the pyrolysis
of metal fatty acid salts in nonaqueous solution. The
reaction system was generally composed of the metal
fatty acid salts, the corresponding fatty acids (decanoic
acid, lauric acid, myristic acid, palmitic acid, oleic acid,
stearic acid), a hydrocarbon solvent (octadecene (ODE),
n-eicosane, tetracosane, or a mixture of ODE and tetra-
cosane), and activation reagents. Nearly monodisperse
Fe3O4 nanocrystals, with sizes adjustable over a wide
size range (3e50 nm) can be synthesized, with con-
trolled shapes, including dots and cubes. Park et al.
[101] have also used a similar thermal decomposition
approach for the preparation of monodisperse iron
oxide nanoparticles (Fig. 21.9). They used nontoxic and
inexpensive iron(III) chloride and sodium oleate to
generate an iron oleate complex in situ, which was
then decomposed at temperatures between 240 and
320�C in different solvents, such as 1-hexadecene, octyl
ether, 1-octadecene, 1-eicosene, or trioctylamine. Particle
sizes were in the range of 5e22 nm, depending on the
decomposition temperature and aging period. In this
synthesis, aging was found to be a necessary step for
the formation of iron oxide nanoparticles. The nanopar-
ticles obtained were dispersible in various organic
solvents including hexane and toluene. The above-
mentioned nanoparticles are dispersible in organic
solvents. Recently, synthesis of water-soluble magnetic
nanoparticles has attracted much attention because of
their desirable applications in biotechnology. Using
FeCl3$6H2O as an iron source and 2-pyrrolidone as coor-
dinating solvent, Li et al. [103] prepared water soluble
Fe3O4 nanocrystals under reflux (245�C). The mean
particle size can be controlled at 4, 12, and 60 nm, respec-
tively, when the reflux time was 1, 10, and 24 h. With
increasing reflux time, the shapes of the particles

FIGURE 21.9 The overall scheme for the ultralarge-scale synthesis
of monodisperse nanocrystals. Metaleoleate precursors were
prepared from the reaction of metal chlorides and sodium oleate. The
thermal decomposition of the metaleoleate precursors in high boiling
solvent produced monodisperse nanocrystals. Reprinted with permis-

sion from Macmillan Publishers Ltd: Nature Materials [101], copyright
(2004).
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changed from spherical at early stage to cubic morphol-
ogies for longer times. More recently, the same group
developed a one-pot synthesis of water-soluble magne-
tite nanoparticles prepared under similar reaction
conditions by the addition of a,u-dicarboxyl-terminated
poly(ethylene glycol) as a surface-capping agent [104].
These nanoparticles can potentially be used as magnetic
resonance imaging contrast agents for cancer diagnosis.

21.3.2.3. Microemulsion- or Nanoemulsion-based
Synthesis Method (emulsion)

As we mentioned above, the microemulsion method
is very powerful for synthesis of nanomaterials. The
magnetic particles can be prepared by dispersing
magnetic elements in an organic phase containing an
organo-soluble initiator and/or monomers, mixing the
dispersion with an aqueous solution made of water
and emulsifier, homogenizing the mixture to give drop-
lets of organic phase with submicrometer size, and
finally polymerizing the homogenized mixture after
the addition of monomers, if necessary [105]. The distri-
bution of the droplets (and hence of the polymer parti-
cles) is a function of the proportion of emulsifier
present in the aqueous solution, and the ratio of the
organic to the aqueous phase. The size distribution of
the polymer particles obtained by this process is gener-
ally wide. By applying a purification process to the
initial polydisperse crude emulsion, it is possible to
obtain a set of highly monodisperse samples with high
magnetic content (up to 70%) [106]. The purification
method is analogous in principle to a fractionated crys-
tallization process.

21.3.3. Semiconductor Nanowires
and Ultrathin Nanowires

As testified by the number of citations, this field has
accrued and the recent years have seen an explosive
growth of research in 1D nanostructures [107e116]. As
customary, its blossom was enabled by chemical break-
throughs that allowed the reproducible and affordable
synthesis of such structures (Fig. 21.10). Through
controlled growth and organization, semiconductor
nanowires can be synthesized. They are a broad class of
materials, and have led to a number of novel nanoscale
photonic and electronic devices. The creation of semicon-
ductor nanowires through a bottom-up approach is
heavily dependent on the controlled synthesis of 1D,
single-crystalline, high-optical-quality materials. The
“vaporeliquidesolid” (VLS) growth, which promotes
seeding and oriented growth by introducing a catalytic
liquid alloy phase that can rapidly adsorb a vapor to
supersaturation levels, has achieved the most success in
producing various semiconductor nanowires in relatively
large quantities.

21.3.3.1. Vaporeliquidesolid (VLS) Method
for Semiconductor Nanowire Growth

The VLS mechanism was first proposed in 1964 as an
explanation for silicon whisker growth from the gas
phase in the presence of a liquid gold droplet placed
upon a silicon substrate [117]. The vaporeliquidesolid
method (VLS) is a mechanism for the growth of 1D
nanostructures, such as nanowires. Growth of a crystal
through direct adsorption of a gas phase onto a solid

FIGURE 21.10 Semiconductor nanowire growth. (aed) Scanning electron microscope images of ZnO (a), GaN (b), InP (c), and InP/InAs/InP
coreemultishell (d) nanowire arrays. (e) X-ray diffraction for InGaN nanowires with different concentrations, increasing downwards. (f) CCD
camera image of the visible photoluminescence emission of InxGa1� xN nanowire (x¼ 0e0.6). Reprinted by permission from Macmillan Publishers

Ltd: Nature Photonics [132], copyright (2009).

21. SYNTHETIC CHEMISTRYSYNTHETIC CHEMISTRY OF NANOMATERIALSNANOMATERIALS492



surface is generally very slow. The VLS mechanism
circumvents this by introducing a catalytic liquid alloy
phase, which can rapidly adsorb a vapor to supersatura-
tion levels, and from which crystal growth can subse-
quently occur from nucleated seeds at the liquidesolid
interface [118e123]. The physical characteristics of nano-
wires grown in this manner depend, in a controllable
way, upon the size and physical properties of the liquid
alloy (Fig. 21.3). The VLS growth mechanism has been
re-examined and developed over the past two decades
by Lieber and coworkers [124e129], Yang and
coworkers [130e139], and many other research groups.
Understanding of the VLS mechanism makes the
researchers to precisely control nanowire growth over
length, diameter, growth direction, morphology, and
composition. Nanowire diameter, typically from several
nanometers to hundreds of nanometers, is determined
by the size of the metal alloy droplets. Nanowire arrays
with uniform size can be readily obtained by using
monodispersed metal nanoparticles. The length of these
nanowires can be easily controlled from micrometers to
millimeters. Precise orientation control during nanowire
growth can be achieved by applying conventional
epitaxial crystal growth techniques to this VLS process.
Recently, Tian et al. focused on using semiconductor
nanowires as building blocks for photovoltaic devices
on basis of investigations at the single nanowire level
[43]. The use of single nanowires as photovoltaic
elements presents several key advantages, which may
be leveraged to produce high-efficiency, robust, inte-
grated nanoscale photovoltaics (PV) power sources.
First, the principle of bottom-up design allows the
rational control of key nanomaterial parameters, which
will determine PV performance, including chemical/
dopant composition, diode junction structure, size, and
morphology. Second, single or interconnected nanowire
PV elements could be seamlessly integrated with
conventional electronics and/or future nanoscale elec-
tronics to provide energy for low-power applications.
Third, studies of PV properties at the single nanowire
level will permit determination of the intrinsic limits,
areas of improvement, and potential benefits of nano-
enabled PV.

21.3.3.2. Solutioneliquidesolid (SLS)
Growth Process

Based on an analogy to the VLS process, Trentler et al.
[140] developed a solutioneliquidesolid (SLS) method
for the synthesis of highly crystalline semiconductor
nanowires at relatively low temperatures. In a typical
procedure, a metal with a low melting point was used
as the catalyst, and the desired material was generated
through the decomposition of organometallic precursors
[140e143]. The product was essentially single-crystalline
whiskers or filaments with lateral dimensions of

10e150 nm and lengths up to several micrometers. In
principle, one could reduce the operation temperature
to a value below the boiling points of commonly used
aromatic solvents. Recently, through a novel solu-
tioneliquidesolid approach, our group [143] reported
synthesis of manganese-doped cadmium selenide
(Mn-CdSe) colloidal nanowires which exhibit ferromag-
netism and good conductivity without any change in
the optical properties.

21.3.3.3. CVD Growth Process for Ultrathin
Nanowires

Ultrathin nanowires are considered to be less than
10 nm in diameters in most of the literature, although
increasing interest is emerging in nanowires below
2e3 nm. Such ultrathin nanowires are of great interest,
as they have been demonstrated to show quantum
conductance and ballistic conduction. Negative magne-
toresistance, localization, low thermal conductivity,
ferromagnetism, and quantum size effects are other
properties that are of great importance for a variety of
applications. The templating, ligand control, and
oriented attachment methods have been used to synthe-
size ultrathin nanowires. The templating strategy
involves the use of a hard or soft structure, called the
template, as the directing agent of the growth of the
nanowires. Recently, a few papers have appeared in
the literature regarding Au ultrathin nanowires. In the
first report, Xia’s group described the reduction of
gold chloride salts through oleylamine and silver nano-
crystals [144]. The mechanism they propose is the
formation of an [(oleylamine)AuCl]n inorganic polymer,
which templates the formation of ultrathin nanowires
with uniform thickness. Later, Wang’s group [123]
reported the electrical characterization of samples
obtained in very similar conditions. Au single-crystal
nanowires of 9 nm diameter were found to have
a good conductivity and a high failure current density.
This work demonstrates that ultrathin nanowires can
circumvent the electromigration problems of nanowires,
which leads to failure. Ligand-control strategy for the
synthesis of nanowires was an offspring of the work
that was being done on shape control of nanocrystals.
The first controllable synthesis of CdSe nanorods
demonstrated that using mixtures of ligands on aniso-
tropic structures (like CdSe wurtzite) allowed for the
growth of anisotropic structures [145]. Metal oxide
nanowires were also produced in ultrathin diameters
by Hyeon’s group. Sm2O3 nanowires had a rectangular
cross section of 1e2 unit cells, corresponding to
1.1e2.2 nm [146]. Oriented attachment is maybe the
most fascinating growth strategy for ultrathin nano-
wires, where single-crystalline nanowires are produced
by oriented aggregation of faceted nanocrystals. Ultra-
thin CdSe nanowires were obtained by oriented
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attachment by reacting cadmium acetate (CdAc2) and
selenourea in long-chain amines [147].

21.3.4. Single Nanocrystals with a Large
Percentage of Reactive or High-energy Facets

The surface stability and reactivity of inorganic single
crystals have long been thought to be dominated by
their surface chemistry, whose effect on the equilibrium
morphology is critical for the synthesis of single crystals
with high reactivity [148].

For anatase TiO2, both theoretical and experimental
studies found that the minority {001} facets in the equi-
librium state were especially reactive. Anatase single
crystals were synthesized using chemical transport
reactions, but the process had a long reaction time
and the crystals were of low purity and had no {001}
facets. High-purity anatase single crystals with a high
percentage of reactive {001} facets have promising appli-
cations in solar cells, photonic and optoelectronic
devices, sensors and photocatalysis. Recently, anatase
single crystals with 47% of the highly reactive {001} fac-
ets, using hydrofluoric acid (HF) as a capping agent
through the hydrothermal synthesis method, were
reported by our group (Fig. 21.11a, b) [148]. High-quality
anatase TiO2 single-crystal nanosheets, mainly domi-
nated by {001} facets, have also been prepared using

a water-2-propanol solvothermal synthetic route [149].
The anatase TiO2 single-crystal nanosheets with 64%
{001} facets show superior photoreactivity (more than
5 times), compared to P25 as a benchmarking material
(Fig. 21.11cef). Following this, a facile nonaqueous
synthetic strategy was developed by Han et al. [150] to
prepare nanostructured anatase TiO2 with a large
percentage of exposed high-energy facets (i.e., {001},
{010}). Wu et al. [151] used a similar strategy to synthe-
size anatase TiO2 nanosheets with 89% exposed {001}
facets and excellent photocatalytic efficiency. Very
recently, Xia’s group [152] employed an electrospinning
process to manipulate the hydrolysis of a solegel
precursor and obtain well-defined anatase TiO2 nano-
crystals with exposed, chemically active {001} facets.
A micro-sheet anatase TiO2 single crystal photocatalyst
with a remarkable 80% level of reactive {001} facets
was synthesized via a microwave-assisted hydro-
thermal route involving titanium tetrafluoride and a tet-
rafluoroborate-based ionic liquid [153]. Liu and
coworkers [154e156] developed a facile and new route
for one-pot synthesis of visible light responsive
nitrogen-doped anatase TiO2 sheets with dominant
{001} facets. Tetragonal faceted-nanorods of single-
crystalline anatase TiO2 with a large percentage of
higher-energy {100} facets have been synthesized by
hydrothermal transformation of alkali titanate

FIGURE 21.11 (a) SEM images and (b) schematic illustration of crystal orientation of anatase TiO2 single microcrystals. (c) SEM image; (d)
TEM image of anatase TiO2 single-crystal nanosheets; and (e and f) SAED pattern and an HRTEM image of anatase TiO2 single crystal nano-
sheets. Reprinted with permission from Ref. [149]. Copyright 2009 American Chemical Society. Reprinted with permission from Macmillan Publishers Ltd:

Nature [148], copyright (2008).
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nanotubes in basic solution [157e160]. At the same time,
anatase TiO2 single crystals with exposed {001} and {110}
facets have been successfully synthesized using a modi-
fied hydrothermal technique in the presence of
hydrogen peroxide and hydrofluoric acid solution [161].

These studies on TiO2 single crystals motivate re-
searchers to further explore the hydrothermal synthetic
method for the preparation of other metallic oxides
with a high percentage of reactive facets [162e168],
which have promising applications as gas sensors, pho-
tocatalysts, solar cells, and photonic and optoelectronic
devices. Very recently, octahedral SnO2 particles with
exposed high-energy {221} facets were synthesized by
a simple hydrothermal route with the assistance of
HCl and PVP [162]. The octahedral SnO2 particles
show excellent gas-sensing performance due to the
high chemical activity of the exposed {221} facets. Elon-
gated tetrahexahedral Au nanocrystals have been
synthesized in high yields via seed-mediated growth
[163]. These nanocrystals are single crystals enclosed
by 24 high-index {037} facets. Electrochemical measure-
ments show that they are more chemically active than
octahedral Au nanocrystals that are enclosed by low-
index {111} facets. Wang’s group [164] reported an elec-
trochemical method for the synthesis of tetrahexahedral
(THH) Pt nanocrystals at high purity. The THH shape is
bounded by 24 facets of high-index planes {730} and
vicinal planes such as {210} and {310}. The synthesized
THH Pt nanocrystals show enhanced catalytic activity
in electro-oxidation of small organic fuels of formic
acid and ethanol. Recently, Shen and coworkers
[165,166] reported that Co3O4 nanorods with predo-
minantly {110} planes exhibited surprisingly high
catalytic activity for CO oxidation at temperatures as
low as �77�C. Well-defined m-BiVO4 nanoplates with
exposed {001} facets by an easy and straightforward
hydrothermal route were successfully synthesized,
without the use of any template or organic surfactant
[169]. The m-BiVO4 nanoplates with exposed {001} facets
exhibit greatly enhanced activity in the visible-light pho-
tocatalytic degradation of organic contaminants and
photocatalytic oxidation of water for O2 generation.

21.3.5. Hollow Porous Nanostructures

Hollow porous nanostructures are of great interest in
many current and emerging areas of technology, and
display new crystalline ordering and new phenomena.
Consequently, they have been the subject of many recent
investigations. Hollow porous nanospheres combining
the merits of hollow and porous structures present
improved flow performance and high surface areas
[47,48,170]. They have an interior void as a storage space
or a reaction chamber that can encapsulate various
substances, while the shell structure contains paths

affording control release systems. These materials have
greatly impacted on various fields with many appli-
cations in diversified areas, including the encapsula-
tion and controlled release of substances (e.g., drugs,
genes, dyes, inks, cosmetics, pesticides, food stuffs),
protection of biologically active species, removal of
pollutants, catalysis, and sensing. Typically, such hollow
porous nanospheres can be fabricated from hard temp-
lating, sacrificial templating, soft templating, and
template-free methods (spray drying, aerosol-assisted
self-assembly approach, ultrasonic method, galvanic
replacement, and through the Kirkendall effect, etc.).
The most popular method to synthesize the siliceous
hollow nanospheres (SHNs) is template-mediated
approach. Typically, a thin coating of the desired mate-
rial is formed on the template to create a coreeshell
composite; subsequent removal of the template core (by
calcination or selective etching) generates hollow struc-
tures whose inner diameter is largely determined by the
size of the template (Fig. 21.12A). The principle of the
synthetic strategy is straightforward, involving three
main steps: (1) preparing the original template, (2) depos-
iting the target shell material onto the surface of the
template, and (3) removing the original template. In this
case, the template simply serves as a scaffold, around
which a desired material is directed to grow into a nano-
structure with its morphology complementary to that of
the template. Colloid crystals are widely used as hard
template materials because of easy preparation with
different particle size and easy functionalization. The
second step of shell formation is usually the most chal-
lenging part of the process due to the unavoidable and
usually undesirable homogeneous nucleation andgrowth
of the shell materials. There are various methods to coat
materials on these hard templates: layer-by-layer
assembly [63], chemical deposition [171], adsorption
[172], casting [173], and atomic layer deposition [174].
Various soft templates have been also employed for the
synthesis of silica hollow nanostructures, including
microemulsions formed in a two-phase solution,micelles,
vesicles, and gas bubbles in liquid assembled by surfac-
tants or supramolecules. Since the production cost of
many well-defined sacrificial templates is usually high,
large-scale synthesis for industrial applications using
these methods has been impractical. Because of this,
much effort has beendevoted to establishing self-templat-
ing or template-free methods to synthesize hollow nano-
structures, where no additional templates are needed.

21.3.5.1. Porous Hollow Nanostructured Silica

Hard template method can be used for preparation of
porous hollow silica spheres [171e180]. Monodisperse
spherical hollow nanoparticles of mesoporous silica
featuring mesopores with a radial orientation in the
silica shell were synthesized via a dual-templating
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method. Specifically designed polystyrene latexes with
anionic or cationic surface charges acted as the core
templates, while cetyltrimethylammonium bromide
(CTAB) served as a cotemplate to structure the meso-
pore formation during tetraethyl orthosilicate (TEOS)
hydrolysis/condensation [175]. Similarly, hollow silica
spheres with mesoporous shells were successfully

synthesized by a modified Stöber method using CTAB
and PS spheres as dual templates [175e177]. Uniform
hollow mesoporous silica spheres and ellipsoids were
synthesized by using hematite as hard template [178].
The outer diameter of the spherical mesoporous silica
particles can be well adjusted in a submicrometric range
(typically around 100e200 nm) by selecting suitable

FIGURE 21.12 (A) Schematic illustration of colloid-templated LBL electrostatic assembly for the preparation of hollow inorganic capsules.
(B) Schematic procedure used for fabrication of porous CuO capsules (C) Schematic illustration of emulsion/phase separation procedures for the
preparation of hollow inorganic capsules. (a) Formation of a spherical micelle; (b) formation of the desired material in water phase that the
exterior surface of a micelle serves as physical template; and (c) removal of surfactant molecules with an appropriate solvent (or by calcinations)
to obtain an individual capsule. (D) Schematic illustration of procedure for the synthesis of uniform and water-dispersible porous iron oxides
(magnetite and hematite) nanocapsules. (E) Schematic illustration of the gas-bubble templating process for preparing porous capsules. From
Ref. [170]. Reproduced with permission from The Royal Society of Chemistry.
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hematite particles as core templates. Silica hollow
spheres were also synthesized using nano-sized calcium
carbonate as inorganic templates and CTAB as organic
templates [179]. Darbandi et al. [180] synthesized porous
hollow silica nanoparticles with hole diameters of about
6.5 nm and wall thicknesses of 15 nm by using lumines-
cent CdSe/ZnS cores as templates. Ammonia was used
as the catalyst for the polymerization of silica and to
dissolve the CdSe/ZnS cores at once.

The emulsion template method is another interesting
approach for the preparation of mesoporous silica
hollow spheres (MSHS). Schacht et al. [181] first demon-
strated that MSHS could be prepared by interfacial reac-
tions conducted in O/W emulsions. Later, it was
reported that mesoporous silica hollow spheres could
be synthesized via O/W, W/O, or the water/oil/water
(W/O/W) interfacial reaction [49,53e82]. However, in
most cases, the shell of the silica hollow spheres has
disordered pore arrangement. For example, Sun et al.
[182] described a facile emulsion method synthesis of
hollow silica spheres with multilamellar structure and
worm-like pores (w4 nm) on the shell using a triblock
copolymer P123-based emulsion in combination with
the commercially sodium silicate. In their later work,
gigantic hollow silica spheres (20 mm)with a hierarchical
intra- and interparticle porosity were obtained from an
EO76ePO29eEO76/butanol/ethanol/H2O quaternary
emulsion system [183]. Zhang et al. [184] demonstrated
that the morphosynthesis of gigantic MSHS comprising
a thin shell with a hole, and gigantic bowl-like hollow
structures composed of small spheres, can be readily
realized in the watereethanolammoniaeTEOSeCTAB
system. They proposed that gigantic hollow shells
were produced when the unhydrolyzed and partially
hydrolyzed TEOS existed predominantly as emulsion
droplets that acted as templates for the formation of
hollow shells. Lin et al. [185] designed a solegel
approach, using a water-in-oil microemulsion as the
template, for the synthesis of silica hollow nanospheres
(w40 nm) containing a luminescent agent and superpar-
amagnetic Fe3O4 nanoparticles. MSHS were also
prepared through a W/O emulsion formed from Span
80 and kerosene [186]. Fornasieri et al. [187] and Yu
et al.’s [188] group reported the synthesis of MSHS
from W/O, respectively. Porous silica nanocapsules
have been fabricated by the combination of stabilizing
condensation and dynamic self-assembly [189]. Fuji-
wara et al. reported the preparation of MSHS by an
interfacial reaction using a W/O/W emulsion system,
in which the reaction mechanism was proposed [190].
MSHS with large mesopore wall structures have been
synthesized via CO2-in-water emulsion templating in
the presence of PEOePPOePEO block copolymers
under supercritical fluid conditions [191,192]. The pore
size and morphology of the MSHS can be controlled

by varying the CO2 operation pressure. Mann’s group
reported that hollow microspheres with ordered meso-
porous walls could be synthesized under ambient condi-
tions by a simple procedure involving dilution and
neutralization of an aqueous TEOSeCTAB emulsion
reaction mixture. By controlling the rate of TEOS hydro-
lysis specifically at the droplet/water interface, intact
microspheres with uniform wall thickness and thermal
stability can be routinely synthesized.

The synthesis of highly ordered mesoporous silicas
with hollow interiors still remains a challenging topic
in materials science. The combination of surfactant-
assisted assembly and the emulsion chemistry has
provided the possibility for simultaneous control of
the mesostructure and morphology of the mesoporous
materials [193e210]. In this method, the emulsified
droplets act as templates for the hollow spheres, while
cylindrical micelles work as templates for the ordered
pore channels on the shells. This kind of material may
combine some advantages of ordinary molecular sieves
(e.g., MCM-41) and hollow spheres. Li et al. [193], for
example, synthesized hollow spheres of aluminosilicate
with ordered mesoporous shells by combining emulsion
droplet templating and surfactant templating. The O/W
emulsion is formed by adding TEOS into aqueous
Al2(SO4)3 solution. The surfactant (CTAB) molecules
are responsible for stabilization of the droplets and tem-
plating the mesoporous shell formation [194e196]. Lin
et al. [197] reported that mesoporous MCM-41 silica of
hierarchical order was assembled from a solution of
C14TMAB, butanol, and sodium silicate by careful
control of the acidification rate. The products consist of
a high yield (w98%) of uniform-sized hollow spheres
of diameter 5.0 nm. The inside of the micron-sized
spheres has an intricate pillar structure possessing
various topological genus ranks. The walls of these
microspheres consist of a hexagonal arrangement of
nanochannels in latitudinal directions. Liu et al. [199]
report the fabrication of silica hollow spheres with
highly ordered hexagonal arrangement of mesopore in
the shell via a simple O/W [2,2,4-trimethylpentane
(TMP)/water] emulsion template method in the pres-
ence of (EO)20(PO)70(EO)20 under buffer solution
(NaAceHAc, pH¼ 4.4) using tetramethoxysilane
(TMOS) as the silica source. The mesostructure of the
shell transforms from a highly ordered 2D hexagonal
structure to mesocellular foam with initial synthesis
temperature increasing from 15 to 40�C. Zhou et al.
[200] reported that highly ordered ethane bridged
periodic mesoprous organosilicas (PMOs) hollow
microspheres with ultralarge pore sizes up to 14.7 nm
can be synthesized using a triblock copolymer F127 as
a template and 1,3,5-trimethylbenzene (TMB) as
a swelling agent at a temperature of 15�C. Randomly
ordered MSHS of 20e50 mm in diameter with
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distinguished characteristics of interconnected porosity
(7e14 nm) in their thin outer walls are prepared using
dedecane as a swelling agent. Very recently, ordered
MSHS were synthesized by a solegel/emulsion (oil-in-
water/ethanol) method. The diameters of the hollow
spheres are controllable in the range from 210 to
720 nm by changing the ratios of ethanol-to-water. The
shell thicknesses are tunable by varying the concentra-
tion of CTAB used in the emulsion system [201]. Han
et al. [202] synthesized monodisperse and uniform
hollow silica spheres with ordered mesopores on the
nano-sized shells using water/n-heptane/CTAB nanoe-
mulsions induced by compressed CO2 as a template.
Wang et al. [203] prepared hierarchical morphology of
budded mesoporous silica hollow spheres, which con-
tained a wormhole-like mesoporous shell with pro-
truding lamellar mesostructured buds by a single step
emulsion-templating method. The anionic surfactant
SareNa was used as both a surfactant and an oil phase
after acidification.

It is challenging to obtain uniform emulsion droplets
with a small size< 100 nm because of droplet coales-
cence and Ostwald ripening. Employing self-assembled
supramolecular micelles/vesicles as soft templates can
overcome some of these challenges and as a result has
been attracting more attention. Polymer micelles are
used for the synthesis of silica hollow spheres with
diameters less than 100 nm, since they are desired in
many potential applications, especially in drug and
gene delivery systems. Generally, spheric micelles can
be formed from an amphilic block copolymer in a selec-
tive solvent. The unique coreecorona structure of the
polymeric micelles allows one to encapsulate hydro-
phobic compounds within its hydrophobic core prior
to silica shell formation. However, the template micelles
are unstable during the synthesis and the formation of
second-order or higher-order aggregates cannot be
avoided. Special triblock copolymer micelles (such as
ABC triblock copolymer micelles with a coreeshell-
corona structure) are needed for the synthesis of silica
hollow spheres with an average outer diameter of
30 nm [211]. Cationic diblock copolymer 2-(dimethyla-
mino)ethyl methacrylate micelles have been used as
templates for the formation of coreeshell hollow hybrid
copolymer silica at ambient temperature and neutral
pH. [212] Huo et al. [213] reported a new class of robust,
ultrafine silica coreeshell nanoparticles formed from
silica cross-linked, individual block copolymer micelles.
A highly acidic environment was employed to protonate
the PEO chains of the polymeric micelles such that the
PEO chains became the adsorption sites for the silica
precursors. To prevent intermicellar aggregation and
particle growth, diethoxydimethylsilane [(Me2Si(OEt)2]
was needed to terminate the silicate condensation.
Recently, Liu et al. [214] reported that the ethaneesilica

hollow nanospheres were facilely synthesized through
condensation of 1,2-bis(trimethoxysilyl)ethane (BTME)
around an inorganic-electrolyte-stabilized F127 micelle
under a mild buffer condition (NaH2PO4eNa2HPO4,
pHz 7.0). In their latest work, they found that the
approach can be also applicable to synthesize pure silica
hollow nanospheres and various functionalized silica
hollow nanospheres [215e218]. Silica and organosilicas
containing various organic groups such as ethylene-,
phenylene-, and 1,4-diethylphenylene hollow nano-
spheres with particle sizes less than 25 nm have been
successfully fabricated using a similar method under
an acidic medium [218]. Similarly, a stable aqueous
dispersion of hybrid silica nanocapsules encapsulating
fluorescent conjugated polymers has been synthesized
via a facile and highly benign approach of templated
condensation of silica precursors at the coreecorona
interface of PEO-based block copolymer micelles [219].
Furthermore, Feng et al. [220] reported a facile synthesis
of nano-sized hollow mesoporous silica spheres with
tunable size through this micelle templating route.
(e)-N-Dodecyl-N-methylephedrinium bromide (DMEB)
was employed as a dual template to direct the formation
of hollow core and mesostructure of silica capsules
(Fig. 21.12B). Du and coworkers [221,222] reported the
synthesis of MSHS through the micelle template form
from PVP and 1,12-diaminodedecane. Very recently,
hollow silica nanospheres with mesoporous shells
were fabricated with a one-pot strategy using a ther-
mosensitive polymer, poly(N-isopropylacrylamide)
(PNIPAm), as a reversible micelle template without the
need of further calcination or chemical etching [223].

Silica hollow nanostructures can be synthesized by
vesicles formed from surfactant. There are two types
of approaches: morphosynthesis, which is based on
the double-layer vesicle as reactor; and transcriptive
synthesis,which is based on the solegel technique. Pinna-
vaia and coworkers [224,225] prepared ultrastable silica
vesicles with the shells constructed of lamellar sheets.
The method is based on supramolecular assembly
through hydrogen bonding between neutral gemini
surfactants of the type CnH2nþ1NH(CH2)2NH2 and silica
precursorsderived fromTEOS.Highlyorderedmultilayer
silica hollow nanospheres were prepared using thermo-
dynamically stable vesicles formed by double chain
(DODAB) and single-chain surfactant [dodecyltrimethy-
lammonium bromide (DTAB)] mixtures as a template
[226]. Using a vesicle template formed from CTAB-
sodium dodecyl sulfate (SDS)-P123 in dilute silicate solu-
tion (pH¼ 5.0), Lin and coresearchers synthesized hollow
silica spheres with disorderedmesostructured shells with
a pore size of approximately 5.5e7.5 nm [227]. Through
a vesicle and a liquid crystal “dual templating” approach,
Djojoputro et al. [228] reported the synthesis of periodic
mesoporous organosilica (PMO) hollow spheres with
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a particle size around 200e800 nm and a highly ordered
mesoporous structure in the shell. In their further work,
various functional organosilica hollow spheres were
synthesized [229]. Nanosized multilayered silica vesicles
have been synthesized through a dual template way by
using CTAB and C3F7O(CFCF3CF2O)2CFCF3CONH
(CH2)3N

þ(C2H5)2CH3I
� (FC-4) as the co-templates and

TEOS as the siliceous precursor. Multilamellar vesicles
(MLVs), ethaneesilica and silica hollow nanoparticles,
were synthesized using a cationic surfactant with
a partially fluorinated tail [230e232]. Zhang et al. [233]
reported the synthesis of MLVs through a single-templat-
ing approach by using Pluronic P85 (EO26PO39EO26) as
a structure directing agent and 1,2-bis(triethoxysilyl)
ethane (BTEE) as anorganosilica source atmild conditions
(pH¼ 5.5). Recently, throughacombinationofmicelle and
vesicle template, raspberry-like hierarchical silica hollow
spheres were synthesized using a block copolymer
EO39BO47EO39 (commercial product known as B50-6600,
DowCompany) as a template and TEOS as a silica source
[234,235].

21.3.5.2. Other Inorganic Hollow Nanostructures

Xue and Liu have demonstrated a general top-down
thermal oxidation strategy to synthesize uniform
porous transition-metal oxide hollow capsules [236].
The thermal oxidation strategy is based on a nonequilib-
rium interdiffusion (the Kirkendall effect) process, and
is schematically displayed in Fig. 21.12B. First, through
a solvothermal method, they succeeded in synthesizing
nearly monodisperse CuS and Cu2S with different
morphologies (Fig. 21.12C-a). Subsequently, these solid
precursors were thermally oxidized in air at 700�C.
Coreeshell-structured intermediates formed simulta-
neously (Fig. 21.12C-b). Since the diffusion rate of inner
sulfides is larger than that of atmospheric oxygen
during oxidation reactions, voids are thus generated,
which eventually result in a hollow cavity. Owing to
the volume loss and release of internally born sulfur
dioxide (SO2) in the interdiffusion process, porous
CuO hollow capsules, preserving the precursors’
profile, were finally obtained (Fig. 21.12C-c). The
detailed thermal oxidation process is shown in
Fig. 21.12C. Xu and Wang [237] have recently prepared
novel multishelled Cu2O hollow spheres with single-
crystalline shell structure via a simple CTAB vesicle
templating route in aqueous solution. Depending on
the concentration of CTAB in the range of 0.1e0.15 M,
the Cu2O hollow spheres were found to be dominantly
single-, double-, triple-, or quadruple-shelled in the
product. Piao et al. [238] reported the fabrication of
water-dispersible hollow iron oxide (hematite and
magnetite) nanocapsules from the nanostructural trans-
formation of readily synthesized b-FeOOH nano-
particles. These obtained nanocapsules could be used

not only as a novel controlled-release drug delivery
vehicle, but also as a magnetic-resonance-imaging
contrast agent. The overall wrapebakeepeel process
(Fig. 21.12D) was composed of wrapping of b-FeOOH
nanoparticles with silica coating, heat treatment, and
etching of silica layer to produce hollow iron oxide
nanocapsules.

The bubble-template mechanism has been consid-
ered as a reasonable interpretation for the formation
of hollow inorganic materials [239e246]. The formation
process based on this mechanism is illustrated in
Fig. 21.12E. In the reaction process, monomers grow
into nanocrystals after initial nucleation. These nano-
crystals have a tendency to aggregate due to their
high surface energy, and, at the same time, lots of
bubbles produced during the reaction provide aggrega-
tion centers. Driven by the minimization of interfacial
energy, small nanocrystals can aggregate around the
gas/liquid interface between bubble and solvent and
finally assemble hollow capsules form. Recently, this
gas bubble templating was successfully applied to
fabricating hollow capsules of metal (chainlike Co
[240]), oxides (hierarchical ZnO, robust TiO2, ferromag-
netic Fe3O4, shaped VOOH), sulfides (nanometer-sized
ZnS, CuS, and PbS), and selenides (micrometer-sized
CdSe and ZnSe). The attachment of nanoparticles to
a gas bubble is a complex and random process, which
is affected by many factors, such as reaction system
conditions, nanoparticle size, and properties. The past
years have witnessed a certain degree of development
in this area, however, it is still hard to control the
size, monodispersity, and surface structure of final
hollow capsules. ZnSe hollow spheres have been
synthesized under hydrothermal conditions with
hydrazine as the reducing agent, in which the resultant
N2 gas bubbles are proposed to play the role of soft
templates [241,242]. Gu et al. [243] prepared ZnS
hollow nanospheres via aggregation of small nanopar-
ticles around the evolved H2S bubbles produced from
decomposition of thioacetamide. Xie and coworkers
synthesized hollow spheres of TiO2, Co2P, and VOOH
by templating against gas bubbles of O2 [244], PH3

and CH4 [245], and N2 [246], respectively. Recently,
chains of Co hollow submicrospheres were synthesized
via aggregation of PVP-stabilized primary nanopar-
ticles, presumably assisted by the gas bubbles liberated
from the reaction [240].

Gas bubble templating has also been suggested as
a means for preparing hollow spheres of sulfides (ZnS,
CuS) and oxides (SnO2, TiO2, Fe3O4). It should be
pointed out that the gas bubble templating mechanism
remains highly speculative, especially in systems
involving highly soluble gases (CO2, NH3) resulting
from decomposition of organic molecules such as urea
and thiourea.
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21.3.6. Silica-coated Coreeshell
Nanostructures

21.3.6.1. Silica-coated Metal and Quantum Dots
Coreeshell Nanostructures

Silica-coated metal coreeshell nanoparticles (M@
SiO2) have become increasingly important in the last
decade for many promising catalytic and biomedical
applications. Adopting the well-established Stöber
method, the seminal silica coating of citrate-reduced
gold nanoparticles conducted by Liz-Marzn, Mulvaney,
and coworkers first involves the weak surface attach-
ment with bi-functional (3-aminopropyl)trimethoxysi-
lane in aqueous solution [247e250]. Recently, Han and
coworkers have successfully synthesized highly mono-
disperse silica-coated Au [251], Ag [252], and Pt [253]
nanoparticles of w50 nm citrate-poststabilized gold
nanoparticles with various controlled silica thickness
through the Stöber method. Meanwhile (reverse) micro-
emulsion has also been widely used for encapsulating
nanoparticles and the produced silica shell has struc-
tural robustness, fabrication flexibilities, and handling
convenience. Silica coating of different noble metal
nanoparticles (Au, Ag, Pt, Rh) and magnetic metal nano-
particles (Fe, Ni, and so forth) has been successfully
achieved.

To increase the colloidal and chemical stability, the
composite magnetic luminescent spheres were addition-
ally coated with an outer layer of silica. To elucidate how
the silica coating affects the photoluminescence, spectra
of the composite particles were measured before and
after the deposition of the outer silica shell, observing
a blue shift of the emission spectra (10 nm). Yi et al.
[254] have developed a facile strategy to encapsulate
hydrophobic QDs (CdSe) and magnetic nanoparticles
(Fe2O3) or both QDs and MPs within a silica shell using
reverse microemulsion. The as-synthesized hydro-
phobic trioctylphosphine oxide (TOPO)-capped CdSe
QDs can be coated with silica in a direct one-pot reverse
microemulsion method, employing Igepal as the
nonionic surfactant. The hydrophobic TOPO-capped
QDs are encapsulated within a reverse micelle and
then in a microemulsion. Besides the use of small mole-
cules, synthetic polymers can also play important roles
in protecting metal nanoparticles by means of a steric
stabilization mechanism for successful silica coating.
One prominent example is PVP, an amphiphilic polymer
available commercially in different molecular weights,
that has been proven to be efficient for the sufficient
coverage/protection of various metal nanoparticles by
Graf et al. [255], followed by thorough removal of the
excessive PVP molecules in solution through delicate
centrifugation or longtime dialysis prior to silica
coating. The integration of mesoporous silica with metal
particles to form coreeshell composite microspheres is

undoubtedly of great interest for practical applications.
Cationic surfactant such as cetyltrimethylammonium
bromide (CTAB) were employed to not only serve as
the stabilizing secondary surfactant for the transfer of
the nanocrystals to the aqueous phase but also the
organic template for the formation of the highly uniform
mesoporous silica spheres [91]. By using similar
methods, Habas et al. [91] detailed the preparation of
thermally stable mesoporous silica-coated platinum
catalysts of w14 nm in size for high-temperature CO
oxidation reactions. The coreeshell catalysts can stand
up to 750�C treatment, which is advantageous as this
can drastically prolong the catalysts’ lifetime for
multiple cycles of catalysis.

21.3.6.2. Mesoporous Silica-coated Magnetic Iron
Oxide Coreeshell Nanostructures

In order to avoid contact between the magnetic core
and the tissuewhilemaintaining the colloidal suspension
stability within the biological environment, synthesis of
a magnetic core with mesoporous submicrospheres as
the shell is the best choice. Mesoporous materials with
unique magnetic properties have great potential in bio-
logical applications such as bioseparation, drug delivery
carriers, cell sorting, diagnostic analysis, and so on
[256e274].

Mesoporous silica-coated magnetic materials were
first reported by Wu et al. [256]. These magnetic nano-
composites were achieved by deposition of mesoporous
silica film on the magnetic cores using CTAC micelles as
molecular templates. Ying’s group [257] developed
a reverse microemulsion method for the synthesis of
mesoporous SiO2-coated Fe2O3, using homogeneous
SiO2-coated Fe2O3 (SiO2/Fe2O3) nanoparticles as
a template.

Combining self-assembling, phase transfer, and
microemulsion techniques, using CTAB as structural
agent and co-agent for transforming magnetic particles
from oil to water, several groups successfully encapsu-
lated the magnetic into the mesoporous silica nano-
spheres [258e264].

By using phase transfer method, Hyeon’s group
[258] first reported magnetic fluorescent delivery
vehicle using uniform mesoporous silica spheres
embedded with monodisperse magnetic and semicon-
ductor nanocrystals. In this approach, hydrophobic
ligand-capped magnetic nanocrystals were first trans-
ferred from the organic phase to the aqueous phase
by cetyltrimethylammonium bromide (CTAB). The
subsequent solegel reaction of tetraethyl orthosilicate
(TEOS) in an aqueous solution containing CTAB (and
oleic acid)-stabilized magnetite nanocrystals resulted
in magnetic mesoporous silica core shell structures.
CTAB served as not only the stabilizing secondary
surfactant for the transfer of the nanocrystals to the
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aqueous phase but also as the organic template for the
formation of the mesoporous silica spheres. Later, the
same group [259] reported synthesis of discrete and
monodisperse mesoporous silica nanoparticles (NPs)
consisting of single Fe3O4 nanocrystal core and mesopo-
rous silica shell. The size of the mesoporous silica NPs
can be easily controlled below 100 nm. The multifunc-
tional bioapplications of the coreeshell NPs for simulta-
neous magnetic resonance (MR) and fluorescence
imaging, and for drug delivery were also demonstrated.
Liong et al. [260] encapsulated superparamagnetic iron
oxide nanocrystals into mesostructured silica spheres,
then labeled with fluorescent dye molecules and coated
with hydrophilic groups to prevent aggregation. Fluo-
rescence imaging and cell viability assays show that
the nanoparticles deliver water-insoluble drug mole-
cules into cells and have increased specificity toward
cancer cells.

We have synthesized the magnetic silica nanospheres
(MSNs) with a highly ordered mesostructure [261].
Different from previous studies, the produced mesopo-
rous magnetic silica nanospheres possess not only
a uniform nanosize (90e140 nm) but also a highly
ordered mesostructure. More importantly, the pore
size can be tuned from 2.4 to 3.4 nm and the saturation
magnetization values can be tuned from 0.43 emu g�1

to 7.62 emu g�1. Binary adsorption and desorption of
proteins cytochrome c (cyt c) and bovine serum albumin
(BSA) demonstrate that MSNs are an effective and
highly selective adsorbent for proteins with different
molecular sizes. It is worthy to mention that magnetic
nanocrystals have been successfully encapsulated into
meosporous silicas with different morphologies such
as hollow spheres [262], helical nanorods [263] recently
by our group.

Recently, Lin et al. [264] used ammonium hydroxide
as a basic catalyst and one-pot synthesis conditions to
produce size tunable, sub-100-nm diameter, well-
ordered multifunctional mesoporous magnetic silica
nanocomposties with sufficient magnetic loading. The
PEG-modified multifunctional mesoporous magnetic
silica nanocomposites exhibit excellent colloidal stability
in both water and PBS solutions.

By hydrolysis of TEOS in oil-in-water reverse micro-
emulsion, Lin et al. [265] reported the synthesis of
uniform magnetic/luminescent functional mesoporous
silica nanoparticles with well-ordered porous structure
and good aqueous dispersity. The resulted magnetic
silica nanocomposites were formed by fusing one or
two Fe3O4@SiO2 and one mesoporous silica nano-
particle, and they were able to internalize into NIH3T3
cells without any other uptake enhancing techniques.
Ruiz-Hernandez et al.’s group [266] also presented an
aerosol-assisted route to synthesize mesoporous silica
microspheres encapsulating magnetic nanoparticles.

Fabricating uniform magnetic nanospheres with
a large magnetic core/mesoporous silica shell structure
has drawn intense scientific and technological interests
because they possessed a wide range of applications in
magnetic resonance imaging, catalysis, environmental,
and biomedical fields [267e274]. Uniform magnetic
silica nanospheres (MSNs) with a diameter of 270 nm
were prepared by a solegel processing of silica on hema-
tite particles followed by H2 reduction [267,268]. The
material had a high magnetization value, but its ferro-
magnetic property may limit its practical application
in some areas. On the basis of this work, Kim et al.
[269] further introduced nickel acetate into the meso-
pores of the MSNs by the wet impregnation method.
The mesopores played an important role in loading
large amounts of Ni2þ salts. After reduction in a flowing
mixture of H2 and N2, magnetite core with Ni nanopar-
ticles on the surface were formed. The exposed NiO
nanoparticles provide for a selective adsorption of His-
tagged protein from the mixed-protein solution, as
well as Escherichia coli (E. coli) lysate, and the magnetic
core allows the particles to be separated from the solu-
tion by applying an external magnetic field.

More recently, sandwich structured magnetic silica
nanocomposites with large nanosphere magnetite core
(100e200 nm) and ordered mesoporous silica shells
were subject to extensive research due to their high
magnetic response [270e274]. In particular, synthesis
of superparamagnetic microspheres with Fe3O4 core
and perpendicularly aligned mesoporous SiO2 shell
and their application for water treatment were reported
by Zhao’s group [270]. Later, the same group [271]
reported a hematite (eFe2O3) coreeshell mesoporous
nanocomposite hydrothermal synthesis of hematite
with a mean size of 180e360 nm and octahedron-like
morphology. The nanocomposites possess a uniform
mesostructured layer with a thickness of 28 nm, and
ordered perpendicular mesochannels. Using the similar
method, Yang et al. [272] further functionalized the outer
silica shell by the deposition of YVO4:Eu3þ phosphors,
realizing a sandwich structured material with mesopo-
rous, magnetic and luminescent properties. In their
further work [273], monodisperse coreeshell-structured
Fe3O4@nSiO2@mSiO2@NaYF4:Yb

3þ, Er3þ/Tm3þ nano-
composites with mesoporous, up-conversion lumi-
nescent, and magnetic properties were successfully
synthesized. This multifunctional composite was applied
to the loading and controlled release of ibuprofen.

By using special surfactant 3-(trimethoxysily)propyl-
octadecyldimethyl-ammonium chloride (TPODAC) with
reactive group eSi(OCH3)3 on its hydrophilic groups,
Stucky’s group [274] independently reported synthesis
of magnetic core (200 nm) mesoporous silica shell nano-
composites. The cooperative assembly of surfactant
with silica precursors solidifies micelle arrays in the
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mesostructured silica framework, leading to the confine-
ment of large amounts of surfactant micelles in a small
volume. The results showed that magnetic permanently
confined micelle arrays (Mag-PCMAs) are reusable
sorbents for fast, convenient, and highly efficient removal
of hydrophobic organic compounds (HOCs) from
contaminated media.

21.4. CONCLUDING REMARKS

The ability to engineermaterials at a nanometer length
scale has sparked interest across many scientific disci-
plines and has enabled direct investigation into the
fundamental size-dependent properties of matter. The
successes in synthesis of nanomaterials have provided
opportunities to tune their mechanical, optical, electrical,
chemical, and other properties. In the past decade,
considerable progress has been made in synthesis and
applications of nanomaterials. This chapter has summa-
rized the synthetic chemistry in the field of nanomateri-
als. The synthetic strategies for nanomaterials can be
broadly categorized into two groups: (1) the top-down
approach and (2) the bottom-up technique, the latter is
by far the more common and effective for morphology
controlled nanomaterials. As evidenced by the described
method and discussed literature, a basic understanding
of the mechanism and recent progress in these processes
have enabled the fabrication and preparation of various
nanomaterials with novel functionalities, compositions,
and architectures. In addition, many of the bottom-up
methods for synthesis of nanomaterials are based on
solution synthesis, in which the concentration of precur-
sors is usually very low, typically in the millimolar range.
Scaling-up these syntheses to produce commercial-scale
quantities for applications is expected to introduce
significant challenges for the control of size, morphology,
and structure. This aspect of nanomaterials synthesis,
though still in its infancy, offers exciting opportunities
for newcomers to the field.

A pertinent question after the discovery of nanomate-
rials for many years is what next? Beyond the obvious
extensions already outlined in the previous chapters,
one of the new frontiers will likely involve higher levels
of complexity in the form of hierarchical architectures.
This is a “global” way of thinking about nanomaterials,
where, for example, nanomaterials with a particular
form such as clusters, colloids, wires, rods, spirals, rings,
and sheets can be self-assembled to hierarchical struc-
tures through specific chemical bonding and interfacial
interactions to create purposeful constructs, and then
to investigate the structureefunction relationship.

Many of the approaches for constructing nanomateri-
als have not yet been refined and much remains to be
accomplished with respect to fabricating these particles.

It is envisioned that future research will, to a large
extent, continue to be focused on optimizing existing
approaches, as well as developing new procedures, in
order to create multifunctional nanomaterials, to fabri-
cate ultra-small nanoparticles (<2 nm), and to assemble
nanomaterials into hierarchical architectures. Further
into the future, we expect the top-down and bottom-
up approaches to open many unique approaches for
the synthesis of nanomaterials. With the methods and
tools to control synthesis of nanomaterials in hand, the
focus should be on engineering applications and the
fabrication of devices.
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22.1. INORGANIC MEMBRANES AND
THEIR MAJOR CHARACTERISTICS

Membranes are thin films allowing for selective trans-
port of mass species, such as gases, liquids, or ions.
According to the definition of IUPAC, in terms of the
material pore size [1], membranes include macroporous
(pore diameter dp> 50 nm), mesoporous (2 nm< dp<
50 nm), and microporous (0< dp< 2 nm) membranes,
corresponding to microfiltration (MF), ultrafiltration
(UF), and nanofiltration (NF) membranes, respectively.
Membranes with a pore size smaller than 0.3 nm
through which helium cannot permeate are referred to
as dense membranes. With respect to the materials
used, membranes include polymeric, inorganic, and bio-
logical membranes. Both polymeric and inorganic
membranes have found industrial applications for sepa-
ration and chemical reaction, with polymeric mem-
branes playing a major role in liquid separation
(desalination) and gas separation due to their low
membrane costs and easy fabrication into membrane
modules with high packing density.

The major advantages of inorganic membranes as
compared to polymeric membranes are their better
thermal, chemical, and mechanical stability, and higher
permselectivity [2]. Conversely, the disadvantages are
higher membrane costs and an increased difficulty
toward making membrane modules with high packing
densities. Inorganic membranes will find applications
that require high permselectivity and good chemical
and thermal stability beyond what can be offered by
polymeric membranes. For example, microporous zeolite
membranes provide extremely high water to organic
selectivity and can be used for solvent dehydration [3].
High temperature dense mixed-conducting ceramic
membranes can be used in air separation to produce
warm oxygen for power generation, and steel and glass

production [4]. Many chemical reactions are operated at
high temperatures, hence inorganic membranes are
ideally suited in membrane reactors for chemical reac-
tions to improve reaction conversion or product selec-
tivity [5,6].

Porous inorganic membranes are typically prepared in
an asymmetrical structure, consisting of a thick, large
pore support and a thin, smaller pore separation layer.
In most cases, macroporous and mesoporous membrane
separation layers are prepared by submicron or nano-
meter-sized particles in which the size of the particles
determines the pore size. Microporous inorganic
membranes include crystalline (mainly zeolites) and
amorphous (mainly SiO2 and carbon) materials. The
membranes are prepared as thin films on porous inor-
ganic supports that provide mechanical strength. The
thickness of the microporous film varies from a few ten
nanometers to a fewmicrons. In most cases, the micropo-
rousmembrane film is coated on the surface of a mesopo-
rous inorganic membrane layer with desired surface
smoothness and pore size. Disk and single-tube are the
most common geometries of the microporous inorganic
membranes although microporous membranes are also
prepared on hollow fiber and flat-sheet supports.

Dense membranes include ceramic oxides and
metallic membranes. Dense ceramic oxide membranes
are represented by a large number of fast ion conducting
or mixed-conducting metal oxides of various crystalline
structures such as fluorite and perovskite. Oxygen or
hydrogen ions can transport through these dense
membrane via hopping through lattice vacancies or inter-
stitial sites. Hydrogen can form metal hydrides with
many metals, and atomic hydrogen can permeate th-
rough crystalline metals interstitially under a hydrogen
gradient driving force. For dense membranes, the surface
reaction steps are very important, as permeation through
these membranes involve multiple steps including
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energy intensive molecule dissociation/charge transfer.
Therefore, the membrane material should have good
catalytic properties, or permeation should be conducted
at elevated temperatures. Most fast ion-conducting
ceramic membranes are about 1e2 mm in thickness as
it is difficult to prepare these membranes as thin, gas-
tight films on porous supports. Also, these membranes
of 1e2 mm thick offer acceptable gas permeation flux at
high temperatures. Metal membranes or dense silica
membranes are now prepared as thin films on a porous
support.

Synthesis and fabrication of inorganic membranes
involve both physical and chemical methods. Chem-
istry plays an important role in the synthesis of inor-
ganic particles (powders) that are used to form these
membranes. Chemistry also plays an important role
in the direct preparation of thin membrane layers on
porous supports, though most inorganic membrane
thin films are fabricated by the physical methods such
as slip-casting, spin coating, and sputter deposition.
For dense inorganic membranes of a given material,
the composition, homogeneity, and desired phase
structure are important parameters to control. For
microporous inorganic membranes, crystalline struc-
ture, crystal orientation, and intercrystalline gaps (for
crystalline microporous membranes) and micropore
structure (for amorphous microporous membranes)
are strongly influenced by the chemistry of the mem-
brane synthesis processes. Although most mesoporous
and macroporous membranes are prepared by particle
compaction, synthesis of certain mesoporous and mac-
roporous membranes (such as ordered mesoporous
membranes) and modification of these membranes
are also controlled by the chemistry of the synthesis
processes.

As summarized above, inorganic membranes include
a large group of materials with different chemical
compositions and structures, and the chemistry in-
volved in preparing these inorganic membranes is
quite diverse. A comprehensive review of the chemistry
for inorganic membrane synthesis is difficult to be
completely summarized in a book chapter. Therefore,
this chapter aims to provide a concise review of the
chemistry involved in the synthesis of selected groups
of microporous and mesoporous inorganic membranes.
The review will start with synthesis of microporous
silica membranes by the solegel method and pore nar-
rowing of microporous zeolite membranes by chemical
vapor deposition. The chemistry plays a key role in
obtaining microporous silica membranes. Microporous
crystalline metal-organic framework membranes will
be reviewed and discussed to illustrate the latest devel-
opment in membrane science. Finally, the review will
discuss chemistry involved in the synthesis of ordered
mesoporous silica membranes.

22.2. SYNTHESIS OF MICROPOROUS
INORGANIC MEMBRANES

22.2.1. Synthesis of Amorphous Silica
Membranes

Microporous silica membranes can be prepared by
several methods including chemical vapor deposition
and liquid solegel methods. The best-known method
of silica membrane preparation starts from a sol with
silica polymers. These polymers are made by the hydro-
lysis and condensation of an alkoxide precursor, such as
tetraethyloxosilicate (TEOS) under controlled conditions
[7]. Microporous silica membranes are coated on meso-
porous supports, which in most cases, are g-alumina
membranes. The permeability of the microporous
membrane is low due to the small pore size. Therefore,
the coated microporous silica layer should be as thin
as possible (down to a few ten nanometers) in order to
obtain high permeance. This creates two challenges,
one is the control of the thickness of the deposited film
and the other is the avoidance of mesoporous and mac-
roporous defects and pinholes. Good quality micropo-
rous silica membranes can be obtained only when the
microstructure of the gel can be controlled and good
integrity of the coated film can be achieved.

The most common precursor for solegel synthesis of
microporous silica membranes are tetraethylothosilicate
(TEOS), Si(OC2H5)4 and tetramethylothosilicate (TMOS),
Si(OCH3)4. Table 22.1 lists the physical properties of
these two precursors. TEOS and TMOS do not dissolve
in pure water, but can dissolve in ethanol or an
ethanol/water mixture. Typical sol composition (in
molar ratio) is 3.8 for ethanol/TEOS, 6.5 for deionized
water/TEOS, and 0.09 for nitric acid/TEOS [8e10].
Experimentally solutions of TEOS/ethanol and nitric
acid/water are prepared separately and then mixed in
a flask equipped with a reflux condenser. The mixture
is rapidly heated to and kept at 90�C for 3 h while being
vigorously stirred. Finally, the resulting sol is cooled
naturally to room temperature.

The microstructure of the final membrane is deter-
mined, to a large extent, by the structure of the silica
clusters formed during the hydrolysis and condensation
processes, which include the following three representa-
tive reactions:

Hydrolysis ð¼>Þ
hSi�ORþH2O <¼> hSi�OHþ ROH
Esterification ð<¼Þ

(A)

Alcoxolation ð¼>Þ
hSi�ORþHO� Sih <¼> hSi�O� Sihþ ROH
Alcoholysis ð<¼Þ

(B)
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Water condensation ð¼>Þ
hSi�OHþHO� Sih <¼> hSi�O� SihþH2O
Hydrolysis ð<¼Þ

(C)

In general, conditions that favor the condensation rate
with respect to the hydrolysis rate lead to a polymeric
sol with silica clusters of higher fractal dimension. The
above reactions show that decreasing water concentra-
tion will lower hydrolysis rate and increase the conden-
sation reaction, resulting in a silica sol of polymeric
clusters. Therefore, compared to synthesis of particulate
sols such as boehmite sol, which is used to prepare mes-
oporous membranes, water in lower quantity is used to
prepare silica sols for microporous silica membranes.

Another factor that has a more pronounced effect on
the structure of silica clusters in silica sol is the use of
catalysts [10e15]. The hydrolysis reaction replaces alkyl
groups with hydroxyl groups [16]. Subsequent conden-
sation between silanol groups produces siloxane bonds.
In most cases, a catalyst, e.g., a mineral acid (HNO3) or
a base (NH3) is employed. In the case of acid-catalyzed
reaction, the hydrolysis proceeds through an electro-
philic attack of the Hþ-ion alkoxy group as shown
below:

h Si�O�Hþ
R

þH2O ���!
slow

hSi�OHþ ROHþHþ

As hydrolysis proceeds, the number of OR groups
decreases, causing the hydrolysis rate to decrease. The
probability of forming fully hydrolyzed silicon (Si
(OH)4) is small and the condensation reaction will start
before hydrolysis has been completed. The presence of
the catalyst does not have as significant an effect on
condensation reactions (B) and (C) as it does on the
hydrolysis. Thus, the acid catalyst inhibits the hydro-
lysis reaction while maintaining a relatively constant
condensation rate, resulting in polymeric sol.

Silica membranes prepared by compacting the silica
mass fractal clusters in the acid-catalyzed sol have
a microporous structure with pores defined by the space
between the silica skeletons. Figure 22.1 shows the pore
size distribution of such a microporous silica membrane
measured by nitrogen adsorption porosimetry. The

membrane pores have a high surface area (SBET¼
920 m2/g) and pore volume of about 0.46 cm3/g. This
particular membrane has pores ranging from about
0.4 nm to 1.5 nm in diameter. The mean pore diameter
is about 0.6 nm.

The polymeric sol can be also prepared by hydrolysis
and condensation in two steps [16e19]. The two-step
solegel approach appears to provide greater pore size
tailorability, allowing for superior gas separation perfor-
mance over a single-step solegel method. da Costa et al.
[20] compared microstructure and gas separation prop-
erties of microporous silica membranes prepared from
silica sol of the same composition (molar composition
of 1.0 TEOS, 3.8 ETOH, 6.0 H2O, 0.1 1 M HNO3), but
synthesized by one-step and the two-step methods. In
the two-step method, hydrolysis and condensation of
TEOS were conducted first with smaller amounts of
water and acid (molar composition of 1.0 TEOS, 3.8
ETOH, 1.0 H2O, 7.0� 10�4 1 M HNO3) at 60

�C for 3 h.
Additional water and acid were added to the system
at room temperature. The two-step method gives a silica
sol with weakly branched silica clusters, resulting in
a silica membrane with a smaller pore size than that
prepared by the one-step method. Thus, compared to
the silica membrane prepared by the one-step method,
the two-step solegel-derived silica membrane shows
better gas separation properties, with a lower gas per-
meance and higher activation energy for diffusion of
large gas molecules

22.2.2. Pore Narrowing of Zeolite Membranes

Zeolite is microporous crystalline alumina silicate
with a uniform pore size, which is the main difference
from the amorphous microporous silica membranes

FIGURE 22.1 Pore size distribution of microporous silica
membranes prepared in authors’ laboratory.

TABLE 22.1 Physical Properties of Silicon Alkoxide Precursors

Precursor MW

bp

(�C)
d

(20 �C)
Dipole

moment (D) Solubility

TMOS 152 121 1.02 1.71 Alcohols

TEOS 208 169 0.93 1.63 Alcohols

electrophilic attack 
Si-OR  + H+ Si-O-H+ (D)

fast R
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discussed above. Most zeolite membranes are synthe-
sized by two approaches: in situ synthesis and seeded
secondary growth. The essence of the in situ approach
is to bring the surface of a porous support in contact
with a zeolite synthesis solution (sol or gel) and keep
the system under controlled conditions so that the
zeolite can nucleate and grow to form a continuous
film on the support surface. Several methods have
been reported to grow zeolite films on porous supports
by the in situ approach. In all cases, the experimental
conditions, including the position of the support and
the way the synthesis solution was brought in contact
with the support surface, should be carefully controlled
in order to create local supersaturation near the surface
of the support. For example, for in situ synthesis of
P-type zeolite membranes on alumina support in an
autoclave [21], no or poor-quality P-zeolite films could
be formed on the polished surface of the porous alumina
disk when it was placed in the vertical or horizontal
position. Continuous, high-quality P-type zeolite film
can grow on the alumina support only when it is placed
in a slanting position. Details on the synthesis chemistry
and properties of zeolite membranes are available in
several reviews [2,22,23].

Among the various zeolites, MFI-type zeolite, espe-
cially pure silica silicalite, has received the most atten-
tion in zeolite membrane research. This is because: (1)
MFI zeolites have intermediate pores (about 0.55 nm)
and find many applications in separation and reactions,
(2) MFI-type zeolites (especially silicalite) have ex-
tremely high thermal and chemical stability, and (3) it
is relatively easy to synthesize MFI-type zeolites.
However, to use MFI-type zeolite membranes for sepa-
ration of small gases, such as He, H2, CO2, CO, is not
very effective since the pores of the MFI zeolite are still
too large to offer sufficiently high diffusion-controlled
permselectivity [24,25]. Since the solegel-derived mi-
croporous silica membranes are not hydrothermally
stable, narrowing MFI zeolite pores to increase the
membrane permselectivity is a promising and attractive
method to prepare stable ultramicroporous inorganic
membranes.

CVD of silica was applied to seal intercrystalline
nonzeolitic pores of MFI-type zeolite membranes by
Nomura et al. [27]. CVD was performed in the counter
diffusion mode, with the membrane exposed to a silica
precursor, such as TEOS (see Table 22.1) on one side
and ozone (O3) on the other side. TEOS and ozone inter-
diffused into the intercrystalline gaps and reacted,
depositing silica and sealing the gaps or other nonzeo-
litic pores. Since the molecule of TEOS (0.95 nm) is
larger than the size of the MFI-type zeolitic pores
(0.55 nm), TEOS could only enter nonzeolitic pores
resulting in deposition of silica to seal the defects. The
CVD reaction was carried out between 200 and 400�C

[25,27]. Similar CVD reactions were also used to seal
intercrystalline gaps or nonzeolitic pores of DDR-type
zeolite membranes [24]. In both cases, CVD modifica-
tion resulted in an increase in permselectivity of the
membranes to a certain extent, as a result of sealing of
the intercrystalline nonzeolitic pores of the zeolite
membranes. For example, the fresh DDR-type zeolite
membrane (zeolitic pores of about 0.4 nm) shows
hydrogen/helium permselectivity determined by the
weight, not the size, of the permeating molecules
(lighter, larger hydrogen is more permeable than
heavier, smaller helium). The CVD-modified DDR-type
zeolite membrane exhibits a permselectivity that is
determined by the size of permeating molecules, i.e.,
helium is more permeable than hydrogen [24].

To further improve permselectivity of a zeolite
membrane, especially for separation of nonadsorbing
gases or at high temperatures, the size of the zeolitic
pores of the membranes should be further reduced.
Masuda et al. [26] reported an interesting CVD concept
for narrowing zeolitic pores of MFI-type zeolite mem-
branes. The process takes advantage of the phenome-
non of coke deposition. A silane compound, which is
smaller than the pores, can penetrate into the zeolitic
pores and is chemisorbed on the active sites of the
zeolite, such as the acid sites and metal cations. The
chemisorbed species are decomposed by heating the
zeolite membrane, leaving coke that contains Si atoms
on the active sites in the zeolitic pores. The coke is
burned in an air stream to yield an SiO2 unit on each
active site within the zeolitic pores. The size of the pores
is reduced by the mono SiO2 unit. This is similar to
atomic layer deposition of SiO2 on the surface of the
mesopores of alumina [28]. Masuda et al. [26] demon-
strated the concept by narrowing MFI-type zeolite con-
taining Al and NHþ

4 in the framework with silica
precursor of methyldiethoxysilane (MDES) and methyl-
dimethoxysilane (MDMS), both of which are small
enough to enter the zeolitic pores of MFI-type zeolite
membranes. FTIR and TGA/chemisorption studies
have identified a reaction mechanism that is shown in
Fig. 22.2. The CVD modification resulted in about 10-
fold reduction in hydrogen permeance but 30-fold
increase in H2/N2 selectivity for the MFI-type zeolite
membranes. The presence of proper active sizes in the
zeolite framework and adequate CVD conditions are
key to obtaining good results.

Hong et al. [29] used the same CVD approach to
narrow the pore size of B-doped MFI-type zeolite and
SAPO-34 membranes with MDES as the silica precursor.
The CVD did not cause a change in the gas permeation
properties of SAPO-34 membranes because MDES
cannot enter the SAPO-34 zeolitic pores (about 0.4 nm).
For B-MFI-type zeolite membranes, CVD modification
increases the H2/CO2 permselectivity from about 1 to
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about 35. Similar to the work of Masuda et al. [26], CVD
modification causes about 100-fold decrease in H2 per-
meance for the membrane. Lin and Burggraf [30]
analyzed the effect of pore narrowing of a membrane
by chemical modification on gas permeation properties
of the membrane and pointed out that such an approach
usually resulted in an increase in selectivity at the
expense of a substantial reduction in gas permeance
due to the decrease in porosity and narrowing of the
membrane pores over the entire membrane thickness.
This analysis is consistent with the CVD results reported
by these two research groups.

A major improvement in the CVD modification of
zeolite membranes to enhance permselectivity was
reported recently by Gu et al. [32]. CVD was conducted
with MDES vapor carried by an H2/CO2 mixture on
MFI-type zeolite prepared from a pure silica source.
Though alumina was not used in the synthesis of the
MFI zeolite membranes on alumina supports, the zeolite
layer, in fact, contained aluminum from the support [33].
CVD modification improved H2/CO2 selectivity for the
MFI zeolite membrane from roughly 3 to about 18,
a sixfold improvement, at the expense of only a 40%
reduction in H2 permeance. The best result, however,
was reported recently by Tang et al. [31]. They reported
that CVD modification of the membrane improved H2/
CO2 of MFI-type zeolite membrane (with Si/Al ratio of
111) by about 100-fold to 140-fold, while the H2 perme-
ance decreased by less than twofold. The IR spectra of
the MFI-type zeolite were recorded before, during, and
after CVD modification, as shown in Fig. 22.3. The sila-
nol band in the unmodified MFI-type zeolite disappears
and SieOCH2H5, SieCH3, and SieH bands appear after
chemisorption ofMDES vapor at 423 K. The SieCH3 and
SieH bands disappear while the SieOCH2H5 band
remains. The silanol band reemerges after heating to
573 K. Upon further increasing the temperature to
723 K, all bands disappear except for the silanol band.
Gas chromatographyemass spectrometry (GCeMS)
analysis of the effluent from the CVD reactor shows
formation of H2, CO2, CO, CH3, C2H4, H2O, and
C2H4OH. These results confirm the mechanism
proposed by Masuda et al. [26] as shown in Fig. 22.2.

In the work of Tang et al. [31], the presence of CO and
H2O in the effluent of the CVD reaction indicates
a reverse water gas shift reaction at high temperature
for the H2/CO2 carrier gas:

CO2 þH20COþH2O

This is one of the major differences between this work
and that ofMasuda et al. [26]. Thismight result in a faster
CVD reaction, causing deposition of silica in a narrow
region in the zeolite membrane layer [34,35]. Another
possibility is that the zeolite membrane contains a small
amount of acid sites that are scattered throughout the
cross-section of the zeolite membrane. Silica is deposited
in the zeolite pores in a discrete manner along the
membrane diffusion direction. As a result, the zeolitic

FIGURE 22.2 Chemical reaction mechanism for CVD of methyldiethoxysilane (E-silane) in the zeolitic pores of MFI-type zeolite membrane.
Reprinted from Microporous and Mesoporous Materials, Vol. 48, Takao Masuda, Naohiro Fukumoto, Masahiro Kitamura, Shin R. Mukai, Kenji Hashimoto,
Tsunehiro Tanaka, Takuzo Funabiki, Modification of pore size of MFI-type zeolite by catalytic cracking of silane and application to preparation of H2-separating

zeolite membrane, Page 239, Copyright (2001), with permission from Elsevier [26].

FIGURE 22.3 IR spectra of MFI-type zeolite samples (a) before
CVD modification, (b) for MDES adsorbed at 424 K, (c) for MDES
adsorbed at 573 K, and (d) modified by MDES at 723 K. Reprinted with

permission from [31]. Copyright 2009 American Chemical Society.
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pores are reduced only in the narrow region. This
improves membrane selectivity significantly with
a minimum reduction in gas permeance. More studies
are needed in order to understand the mechanism and
to improve reproducibility of this CVD approach for
membrane modification.

22.2.3. Metal-organic Framework Membranes

Metal-organic frameworks (MOFs) represent a new
family of microporous materials that are formed by
a network of transition metal ions linked by organic
ligands [36]. These materials can have a nearly endless
variety of ordered structures, functional groups, and
very high porosity [37]. As a result, MOFs offer potential
applications in gas separation and storage [38], catalysis
[39] and membranes. To date, much attention has been
focused on the synthesis of novel structures generated
by the selection of different organic ligands and inorganic
molecular building blocks to construct tailored frame-
works [40] and their sorption properties for hydrogen,
methane, and carbon dioxide [41]. With much progress
made on the development of microporous [42] and mes-
oporous inorganicmembranes for gas and liquid separa-
tion [43], MOFs have recently attracted attention in the
materials and membrane communities as thin films (on
dense substrates) or membranes (on porous substrates)
for various applications [44].

A MOF membrane consists of a continuous film of
a MOF material formed on a porous substrate which
provides mechanical strength and allows gas or liquid
to permeate with minimum resistance. Several research
groups have reported synthesis of membranes of the
following types of MOFs on porous supports: MOF-5
(or IRMOF-1), Cu-BTC (Cu3(BTC)2 or HKUST-1),
MMOF, ZIF (ZIF-8 and ZIF-7), and Mn(HCO2)2; these
are summarized in Table 22.2. MOF-5 has a cubic

structure with each corner of (Zn4O)6þ linked by 1,4-
benzenedicarboxylate (BDC) [38]. MOF-5 has a cavity
size of about 1.2 nm and aperture of 0.8 nm. Cu-BTC
has a face-center cubic structure with metal corners con-
sisting of Cu2þ ions coordinated to 1,3,5-benzenetricar-
boxilate [45], and has a channel opening of about
0.9 nm. MMOF is built upon a copper paddle-wheel
and a V-shaped dicarboxylate ligand, with a layered
structure and one-dimensional pore channels of about
0.4 nm in pore size [46]. ZIF-8 and ZIF-7 resemble the
zeolite SOD structure, with Zn replacing Si (or Al) and
2-methylimidazolate (for ZIF-8) or 2-benzimidazolate
(for ZIF-7) replacing oxygen in the zeolite structure
[47]. The pore openings of ZIF-8 and ZIF-7 are about
0.34 nm and 0.30 nm, respectively.

The majority of studies on MOF membranes have
been published in the past year, as summarized in Table
22.2. Early efforts on MOF membranes were conducted
by Arnold et al. [48] and Gascon et al. [49]. These two
research groups reported on the synthesis of oriented
microporous manganese formate Mn(HCO2)2, and
Cu-BTC on porous graphite and alumina supports,
respectively. Lai and coworkers [50,51] reported in situ
synthesis by conventional and microwave heating of
MOF-5 membranes about 25 mm thick on alumina
supports. It was found that the gas permeation of CO2,
N2, CH4, and H2 through MOF membranes is deter-
mined by the Knudsen mechanism. These data are
consistent with theoretical prediction of the conditions
that favor Knudsen diffusion. They also agree with the
diffusivity data measured on MOF-5 crystals [52]. Guo
et al. [53] reported on the synthesis of Cu-BTC mem-
branes in a copper-net support. However, an H2/CO2

permselectivity of about 7 was reported for the Cu-
BTC membrane at 25�C. These separation data [53] are
inconsistent with the known transport mechanism thro-
ugh the membranes with pores in this size range [42,43].

TABLE 22.2 Summary of Recent Studies on Mof Membranes on a Porous Support

MOF Pore diam. (nm) Support Synthesis method Typical results and Reference

Manganese formate
[Mn(HCO2)2]

0.45 In situ Porous a-Al2O3,
graphite

200e300 mm thick, poor membrane quality, no gas permeation
data [48]

Cu-BTC (HKUST-1)
[Cu3(BTC)2]

0.9 In situ,
secondary
growth

Porous a-Al2O3,
copper-net

Noncontinuous 2e5 mm thick films, or 60 mm thick with unusual
gas permeation data (H2 permeance of w1� 10�6 mol/m2 Pa s,
with aH2=CO2

w7 at 25 �C) [49,53]

MOF-5 [Zn4O
(BDC)3]

0.8 In situ,
microwave

Porous a-Al2O3 60 mm thick, gas permeation (1e5� 10�6 mol/m2 Pa s) governed
by Knudsen diffusion [50,51]

MMOF [Cu(hfipbb)
(H2hfiobb)0.5]

0.32e0.35 In situ,
secondary
growth

Porous a-Al2O3 20e40 mm thick, low permeance (1e100� 10�10 mol/m2 Pa s);
aH2=N2

w25 at 200 �C [54]

ZIF-8 [Zn-(mim)2],
ZIF-7 [Zn-(bim)2]

0.34, 0.30 Secondary
growth

Porous titania,
a-Al2O3

30e50 mm thick (thinner for ZIF-7), H2 permeance 6e7� 10�8

mol/m2 Pa s, aH2=CO2
or aCO2=CH4

of 4e7 [55e57]
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MOF-5 and Cu-BTC have pores larger than 12-ring FAU-
type zeolites. These MOF membranes are unlikely to
show molecular sieving properties for small gas mole-
cules under normal conditions.

Very recently, Ranjan and Tsapatsis [54], Caro and
workers [55,56], and Venna and Carreon [57] reported
the synthesis of microporous MOF membranes with
a pore diameter smaller than 0.4 nm. MMOF mem-
branes of about 20e40 mm in thickness were grown on
alumina supports in situ, as well as by the seeded
secondary growth method [54]. The membranes showed
H2/N2 selectivity of about 25 at 200�C. However, the
hydrogen permeance was low (about 10�9 mol/m2 Pa s),
as expected from the small pore size of MMOF material
and the thickness of the membranes. Membranes of
ZIF-7 and ZIF-8 with pore diameter of about 0.30 and
0.34 nm were grown by the seeded growth method on
porous alumina supports [55e57]. Both membranes
showed an H2/CO2 selectivity in the range of 4e7, about
the value of the Knudsen selectivity (4.7). Hydrogen per-
meance for the ZIF membranes is in the range of about
10�8 mol/m2 Pa s, which is slightly larger than that for
the MMOF membranes. The permselectivity of these
microporous MMOF and ZIF membranes is comparable
to the defect-free microporous MFI-type zeolite mem-
brane, but the latter has higher hydrogen permeance
than the former [25,58].

Similar to synthesis of zeolite membranes, MOF
membranes were prepared by both in situ and seeded
secondary growth methods. In the in situ synthesis,
a porous alumina support is brought in contact with
the MOF synthesis solution. Liu et al. [50] reported the
following synthesis procedure. First, terephthalic acid
(1,4-benzenedicarboxylic acid or H2BDC, 0.38 mmol)
was dissolved in degassed N,N-dimethylformamide
(DMF) (10 mL) and the mixture was loaded into
a 45 mL Teflon lined autoclave. A dry alumina support
disk was placed into the solution with smooth surface
upward and kept in the solution for half an hour.
Next, dehydrated Zn(NO3)2 was added to the solution,
and the mixture containing the support was sealed in
the autoclave, heated to 105�C and kept at this tempera-
ture for 1e2 days. MOF-5 was nucleated on the support
surface, and the crystals grew into a continuous MOF
film. Figure 22.4 shows surface and cross-sectional
morphology of the MOF-5 membrane grown by the in
situ method.

The secondary growthmethod includes the synthesis
of MOF crystals and suspension, formation of the
seeded layer on the support, and secondary growth to
obtain continuous MOF membrane. A typical proce-
dure to prepare MOF-5 crystals starts with the prepara-
tion of synthesis solution by adding Zn(NO3)2$6H2O
(5.60 mmol) and terephthalic acid (1,4-benzene-
dicarboxylic acid or H2BDC, 2.12 mmol) to degassed

dimethylformamide (DMF) solvent (40 mL). The
synthesis solution is put in a 100 mL container, which
is sealed and heated to 130�C, and held at that temper-
ature for 4 h under autogenous pressure. Cubic-like
crystals of colorless powder are formed, and carefully
collected, washed and dried under controlled condi-
tions. Figure 22.5 shows an SEM image of the MOF-5
crystals prepared by this method. Cu-BTC crystals of
similar size can also be prepared by the established
method as reported in the literature [45,46]. A typical
procedure for synthesizing Cu-BTC crystals starts
with the preparation of a 0.3 M Cu(NO3)2/water solu-
tion and 0.16 M trimesic acid (1,3,5-benzenetricar-
boxylic acid/ethanol solution) by dissolving the
corresponding salt and acid in water and ethanol,
respectively. The two solutions are mixed in 1:1 ratio
and placed in an autoclave and heated under hydro-
thermal conditions at 120�C for 12 h.

All of the good-quality large pore MOF membranes
reported are fairly thick (20e300 mm), with thicknesses
much larger than most zeolite membranes (typically in
the range of 1e5 mm). This can be attributed to the size

FIGURE 22.4 SEM images of the surface and cross-section of
MOF-5 membranes on alumina support. Reprinted from Microporous

and Mesoporous Materials, Vol. 123, Yeonshick Yoo, Zhiping Lai, Hae-Kwon

Jeong, Fabrication of MOF-5 membranes using microwave-induced rapid
seeding and solvothermal secondary growth, Page 7, Copyright (2009), with

permission from Elsevier [51].
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of the MOF crystallites, which are mostly in the range of
10e50 mm, and generally much larger than zeolite crys-
tallites. Thus, an MOF film on a porous support should
be thicker than the crystallite size in order to achieve the
desired crystallinity and continuity of the film. Reducing
the thickness of theMOFmembranes, while maintaining
high quality, is key to improving the permeance and
reducing the material cost. Perez et al. [59] reported
the synthesis of 100 nm-sized MOF-5 nanocrystals for
use in mixed-matrix membranes. The synthesis of
MOF-5 nanocrystals includes the following differences
and/or additional steps needed in comparison to the
synthesis of micron-sized crystals described above: (1)
Zn(NO3)2$6H2/DMF solution is first prepared and 4A
zeolite is added to the solution to remove excess water,
before BDC acid is added to obtain the final synthesis
solution; and (2) the synthesis solution is heated to
70�C (instead of 130�C), and after addition of triethyl-
amine (TEA), the solution is maintained at that temper-
ature under strong agitation for 10 min (instead of 4 h).
However, such approach has not been used to prepare
thin MOF membranes.

Much work has been done on molecular simulation of
diffusion and adsorption of gases in MOF materials, in
particular, Cu-BTC [60e62]. In 2009, Sholl and coworkers
published several papers on the simulation of gas perme-
ation and separation properties of MOF membranes
[63e65]. They reported simulation results of room
temperature single-gas permeation and binary gas sepa-
ration of CO2, H2, CH4, and N2 for MOF-5 membranes
by atomic simulation, and found that MOF-5 membranes
offer essentially no selectivity for CO2/H2, CO4/N2, and
CH4/H2mixturesat lowpressures (1 bar). Thepermselec-
tivity for CO2/H2 and CO4/N2 increased to about 9 at
higher pressures (about 50e60 bar). Lower pressure
data are similar to the experimental results [50,51].

Room-temperature permeation and separation of CO2/H2,
CH4/H2, and CO2/CH4 through a Cu-BTC membrane
were also calculated by atomic simulation up to 100 bar
[65]. For CO2/H2, the simulation result showed that the
Cu-BTC membrane is more permselective toward CO2

for similar gas mixtures than MOF-5 membranes, with
CO2/H2 selectivity increasing from 5 to over 100 as the
pressure increased from 1 to 100 bar. Figure 22.6 shows
the simulation results. For both membranes, the simula-
tion results show that the permselectivity is dominated
by adsorption selectivity. Clearly, the results for Cu-BTC
membrane are opposite from the experimental data for
Cu-BTC membranes reported by Guo et al. [53]. The
results indicate that the smaller pore MMOF membrane
offers a much higher CO2/CH4 permselectivity (104e
105) than the Cu-BTC membrane [63]. This reflects the
molecular sieving effect of MMOF. However, the simu-
lated permeance for these gases through the MMOF
membrane was not reported by this group.

22.3. SYNTHESIS OF ORDERED
MESOPOROUS MEMBRANES

22.3.1. General Characteristics of Ordered
Mesoporous Materials

As discussed above, microporousmembranes include
amorphous silica, crystalline zeolite and MOF
membranes. Similarly, mesoporous membranes include
disordered mesoporous materials such as ultrafiltration
g-alumina or zirconia membranes whose pores are
random and formed by packing small alumina or

FIGURE 22.5 SEM image of MOF-5 cubic crystals of about 40 mm
in size prepared in the authors’ laboratory.

FIGURE 22.6 Equal molar binary gas mixture permselectivity by
Cu-BTC (closed symbols) and MOF-5 (open symbols) membranes
obtained by molecular simulation. Reprinted with permission from [52].

Copyright 2009 American Chemical Society.
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zirconia crystalline particles. Orderedmesoporousmate-
rials contain pores ranging from 2 to 50 nm.Unlike disor-
dered mesoporous materials, these materials have pores
arranged in an ordered fashion, with a porewall made of
amorphous material. Mesoporous materials were devel-
oped in an effort to increase the pore size of zeolites.
While single molecules are used as structure-directing
agents for zeolites, largermolecular assemblies of surfac-
tants are used as directing agents formesopores. The first
orderedmesoporousmaterial synthesizedwith the use of
surfactant molecules was by the Mobil research group in
1992 [66]. Since this discovery, a number of groups have
successfully synthesized various ordered mesoporous
structures and morphologies.

Ordered mesoporous materials are characterized by
having ordered pore structures with a narrow pore
size distribution, high surface areas and a number of
different pore connectivities that can be achieved by
modulating the synthesis conditions and surfactants
used. These properties make them particularly favorable
for a number of membrane applications such as mem-
brane reactors and catalytic reactors.

The pore ordering in mesoporous materials is
derived from surfactant templates. During synthesis,
metal alkoxides undergo either hydrolysis or condensa-
tion around preexisting liquid-crystal templates or co-
operative self-assembly to form a material with long-
range order. The surfactant can then be removed to
obtain the final ordered mesoporous structure. The

steps in the formation process of an ordered mesopo-
rous system are illustrated in Fig. 22.7 [67]. While the
chemistry of metal oxide hydrolysis and condensation
is similar to that in solegel synthesis, the addition of
surfactants introduces more complexities. The reaction
rates for polymeric metal oxide formation need to be
controlled so as to allow enough time for long-range
order formation. The synthesis solution is usually
made up of four components: (1) the inorganic pre-
cursor; (2) the structure-directing surfactant template;
(3) solvent; and (4) catalyst.

There are three main processes that take place during
synthesis, inorganic hydrolysis condensation, assembly
of surfactant templates, and the interaction between
the organic and inorganic species [67]. The delicate inter-
play between these processes results in the formation of
a well-ordered system. A number of mechanisms have
been proposed for mesopores formation [68], the discus-
sion of which is beyond the scope of this chapter.
However, the final morphology of the given product is
essentially governed by the interaction between the
charged inorganic species and the surfactant. Depend-
ing on the synthesis conditions used, a number of
morphologies can be attained.

Huo et al. [69] have developed a number of materials
using the concept of charge matching between the
template and inorganic species, which is reviewed in
Chapter 16. Ordered mesoporous silicate synthesis has
been extensively studied in the past decade and these

FIGURE 22.7 Schematic representation of
ordered mesopores formation steps. Reprinted

from Current Opinion in Colloid & Interface Science,
Vol. 8, Galo J. de A. A. Soler-Illia, Eduardo L.

Crepaldi, David Grosso, Clément Sanchez, Block

copolymer-templated mesoporous oxides, Page 109,

Copyright (2003) with permission from Elsevier [67].
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materials can now be prepared by using a wide range of
precursors under a vast number of reaction conditions
(pH, temperature, etc.) [70]. The precursors that are
most commonly used are tetraethyl orthosilicate
(TEOS) as silica source, water (and ethanol in some
cases) is used as the solvent, andNaOH or an acid halide
is usually used as the catalyst. This extensive array of
synthesis conditions has led to a wide range of possible
pore symmetries that can be formed. Table 22.3 summa-
rizes the various pore systems that can be attained under
various synthesis conditions. In a typical synthesis
procedure for ordered mesoporous silica, the surfactant
is mixed with water and catalyst, the silica source is then
added to this mixture and stirred from anywhere
between 30 min to 2 h. The system is heated to
w100�C in the oven for 3e6 days depending on the
procedure chosen. The product is then washed and
filtered to obtain the organiceinorganic composite. The
surfactant can then be removed by liquid extraction or
calcination to obtain the final product [71].

22.3.2. Synthesis of Ordered Mesoporous
Membranes

Given the numerous morphologies and ordering that
can be achieved, these materials have garnered consid-
erable interest for fabrication into supported thin films.

Various methods have been utilized to fabricate these
membranes, the most predominant of them being hydro-
thermal synthesis, dip coating, and spin coating. Hydro-
thermal synthesis is widely used for production of
MCM-48 type membranes. Here, ordered mesopore
formation and membrane synthesis take place in
a coupled process. The support for membrane synthesis
is placed in the synthesis sol, and once the ordered gel
is formed, it precipitates and deposits onto the support
forming a membrane. The initial hydrolysis of silica
and formation of the mesophase begin at room tempera-
ture. The system is then heated, and further ordering of
the system, condensationepolymerization of the silicate
species and the precipitation of the ordered silicae
organic composite that form a film on porous support
all take place at this elevated temperature. The final
step involves removal of the surfactant to reveal an
ordered mesoporous membrane.

In the first reported synthesis by Nishiyama et al. [72],
the precursors used were tetraethyl orthosilicate (TEOS),
quaternary ammonium surfactant (C16H33(CH3)3NBr;
CTAB), NaOH, and deionized water in the following
mole ratio 0.59 CTAB:1.0 TEOS:0.5 NaOH:61 H2O. Mac-
roporous alumina disks were used as the support for
this particular membrane. In a typical procedure, the
support was soaked in TEOS. Afterward, the remaining
reactants were mixed together and the solution was

TABLE 22.3 Various Inorganic Precursor and Surfactant Interactions and Corresponding Mesoporous Structures Formed

Inorganic

Precursor (I)

Surfactant

(S)

Counter

ion (X/F/M) Interaction Possible structures formed

Anionic Cationic d I�Sþ electrostatic
force

Hexagonal MCM-41 and FSM-16, cubic MCM-48, hexagonalecubic
SBA-2, lamellar and hexagonalW2O3, lamellar, hexagonal and cubic
antimony (V) Oxide, lamellar tin sulfide, and aluminophosphate

Anionic Anionic Mþ I�MþS� electrostatic
force

AMS-n, lamellar zinc oxide, alumina

Cationic Cationic X� I�X�Sþ electrostatic
force

Cubic SBA-1 (Pm3n), hexagonalecubic SBA-2, hexagonal SBA-3,
lamellar and hexagonal zirconia, hexagonal titanium dioxide, zinc
phosphate

Cationic Anionic d IþS� electrostatic
force

Lamellar magnesium, aluminum, gallium, manganese oxides,
hexagonal alumina, hexagonal gallium oxide, hexagonal tritium
dioxide, hexagonal tin oxide

Cationic Nonionic X� IþX�(S0Hþ) Hexagonal SBA-15

Cationic Nonionic F� IþF�N0 Hexagonal silica

Neutral Cationic F� I0F�Sþ Hexagonal silica

Neutral Nonionic d I0S0 hydrogen
bond

Near hexagonal HMS

Neutral Nonionic N0 (amine) I0N0 hydrogen
bond

Near hexagonal HMS MSU-X; hexagonal titanium aluminum,
zirconia, tin oxides

Neutral Nonionic Mþ I0(S0 Mnþ) Hexagonal and cubic metal-containing silica

No charge No Charge d IS covalent complex Silica, Nb, Ta oxides, hexagonal Ta
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added to the TEOS. After mixing for 90 min, the mixture
was then transferred to an autoclave with the support
held horizontally at the bottom. The system was heated
to 90�C for 96 h. Table 22.4 summarizes the various
studies conducted to fabricate membranes via the
hydrothermal synthesis procedure.

Various methods can be used to remove the surfac-
tant from the as-synthesized membrane. The most
common one is involved in calcining the material at
500�C for 4 h. Upon calcination, the uncondensed silanol
groups in the silica matrix condense to form siloxane
bonds, hence resulting in the contraction of mesopores
[73]. This shrinkage can lead to defects in the
membranes. To avoid this, liquid extraction of surfac-
tants has been carried out. The surfactant can be
extracted using an EtOH/HCl solution containing
250 mL EtOH and 3.5 g of 37% HCl at 100�C for 24 h
[74]. This modification has been observed to improve
the quality of the membrane as was evidenced by
improved gas separation properties. Due to the long
synthesis time and large pore supports used, EDS and
XRD analyses have shown that there is often consider-
able silica penetration into the supports. Various
measures have been taken to minimize such infiltration.
Kumar et al. [75] used asymmetric porous supports,
covering one side with tape, to avoid the infiltration to
some degree of success.

Other popular techniques for membrane synthesis
are dip and spin coating. These two are similar, in that,
both techniques employ solvent evaporation to induce
structure formation by increasing reactant concentration
within the system. These systems usually contain surfac-
tants at concentrations well below critical micellar
concentration (cmc) in the dip coating solution. This
technique, called evaporation-induced self-assembly
(EISA), was first reported by Luet al. in 1997 [76]. In
a typical synthesis, TEOS (Si(OC2H5)4), ethanol, water,
and HCl (mole ratios 1:3:8:5� 10�5) were refluxed at

60�C for 90 min. Second, water and HCl were added,
increasing the concentration of HCl to 7.34 mM. After
stirring at 25�C for 15 min, the sols were aged at 50�C
for 15 min and diluted with ethanol. Finally, CTAB
was added in quantities corresponding to concentra-
tions in the range 0.03e0.11 M (1.5e5.0 wt%). The final
reactant mole ratios were: 1 TEOS:22 C2H5OH:
5H2O:0:004 HCl:0:054e0:18 CTAB. These synthesis
systems are often acid catalyzed since the isoelectric
point of silica is around a pH of 2. At the isoelectric
point, condensation is minimized. Maintaining the
system at this pH helps avoid condensation and struc-
ture formation before dip coating.

It has been observed that the optimum ordering is
obtained when the number of Q1 species in the prehy-
drolyzed silica is the greatest. In sols where Q3 species
are apparent ordering within the system is lost in the
final dip-coated film [82]. Once the solution is dip
coated, the more volatile components (alcohol, water,
and acid) evaporate rapidly increasing local surfactant
and silica concentrations. This leads to rapid self-
assembly of the surfactant and silica, forming the
liquid-crystal mesophase at the air/liquid interface.
Similarly, at the substrate/liquid interface, local concen-
trations of surfactant are high due to formation of cylin-
drical micelles and hemimicelles which lead to the
formation of ordered mesopores at the interfaces.
Figure 22.8 reveals the approximate pathway that is
traversed during synthesis. The ordering of the final
structure is strongly dependent on the relative rate of
three competing reactions: organiceinorganic interface
co-assembly (kinter), organic assembly (korg), and inor-
ganic condensation (kinorg). In general, the rates of these
reactions need to be controlled such that the kinter>
korg> kinorg in order to synthesize well-ordered
mesophases.

A number of different phase structures and pore
orientations can be achieved by carefully controlling

TABLE 22.4 Hydrothermally Synthesized Membrane: Synthesis Solutions used and Membrane Properties

Support used Precursors used Pore size (nm) Thickness (mm) Reference

Stainless steel 1 TEOS:0.5 NaOH:60 H2O:0.6 CTAB d 500 Nishiyam et al. [72]

Asymmetric a-alumina 1 TEOS:0.5 NaOH:61 H2O:0.59 CTAB d d Nishiyam et al. 2001 [77]

a-Alumina 1 TEOS:0.5 NaOH:61 H2O:0.59 CTAB 2.0 7 McCool et al. [78]

a-Alumina 1 TEOS:0.5 NaOH:61 H2O:0.59 CTAB 2.5 15 Kumar et al. [74]

a-Alumina (tube) 1 TEOS:0.5 NaOH:61 H2O:0.59 CTAB 2.7 6 Liu et al. [79]

Asymmetric alumina
(porous)

1 TEOS:0.35e0.55 NaOH:55e65H2O:
0.40e0.65 CTAB

2 0.5 Sakamoto et al. [80]

Symmetric zirconia 1 TEOS:0.46 NaOH:56 H2O:0.48 CTAB d 2e3 Ji et al. [81]

Asymmetric a-alumina 1 TEOS:0.5 NaOH:61 H2O:0.59 CTAB 2.5 7 Kumar et al [75]
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the precursor concentration and the humidity of the
reaction environment. It is possible to control the pore
structure of the final material by fine-tuning the compo-
sition of the initial reaction mixture. Toward this,
synthesis of mesoporous thin films has been widely
studied. McCool et al. [78] first reported on the synthesis
of mesoporous MCM-48 membranes by dip coating.
Here, a silica sol was prepared by mixing TEOS, ethanol,
water, and HCl in the molar ratio of 1 TEOS:3 EtOH:1
H2O:5� 10�5 HCl. The sol was refluxed at 60�C for 1 h
and then cooled down to the room temperature. The
dip-coating solution was then prepared by mixing the
prehydrolyzed sol with water, HCl, and CTAB. The final
molar ratios of the dipping sol were: 1TEOS:20E-
tOH:5H2O:0.004 HCl:0.14 CTAB. The dipping solution
was aged for 1 week prior to use. Supports were then
dipped in the solution in a Class 100 laminar flow
cabinet. The dipping rate was approximately 3 cm/s.
After dip coating, the membranes were dried in the
laminar flow cabinet for 1 h. The membranes were
calcined in air at 500�C for 4 h with heating and cooling
rates of 1�C/min. The dip-coated membrane was seen to
be w2 mm thick. An SEM micrograph of the dip-coated
membrane is seen in Fig. 22.9.

Table 22.5 lists the different studies that were con-
ducted on membrane synthesis using dip-coating tech-
niques, including the composition of the final sol

precursor prepared. While most studies have focused
on using ionic surfactants, nonionic pluronic surfactants
have also been successfully used to synthesize mesopo-
rous membranes [84,85]. These membranes showed
larger pores (4.7 nm) than those prepared with the ionic
surfactants (2.5 nm). For membranes synthesized using
nonionic pluronic surfactants, a typical synthesis solu-
tion consisted of the following molar ratio: 1 TEOS:5.2
EtOH:12 H2O:0.015 HCl:0.021 Pluronic P123. The thick-
ness of the synthesized membrane is reported to be
about 1 mm and has been reported to be of good quality.

Impregnation of silica sol into the support has also
been observed in the case of dip-coated membranes.
Boffa et al. [86] have sought to control silica impregna-
tion into the support by increasing the viscosity of the
sol with help of a urea-based additive called BYK-420.
By rendering the sol thixotropic, the group was able to
decrease silica penetration into the support. The addi-
tion of BYK-420 also resulted in an increased pore diam-
eter. Beyond a maximum concentration, complete
collapse of the pores was observed.

The sol used in the spin coating of ordered mesopo-
rous membranes is similar to those used in dip coating.
In spin coating, the sol is dropped on a substrate which
is then spun at a fixed revolutions per minute (rpm). The
sol spreads radially over the support due to centrifugal
forces. Excess silica sol is spun off during this procedure.
The volatile components then evaporate from the sys-
tem, increasing local silica and surfactant concentration
to form an ordered mesoporous structure. Relatively
few membranes have been prepared by the spin-coating
technique, as extremely smooth surfaces are required to

FIGURE 22.8 Steady-state film thinning profile established during
dip coating of a complex fluid comprising soluble silica, surfactant,
alcohol, and water. Approximate trajectory taken in ethanol/water/
CTAB phase space during dip coating. Point A corresponds to the
initial composition of solution, Point B is near the drying line, and
Point C corresponds to the dried film. Brinker, C. J.; Lu, Y. F.; Sellinger,

A.; Fan, H. Y.: Evaporation-induced self-assembly: Nanostructures made

easy. Advanced Materials. 1999. Volume 11, Page 579, Copyright Wiley-
VCH Verlag GmbH & Co. KGaA. Reproduced with permission [83].

FIGURE 22.9 Cross-sectional view of a dip-coated mesoporous
silica membrane. Reprinted from Journal of Membrane Science, Vol. 218,

B. A. McCool, N. Hill, J. DiCarlo, W. J. DeSisto, Synthesis and character-

ization of mesoporous silica membranes via dip coating and hydrothermal
deposition techniques, Page 55, Copyright (2003), with permission from

Elsevier [78].
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assure proper coverage. The presence of macropores in
the supports makes this requirement difficult to achieve.
The composition of the sols used for spin coating is
listed in Table 22.5.

22.3.3. Alternate Techniques for Preparation
and Pore Orientation of Mesoporous
Membranes

A number of alternative techniques have been devel-
oped for the synthesis of mesoporousmembranes. These
techniques include using shear force, magnetic fields,
and aerosol-assisted deposition. Some of these tech-
niques seek to fill the pores in the support, hence
reducing the pore size and bringing it down into the
mesopores range. There has also been considerable
interest shown toward developing oriented pores, espe-
cially those which are oriented perpendicular to the
support surface. Such orientation would allow for
greater accessibility for molecule transport. Confine-
ment techniques have developed into extremely prom-
ising techniques for the formation of oriented pores.
Here, the structure-directing effects of the interface
were sought to control mesostructure formation.

The first successful study was conducted by Yamagu-
chi et al. [93], in which a mixture of ethanol, TEOS, and
1 mL HCl aqueous solution was refluxed at 60�C for
90 min. To this, hydrolyzed sol, ethanol, HCl solution,
and CTAB were added, and the solution was stirred
for 30 min. Porous alumina membrane supports (pore
diameter¼ 200 nm) were set in an ordinary membrane
filtration apparatus, and the precursor solution was
dropped onto the alumina membrane. Moderate aspira-
tion was applied so that the precursor solution pene-
trated into the columnar alumina pores. The alumina
membrane, including the precursor solution, was then
dried in air at room temperature.

The resulting mesopores formed within the pores of
the anopore support can be seen in Fig. 22.10. The mes-
opores were seen to have channels that run in a perpen-
dicular direction to the support surface. The channels,
however, did not run the entire thickness of the support.
The authors ascribed the formation of the hexagonal
structure in the direct vicinity of the pore wall to the
adsorption of cationic CTAB to the alumina wall. Lu
et al. [94] reported the synthesis of mesoporous SBA-15
having a pore diameter of 6 nm within alumina ano-
pore supports by dipping it in a sol solution for 20 h.

TABLE 22.5 Mesoporous Silica Membranes Synthesized by Dip and Spin Coating: Synthesis Solutions used and Membrane Property

Technique Support used Precursors used Pore size (nm) Thickness (nm) Reference

Dip coating,
spin coating

g-Alumina
(support by
a-alumina)

1 TEOS:6.5 1-propanol:2.6 2-Butanol:10
H2O:0.01 HCl:0.08 CTAB

2.8e3.4 20e30 Chowdhury et al. [87]

Dip coating a-Alumina 1 TEOS:20 EtOH:5H2O:0.004 HCl:0.14
CTAB

2.0 2000 McCool et al. [78]

Dip coating,
spin coating

a-Alumina 1 TEOS:6.5 1-propanol:2.6 2-Butanol:10
H2O:0.01 HCl:0.08 CTAB

2.3e2.6 65e70 Schmuhl et al. [88]

Spin Coating Porous
alumina

1 TEOS:6.5 1-propanol:2.6 2-Butanol:10
H2O:0.01 HCl:0.08 CTAB

0.8 430 Nakagawa et al. [89]

Dip coating a-Alumina
and g-alumina
(supported by
a-alumina)

1 TEOS:6.5 1-propanol:2.6 2-Butanol:
10 H2O: 0.01 HCl:0.08 CTAB

e z600 Chowdhury et al. [90]

Dip coating Asymmetric
a-alumina

4.7 z2000e3000 Higgins et al. [84]

Dip Coating Anodic
alumina

1 TEOS:8.7 EtOH:6 H2O:0.004 HCl:0.25
Brij-56

5e20 d Yoo et al. [91]

Dip coating a-alumina 1 TEOS:1-propanol 15:15.5H2O:0.14
HNO3:0.13 CTAB

1.8e4.2 1000 Boffa et al. [86]

Spin coating Assymetric
alumina

1 TEOS:7.6 EtOH:5H2O:0.005 HCl:0.1
CTAB

2.0 300 Sakamoto et al. [80]

Dip coating Nafion 117 1 TEOS:20 EtOH:5H2O:0.0087 HCl:0.0097
Pluronic P123

e 10,000e20,000 Lin et al. [92]

Dip coating Anodic
alumina

1 TEOS:5.2 EtOH:12 H2O:0.015 HCl:0.021
Pluronic P123

4.7 1000 Higgins et al. [85]

SYNTHESIS OF ORDERED MESOPOROUS MEMBRANES 519



Both these methods can be thought of as a combination
of the EISAmethod and support confinement technique.
Wu et al. [95] have published a comprehensive study on
the effect of confinement on the mesophase formed in
anopore supports. In situ grazing incidence small-angle
X-ray scattering (GISAXS) techniques, in combination
with ex situ transmission electron microscopy con-
ducted by Platschek et al. [96], have revealed that in
the case of ionic CTAB surfactant, contrary to previous
belief, the formation of structure starts very late in the
evaporation process. It has been proposed that the crit-
ical micelle concentration is reached first, followed by
structure formation in the vicinity of the support wall,
acting as a heterogenous nucleation center. Nonionic
surfactants (i.e.: Brij-56 and Pluronic P123) where
observed to form circular hexagonal structures first
with the mesopores aligned around the circumference
of the AAM channels. The circular structure subse-
quently transforms into a columnar hexagonal (P123
surfactant), or a mixture of columnar hexagonal and
curved lamellar phases with the lamellae oriented
parallel to the walls of the AAM channels (Brij-56 surfac-
tant). It has been reported that these transformations
occur after complete solvent evaporation and, therefore,
differ from simple evaporation-induced phase
formation.

In a different approach to oriented membrane forma-
tion, Seshadri et al. [97] have proposed a counter diffu-
sion self-assembly (CDSA) method. A number of
membrane supports have been studied. They have
reported success with polycarbonate track-etch mem-
branes supports which were held at the interface of an
oil phase (tetrabutylorthosilicate, TBOS) and water
phase (water/HCl/CTAB). The TBOS is allowed to
diffuse into the water phase and undergo hydrolysis
and condensation around micelles to form mesostruc-
tured fibers within support pores. They have identified
precursor transport, surface chemistry, and solvent
evaporation as controlling factors for good-quality
membrane formation.

22.3.4. Functionalized Mesoporous Membranes

Functionalization of zeolites and solegel silica has
been a topic of great interest for some time. Given that
ordered mesoporous silica materials have high surface
areas, availability of terminal silanol groups, and large
pore sizes (which lead to better pore accessibility),
they are expected to have better performance than
zeolites and sol-gel silica in applications such as adsor-
bents, catalysis, sensing, and membrane reactors. Func-
tionalization of the silica matrix can be achieved either
in the synthesis stage by cocondensation or in a postsyn-
thesis grafting step. The advantage of functionalizing
during synthesis is that it can be accomplished with
a one-step synthesis procedure. Additionally, these
methods have been shown to provide more stable
composite materials with a homogenous distribution
of functional groups [98]. The main disadvantage is
that the synthesis system will need to be modified to
accommodate the additional reactants added to the
synthesis mixture to maintain the delicate charge
balance within the system. The loading of the material
also needs to be kept at less than 25% to avoid structural
collapse of the mesopores.

Postsynthesis functionalization, on the other hand, has
the advantage of not requiring remodeling of the ordered
material synthesis process. The functionalization of mes-
opores can be relatively easy to achieve due to the pres-
ence of uncondensed siloxane bonds within the system.
These siloxane bonds act as anchoring sites for functional
molecules. It has been suggested that the population
density and the quality of the functionalized monolayers
on mesoporous materials are greatly affected by the pop-
ulation of silanol groups and the number of adsorbed
water molecules on the mesoporous silica surface. The
calcining step used in preparingmesoporous silica causes
condensation of the silanol groups present, thus resulting
in poor surface coverage [99]. This can usually be over-
come by introducing a small amount of water into the
system to recover some of the lost silanol groups. Other

FIGURE 22.10 (a) Alumina anopore membrane with columnar mesoporous structures inside pores (scale bar 1 mm), (b) TEM image of the
top of the fibers (scale bar 50 nm), and (c) side view of fibers (scale bar 50 nm). Reprinted by permission from Macmillan Publishers Ltd: Nature

Materials [93], Copyright (2004).
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drawbacks in these systems are the narrowing of the
pores due to the addition of the grafted materials and
difficulty in achieving uniform dispersion of the grafted
molecule in the mesostructure. Furthermore, the pore
openings are often blocked, which leads to low loading
within the pores of the membrane.

Early studies conducted on functionalized materials
and thin films have been seen to be quite successful. In
membrane systems, however, fewer studies have been
conducted. Most of these studies have focused on
employing the postsynthesis grafting technique. Gra-
fted materials include, but are not limited to long chain
hydrocarbons such as 3-aminopropyltrimethoxysilane,
polyethyleneimine, aminoproply triethoxysilane, and
octadecyldimethylchlorosilane. These grafted mem-
branes were used to study various gas separation
properties. Park et al. [100] postfunctionalized MCM-
48 membranes with trimethylchlorosilane to enhance
hydrothermal stability and hydrophobicity. The sepa-
ration properties of this membrane for ethanol, meth-
ylethyl ketone (MEK), and ethyl acetate (EA) in an
aqueous were studied. Functionalization using tri-
methyl silane and triethylsilane resulted in enhanced
separation properties, EtOH/water separation proper-
ties in the membrane [101]. Araki et al. [102] have
shown that high dispersion of platinum into the silica
matrix can be brought about with the use of solegel
methods. Iron oxide nanocrystallites [103] and iron
oxide clusters [104] have also been successfully incor-
porated into SBA-15 materials. These modifications
can greatly enhance the potential of membranes in
separation with catalytic reactor.

22.4. CONCLUSIONS

The most important properties of inorganic
membranes include permeance and selectivity. These
properties of microporous and mesoporous membranes
are determined by the pore size, porosity, and mem-
brane thickness. Chemistry plays a very important role
in controlling these properties. Microporous amorphous
silica membranes can be prepared by the acid catalyzed
solegel method using an alkoxide precursor. The
intercrystalline defects and zeolitic pores of crystalline
zeolite membranes can be eliminated or narrowed by
chemical vapor deposition through proper control of
the surface chemistry of the zeolite framework. The
last few years have seen progress in the synthesis of
metaleorganic framework membranes. The membranes
are very thick because synthesis chemistry gave large
MOF crystals. Synthesis chemistry controls the pore
size and structure of ordered mesoporous materials as
well as orientation of the pore of the ordered mesopo-
rous membranes.

References

[1] W.J. Koros, Y.H. Ma, T. Shimidzu, Pure and Applied Chemistry
68 (1996) 1479.

[2] Y.S. Lin, Separation and Purification Technology 25 (2001) 39.
[3] T. Sano, S. Ejiri, K. Yamada, Y. Kawakami, H. Yanagishita,

Journal of Membrane Science 123 (1997) 225.
[4] J.G. Sanchez Marcano, T.T. Tsotsis, Catalytic Membranes and

Membrane Reactors, Wiley-VCH, Weinheim, 2002.
[5] R. Bredesena, K. Jordal, A. Bolland, Chemical Engineering and

Processing 43 (2004) 1129.
[6] K. Li, Ceramic Membranes for Separation and Reaction, Wiley,

New York, 2007.
[7] B.N. Nair, K. Keizer, T. Okubo, S.I. Nakao, Advanced Materials

10 (1998) 249.
[8] R.J.R. Uhlhorn, K. Keizer, A.J. Burggraaf, Journal of Membrane

Science 66 (1992) 271.
[9] R.J.R. Uhlhorn, V.T. Zaspalis, K. Keizer, A.J. Burggraaf, Journal

of Materials Science 27 (1992) 538.
[10] G.P. Fotou, Y.S. Lin, S.E. Pratsinis, Journal of Materials Science

30 (1995) 2803.
[11] C.J. Brinker, A.J. Hurd, P.R. Schunk, G.C. Frye, C.S. Ashley,

Journal of Non-Crystalline Solids 147 (1992) 424.
[12] C.J. Brinker, T.L. Ward, R. Sehgal, N.K. Raman, S.L. Hietala,

D.M. Smith, et al., Journal of Membrane Science 77 (1993) 165.
[13] R.S.A. Delange, J.H.A. Hekkink, K. Keizer, A.J. Burggraaf,

Microporous Materials 4 (1995) 169.
[14] R.S.A. Delange, J.H.A. Hekkink, K. Keizer, A.J. Burggraaf,

Journal of Membrane Science 99 (1995) 57.
[15] R.S.A. Delange, K. Keizer, A.J. Burggraaf, Journal of Membrane

Science 104 (1995) 81.
[16] C.J. Brinker, G.W. Scherer, Sol-gel Science, Academic Press,

London, 1990.
[17] C.J. Brinker, R. Sehgal, S.L. Hietala, R. Deshpande, D.M. Smith,

D. Loy, et al., Journal of Membrane Science 94 (1994) 85.
[18] C.J. Brinker, N.K. Raman, M.N. Logan, R. Sehgal, R.A. Assink,

D.W. Hua, et al., Journal of Sol-Gel Science and Technology
4 (1995) 117.

[19] R. Schafer, M. Noack, P. Kolsch, S. Thomas, A. Seidel-
Morgenstern, J. Caro, Separation and Purification Technology
25 (2001) 3.

[20] J.C.D. da Costa, G.Q. Lu, V. Rudolph, Y.S. Lin, Journal of
Membrane Science 198 (2002) 9.

[21] J. Dong, Y.S. Lin, Industrial & Engineering Chemistry Research
37 (1998) 2404.

[22] J. Caro, M. Noack, P. Kolsch, R. Schafer, Microporous and
Mesoporous Materials 38 (2000) 3.

[23] J. Caro, M. Noack, Microporous and Mesoporous Materials 115
(2008) 215.

[24] M. Kanezashi, J. O’Brien-Abraham, Y.S. Lin, K. Suzuki, AIChE
Journal 54 (2008) 1478.

[25] M. Kanezashi, Y.S. Lin, Journal of Physical Chemistry C 113
(2009) 3767.

[26] T. Masuda, N. Fukumoto, M. Kitamura, S.R. Mukai,
K. Hashimoto, T. Tanaka, et al., Microporous and Mesoporous
Materials 48 (2001) 239.

[27] M. Nomura, T. Yamaguchi, S. Nakao, Industrial Engineering &
Chemistry Research 36 (1997) 4217.

[28] C.A. Cooper, Y.S. Lin, Journal of Membrane Science 195 (2002)
35.

[29] M. Hong, J.L. Falconer, R.D. Noble, Industrial & Engineering
Chemistry Research 44 (2005) 4035.

[30] Y.S. Lin, A.J. Burggraaf, Journal of Membrane Science 79 (1993)
65.

[31] Z. Tang, J.H. Dong, T.M. Nenoff, Langmuir 25 (2009) 4848.

CONCLUSIONS 521



[32] X.H. Gu, Z. Tang, J.H. Dong, Microporous and Mesoporous
Materials 111 (2008) 441.

[33] M. Kanezashi, J. O’Brien, Y.S. Lin, Microporous and Meso-
porous Materials 103 (2007) 302.

[34] G. Xomeritakis, Y.S. Lin, Chemical Engineering Science 49
(1994) 3909.

[35] G. Xomeritakis, Y.S. Lin, AIChE Journal 44 (1998) 174.
[36] O.M. Yaghi, M. O’Keeffe, N.W. Ockwig, H.K. Chae,

M. Eddaoudi, J. Kim, Nature 423 (2003) 705.
[37] H.K. Chae, D.Y. Siberio-Perez, J. Kim, Y. Go, M. Eddaoudi,

A.J. Matzger, et al., Nature 427 (2004) 523.
[38] J.L.C. Rowsell, O.M. Yaghi, Microporous and Mesoporous

Materials 73 (2004) 3.
[39] R.Q. Snurr, J.T. Hupp, S.T. Nguyen, AIChE Journal 50 (2004)

1090.
[40] J.J. Perry, J.A. Perman, M.J. Zaworotko, Chemical Society

Reviews 38 (2009) 1400.
[41] M. Eddaoudi, J. Kim, N. Rosi, D. Vodak, J. Wachter,

M. O’Keeffe, et al., Science 295 (2002) 469.
[42] Y.S. Lin, I. Kumakiri, B.N. Nair, H. Alsyouri, Separation and

Purification Methods 31 (2002) 229.
[43] V.V. Guliants, M.A. Carreon, Y.S. Lin, Journal of Membrane

Science 235 (2004) 53.
[44] D. Zacher, O. Shekhah, C. Woll, R.A. Fischer, Chemical Society

Reviews 38 (2009) 1418.
[45] S.S.Y. Chui, S.M.F. Lo, J.P.H. Chaemant, A.G. Orpen,

I.D. Williams, Science 283 (1999) 1148.
[46] L. Pan, M.B. Sander, X.Y. Huang, J. Li, M. Smith, E. Bittner,

et al., Journal of the American Chemical Society 126 (2004)
1308.

[47] H. Hayashi, A.P. Cote, H. Furukawa, M. O’Keeffe, O.M. Yaghi,
Nature Materials 6 (2007) 501.

[48] M. Arnold, P. Kortunov, D.J. Jones, Y. Nedellec, J. Karger,
J. Caro, European Journal of Inorganic Chemistry (2007) 60.

[49] J. Gascon, S. Aguado, F. Kapteijn, Microporous and Meso-
porous Materials 113 (2008) 132.

[50] Y.Y. Liu, Z.F. Ng, E.A. Khan, H.K. Jeong, C.B. Ching, Z.P. Lai,
Microporous and Mesoporous Materials 118 (2009) 296.

[51] Y. Yoo, Z.P. Lai, H.K. Jeong, Microporous and Mesoporous
Materials 123 (2009) 100.

[52] Z.X. Zhao, Z. Li, Y.S. Lin, Industrial & Engineering Chemistry
Research 48 (2009) 10015.

[53] H.L. Guo, G.S. Zhu, I.J. Hewitt, S.L. Qiu, Journal of the
American Chemical Society 131 (2009) 1646.

[54] R. Ranjan, M. Tsapatsis, Chemistry of Materials 21 (2009)
4920.

[55] H. Bux, F.Y. Liang, Y.S. Li, J. Cravillon, M. Wiebcke, J. Caro,
Journal of the, American Chemical Society 131 (2009) 16000.

[56] Y.S. Li, F.Y. Liang, H. Bux, A. Feldhoff, W.S. Yang, J. Caro,
Angewandte Chemie International Edition 49 (2010) 548.

[57] S.R. Venna, M.A. Carreon, Journal of the American Chemical
Society 132 (2010) 76.

[58] H. Verweij, Y.S. Lin, J.H. Dong, MRS Bulletin 31 (2006) 756.
[59] E.V. Perez, K.J. Balkus, J.P. Ferraris, I.H. Musselman, Journal of

Membrane Science 328 (2009) 165.
[60] A.I. Skoulidas, Journal of the American Chemical Society 126

(2004) 1356.
[61] A.I. Skoulidas, D.S. Sholl, Journal of Physical Chemistry B 109

(2005) 15760.
[62] Q.Y. Yang, C.Y. Xue, C.L. Zhong, J.F. Chen, AIChE Journal 53

(2007) 2832.
[63] T. Watanabe, S. Keskin, S. Nair, D.S. Sholl, Physical Chemistry

Chemical Physics 11 (2009) 11389.
[64] S. Keskin, D.S. Sholl, Industrial & Engineering Chemistry

Research 48 (2009) 914.

[65] S. Keskin, J.C. Liu, J.K. Johnson, D.S. Sholl, Microporous and
Mesoporous Materials 125 (2009) 101.

[66] C.T. Kresge, M.E. Leonowicz, W.J. Roth, J.C. Vartuli, J.S. Beck,
Nature 359 (1992) 710.

[67] G. Soler-Illia, E.L. Crepaldi, D. Grosso, C. Sanchez, Current
Opinion in Colloid & Interface Science 8 (2003) 109.

[68] K.J. Edler, S.J. Roser, International Reviews in Physical Chem-
istry 20 (2001) 387.

[69] Q.S. Huo, D.I. Margolese, U. Ciesla, P.Y. Feng, T.E. Gier,
P. Sieger, et al., Nature 368 (1994) 317.

[70] G.J.D. Soler-illia, C. Sanchez, B. Lebeau, J. Patarin, Chemical
Reviews 102 (2002) 4093.

[71] Q.S. Huo, D.I. Margolese, G.D. Stucky, Chemistry of Materials
8 (1996) 1147.

[72] N. Nishiyama, A. Koide, Y. Egashira, K. Ueyama, Chemical
Communications (1998) 2147.

[73] P.Y. Feng, X.H. Bu, D.J. Pine, Langmuir 16 (2000) 5304.
[74] P. Kumar, J. Ida, S. Kim, V.V. Guliants, J.Y.S. Lin, Journal of

Membrane Science 279 (2006) 539.
[75] P. Kumar, J.C. Ida, V.V. Guliants, Microporous and Mesoporous

Materials 110 (2008) 595.
[76] Y.F. Lu, R. Ganguli, C.A. Drewien, M.T. Anderson, C.J. Brinker,

W.L. Gong, et al., Nature 389 (1997) 364.
[77] N. Nishiyama, D.H. Park, A. Koide, Y. Egashira, K. Ueyama,

Journal of Membrane Science 182 (2001) 235.
[78] B.A. McCool, N. Hill, J. DiCarlo, W.J. DeSisto, Journal of

Membrane Science 218 (2003) 55.
[79] C.Y. Liu, L.Q. Wang, W.Z. Ren, Z.H. Rong, X.Q. Wang,

J.Q. Wang, Microporous and Mesoporous Materials 106 (2007)
35.

[80] Y. Sakamoto, K. Nagata, K. Yogo, K. Yamada, Microporous and
Mesoporous Materials 101 (2007) 303.

[81] H. Ji, Y.Q. Fan, W.Q. Jin, C.L. Chen, N.P. Xu, Journal of Non-
Crystalline Solids 354 (2008) 2010.

[82] M. Klotz, A. Ayral, C. Guizard, L. Cot, Journal of Materials
Chemistry 10 (2000) 663.

[83] C.J. Brinker, Y.F. Lu, A. Sellinger, H.Y. Fan, Advanced Materials
11 (1999) 579.

[84] S. Higgins, R. Kennard, N. Hill, J. DiCarlo, W.J. DeSisto, Journal
of Membrane Science 279 (2006) 669.

[85] S. Higgins, W. DeSisto, D. Ruthven, Microporous and Meso-
porous Materials 117 (2009) 268.

[86] V. Boffa, J.E. ten Elshof, D.H.A. Blank, Microporous and Mes-
oporous Materials 100 (2007) 173.

[87] S.R. Chowdhury, R. Schmuhl, K. Keizer, J.E. ten Elshof,
D.H.A. Blank, Journal of Membrane Science 225 (2003) 177.

[88] R. Schmuhl, S.R. Chowdhury, J.E. ten Elshof, A. van den Berg,
D.H.A. Blank, Journal of Sol-Gel Science and Technology 31
(2004) 249.

[89] K. Nakagawa, H. Matsuyama, T. Maki, M. Teramoto,
N. Kubota, Separation and Purification Technology 44 (2005)
145.

[90] S.R. Chowdhury, A.M. Peters, D.H.A. Blank, J.E. ten Elshof,
Journal of Membrane Science 279 (2006) 276.

[91] S.J. Yoo, D.M. Ford, D.F. Shantz, Langmuir 22 (2006) 1839.
[92] Y.H. Lin, H.D. Li, C.P. Liu, W. Xing, X.L. Ji, Journal of Power

Sources 185 (2008) 904.
[93] A. Yamaguchi, F. Uejo, T. Yoda, T. Uchida, Y. Tanamura,

T. Yamashita, et al., Nature Materials 3 (2004) 337.
[94] Q.Y. Lu, F. Gao, S. Komarneni, T.E. Mallouk, Journal of the

American Chemical Society 126 (2004) 8650.
[95] Y.Y. Wu, G.S. Cheng, K. Katsov, S.W. Sides, J.F. Wang, J. Tang,

et al., Nature Materials 3 (2004) 816.
[96] B. Platschek, R. Kohn, M. Doblinger, T. Bein, Langmuir 24

(2008) 5018.

22. PREPARATION CHEMISTRY OF INORGANIC MEMBRANES522



[97] S.K. Seshadri, H.M. Alsyouri, Y.S. Lin, Microporous and Mes-
oporous Materials 129 (2010) 228.

[98] S.L. Burkett, S.D. Sims, S. Mann, Chemical Communications
(1996) 1367.

[99] X. Feng, G.E. Fryxell, L.Q. Wang, A.Y. Kim, J. Liu,
K.M. Kemner, Science 276 (1997) 923.

[100] D.H. Park, N. Nishiyama, Y. Egashira, K. Ueyama, Micropo-
rous and Mesoporous Materials 66 (2003) 69.

[101] D.H. Park, N. Nishiyama, Y. Egashira, K. Ueyama,
Industrial & Engineering Chemistry Research 40 (2001)
6105.

[102] S. Araki, T. Satoh, H. Doi, H. Yano, Y. Miyake, Desalination and
Water Treatment 7 (2009) 12.

[103] J.S. Li, X.T. Wei, Y.S. Lin, D. Su, Journal of Membrane Science
312 (2008) 186.

[104] K. Bachari, A. Touileb, Solid State Sciences 11 (2009) 1549.

CONCLUSIONS 523



C H A P T E R

23

The Frontier of Inorganic Synthesis and
Preparative Chemistry (I)dBiomimetic

Synthesis
Kesong Liu y, Lei Jiang y, z

yCollege of Chemistry and Environment, Beijing University of Aeronautics and Astronautics, China,
z Institute of Chemistry, Chinese Academy of Sciences, China

After four and a half billion years of evolution,
creatures in nature possess almost perfect structures
and properties, exhibit the harmonization, and unifica-
tion between structure and function. The term biomi-
metics (also known as bionics) emerged in the 1960s,
which originates from Greek “Bios” (life, nature) and
“Mimesis” (imitation, copy) [1]. It can be defined as
the investigation of the structures and functions of bio-
logical materials that allows possible future design and
synthesis of new and improved materials based on the
principles of natural materials [2]. Biomimetic principles
provide new method and approach for the construction
of novel structural and functional materials. Learning
from nature will give us important inspiration to
develop new methods to construct artificial advanced
materials [3]. This “learning” may be through inspira-
tion in design, function, or a combination of both.
Usually, this inspiration derives from a novel attribute
of a biological system that suggests new and important
insights into structure and function for materials science
applications [1].

Inspired by nature, recently, much attention has been
paid to biomimetic or bio-inspired design and synthesis
of structural and functional materials [4e7]. Being that
completeness was not an option, in order to give a fresh
perspective on the field, in this chapter, we focus on the
biomimetic synthesis of inorganic materials, particularly
on biomineralization and its mimetic inorganic mate-
rials, biotemplated inorganic materials, biomimetic
synthesis of inorganic chiral materials, and bio-inspired
multiscale inorganic materials, illustrating by appro-
priate recent key examples.

Section 23.1 describes the natural biomineralization
mechanism, the structures and formation mechanism
of diatom, and nacre biominerals and their correspond-
ing biomimetic mineralization materials. Section 23.2
provides an overview of the biomimetic synthesis of
inorganic materials by using DNA, bacteria, insect
wings, shell membranes, and other natural materials
as the biotemplates. Some typical biomimetic synthesis
of inorganic chiral materials, such as zeolites, molecular
sieves, SiO2, and metals, is covered in Section 23.3.
Some representative bio-inspired multiscale inorganic
materials, such as special wettability materials (superhy-
drophobicity, superoleophobicity), hollow-structured
materials, nacre-inspired ultra-strong and super-tough
layered materials, gecko-inspired high adhesive inor-
ganic materials, and other materials are presented in
Section 23.4. Due to the space constraints, we cannot
review all the significant and interesting work in this
active field. We hope that the chapter presented here
will offer some inspirations to the graduate students
and researchers in the fields of chemistry, materials
science, biology, and nanoscience and will be helpful in
the future development of biomimetics.

23.1. BIOMINERALIZATION AND ITS
MIMETIC INORGANIC MATERIALS

23.1.1. Introduction

After billions of years of evolution, biological organ-
isms produce mineralized tissues such as bone, teeth,
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diatoms, corals, and shells. Biominerals are well-known
composites of inorganic and organic materials in the
form of fascinating shapes and high-ordered structures.
The biological formation of minerals by living organ-
isms is commonly called biomineralization [1,7e12].
The most common mineral components are calcium
carbonate, calcium phosphate (hydroxyapatite), and
amorphous silica, although over 20 minerals (with
principal elements being Ca, Mg, Si, Fe, Mn, P, S, C,
and the light elements H and O) have been identified
[4]. The main types and functions of biominerals are
shown in Table 23.1. The major mineralized tissues
such as bone and teeth, and shells are composed of
calcium phosphate and carbonate minerals, respec-
tively, in combination with a complex organic macro-
molecular matrix of proteins, polysaccharides, and
lipids [13].

Natural biominerals generally possess hierarchical
structures organized at the nano, micro, meso, and
macro levels, which exhibit optimized functions and
high environmental adaptability as a result of long-
time evolution. Biomineralization offers valuable ideas
and inventive principles for materials scientists, chem-
ists, and engineers to learn how to create superstruc-
tures resembling naturally existing biominerals with
their unusual shapes and complexity. Learning from
nature, a biomimetic/bio-inspired approach copying/
applying strategies from biomineralization processes to
inorganic or organiceinorganic hybrid materials with
controlled mineralization analogous to those produced
by nature has recently received much attention owing
to their potential applications in industry [14e16].
Compared with conventional methods of materials
production, biomimetic/bio-inspired mineralization is
facile, environmentally benign, and economic, which is
a multidisciplinary subject related to materials science,
chemistry, biology, nanotechnology, physics, etc. During
the past decade, a large variety of inorganic materials
with unusual structural specialty and complexity have
been synthesized [17]. The construction of inorganic
materials or organiceinorganic hybrid materials with
hierarchical structures throughmimicking the biominer-
alization process has become an important branch in the
broad area of biomimetics [18].

This section will focus on the biomineralization and
its mimetic inorganic materials, especially on the natural
biomineralization process, the diatom and nacre biomin-
erals, and their corresponding biomimetic mineraliza-
tion of inorganic materials.

23.1.2. Biomineralization

Biomineralization is a sophisticated process and
a widespread phenomenon in nature leading to the
formation of a variety of inorganic minerals by living

organisms [19]. These biologically produced minerals
with interesting properties and controlled hierarchical
structures are inorganiceorganic hybrid composites
formed by self-assembled bottom-up processes under
mild conditions (aqueous solutions and temperatures
below 100�C) [20]. In nature, matrix macromolecules
exert a strong influence on crystal nucleation, growth,

TABLE 23.1 Types and Functions of the Main Inorganic Solids
Found in Biological Systems [13]

Mineral Formula Organism/function

CALCIUM CARBONATE

Calcite CaCO3
a Algae/exoskeletons,

Tribolites/eye lens

Aragonite CaCO3 Fish/gravity device,
Molluscs/exoskeleton

Vaterite CaCO3 Ascidians/spicules

Amorphous CaCO3$nH2O Plants/Ca store

CALCIUM PHOSPHATE

Hydroxyapatite Ca10(PO4)6(OH)2 Vertebrates/
endoskeletons, teeth, Ca
store

Octa-calcium phosphate Ca8H2(PO4)6 Vertebrates/precursor
phase in bone?

Amorphous ? Mussels/Ca store,
Vertebrates/precursor
phase in bone

CALCIUM OXALATE

Whewellite CaC2O4$H2O Plants/Ca store

Weddellite CaC2O4$2H2O Plants/Ca store

GROUP IIA METAL SULFATES

Gypsum CaSO4 Jellyfish larvae/gravity
device

Barite BaSO4 Algae/gravity device

Celestite SrSO4 Acantharia/cellular
support

SILICON DIOXIDE

Silica SiO2$nH2O Algae/exoskeletons

IRON OXIDE

Magnetite Fe3O4 Bacteria/magnetotaxis,
Chitons/teeth

Goethite a-FeOOH Limpets/teeth

Lepidocrocite g-FeOOH Chitons (mollusca)/teeth

Ferrihydrite 5Fe2O3$9H2O Animals and plants/Fe
storage proteins

aA range of magnesium-substituted calcites are also formed.

Reproduced with permission from The Royal Society of Chemistry.
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and self-organization into hierarchical architectures and
then control the biomineralization processes [21e23]. As
proposed by Mann [13,24], the process of biomineraliza-
tion can be divided into four key constructional stages,
i.e., supramolecular preorganization, interfacial molec-
ular recognition, vectorial regulation, and cellular pro-
cessing. These four stages act cooperatively and are
integrated within feedback systems. A number of
studies have demonstrated that the ability to fine-tune
both the rates of inorganic precipitation and the self-
assembly of organic molecules at the same time within
a reaction medium is the key to the synthetic fabrication
of organized organiceinorganic materials. Here, we will
briefly introduce the four constructional processes
[13,24e26].

23.1.2.1. Supramolecular Preorganization

The first stage in biomineralization involves the
construction of an organized reaction environment prior
to mineral deposition. Two general approaches have
evolved: (i) the self-assembly of enclosed protein cages
and lipid vesicles in which the molecular construction
of the compartment is mainly based on the balancing
of hydrophobicehydrophilic interactions that exist for
amphiphilic molecules in aqueous environments; and
(ii) the facilitated construction of extended proteine
polysaccharide networks as organized polymeric envi-
ronments for extracellular mineralization reactions. The
former is prevalent in intracelluar biomineralization,
whereas the latter is predominant in the extracellular
(intercellular) spaces generated by multicellular organ-
isms. Both systems produce architectures representative
of first-order molecular tectonics.

23.1.2.2. Interfacial Molecular Recognition

The second constructional stage in biomineralization
involves the controlled nucleation of inorganic clusters
from aqueous solutions. The control of nucleation of
inorganic clusters into the framework built in the first
stage by supramolecular preorganization is one of the
major points in biomineralization processes. In general
view, these preorganized organic architectures consist
of somehow functionalized surfaces that serve as molec-
ular blueprints (templates) for site-directed inorganic
nucleation. In this stage, the first-order molecular
construction of organic supramolecular systems (such
as vesicles, ferritin micelles, and polymeric networks)
provides a framework for the second-order assembly
of the inorganic phase. The primary function of organic
surface is to reduce the activation energy of nucleation
and/or influence the collision frequencies of the nucle-
ation rate [27]. It is considered that the assembly of
mineral nuclei is generally governed by electrostatic,
structural, and stereochemical complementarities at

the inorganiceorganic interfaces [22]. Weissbuch et al.
describe the auxiliary molecules which promote or
inhibit crystal nucleation depending on their composi-
tion [28]. This aspect of molecular tectonics, in which
interfacial molecular recognition assists the construction
of nuclei (often with specific crystallographic structures
and orientation), is not only a central feature of
controlled biomineralization, but has important generic
implications in synthetic materials chemistry [24].

23.1.2.3. Vectorial Regulation

The third stage of biomineralization is associated
with the assembly of mineral phase through vectorial
regulation of crystal growth and termination. These
processes result in the characteristic ornamentation of
many biominerals, such as diatom shells, coccolith
scales, and acantharian skeletons. In each case, the
patterning of mineralization process arises from the
shaping of associated membrane vesicles subjected to
a cellular stress field [13]. The vectorial regulation of bio-
mineral shapes often reflects a compromise between the
constraints of crystal physics and the genetic manipula-
tion of morphology.

23.1.2.4. Cellular Processing

Biomineralization does not stop with the formation of
small particles, but proceeds with the construction of
higher-order architectures with elaborate ultra- and
microstructural properties. The final stage of biominer-
alization is associated with a variety of constructional
processes involving larger scale cellular activity and
the production of higher-order biomineralized architec-
tures with special properties. In the absence of further
cellular intervention, mineral nuclei continue to grow
within the confines of their supramolecular hosts. The
resulting particles are constrained in size but have
normal crystallographic structures and morphologies.
In many organisms, however, a third order of tectonic
complexity can be established by cellular processing,
in which biominerals are endowed with unusual
textures and shapes. At this level of construction, the
disparity between biological and synthetic materials is
most pronounced. Construction of these higher-order
architectures within the cellular space can be based on
either static or dynamic principles. An example of
such an organized ultrastructure is the relatively rigid
and spatially fixed linear assembly of a chain of
membrane-bound magnetite crystals in magnetotactic
bacteria [29]. Another example is the macroscopic orga-
nized architectures found in the nacreous layer of shells
with sheet-like organic assemblies which are secreted
periodically beyond the mineralization front [30]. The
details of the recognition and organizational processes
involved in the construction of these higher-order
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biomineralized architectures are currently unknown; it
is probable that the phenomenon is a consequence of
what one might describe as cellular logistics. The
cellular processing of biomineral shapes often reflects
a compromise between the constraints of crystal physics
and the genetic manipulation of morphology.

23.1.3. Diatoms and Their Mimetic
Mineralization Materials

23.1.3.1. Background

In nature, the biomineralization process yields intri-
cately patterned silica shells. Amorphous silica is the
second most abundant biomineral on Earth, and is
mainly produced by diatoms [7,11,12]. Diatoms are
single-celled eukaryotic algae that are found throughout
the world’s oceans and freshwater environments and
adapted to living in soils and ice [31]. The food chain
in the marine ecosystem is mainly based on the photo-
synthetic capacity of diatoms. Diatoms are estimated

to contribute to 20% of global photosynthetic CO2 fixa-
tion and 40% of primary biological production in the
oceans, showing enormous ecological importance [32].
In addition to current interest in diatoms as mediators
of global carbon flux, data indicated that in the past
climate change has affected diatom evolution as well
as changes in the global phytoplankton community
structure that have affected the climate [33e35].

Diatom cell is encapsulated by a unique silica cell
wall called the frustules, which are consisted of two
symmetrical sides with a split between them. Diatom
frustules are biosilica structures with genetically
controlled three-dimensional ordered shapes on a nano-
meter to micrometer scale (Fig. 23.1). Research indicated
that silica cell wall can serve as a protective armor
against phytoplankton predators.Micromechanical force
measurements in combination with finite element calcu-
lation revealed the exceptional mechanical stability of
diatom cell walls, sufficient to withstand attack by the
crushing tools of most diatom predators [36]. Diatom

FIGURE 23.1 Diversity of diatom silica structures. (a) Thalassiosira pseudonana, bar¼ 1 mm, (b) Coscinodiscus wailesii, bar¼ 5 mm, (c) Cocconeis
sp., bar¼ 10 mm, (d) rimoportula from Thalassiosira weissflogii, bar¼ 500 nm, (e) corona structure of Ditylum brightwellii, bar¼ 2 mm, (f) Bacillaria
paxillifer, bar¼ 10 mm, (g) close up of pores in Gyrosigma balticum, bar¼ 2 mm, (h) Skeletonema costatum, bar¼ 2 mm, (i) valve of C. wailesii,
bar¼ 50 mm, (j) close up of pores in D. brightwellii, bar¼ 2 mm, (k) seta of Chaetoceros gracilis, bar¼ 1 mm, and (l) Stephanopyxis turris, bar¼ 10 mm.
Reprinted with permission from [31]. Copyright 2008 American Chemical Society.
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species are classified according to their cell wall shapes
and structures, and the estimated number of species
is at least in the tens of thousands and perhaps
more [12].

23.1.3.2. Mechanisms

Apart from their ecological significance, diatoms are
well known for the intricate structures and spectacular
patterns of their silica-based cell walls, which hold
considerable promise for biological or biomimetic fabri-
cation of nanostructured materials and devices. These
elaborate patterns are species specific. They are precisely
reproduced in each generation documenting a genetic
control of this biomineralization process [37]. In recent
years, much progress has been made in the study of
the biomineralization processes in diatoms [38]. The
understanding of complex mechanisms involved in
diatom biomineralization processes is not only a fasci-
nating biological problem, but also a great interest for
nanomaterials science and technology [39].

Investigations into the cellular mechanism of silica
biomineralization in diatoms were pioneered by elec-
tron microscopists during the early 1960s [11]. The hier-
archically structured cell walls of diatoms contain
amorphous silica and special biomolecules. Generally,
diatom silica formation processes occur in the
membrane-bound silica deposition vesicle (SDV) [31].
The SDV membrane, called the silicalemma, has distinct
properties compared with other cellular membranes,
which plays a significant role in diatom silica structure
formation. Volcani and coworkers first engaged in
biochemical studies on silicon metabolism and silica bio-
mineralization in diatoms and many of their studies
have been conducted with Cylindrotheca fusiformis [40].
Recently, diatom species Thalassiosira pseudonana
(Fig. 23.1a) has been established as the model organism
for silica biomineralization research. It is the first diatom
species, whose complete genome sequence has been
determined with the identification of components of its
silica forming machinery. Over the past decade, three
different classes of such biomolecules have been identi-
fied from diatom T. pseudonana: (i) the silaffins, highly
posttranslationally modified peptides/proteins [41e43],
(ii) long-chain polyamines (LCPAs) [44], and (iii) the
highly acidic silacidins [45]. Silaffins (proteins with
high silica affinity) and LCPAs are tightly associated
with diatom silica, which have been shown to promote
silica formation from monosilicic acid in vitro. The sila-
cidins in diatom cell walls serve as the polyanion
required in vivo for silica formation directed by poly-
amines (and/or silaffins). Most recently, a network-like
chitin-based scaffold was found for the first time in the
cell walls of diatom species T. pseudonana that resembles
the size and shape of the biosilica. These scaffolds are
composed of interconnected fibers with an average

diameter of 25 nm that contain other unknown biomole-
cules apart from chitin [46]. In addition, a phase separa-
tion model was proposed by Sumper to explain the
structure formation of diatom cell walls of the genus
Coscinodiscus. In this model, the amphiphilic polyamine
phase separates and forms an emulsion of micro- and
nanodroplets within the flat SDV. The repeated phase
separation events are assumed to result in the formation
of self-similar silica patterns in smaller and smaller
scales [47].

23.1.3.3. Biomimetic Materials

The ordered porous structures of diatom frustules
irrefutably demonstrate precision and brilliance of
natural design at the micro- and nanoscale. These
unique structures have attracted much attention owing
to their potential applications in optics, photonics, catal-
ysis, biosensing, filtration, and drug delivery [31,39,
48e52]. Inspired by diatom silicon biomineralization,
many different synthesis strategies have been applied
for the biomimetic construction of ordered silica and
other materials using different types of polyelectrolytes
such as poly(amino acids), polyamines, and related
compounds [7,42,44, 53e56]. Owing to the diversity
and delicacy of the diatom biosilica structures, substan-
tial amount of efforts have been made to fabricate
ordered hierarchical structures and functional composi-
tions using natural diatoms as the templates [49]. A
typical example for the fabrication of micro- and nano-
scale polymer patterns by replica molding using diatom
is shown in Fig. 23.2.

The procedure can be summarized in three steps [57]:
(i) immobilization of diatom frustule on surface which is
used as the biological nanostructured master for replica-
tion (Fig. 23.2a); (ii) the transferring of diatom’s porous
pattern onto elastomeric poly(dimethylsiloxane) (PDMS)
polymer (negative replica) by replica molding (Fig. 23.2b
and c); and (iii) converting the PDMS replica into positive
replica by second replica molding step using desired
polymer such as UV curable polymer (Fig. 23.2d and e).

The unique hierarchical structures and high specific
surface areas of diatom biosilica and biomimetic
analogues (such as metal nanoparticles [58], metal
oxides [59e61], boron nitride [62], and other materials
[63]) exhibit a wide domain of promising applications
in many fields: optics, catalysis, sensors, and biological
applications [31,49]. For example, diatom biosilica con-
taining metabolically inserted germanium can be used
to fabricate electroluminescent and photoluminescent
thin film devices [64]. Antibody-functionalized dia-
tom biosilica frustules have been served as a micro-
scale biosensor platform for selective and label-free
photoluminescence-based detection of immunocomplex
formation [65]. Recently, a three-dimensional silicon
structure was produced from diatom biosilica through
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a low-temperature magnesiothermic reduction process
[66]. The resultant silicon replicas possess a high specific
surface area and contain a significant population of
micropores, which exhibit rapid changes in impedance
upon exposure to gaseous nitric oxide. Furthermore,
changes of only 1 ppm in NO(g) concentration could
be detected. Some applications of diatom biosilica and
biomimetic analogues are being further extended and
new properties and uses are being discovered.

23.1.4. Nacre and Its Mimetic Mineralization
Materials

23.1.4.1. Background

The main inorganic mineral on Earth produced in
biomineralization processes of natural organisms is
calcium carbonate (CaCO3). The biomineral structure
and the morphology of CaCO3 have been found to be

remarkably diverse [67]. Calcium carbonate exists in
four crystalline polymorphs: aragonite, calcite, vaterite,
and amorphous. Nacre, also known as mother-of-pearl,
is an organiceinorganic composite material possessing
remarkable mechanical properties, which can be found
in the inner layer of many shells (Fig. 23.3a and b). The
microstructure of nacre is well organized in a layered
“brick and mortar” architecture over several length
scales, where the inorganic bricks are organized polyg-
onal aragonite platelets (about 5e10 mm in diameter,
0.2e0.5 mm in thickness) and the mortar is about
5e20 nm thick organic biopolymer (e.g., hydrophobic
proteins, chitin, etc.) interlayer (Fig. 23.3c) [68e70].
Nacre is composed of about 95% inorganic aragonite,
with only a few percent of organic matrix [69]. The inter-
digitating brickwork array of crystalline aragonite plate-
lets and biopolymer layers results in a fracture
toughness that is about 3000 times greater than that of
pure aragonite [71].

23.1.4.2. Mechanism

Thenacreous layer has attracted interest of researchers
in a broad range of chemistry disciplines owing to its
structureefunction harmony. In the past several decades,
much effort has been devoted to exploring the formation
mechanisms of nacreous layer.Generally, biomineralized
materials contain only a few weight percent of proteins
or other biopolymers, whereas these macromolecules
play a critical role in the assembly of elaborately struc-
tured composites with remarkable precision over scales
ranging from the atomic to macroscopic.

The initial research indicated that the protein matrix
plays an important role in determining the crystal type
in mollusks and the organic matrices extracted from
the nacreous layer induced aragonite crystal formation
[72]. At that time, it was still unknown whether the
molecular spacing of protein matrix permits profitable
speculation as to the formation mechanisms of nacre.
Later, it was found that a significant proportion of
the soluble protein of the organic matrix of mollusk
shells is composed of a repeating sequence of aspartic
acid separated by either glycine or serine. The regu-
larly spaced, negatively charged aspartic acid serves
as a template when the mineralization occurs [73].
On the basis of the experimental results, a model of
interlamellar matrix structure in nacre was proposed
[74e76]. The organic matrix comprises thin layers of
b-chitin sandwiched between layers of b-sheet silk
fibroin-like proteins, which were oriented orthogonal
to the chitin fibrils and which supported acidic macro-
molecules. Crystals are considered to nucleate at
specific sites on the preformed insoluble matrix due
to binding of the Ca2þ ions to the matrix. The indi-
vidual aragonite tablets are separated by interlamellar
organic sheets constructed from thin layers of b-chitin,

FIGURE 23.2 Schematic diagram of the replica molding process
using diatom frustules [57]. (a) Frustule on surface (concave orienta-
tions); (b, c) replication of frustule into PDMS (negative replica); (d, e)
replication of PDMS replica into mercapto ester type UV-curable
polymer (NOA 60); and (f, g) frustule in convex orientations and their
corresponding positive replica. Dusan Losic, James G. Mitchell, Rat-
nesh Lal, and Nicolas H. Voelcker, Rapid Fabrication of Micro- and

Nanoscale Patterns by Replica Molding from Diatom Biosilica, Adv. Funct.
Mater. 2007, 17, pages 2439e2446, Copyright Wiley-VCH Verlag GmbH &
Co. KGaA. Reproduced with permission.
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associated with silk fibroin-like proteins and acidic
macromolecules [77]. Insoluble fibers bind to the
aragonite tablets at the optimized inorganic interface,
acting as a natural adhesive between the layers [1].
After shell formation is complete, the organic matrix

probably contributes to the mechanical properties of
the shell itself. Some other macromolecules in the
nacreous layer were also proposed to play important
roles in the formation of aragonite crystals [78e80].

Although a series of matrix proteins have been iden-
tified from various mollusk shells [81], no proteins that
induce aragonite crystal formation characteristic of
nacre have been characterized, nor has any Asp-rich
acidic macromolecule been identified. Recently, an
acidic matrix protein, Pif, in the pearl oyster Pinctada
fucata was proved to be a key macromolecule for nacre
formation. The Pif complementary deoxyribonucleic
acid (cDNA) encoded a precursor protein, which was
posttranslationally cleaved to produce Pif 97 and Pif 80.
The results from immunolocalization, a knockdown
experiment that used ribonucleic acid (RNA) interfer-
ence, and in vitro calcium carbonate crystallization
studies strongly indicate that Pif regulates nacre forma-
tion [82]. In the past several decades, some important
progresses have been made in the clarification of the
nacre formation mechanism, but the formation mecha-
nism of crystal growth and orientational control in nacre
is under hot debate. Therefore, further fundamental
investigations are still necessary to reveal the biominer-
alization mechanism of nacre. Deeper understandings
on the biomineralization processes would be useful to
provide new models for the biomimetic syntheses of
new high-performance composite materials and give
new insights into the genetic control of biological
structure.

23.1.4.3. Mimetic Mineralization Materials

In nature, living organisms build inorganic minerals
under mild conditions by using organic macromolecules
as templates during the biomineralization process.
This process results in the biominerals with special
morphology, hierarchical organization, and superior
materials properties. Inorganic or inorganiceorganic
hybrid materials with specific size, shape, orientation,
organization, and hierarchy have attracted much
interest owing to their great fundamental and practical
applications. Inspired by the biomineralization process
of nacreous layer, many different synthesis strategies
have been developed to mimic biomineralization princi-
ples and transfer them to the general control of crystalli-
zation processes. A large amount of polymers (such
as double hydrophilic block copolymers (DHBCs),
polyelectrolytes, biopolymers, and dendrimers) were
applied to control the crystallization process of inor-
ganic materials, including crystal sizes, crystallographic
orientation, morphology, polymorph, stability, and
architecture [15e17,20,67,83e85].

Low-molecular mass polyelectrolytes can not only
electrosterically stabilize inorganic colloids, but also
control the growth of diverse inorganic materials.

FIGURE 23.3 (a) View of the inner nacreous layer of a red abalone
shell; (b) typical arrangement of a red abalone shell; and (c) the
scanning electronic microscopy (SEM) image of a fracture surface in
nacre [68]. Reprinted from Journal of the Mechanics and Physics of Solids

55 (2007), F. Barthelat, H. Tang, P.D. Zavattieri, C.-M. Li, H.D. Espinosa,

On the mechanics of mother-of-pearl: A key feature in the material hierar-
chical structure, pages 306e337, Copyright (2007), with permission from

Elsevier.

BIOMINERALIZATION AND ITS MIMETIC INORGANIC MATERIALS 531



Research indicated that the addition of polyelectrolytes,
such as polyacrylic acid or polyaspartic acid, can stabi-
lize the amorphous nanobuilding blocks in the early stage,
and then stimulate a mesoscale transformation or act
as a material depot in a dissolutionerecrystallization
process.

Utilizing the polyelectrolytes as crystal growth
modifiers or structure-directing agents, a wide variety
of inorganic materials (CaCO3, BaCO3, Ca3(PO4)2,
Ca8H2(PO4)6, BaSO4, BaCrO4, ZnO, etc.) with complex
and hierarchical superstructures have been fabricated
[14e16]. The mechanism for the formation of the
complex superstructures under control of a polyelectro-
lyte has not yet been well known. A polymer-induced
liquid precursor process was proposed to illustrate the
possible mechanism for the formation of the complex
morphologies [86]. A typical experiment for the synthesis
of inorganic materials with hierarchical structures is
shown below.

In a typical procedure [87]: 10 mMCaCl2 and Na2CO3

solutions were used in the preparation of amorphous
CaCO3 thin films. An anionic polymer polyacrylic acid
is added to the solution that serves as a process-directing
agent which induces liquideliquid phase separation
and ultimately deposition of an amorphous precursor
film. The amorphous CaCO3 precursor film is first
deposited on the surface of the glass slides that are at
the top and the base of the perfusion cell. After the depo-
sition for 45 min, glass slides were dipped into water to
remove residuals of CaCO3 solution and left to dry in the
air. After heating at 400�C for 2 h, the prepared amor-
phous thin film was transferred into a crystalline thin
film with a patchwork structure. The preformed poly-
crystalline calcite thin film can serve as a template for
epitaxial overgrowth of highly oriented calcite coating
with uniform nacre-type structures (Fig. 23.4).

Recently, DHBCs have attracted rapidly increasing
interest, which are analogous to the structures of proteins
involved in biomineralization and are used for the
control of mineral crystallization [88,89]. The new class
of functional polymer is a bio-inspired DHBC, which
consists of twowater-soluble blocks of different chemical
nature. One hydrophilic block can interact strongly with
the appropriate inorganic minerals and surfaces, and the
other hydrophilic block does not interact (or only weakly
interacts) and mainly promotes solubilization in water.
Recent advances have demonstrated that DHBCs are
highly effective for the synthesis, stabilization, and crys-
tallization for a variety of inorganic, inorganiceorganic
hybrids, as well as organic crystals with special shapes
and complex forms. A great number of DHBCs with
different functional blocks, such as eOH, eCOOH,
eSO3H, eSO4, ePO3H2, ePO4H2, eSCN, eNR3, eHNR2,
and H2NR, have been designed and used as crystal
modifiers for the biomimetic synthesis of CaCO3,

BaCO3, CdCO3, MnCO3, PbCO3, CaC2O4, Ca3(PO4)2,
BaSO4, BaCrO4, CdWO4, La(OH)3, Ag, ZnO, CdS, etc.
Typical inorganic materials synthesized using DHBCs
as crystal modifiers are shown in Table 23.2. A typical
inorganic mineralization by using DHBC as a crystal
growth modifier for self-assembly of complex and
unusual architectures is shown below.

In a typical experiment [90]: 500 mL of a CaCl2 solu-
tion (0.1 M) was injected into 5 mL PEG-b-PHEI solution
(1 g L�1) under mild stirring. The pH was adjusted to
a fixed value using dilute HCl or NaOH. Then the glass
substrates were placed at the bottom of bottle to collect
the crystals. The bottles were covered with parafilm,
which was punched with three needle holes. CaCO3

crystals were grown by slow diffusion of ammonium
carbonate in a closed desiccator. After two weeks, calcite
pancakes with multiple stacked and porous layers can
be obtained (Fig. 23.5).

FIGURE 23.4 Scheme of a three-step procedure for the morpho-
synthesis of nacre-type laminated CaCO3 coatings [87]. In the first step
an amorphous highly hydrated CaCO3 thin film is deposited on
a glass substrate. Upon heating this precursor film is transformed into
a polycrystalline thin film consisting of a mosaic of flat single-crys-
talline calcite domains. In the last step highly oriented single and
multiple layers of calcite crystals are grown epitaxially on the
underlying polycrystalline thin film.
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TABLE 23.2 Typical Inorganic Materials Synthesized Using DHBCs as Crystal Modifiers

Materials DHBCs Inorganic precursors Structures Ref.

CaCO3 PEG-b-PEIPA CaCl2/(NH4)2CO3 Snow-ball-like calcite [91]

PEG-b-PMAA CaCl2/(NH4)2CO3 Spherule calcite [91]

PEG-b-PMAA CaCl2/Na2CO3 Dumbbell calcite [92]

PEO-b-PAA CaCl2/C3H6O3 Amorphous CaCO3 [93]

PEG-b-PMAA CaCl2/(NH4)2CO3 Hollow calcite [94]

CH3O-PEG-b-PEIPA CaCl2/Na2CO3 Vaterite hollow sphere [95]

PEO-b-PMAA CaCl2/NaHCO3 Rhombohedral calcite [96]

PEG-b-PHEE Ca(HCO3)2 Vaterite superstructure [97]

PEG-b-PGL Ca(HCO3)2 Vaterite superstructure [97]

PEG-b-PHEI CaCl2/(NH4)2CO3 Pancake-like calcite [90]

PEG-b-PEIPA-C17 CaCl2/(NH4)2CO3 Vaterite microring [98]

PEG(110)-b-pGlu(6) CaCl2/(NH4)2CO3 Vaterite microsphere [99]

PEG-b-PEI CaCl2/(NH4)2CO3 Multilayered vaterite [100]

PEO-b-PMAA CaCl2/(NH4)2CO3 Peanut-like vaterite [101]

PEO-b-PMAAþCTAB CaCl2/Na2CO3 Peanut-shaped calcite [102]

PEO-b-PMAAþ SDS CaCl2/Na2CO3 Calcite hollow sphere [102]

BaCO3 PEG-b-PMAA-PO3H2 BaCl2/(NH4)2CO3 Spherical aggregate [94]

PEG-b-PHEE-PO4H2 BaCl2/(NH4)2CO3 Oval crystal [94]

PEG-b- DOAEE BaCl2/(NH4)2CO3 Helical fiber [103]

PEG-b-DOAEE BaCl2/(NH4)2CO3 Ultralong nanofiber [104]

CdCO3 PEG-b-PMAA CdCl2/(NH4)2CO3 Dumbbell structures [94]

MnCO3 PEG-b- DOAEE MnCl2/(NH4)2CO3 Dumbbell/sphere
structure

[94]

PbCO3 PEG-b-PMAA Pb(NO3)2/(NH4)2CO3 Scute structure [94]

PEG-b- DOAEE Pb(NO3)2/(NH4)2CO3 Quasi-hexagonal
nanoplate

[94]

CaC2O4 PEG-b-PMAA CaCl2/Na2C2O4 Tetragonal prism [105]

Ca3(PO4)2 PEO-b-PMAA CaCl2/phosphate Spherical particle [106]

PEO-b-PMAA-C12 CaCl2/phosphate Needlelike filament [106]

BaSO4 PEG-b-PEIPSA Ba(OAc)2/(NH4)2SO4 Flower-like particle [107]

PEG-b-PEIPA Ba(OAc)2/(NH4)2SO4 Peanut-like particle [107]

PEG-b-PMAA Ba(OAc)2/(NH4)2SO4 Peanut-like particle [107]

PEG-b-PMAA-PO3H2 Ba(OAc)2/(NH4)2SO4 Nanofilament [108]

PEO-b-PEI-SO3H Ba(OAc)2/(NH4)2SO4 Flower-like structure [109]

BaCrO4 PEG-b-PMAA-PO3H2 BaCl2/Na2CrO4 Nanofiber bundle [110]

PEG-b-PMAA-
PO3H2þ PSS-PAH

BaCl2/Na2CrO4 Nanofiber [111]

CdWO4 PEG-b-PMAA CdCl2/Na2WO4 Nanofiber [112]

PEG-b-PMAA-PO3H2 CdCl2/Na2WO4 Plate-like particle [112]

(Continued)
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23.2. BIOTEMPLATED INORGANIC
MATERIALS

23.2.1. Introduction

After millions of years of evolution, nature goes far
beyond humans in producing novel materials. Biological
materials exhibit an astonishing variety of sophisticated
hierarchical structures from the molecular to the nano-,
micro-, and macroscales, which is difficult to achieve by
the advanced synthetic strategies. Templating is a simple
and fast technique for the replication of surface struc-
tures. Although a wide range of templates are used for
the synthesis of inorganic materials, in this section we
focus on biotemplates. Utilizing the natural materials
(such as bacteria, viruses, diatoms, insect wings, plant
leaves, shell membranes, wood, DNA, and proteins) as
templates, many different synthesis strategies have
been developed to design and fabricate inorganic

materials with intricate architectures [5,118e123]. Some
typical biotemplates used in the inorganic materials
synthesis are listed below.

23.2.2. DNA

DNA is a polynucleotide, whose monomer units are
composed of a monophosphorylated deoxyribose sugar
linked to one of four nitrogenated nucleobases: two
purines, called adenine (A) and guanine (G); and two
pyrimidines, called thymine (T) and cytosine (C) [124].
DNA is the basic information storagemolecule in nature.
DNA is one of the most interesting template systems
in the programmed nanoparticle assembly, because of
its diameter of only 2 nm and the micrometer-long
distribution of well-defined sequences of DNA bases.
It possesses the ability to form well-defined secondary
and tertiary structures. For example, beyond strictly
periodic lattices, DNA origami is a technique which

TABLE 23.2 Typical Inorganic Materials Synthesized Using DHBCs as Crystal ModifiersdCont’d

Materials DHBCs Inorganic precursors Structures Ref.

La(OH)3 PAA-b-PAM LaCl3, La(NO3)3 Rice grain-like particle [113]

Ag PEO-b-PMAAþ SDS AgNO3þ ascorbic acid Hollow sphere [114]

ZnO PEO-b-PMAA Zn(NO3)2/HMT Hexagonal prismatic
crystal

[115]

PEO-b-PSSH Zn(NO3)2/HMT Stack of pancake [116]

CdS PEG-b-PEI CdCl2/Na2S Monodisperse
nanoparticle

[117]

CTAB¼Cetyltrimethylammoniumbromide, DOAEE¼ 2-[4-dihydroxyphosphoryl]-2-oxabutyl)acrylate ethyl ester], HMT¼ hexamethylenetetramine, PAA¼ poly

(acrylic acid), PAH¼ poly(allylamine hydrochloride), PAM¼ poly(acrylamide), PEG¼ poly(ethylene glycol), PEI¼ poly(ethylene imine), PEIPA¼ poly(ethylene

imine)-poly(acetic acid), PEIPSA¼ poly(ethylene imine)-poly(sulfonic acid), PEO¼ Poly(ethylene oxide), PGL¼ Poly(glycidol), pGlu(6)¼ poly(L-glutamic acid),

PHEE¼ poly(hydroxyethylethylene), PHEI¼ poly(1,4,7,10,13,16-hexaazacyclooctadecane ethylene imine), PMAA¼ poly(methacrylic acid), PSS¼ poly(sodium

4-styrenesulfonate), PSSH¼ poly(styrene sulfonic acid), and SDS¼ sodium dodecyl sulfate.

FIGURE 23.5 (a) The structure of PEG-b-
PHEI (gray: carbon, white: hydrogen, blue:
nitrogen, red: oxygen). (b) An SEM image of
a pancake-like self-stacked CaCO3 obtained
after two weeks gas diffusion reaction in the
presence of 1 g L�1 PEG-b-PHEI, starting pH
4, [Ca2þ]¼ 10 mM [90].
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can fold a long single-stranded DNA (ssDNA) mole-
cules into arbitrary shapes by hybridization with
multiple ssDNA oligonucleotides that anchor the final
geometry in place [125]. The resulting nanoscale
patterns are roughly 100 nm in diameter and have a
spatial resolution of about 6 nm, exhibiting six different
shapes, such as square, rectangle, star, smiley face,
triangle with rectangular domains, and sharp triangle
(Fig. 23.6). Therefore, DNA has been used extensively
as a building block to assembly complex inorganic
nanostructures, which has attracted much attention
[124,126e128]. Present study about DNA-templated
nanofabrication can be classified roughly into three
complementary areas [124]: (i) fabrication of nanomate-
rials directly on DNA [129]; (ii) assembly of nano/meso-
scale materials with DNA [130]; and (iii) use of DNA
templates in top-down nanofabrication schemes [131].

In 1992, the biopolymer calf thymus DNA was first
employed to stabilize the formation of quantum-
confined crystallites of cadmium sulfide nanocrystallites
[132]. The resultant semiconductor material is extremely

stable under reasonable storage conditions (5�C). In a
typical experiment [132], freshly prepared Cd
(ClO4)2$6H2O (5.0 mL, 1 M) was diluted to 2 mL and
purged with nitrogen (final Cd2þ concentration
4� 10�4 M). In a separate flask, fresh Na2S (5.0 mL, 1 M)
was diluted to 5 mL and also purged thoroughly with
nitrogen. In a third flask, approximately 15 mg calf
thymus DNA was dissolved in 5.0 mL deionized water
in a 50 mL round-bottomed flask. The nucleotide is
slow todissolve, and shouldbeallowed to stand for about
30 min, whereupon it can then be thoroughlymixed. The
nucleotide flask was fitted with a septum and purged
very slowly with nitrogen for about 20 min. To form
quantum-confined CdS clusters, the 2 mL Cd2þ solution
was added to the nucleotide, and themixturewaspurged
with nitrogen for another 5 min. The 5 mL S2� solution
was then transferred to the reaction flask containing the
nucleotide and Cd2þ via syringe; the near-instantaneous
appearance of a yellow color was observed.

Three-dimensional nanoparticle arrays are likely to be
the foundation of future optical and electronic materials.

FIGURE 23.6 DNA origami shapes. Top row, folding paths: (a) square, (b) rectangle, (c) star, (d) smiley face, (e) triangle with rectangular
domains, and (f) sharp triangle. Second row, computer-generated diagrams showing helix crossovers. Bottom two rows, AFM images of folded
DNA specimens. White lines and arrows indicate blunt-end stacking between two independent molecular objects. White brackets in column (a)
mark the height of a square and that of a square stretched vertically into an hourglass shape. Images and panels without scale bars are
165 nm� 165 nm. Scale bars for lower AFM images: (b) 1 mm; and (cef), 100 nm. Reprinted with permission from Macmillan Publishers Ltd: Nature,

[125], Copyright (2006).
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A promising way to assemble them is through the tran-
sient pairings of complementary DNA strands [133].
ssDNA oligonucleotides have been used to modify the
surface of nanoparticles and endow them with selective
interaction and recognition capabilities. Sucholigonucleo-
tide-functionalized nanoparticles were proved to be valid
in the assembly of nanoparticles possessing designed
structures. Recently, three-dimensional crystalline assem-
blies of gold nanoparticles have been constructed
(Fig. 23.7), which were mediated by interactions between
complementary DNAmolecules attached to the nanopar-
ticles’ surface [134]. The results showed that the

nanoparticle crystals form reversibly during heating and
cooling cycles and the body-centered-cubic lattice struc-
ture is temperature-tunable and structurally open, with
particles occupying only 4% of the unit cell volume.
Particle assembly was carried out at 25�C by combining
equimolar amounts of type-A and type-B DNA-capped
gold particles in 200 mL ([A]¼ [B]¼w30 nM) solution of
10 mM phosphate buffer, 0.2 M NaCl, pH¼ 7.1. These
particles were allowed to assemble into aggregates over-
night, and the resulting precipitate was collected and
transferred in buffer to a quartz capillary (1.0 mm diam-
eter), and sealed with wax. At the same time, the other

FIGURE 23.7 Schematic of experimental design. (a) The assembly system of DNA-capped nanoparticles, the aggregates of which show
a series of structural changes under a variety of thermal conditions. (b) DNA linkages between nanoparticles with recognition sequences for the
A (blue) and B (red) sets of DNA capping (bp¼ base pairs, b¼ bases, S¼ thiol termination of DNA). (c) Representative transmission (top) and
scanning (middle, bottom) electron microscopy images of nanoparticles before (top) and after (middle, bottom) assembly at room temperature.
(d) Typical example of experimental measurements that reveal a correlation between the ultravioletevisible melting profile of the aggregate and
its internal structure as probed by in situ small angle X-ray scattering measurements at room temperature, premelting temperature, and above
the disassembly/melting temperature. Reprinted with permission from Macmillan Publishers Ltd: Nature [134], Copyright 2008.
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study demonstrated that DNA can be used to control
the crystallization of nanoparticleeoligonucleotide conju-
gates to the extent that differentDNAsequences guide the
assembly of the same type of inorganic nanoparticle into
different crystalline states [135]. The choice of DNA
sequences attached to the nanoparticle building blocks,
the DNA linking molecules and the absence or presence
of a nonbonding single-base flexor can be adjusted so
that gold nanoparticles assemble into micrometer-sized
face-centered-cubic or body-centered-cubic crystal struc-
tures. Both experimental results independently demon-
strated that the attractive and repulsive potentials can be
manipulated by varying the length of the DNA linker
attached to theparticles,modifying the stiffness byhaving
a double-stranded DNA (dsDNA) region in the linker,
and adjusting the strength of the attractive interactions
through carefully selecting the length of the ssDNA
portion that is complementary to other oligonucleotide-
functionalized nanoparticles [124]. This is essential to
form ordered structures.

Utilizing DNA as the biotemplate, a wide variety of
inorganic materials with different structures have been
fabricated. Some typical DNA-templated inorganic
materials are shown in Table 23.3.

23.2.3. Bacteria

Bacteria are single-celledmicroorganisms, typically of
a few micrometers in length, which exist either as inde-
pendent organisms or as parasites. Bacteria possess the

following paramount advantages: commercial avail-
ability, easeofpreparation/handling, potential forgenetic
manipulation, and well-defined stunning morphologies
(i.e., cocci, bacilli, spirilla, etc.). Owing to these attractive
characteristics, bacteria can be used as the templates
to the fabrication of corresponding three-dimensional
nanostructures. For example, Lactobacillus can be served
as sacrificial templates for the synthesis of inorganic
materials, which maintain the size and morphology of
the initial bacterium. When Streptococcus thermophilus
(S. thermophilus) and Lactobacillus bulgaricus (L. bulgaricus)
areused as templates, ZnShollow spheres andnanotubes
can be synthesized by the sonochemical method [149].
Figure 23.8 schematically illustrates the formation
process of ZnS hollow spheres using Str. theromophilus
as the template. The experimental procedure is shown
below.

In a typical procedure, zinc acetate (110 mg), thioace-
tamide (37.5 mg) and Lactobacillus powder (1 g) were
dispersed in deionized water (50 mL), then the mixture
was sonicated with an ultrasonic cleaner at room
temperature for 6 h under ambient air. The resulting
white powder was recovered by centrifugation, washed
repeatedly with distilled water and ethanol, and then
dispersed in ethanol.

Besides ZnS materials, other functional inorganic
materials like zeolite fibers [150], SiO2 [151], Au nano-
particles [152], and magnetic nickel particles [153] have
been fabricated by using the corresponding bacteria as
the templates.

TABLE 23.3 Some Typical DNA-templated Inorganic Materials

Products DNA template Methods Structures Ref.

Au DNA origami Lithography and self-
assembly

Two-dimensional array [136]

DNA-modified diatom Template method Three-dimensional
structure

[137]

l-DNA Photochemical method Nanoparticle nanowire [138]

l-DNA Self-assembly Necklace-like structure [139]

l-DNA Solution phase assembly Lines, ribbons, and
branches

[140]

Ag l-DNA Two-step method Silver wire [141]

4� 4 DNA fragments Templated self-assembly Nanowire [142]

Pd l-DNA Two-step approach Nanowire [143]

Pt Calf thymus DNA Chemical reduction Nanochain [144]

CdS DNA scaffolds Photochemical synthesis Nanowire [145]

l-DNA Template method Nanochains, nanowire [146]

PdS Calf thymus DNA Template method Quantum dot [147]

CoFe2O4 l-DNA Electrostatic assembly One-dimensional chain [148]
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23.2.4. Insect Wings

In nature, some insect wings exhibit particular
photonic and other properties due to their special micro-
to nanostructures [154e156]. Utilizing natural insect
wings as templates, the replicated inorganic structures
may combine the merits offered by both the material
and biological structures [157].

The structural blue color of a Morpho butterfly origi-
nates from the diffraction of light and interference
effects due to the presence of the microstructures on
the wing of the butterfly [155]. A variety of inorganic
materials have been fabricated with the morphology
and features inherited from biotemplates of butterfly
wings. For example, ordered lead lanthanum zirconate
titanate with micrometer and submicrometer structures
was fabricated by an impressing solegel process, where
the butterfly wings were used as biological templates
[158]. ZnO microtubes with adjustable arrayed nano-
pores on the walls were prepared by using butterfly
wing scales as natural biotemplates [159]. The unique
structures of butterfly wings can be replicated by chem-
ical vapor deposition of silica [160]. Recently, the
butterfly wing scales were used to design and synthesize
hierarchically periodic microstructure titania photoa-
node [161]. By using a layer-by-layer solegel-based
deposition technique and a template of chitin-based
butterfly wing scales, three-dimensional rutile titania-
based structures with Morpho butterfly wing scale
morphologies were fabricated [162].

Besides the biotemplates of butterfly wings, the
cicada wing is also an important natural template for
the fabrication of functional inorganic materials [163].
Arrays of nanosized pillars (about 100 nm in diameter
and 300 nm in height) were found on cicada wings,
which can greatly minimize the reflectivity on their

surfaces over broad angles or frequency ranges [164].
Many efforts have been made to replicate or directly
utilize the cicada wing’s nanostructures for special
applications [165]. For example, the nanostructure of
the cicada wing was duplicated by using hot embossing
lithography and UV nanoimprint lithography. The
diameter and pitch of the replica were the same as those
of the natural cicada wing [166]. The nano-nipple arrays
on the surface of cicada wings were replicated to a poly
(methylmethacrylate) (PMMA) film by a replicamolding
technique [167]. Figure 23.9 is a schematic diagram
showing nano-imprint lithography with cicada-wing
stamps, fabrication of gold pillar arrays, and transfer of
the pattern to a silicon substrate [168]. A typical example
for the fabrication of inorganic materials with an antire-
flective property using the cicada wings as templates
was presented.

PMMA was dissolved in toluene to form a 5 wt%
solution. The solution was spun onto a 2� 2 cm2 silicon
wafer. Imprinting was carried out on a Nanoimprinter
at about 40 bar pressure and 190�C. The pressure was
released after 180 s, and the wing stamp was carefully
removed with tweezers. To transfer the pattern to the
substrates, reactive ion etching was carried out for about
3 min. Patterned PMMA layer served as a mold to fabri-
cate gold pillar arrays similar to the structure on the
surface of cicada wings.

23.2.5. Shell Membranes

Compared with artificial templates, biological
templates are inherently complex and hierarchical.
Eggshell membrane is a naturally semipermeable bio-
membrane consisting of calcium carbonate biominerals
embedded in an organic matrix. The eggshell membrane
is a macroporous network composed of interwoven and
coalescing shell membrane fibers ranging from 0.5 to
1.5 mm in diameter [169]. Furthermore, the eggshell
membrane is cheap, abundant, and environmentally
benign. Due to these attractive characteristics, using
natural eggshell membrane as a biotemplate, a great
number of inorganic materials with hierarchical struc-
tures have been prepared, including TiO2 [169e171],
ZrO2 [172], SnO2 [173e175], CaCO3 [176], BaSO4 [177],
SrCrO4 [178], SiC [179], PbS [180], PbSe [181], etc. A
typical experimental procedure is shown below.

In a typical synthesis [172], the eggshell membrane
was dipped into a closed vessel containing a 7% (w/w)
solution of zirconium propoxide in 2-propanol for 4 h,
where an equimolar amount of acetyl acetone was
added to reduce the hydrolysis rate of zirconium prop-
oxide. After removal from this solution, the membrane
coated with the precursor was dried in air at room
temperature for 48 h. The resulting yellow hybrid mate-
rial was then heated to 600�C or 700�C in an oven under

FIGURE 23.8 Schematic illustration of the in situ one-step
formation of ZnS hollow spheres using Str. thermophilus as templates.
Reprinted with permission from [149]. Copyright 2007 American Chemical

Society.
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air atmosphere to burn off the organics and crystallize
zirconia.

23.2.6. Other Typical Biotemplates

Besides the above-mentioned biotemplates, other
natural materials, such as tobacco mosaic virus (TMV),
chilo iridescent virus (CIV), bacterial surface layer

(S-layer), egg-white protein ovalbumin (EWPO), silk,
tubulin, agarose gels, wood cell, and pond-weed leaf,
have also been used as templates for the synthesis of
inorganic materials (Table 23.4).

23.3. BIOMIMETIC SYNTHESIS OF
INORGANIC CHIRAL MATERIALS

Chirality, or handedness, means that an object or
molecule cannot be superimposed on its mirror image
by any translations or rotations [189]. Achiral (not chiral)
objects are those objects which are identical to their
mirror image. Chirality is commonly observed in nature
and life, which exists at all length scales, from the molec-
ular level (the single left- or right-handed amino acid) to
the supramolecular level (the right-handed double helix
of DNA), and up to macro biomineralized materials
(marine and snail shells) [190e193]. Chirality is a central
theme in nature, which has fascinated scientists ever
since the phenomenon was first observed. Recently,
chiral materials have attracted much attention owing
to their potential applications in various fields such as
biosensing, optics, electronics, photonics, catalysis,
nanotechnology, and drug or DNA delivery [194e196].
Inspired by the chirality in nature and life, a wide
variety of different synthesis strategies have been devel-
oped to extend the chiral materials to inorganic mate-
rials [197e200]. In this section, some typical inorganic
chiral materials, such as zeolites, molecular sieves,
SiO2, and metals, are described on the basis of the corre-
sponding synthesis methods.

23.3.1. Zeolites and Molecular Sieves

The term zeolites is derived from the Greek words
“zeo” (to boil) and “lithos” (stone). Zeolites, one of the
most important families of microporous solids, are

FIGURE 23.9 Schematic diagram of nanoimprint lithography,
showing cicada-wing stamps, fabrication of gold pillar arrays, and
transfer of the pattern onto a silicon substrate [168]. Guoming Zhang,

Jin Zhang, Guoyong Xie, Zhongfan Liu, and Huibo Shao, Cicada Wings: A

Stamp from Nature for Nanoimprint Lithography, Small 2006, 2, No. 12,

pages 1440e1443, Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission.

TABLE 23.4 Biomimetic Inorganic Materials Templated by Natural Materials

Biotemplates Products Methods Properties Ref.

CIV Gold nanoshell Metallodielectric assembly Plasmon resonance [182]

TMV Aligned nanoparticle Self-assembly Magneticity [183]

EWPO Hierarchical porous zeolite Seeded growth strategy d [184]

S-layer Metal nanoparticle array Electron-beam induction d [185]

Silk Porous metal oxide Solegel process d [186]

Tubulin Ring-like Ag nanoparticle Template deposition d [187]

Agarose gels Star-shaped calcite Mineralization d [188]

Wood cell Hierarchical structured silica Chemical vapor deposition Self-cleaning [160]

Pond-weed leaf Hierarchical structured silica Chemical vapor deposition Optical properties [160]
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hydrated, crystalline tectoaluminosilicates that are con-
structed from TO4 tetrahedra (T¼ tetrahedral atom,
e.g., Si, Al); each oxygen atom bridging two tetrahedra
[201]. Zeolites and molecular sieves have found wide-
spread applications in catalysis, ion exchange, and
selective sorption/separation owing to their unique
properties arising from their uniformity in pore size
(in small molecules scale) [197,202e205]. Although
chirality is commonly observed in nature and life
systems, its occurrence in zeolites and molecular sieves
is particularly rare. Chiral zeolites and molecular sieves
are of prime importance with respect to their potential
applications in enantioselective sorption, separation
and catalysis, chromatography, and fundamental
aspects in chirality [197,206e209]. Here, we illustrated
some typical chiral zeolites and molecular sieves mate-
rials prepared by different synthesis strategies.

Zeolite beta family is one of the most important
zeolitic catalysts in industry, which consists of three
polymorphs: A, B, and C, all built from the same layer
containing 12 rings [210]. Thermally stable silicogerma-
nates SU-32 (polymorph A) possessing an intrinsically
chiral zeolite structure can be synthesized under hydro-
thermal conditions using a simple organic amine, diiso-
propylamine, as the template [203]. The pore size and
shape in zeolites play important roles in the practical
applications. The fabrication of zeolitic materials with
chiral frameworks, extralarge pores, and high adsorp-
tion capacities would extend the practical applications
of zeolites. A germanosilicate zeolite (ITQ-37) mesopo-
rous chiral zeolite with extralarge 30-ring windows
was fabricated through a two-step method [211],
including the synthesis of silicogermanate zeolite ITQ-
33 (a stable zeolite with 18� 10� 10-ring windows)
[212], and the synthesis of chiral zeolite SU-32 (each
crystal exhibiting only one handedness) [203]. Three
large dicationic organic structure-directing agents were
applied to discover the new zeolite ITQ-3 by high-
throughput techniques.

Aluminophosphate molecular sieves (AlPO4-n)
constitute an important family of zeolite materials
[213e215]. The incorporation of transitional-metal ions
into the framework sites of AlPO4-n molecular sieves
results in the formation of MAPO materials (M¼metal
ion), which have potential applications in clean tech-
nology and green chemistry [216]. Chiral heteroatom-
containing AlPO4-n is highly suitable for enantioselec-
tive conversions by taking advantage of chiral single-
site solid catalysts. Heteroatom-containing chiral alumi-
nophosphate molecular sieves (C4H12N)2[M2Al10P12O48]
(denotedMAPO-CJ40,M¼Co,Zn)withone-dimensional
helical 10-ring channels can be synthesized through
the introduction of transition-metal ions into the alu-
minophosphate framework (Fig. 23.10). The frame-
work is intrinsically chiral, exhibiting a new zeotype

structure, which may open up new applications of
molecular sieves in the fine-chemical and pharmaceu-
tical industries [217].

In a typical synthesis of CoAPO-CJ40 and ZnAPO-
CJ40 [217], H3PO4 (2.29 mL, 85 wt% in water) was
dispersed in a mixture of tetraethylene glycol (8 mL)
and H2O (2 mL), followed by the addition of Co
(NO3)2$6H2O (0.227 g) or Zn(NO3)2$9H2O (0.365 g)
and Al(OiPr)3 (0.840 g) with stirring. Next, diethylamine
(2.92 mL, 99 wt% aqueous solution) was added. A
homogeneous gel was formed after stirring for 1 h.
The gel was sealed in a Teflon-lined stainless steel auto-
clave and heated at 180�C for 12 days under static condi-
tions. Blue rectangular single crystals of CoAPO-CJ40
and colorless rectangular single crystals of ZnAPO-
CJ40 were separated from the remainder of the product

FIGURE 23.10 Framework structure of CoAPO-CJ40 [217]. (a)
Viewed along the [010] direction. (b) The helical 10-ring channel and
helical arrangement of cobalt atoms (shown in pink). (c) The 10-ring
channel enclosed by double-helical ribbons made of the edge-sharing
of 6 rings.
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by sonication, washed with distilled water, and then
dried in air.

23.3.2. SiO2

According to the classification made by IUPAC
[218], porous solids can be arranged in three main
categories, depending on their pore size (diameter, d),
in microporous (d< 2 nm), mesoporous (2 nm< d<
50 nm), and macroporous materials (d> 50 nm). The
above-mentioned zeolites and molecular sieves mate-
rials belong to the microporous materials [219]. Mesopo-
rous materials, particularly mesoporous silica, have
a wide domain of applications in catalysis, sensing,
adsorption, drug delivery, and controlled release, associ-
ated with their special nanostructures. Recently, chiral
mesoporous silica materials have attracted much atten-
tion, owing to their potential applications, particularly
in chiral selectivity, chiral recognition, and chiral catal-
ysis. In this section, some representative examples of
chiral mesoporous silica are presented.

The first synthesis of silica crystals with chiral meso-
pores was performed by using tetraethoxylsilane
(TEOS) as the inorganic precursor, chiral surfactant
N-miristoyl-L-alanine sodium salt (C14-L-AlaS) as
template, N-trimethoxysilylpropyl-N,N,N-trimethylam-
monium chloride (the cation denoted here as TMAPS)
and 3-aminopropyltrimethoxysilane (APS) as the co-
structure-directing agents (CSDAs) [220]. The resultant
materials possess a twisted hexagonal rod-like
morphology, with diameter of 130e180 nm and length
of 1e6 mm. The presence of hexagonally ordered chiral
channels winding around the central axis of the rods is
confirmed by transmission electron microscopy (TEM)
observations in combination with computer simulations
[221]. Such chiral materials extend the application fields
of mesoporous silica. The typical synthesis procedure is
shown below.

C14-L-AlaS (0.32 g, 1 mmol)wasdissolved indeionized
water (32 g)with stirring at room temperature. 0.1 MHCl
(1.4 g, 0.14 mmol) was added to the surfactant solution
under vigorous stirring at room temperature. After stir-
ring for 1 h, a mixture of 1.40 g TEOS and 0.20 g TMAPS
(50% inmethanol) was added to themixture with stirring
at 22�C. Then, the mixture was allowed to react at 22�C
under static conditions for 2 h. The chiral mesostructured
product thus formed was cured at 80�C for an additional
15 h. The products were recovered by centrifugal separa-
tion anddried at 60�C. Both the anionic surfactant and the
organics of the CSDA used were removed by calcination
at 650�C for 6 h.

For the synthesis of chiral mesoporous silica, in
a TEOS/CSDA/3-aminopropyltriethoxysilane/C14-L-
AlaS system, stirring was proved to be a convenient tool
for controlling not only the size and shape of chiral

particles but also the chiral structure and helical pitch
length. Diverse morphologies, such as twisted-ribbon,
twisted-rod, and nonhelical (spherical and irregular)
structures, can be obtained by tuning the stirring rate
[222].

As discussed in the preceding parts, chiral surfactants
can be used for the synthesis of chiral mesoporous silica
materials. Chiral mesoporous silica structures were also
realized by using an achiral surfactant as template. For
example, two types (single-axis and dual-axis) of chiral
mesostructured silica nanofibers can be fabricated in
a sodium silicate (SS)/cetyltrimethylammonium bromide
(CTAB)/ethyl acetate (EA)/H2O media [223]. The SEM
and TEM images of the dual-axis nanofiber and the cor-
responding three-dimensional models are presented in
Fig. 23.11. The reaction compositions for the synthesis
of single-axis and dual-axis nanofibers were SS/
CTAB/EA/H2O 0.15e0.50/0.12e0.33/1.4e3.0/1000,
and 0.15e0.30/0.16e0.50/0.3e0.5/1000 (in molar ratio),
respectively [223]. Recently, functional chiral mesopo-
rous silica nanorods were synthesized by using only
an achiral surfactant via a one-step process. In this
process, self-assembly of achiral CTAB and cocondensa-
tion of TEOS and 3-mercaptopropyltrimethoxysilane
took place simultaneously in basic solution under static
conditions. The obtained chiral mesoporous silica nano-
rods demonstrated excellent adsorption selectivity for
Hg2þ ions [224]. By using achiral surfactant sodium
dodecyl sulfate (SDS) as the template, TMAPS as the
CSDA, and TEOS as the silica source, helical ordered
mesoporous silica was also synthesized, where the
chemical composition (mole ratios) of the reaction
mixture was 1/0.46/5.5/1611 SDS/TMAPS/TEOS/
H2O [225].

Chirality is foundmainly in biological molecules such
as DNA and proteins. These chiral structures of biomol-
ecules can be used to direct the expression of form of an
inorganic material, with morphological control being
achieved through the transcription of internal informa-
tion. Recently, DNA and DNA superstructures were
transcribed into pore-structure-tunable mesoporous
silicas via the electrostatic interaction between the nega-
tively charged phosphate groups of DNA backbones
and the positively charged TMAPS [226]. After removal
of DNA by calcination or extraction, silica mesoporous
fibers with an inner helical pore can be obtained
(Fig. 23.12). This DNA transcription method provides
a possible route to create more complicated inorganic
materials by using rationally designed natural DNA
and artificial DNA structures. A typical synthesis
method is presented here [226].

The molar composition of the reaction gel was DNA/
HCl or NaOH/TMAPS/TEOS/H2O¼ 1/x/1.27/15/
18333, where x was 0.03e0.26 for HCl and 0.08e2.97
for NaOH, respectively. The pH value of the DNA
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solution before adding TMAPS and TEOS was
controlled in the range of 4.3e11.9. The mixture was
allowed to react at 15e30�C under static conditions
for 4e7 d after homogenization. The resultant white
powders were collected by centrifugation, washed and
dried. Organic-free mesoporous silicas were obtained
by calcination at 650�C for 6 h.

23.3.3. Metals

In recent years, chiral metal materials attracted much
attention owing to their importance in both fundamental
science and technological applications in catalysis, medi-
cine, optics, sensing, fuel cells, andnanotechnology [198].

Density functional theory indicated that the single-
walled helical Au (5,3) nanotubes exhibit high catalytic
activity for the CO oxidation [227]. Chiral gold nanopar-
ticles have been extensively reviewed in reference [198].
In order to induce chiral properties in the metal, a num-
ber of efforts have been devoted to doping metals with
chiral molecules [228]. Doping with L-glutathione or
L-quinine or either D- or L-tryptophan chiral molecules,
it can reach the chirality induction in bulk gold and silver
[229]. In an ultrahigh vacuum system, suspended gold
nanowires (0.6 nm in diameter and 6 nm in length) pos-
sessing a multishell structure composed of coaxial tubes
have been synthesized, where each tube consists of
helical atom rows coiled round the wire axis [230]. Gold

FIGURE 23.11 (a) SEM image, (b) simulated three-
dimensinal model, (c) TEM image, and (d) simulated
TEM image of a dual-axis nanofiber [223]. Bo Wang,
Cheng Chi, Wei Shan, Yahong Zhang, Nan Ren, Wuli Yang,

and Yi Tang, Chiral Mesostructured Silica Nanofibers of

MCM-41, Angew. Chem. Int. Ed. 2006, 45, 2088 e2090,

Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Repro-
duced with permission.

FIGURE 23.12 Schematic representation
of DNA transcription into chiral porous
silica based on a co-structure-directing route.
(a) DNA molecule; (b) electrostatic interac-
tion between phosphate groups of DNA and
quaternary ammonium groups of TMAPS;
(c) cocondensation of TMAPS and TEOS to
produce porous silica; (d) silica with an inner
helical pore after DNA removed by calcina-
tion; and (e) silica with an inner helical pore
with a probable chiral arrangement of
quaternary ammonium groups after DNA
removed by extraction [226]. Reproduced with

permission from The Royal Society of Chemistry.
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nanowires with a helical multishell structure can be
synthesized at 150 K by electron-beam thinning of
a thin gold foil [231]. In the absence of catalysts or
templates, single-crystal tellurium nanobelts and nano-
tubes could be prepared by the hydrothermal dispropor-
tionation of Na2TeO3 in aqueous ammonia solution.
Furthermore, the tellurium nanobelts with a helical pitch
can be coaxed into chiral nanotubes [232].

23.3.4. Other Inorganic Materials

As discussed in the above parts, some inorganic
chiral materials, such as zeolites, molecular sieves, silica,
Au, Ag, and Te, have been synthesized by using tem-
plating method, DNA transcription, and other methods.
In the past few years, some other inorganic chiral mate-
rials were also fabricated through the corresponding
synthesis strategies, which are listed in Table 23.5.

23.4. BIO-INSPIRED MULTISCALE
INORGANIC MATERIALS

Over millions of years of evolution, nature has been
producing inorganic materials and hybrid composites
with a remarkable efficiency (such as special wettability,
high strength fibers, and toughened organiceinorganic
composites) by making use of highly selective multiscale
structures. The construction of materials presenting
complexhierarchical structures is aparticularly interesting
challenge for thematerials chemists. Learning fromnature
will giveus important inspiration todevelopnewmethods
to construct artificial advanced materials [1e4]. Recently,

much attention has been paid to bio-inspired multiscale
inorganic materials. In this section, some typical bio-
inspired inorganic materials, such as special wettability
materials, hollow structured materials, ultra-strong and
super-tough layered materials, gecko-inspired high adhe-
sive inorganicmaterials, and other bio-inspiredmultiscale
inorganic materials, will be presented.

23.4.1. Bio-inspired Surfaces With Special
Wettability

Wettability is a fundamental property of a solid
surface, which plays important roles in daily life,
industry, and agriculture. The wettability of solid
substrates is governed by their surface free energy and
surface geometrical structure. In nature, many biological
materials exhibit excellent surface wettability. Beautiful
examples are the self-cleaning ability of lotus leaves
[243], anisotropic wetting properties of rice leaves and
butterfly wings [243,244], nonwetting leg of water
strider [245], antifogging functionality of mosquito
eyes [246], superhydrophobic antireflection behavior of
cicada wings [247e249], superhydrophobic high adhe-
sive ability of gecko feet [250e252], “petal effect” of
red roses surfaces [253], water collecting property of
the Namib Desert beetle and spider silk [254,255], and
self-cleaning ability of fish scales [256]. Biomimetic
research indicates that multiscale micro/nanostructures
on these natural surfaces play an important role in
generating the desired wettability, which gives us
much inspiration to realize special wettability on func-
tional surfaces through the cooperation between the

TABLE 23.5 Inorganic Chiral Materials Synthesized Using Different Methods

Products Formulations Methods Structures Ref.

Borophosphate (NH4)4[H2B2P4O16] Ionothermal synthesis Three-dimensional open-
framework

[233]

Phosphonate Zn2[(S)-
O3PCH2NHC4H7CO2]2

Hydrothermal synthesis Helical channel [234]

Phosphite (C5H6N2)Zn(HPO3) Hydrothermal synthesis Helical structure [235]

Zinc borate Zn2(OH)BO3 Hydrothermal synthesis Single crystal [236]

Lead borate (Pb6B11O18(OH)9) Hydrothermal synthesis Infinite helical chain [237]

Barium carbonate BaCO3 Template method Helix [103]

Calcite CaCO3 Template method helical structure [238]

Zinc oxide ZnO Vaporesolid growth
process

nanohelix [239]

Cadmium sulfide CdS Microwave process Quantum dot [240]

Titania TiO2 Template method Helical ribbon [241]

Derivative SU-MB Hydrothermal synthesis Mesoporous material [242]

SU-MB: germanium oxide derivative, j(H2MPMD)5:5(H2O)xj([Ge10O21(OH)2]2$[Ge7O14F3]).

BIO-INSPIRED MULTISCALE INORGANIC MATERIALS 543



chemical composition and the surface hierarchical
micro/nanostructures.

In nature, the lotus leaf is one of the most well known
and studied examples owing to the well-documented
“lotus effect”, where raindrops roll easily across the
lotus leaf surface, carrying away dirt and debris [257].
The unique superhydrophobic self-cleaning property
of lotus leaves can be attributed to the epicuticular
wax and microenanoscale hierarchical architectures in
the form of cilium-like nanostructures superimposed
on top of the micrometer-scale papillae on their
surfaces (Fig. 23.13) [243]. Inspired by the self-cleaning
effect of lotus leaves, a great variety of artificial

superhydrophobic surfaces have been fabricated by
creating appropriate surface chemical composition and
hierarchical surface geometrical structure. For example,
a stable bionic superhydrophobic surface can be fabri-
cated by immersing a copper plate into a solution of
fatty acids at ambient temperature, which exhibit
a high water contact angle of about 162� and a low
sliding angle of about 2�. The typical experimental
procedure was presented [258]: a copper plate was
immersed in an ethanol solution of n-tetradecanoic
acid (0.01 M) at room temperature for 3e5 days, the
immersed copper plate was rinsed with deionized water
and ethanol thoroughly, and then dried in air. Table 23.6

FIGURE 23.13 A superhydrophobic
lotus leaf [243]. (a) Low- and (b) high-
magnification SEM images of the surface
structures on the lotus leaf. Every epidermal
cell forms a micrometer-scale papilla and has
a dense layer of epicuticular waxes super-
imposed on it. Each of the papillae consists
of branch-like nanostructures.

TABLE 23.6 Representative Examples of Superhydrophobic Inorganic Materials

Products Methods Structures Ref.

Au Electrochemical
depositionþ LBL

Coral-like structure [259]

Ag Electrochemical
depositionþ LBL

Branch-like nanostructure [260]

Cu Chemical-based deposition
method

Ribbed nanoneedle [261]

Al Chemisorption Lamination pattern [262]

CdS Chemical bath deposition Porous binary structure [263]

ZnO Electrochemical deposition Porous structure [264]

TiO2 Spin coating Nanoparticles aggregate [265]

SnO2 Thermal pyrolysis Nanoflowers structure [266]

Co2O3 Solegel Spiral nanorod array [267]

Sb2O3 Hydrothermal synthesis Hierarchical structure [268]

Y2O3 Template synthesis Flower-like structure [269]

LDHs Ion exchange Hemispherical protrusion [270]

Carbon fibers Pyrolysis Nanofiber [271]

Carbon nanotube Pyrolysis Honeycomb-like [272]

Alloy Two-step method Flower-like structure [273]

Stainless steel mesh Spray-and-dry method Block-like structure [274]

LBL: Layer-by-layer and LDHs: layered double hydroxides.
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listed some of the superhydrophobic inorganic materials
inspired by the lotus leaf.

Anisotropic wettability has been observed on the
surfaces of some plants and insects. For instance, natural
rice leaves possess a hierarchical structure similar to
lotus leaves, exhibiting superhydrophobicity. However,
differently, the papillae are arranged in one-dimensional
order parallel to the edge of rice leaves (Fig. 23.14a). The
water drop can roll off freely along this direction but
moves much harder along the perpendicular one [243].
Inspired by the anisotropic arrangement of the papillae
on the rice leaf, rice leaf-like aligned carbon nanotube
(ACNT) films were fabricated by controlling the surface
distribution of catalyst (Fig. 23.14b), where the micro-
scale ACNT arrays were patterned with different spac-
ings in the mutually orthogonal directions. The
anisotropic dewetting phenomenon was also observed
on such a film [243]. Recently, a two-step phase separa-
tion micromolding process was applied to replicate the
structures of rice leaves. The replicated artificial rice
leaves exhibited not only the very similar structures of
the natural rice leaves but also surface anisotropic
wetting properties [275].

In nature, mosquitoes possess excellent vision even in
a watery and dim habitat (Fig. 23.15). The mosquito eye
is a compound structure composed of hundreds of
microscale hemispheres. The surface of each microhemi-
sphere is covered with numerous, fine, nanoscale
nipples. These nipples are very uniform, with average
diameters of 101.1� 7.6 nm and interparticle spacings
of 47.6� 8.5 nm, and organize in an approximately
hexagonal nonclose-packed (ncp) array [246]. The elabo-
rate micro- and nanostructures of mosquito eyes result
in the striking superhydrophobic antifogging proper-
ties. Inspired by the special hierarchical microstructures
of mosquito eyes, artificial compound-eye analogues
possessing superhydrophobic antifogging properties
can be obtained by the soft lithography method
(Fig. 23.15). A typical synthesis is shown below [246].

Ordered arrays of circular photoresist postswere fabri-
cated by using photolithography. A layer (ca. 10 mm)

of positive photoresist was spin-coated onto the slides
at 2000 rpm and placed in an oven at 88�C for 18 min.
Subsequently, a second layer (ca. 10 mm) of photo-
resist was spin-coated onto the solidified samples at
2000 rpm and baked in an oven at 90�C for 30 min.
This photoresist layer was exposed to a 1000 W UV light

FIGURE 23.14 (a) Large-scale SEM images of the surfaces of a rice leaf (Oryza sativa) with different magnification. (b) SEM image of the top
view of a rice-like ACNT film [243].

FIGURE 23.15 (Top) A photograph of antifogging mosquito eyes.
Even though they are exposed to moisture, the surface of the eyes
remains dry and clear while the surrounding hairs nucleate many
drops. (Down) A schematic illustrating the procedure used to make
the artificial compound-eye micro- and nanostructures [246]. Xuefeng

Gao, Xin Yan, Xi Yao, Liang Xu, Kai Zhang, Junhu Zhang, Bai Yang, and
Lei Jiang, The Dry-Style Antifogging Properties of Mosquito Compound

Eyes and Artificial Analogues Prepared by Soft Lithography, Adv. Mater.

2007, 19, pages 2213e2217, Copyright Wiley-VCH Verlag GmbH & Co.
KGaA. Reproduced with permission.
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source through a transparent mask patterned with
20 mm circles spaced 5 mm apart. This approach was
used to generate circular photoresist posts after devel-
oping (0.5 wt% NaOH solution), rinsing with deion-
ized water, and drying under nitrogen. After the
samples were heated at 160�C for 5e15 min, the
circular photoresist posts on the slides melted and
formed hemispheres because of the minimization of
interfacial energy. The resulting hemisphere arrays of
photoresists were replicated on a PDMS stamp, which
in turn was used as the master to replicate the PDMS
stamp with features of hexagonally close-packed (hcp)
microscale hemisphere arrays. The silica nanospheres
were centrifuged in ethanol, and the precipitate was
re-dispersed in water. A 10e20 mL drop of the colloidal
suspension was applied to a slightly tilted silicon
substrate. Evaporation of the suspension took place
in a closed chamber with control over temperature
and ambient humidity. In a typical lift-up process,
a PDMS stamp with patterned features was brought
into conformal contact with an obtained crystal film
on a silicon substrate, and the sample was hot-pressed.
The PDMS stamp was carefully peeled away after the
sample was cooled to room temperature. The obtained
artificial compound-eye microstructures were modified
by low-surface-energy fluoroalkylsilane.

Inspired by the special wettability of biological
surface, many different synthetic strategies have been
developed to fabricate artificial special wettability
surfaces, which have been reviewed in a number of
publications [3,257,276e286]. Recently, much effort has
been devoted to superamphiphobic (both superhydro-
phobic and superoleophobic) surfaces owing to their
many practical applications. Inspired by the natural
design principle, a variety of biomimetic artificial
superamphiphobic surfaces have been produced via
the combination of surface chemical composition,
hierarchical micro/nanostructures, and other factors
[287e289]. For example, an electrodeposition process
was developed for the fabrication of superamphiphobic
surfaces on some metal substrates [290]. By using other
synthetic strategies, engineering metals, alloys, and bulk
metallic glass surfaces with superamphiphobicity have
been constructed [291e294].

23.4.2. Biomimetic Hollow
Microenanomaterials

In nature, hollow structures have been adopted by
a number of animals. For example, in order to reduce
weight by increasing friction with air and serve as heat
shields from intense solar radiation, feathers of many
birds possess multichannel inner structure. In the formi-
dable polar environment, pelts of polar bears present
excellent thermo-insulation properties owing to their

hair with multichamber structures. Inspired by special
biological structures, a variety of synthetic strategies
have been developed to fabricate hollow materials [295].

Electrospinning is a highly versatile and simple
method to generate ultrathin fibers from a rich variety
of materials that include inorganic, organic, and inorga-
niceorganic materials [295e298]. Recently, bio-mimic
multichannel microtubes were fabricated by a novel
multifluidic compound-jet electrospinning technique
[299]. Figure 23.16a showed the three-channel tube fabri-
cation system as an example, where three metallic capil-
laries embedded in a plastic syringe were arranged at
three vertexes of an equilateral triangle. These conduc-
tive metallic inner capillaries serve as inner fluid vessels
and electrode at the same time. Two immiscible viscous
liquids were fed separately to the three inner capillaries
and an outer syringe in an appropriate flow rate. An
ethanol solution of Ti(OiPr)4 and poly(vinyl pyrroli-
done) served as outer liquid, while a commercially avail-
able innocuous paraffin oil was chosen for inner liquid.
After a compound fluidic electrospinning process, a
fibrous film was collected on the counter electrode. By
removing the organics of as-prepared products through
calcination, TiO2 three-channel tube was obtained
(Fig. 23.16bed). Furthermore, the channel number (from
two to five), diameter, and inner morphology of tubes
are all controllable [299]. Using the multifluidic
compound-jet electrospinning technique, multicompo-
nent microcapsules with a novel multicompartment
structure can be obtained [300]. By the electrospinning
process, a wide variety of inorganic materials (such as
Au [301], Fe [302], Co [302,303], Ni [302], Cu [304],
TiO2 [305e307], ZnO [308e311], SnO2 [312], Fe2O3

[313], ZnS [314], and molecular sieves [315]) possessing
different multiscale structures can be realized.

23.4.3. High-performance Organiceinorganic
Composites Inspired by Nacre

Among the variety of natural materials, nacre
(mother-of-pearl) is one of the most promising biological
composite material that exhibits remarkable combina-
tions of high stiffness, strength, toughness, and low
weight. As discussed in the preceding section (Section
23.2), nacre is a typical organiceinorganic nanocompo-
site material with a hierarchical structure, resembling
a three-dimensional brick and mortar wall [69]. For
abalone nacre, the work of fracture induced brick-and-
mortar laminated structure is about 3000 times higher
than that of pure mineral [70]. Inspired by the micro-
structure and mechanism of nacre, a variety of synthetic
strategies have been developed to construct biomimetic,
synthetic organiceinorganic composites that attempt to
reproduce nature’s achievements.
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Through the bottom-up colloidal assembly of strong
submicrometer-thick ceramic platelets within a ductile
polymer matrix, layered hybrid films combining high
tensile strength and ductile behavior can be obtained
[316]. Figure 23.17 is a schematic representation of
the bottom-up colloidal assembly of multilayered
hybrid films. The assembly of colloidal alumina plate-
lets at the airewater interface was carried out by
slowly adding approximately 2 mL of the platelet stock
suspension onto a water surface in a cylindrical beaker.
After spreading the platelet suspension on the water
surface, the beaker was sonicated for 15e30 min to
form a dense and homogeneous Langmuir film at the
airewater interface. Platelet layers assembled with
this colloidal approach were transferred to a glass
substrate by manual dipping and afterward dried in
an oven at 50�C. To form the organic layers of the
hybrid films, 0.25e3 wt% of chitosan was dissolved
in an aqueous solution of 2 wt% acetic acid (0.34 M)
for at least 24 h before use. The chitosan layers were

deposited on the platelet-covered glass substrates by
spin coating. Spin coating was conducted by statically
adding 1 mL of the chitosan solution onto the substrate
and subsequently spinning the substrate at 2000 rpm
for 40 s. The wet chitosan layers obtained after the
spinning process were dried at 50�C. Multilayered
hybrid films were fabricated via the sequential deposi-
tion of organic and inorganic layers onto the glass
substrate. The first and last layers were always made
of chitosan. Typical films consisted of 8e10 layers of
inorganic platelets.

By using layer-by-layer assembly, ice-templated,
biomimetic crystallization, and othermethods, a number
of mimetic nacre organiceinorganic composites have
been synthesized, including clay platelets/polyelectro-
lytes [317,318],montmorillonite clay/poly(vinyl alcohol)
[319], aluminaeAleSi [320], K2SO4/poly(acrylic acid)
[321], Al2O3/polymethyl methacrylate [322], polyure-
thanes/poly(acrylic acid) [323], and double hydrox-
ides/chitosan composites [324].

FIGURE 23.16 (a) Schematic illustration
of the three-channel tube fabrication system.
The immiscible inner and outer fluids (red for
paraffin oil and blue for Ti(OiPr)4 solution)
were issued out separately from individual
capillaries. When an appropriate high electric
potential was applied, a liquid thread jetted
out from the vertex of the compound drop
and then formed a fibrous film on the counter
electrode. The inset shows the outlet section
of the spinneret. (b) Side-view SEM image of
sample after the organics have been removed.
(c) Magnified SEM image of tubes in which
the channels were divided into three inde-
pendent flabellate parts by a Y-shape inner
ridge. (d) TEM image of a three-channel tube;
the individual channels of tube are straight
and continuous. Reprinted with permission
from [299]. Copyright 2007 American Chemical

Society.
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FIGURE 23.17 Bottom-up colloidal assembly of multilayered hybrid films. Surface-modified platelets are assembled at the aire
water interface to produce a highly oriented layer of platelets after ultrasonication. Two-dimensional assembled platelets are transferred to
a flat substrate and afterward covered with a polymer layer by conventional spin coating. From Ref. [316]. Reprinted with permission from
AAAS.

FIGURE 23.18 Microfabricated aligned multiwalled carbon nanotube setae and spatulas. (a) Optical picture of gecko foot showing that the
setae are arranged in many lobes along the foot. (b) SEM image of natural gecko setae terminating into thousands of smaller spatulas. (eeh) SEM
images of synthetic setae of width 50 (e), 100 (f), 250 (g), and 500 (h) mm. (c and d) Side views (c) and higher-magnification SEM image (d) of the
100 mm setae. From Ref. [329]. Copyright (2007) National Academy of Sciences, U.S.A.
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23.4.4. Other Multiscale Materials

In nature, some creatures, including insects, spiders,
and lizards, have a unique ability to cling to and detach
from walls using their attachment systems. Gecko is an
amazing animal and has evolved as one of the most
versatile adhesives known in nature. The extraordinary
ability of geckos was attributed to the hierarchical
structure of their feet. The gecko foot is made up of
well-aligned microscopic keratinous hairs called setae
(30e130 mm in length and 5 mm in diameter), which are
further split into hundreds of smaller nanoscale ends
(0.2e0.5 mm in diameter) called spatulae (Fig. 23.18)
[250,325]. Contact between the gecko spatulae and an
opposing solid surface generates the van der Waals
forces that are sufficient to allow the gecko to climb
vertical walls or across ceilings [250]. In the past few
years, many different synthetic strategies have been
applied to construct gecko feet-mimetic high adhesive
materials [326e328]. For instance, aligned carbon nano-
tube-based synthetic gecko tapes with hierarchical struc-
tures of setae and spatulas have been fabricated by
transferring micro-patterned carbon nanotube arrays
onto flexible polymer tape (Fig. 23.18). The multiscale
structures with length scales of micrometers (setae)
and nanometers (spatulas) are necessary to achieve
high shear and peeling forces [329].

In order to enhance mechanical properties, tiny
amounts of metals (Zn, Mn, Ca, or Cu, etc.) were found
in the protein structures of some biological organisms’
body parts (such as jaws, mandibles, stingers, cuticles,
and claws). Inspired by this mechanism, metals were
intentionally infiltrated into inner protein structures of
spider dragline silks through multiple pulsed vapor-
phase infiltration, resulting in the formation of a metal-
incorporated protein matrix and a large enhancement
of the mechanical properties of spider dragline silks
[330].
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[39] N. Kröger, N. Poulsen, Annu. Rev. Genet. 42 (2008) 83.
[40] T.L. Simpson, B.E. Volcani, Silicon and Siliceous Structures in

Biological Systems, Springer, New York, 1981.
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In “Synthesizing our future” [1], when Ryoji Noyori,
the 2001 Nobel Laureate for Chemistry said “Chemistry
attempts both to understand the structures and characteristics
of substances in minute details at the atomic and molecular
levels and to create new compounds with desirable properties
and functions”, it pointed out where the synthetic chem-
ists should focus their efforts in the future. Chemical
research should sustain our civilized society in twenty-
first century and further into the future, therefore the
synthetic processes should be highly efficient, atom
economical, environmentally benign and rational. Up
to now, more than 50 millions of chemical substances
have been created by human beings. However, their
syntheses are mainly on the basis of the use of empirical,
trial-and-error methods. How to rationalize the
synthesis of new materials with desired structures and
functionalities has become one of the frontier research
subjects in modern synthetic chemistry.

Inorganic synthesis and preparative chemistry play
a pivotal role in chemistry, which concerns the develop-
ment of new synthesis and preparative strategies, routes
and methods, elucidation of the chemical processes and
mechanism of synthesis and preparation, and the estab-
lishment of relevant synthesis theories for the discovery
of new inorganic materials, etc. One of the major objec-
tives of inorganic synthesis and preparative chemistry
is to synthesize the inorganic materials with desired
structures and properties. This requires a deep under-
standing of the relationship and principle of synthesise
structureeproperty of inorganic materials. Toward the
designed synthesis of new inorganic materials with
desired structures and properties, the following three

key issues have to be considered: (i) the understanding
of the chemical basis of properties; (ii) the development
of structural design methods; and (iii) the discovery of
the rational synthetic approaches for the tailored mate-
rials. Even though considerable progress has been
achieved in the understanding of the correlations among
structure, bonding, and physical properties of some
inorganic compounds, many difficult challenges remain
in targeting the synthesis with desired structures and
properties of inorganic materials, especially inorganic
crystalline solids. Unlike the highly developed field of
organic synthesis, a main limitation towards the
designed synthesis concerning inorganic materials lies
in the uncertain formation mechanism and the unclear
structureesynthesis relationship. The designed
synthesis of new inorganic materials in a rational
way, while targeting novel structures and properties
is a formidable task in inorganic chemistry.

Engineering the synthesis of new materials with
desired structures and functions has aroused consider-
able attention in the area of chemistry and materials
science. To pursue this objective, it needs to start from
the specific functional system, to investigate the rules
and principles of synthesisestructureeproperty in order
to develop the rational approaches toward the designed
synthesis. In this chapter the designed synthesis of inor-
ganic crystalline porous materials will be discussed as
an example. Inorganic crystalline porous materials, typi-
cally known as zeolites, have regular nanoporous space,
large surface area, and tunable surface properties (e.g.,
acidic center, redox center, other functional groups,
etc.) [2e4]. These materials have attracted considerable
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interest since the first discovery of the synthetic zeolites
in 1940s because they are very important in the fields of
catalysis, adsorption, and ion exchange. Besides, they
are finding new applications as advanced functional
materials in the areas of medicine, sensor, optics, elec-
tronics, magnetism, etc. Their excellent performance is
essentially determined by their unique structural char-
acter, such as the size of the pore window, accessible
void space, dimensionality of the channel system,
numbers and sites of cations, and special functional
groups. Synthesis of such materials is typically carried
out in a gel medium under hydrothermal/solvothermal
conditions by using alkali metal ions or organic amines/
ammoniums as the templates or structure-directing
agents (SDAs) [5]. However, the kinetics of crystalliza-
tion for these materials is very complex, which is deter-
mined by many variables such as source materials, gel
composition, pH value, SDAs, solvent, crystallization
temperature, and time. The difficulty towards the
rational synthesis of zeolitic materials lies in our limited
knowledge of their crystallization mechanism. Never-
theless, the knowledge and understanding of the rela-
tionship of the synthesisestructureefunctionality of
zeolitic inorganic porous crystalline materials have
increased over the past six decades. Particularly, compu-
tational simulations have significantly enhanced the
ability of researchers in targeting zeolites with specific
structures and properties [6]. Although there is still
not a clear picture of formation mechanism at the molec-
ular level of zeolitic inorganic crystalline porous mate-
rials, much effort has been made toward the rational
design and synthesis of such materials [7,8]. In this
chapter, the state of art and future perspective in this
area will be shown, which I hope will stimulate the
further advance in the designed synthesis of new mate-
rials, which is one of the challenging frontiers in the
modern inorganic synthetic chemistry.

24.1. STRUCTURE DESIGN OF
INORGANIC CRYSTALLINE POROUS

MATERIALS

A prerequisite towards the designed synthesis is that
we should be able to design the desired structures that
can perform specific functions. In the aspects of zeolitic
inorganic porous materials, achieving the designed syn-
thesis of such materials calls for our capability to design
the porous architectures such as pore system, pore
shape, and pore dimension that are responsible for their
performances, especially for shape-selective catalysis.
Nowadays, computational methods in the elucidation
of inorganic crystal structures have been well estab-
lished [9]. Much work has been devoted to the genera-
tion of potential new zeolite structures [10e14]. For

example, Treacy and coworkers used a symmetry con-
strained interstice bond searching method to generate
over 2 millions of structures. The Website http://
www.hypotheticalzeolites.net/ contains a collection of
hypothetical zeolite structures in a searchable database.
On the other hand, predicting the structures in a rational
way is of particular interest with the increasing demand
for zeolitic materials that fulfill the specific applications.
For example, extra-large pore structures show advan-
tages for diffusing and processing large molecules,
chiral zeolite structures may allow the asymmetric catal-
ysis and separation, and the catalytic performance is
generally improved if structures with multidirectional
channel systems are achieved.

Some methods have been developed for the design of
zeolitic inorganic porous structures with predefined
pore geometries and structural building units (SBUs).
It should be noted that the thermodynamic stability of
the theoretical structures is considered when designing
structures.

24.1.1. Design of Zeolite Structures
with Predefined Pore Geometries

24.1.1.1. Generation of the Pore Structure Through
Constrained Assembly of Atoms Outside of the
“Forbidden Zones”

Several computational simulation approaches have
been developed for the generation of four-connected
zeolite structures. However, without the constraint of
the pore information of a zeolite in the simulation, it
cannot prevent the generation of nonporous frame-
works, i.e., the undesirable structures. In 2003, Li et al.
[15] developed a computational methodology for the
design of zeolite structures with predefined pore geom-
etries. In their method, the concept of “forbidden zone”
is introduced in the simulation. The forbidden zone
corresponds to a specific porous pattern inside which
no T atom (Tetrahedral atom) can be placed. This
method is straightforward and efficient for the design
of zeolite frameworks with desired pore geometry.

As illustrated in Fig. 24.1, the pore structures repre-
sented by cylinders, called the “forbidden zones” are
introduced into the unit cell, within which no atoms
are placed during the generation process of a zeolite
framework. Such a forbidden zone can be specifically
designed to reflect a particular desired porous system
in the zeolite such as one-dimensional channel
(Fig. 24.1a) [15], three-dimensional intersecting channel
(Fig. 24.1b) [16], and chiral channel (Fig. 24.1c) [17].
The atoms are assembled outside the forbidden zones
on the basis of specified symmetry and distance
constraints. Two constraint conditions must be satisfied
when placing the atoms: (i) no T atom is allowed inside
a forbidden zone and (ii) the distance between any two
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T atoms should not be less than 3.0 Å keeping the Si�Si
distance.

The structure generation procedure mainly involves
the following steps:

(1) Unit cell, space group, and forbidden zones are
defined.

(2) Unique atoms that are selected on the basis of the
zeolite framework density are randomly placed
outside the forbidden zones in the unit cell followed
by automatic generation of their equivalent atoms
based on symmetry operations under specific space
group. Atoms violating the above constraint
conditions (1) and (2) will be removed from further
consideration; otherwise, a data set containing
unique T atom coordinates will be saved. For
distance calculation, the crystal coordinates are
converted to Cartesian coordinates.

(3) Multiple data sets will be generated and saved by
repeating step (2) until certain criteria are met, e.g.,
a specified number of different data sets have been
generated. Coordination sequences (CS) [18] are
used to distinguish different framework types, as
well as to judge whether the generated configuration
is a viable one.

(4) A structural model is built based on every data set by
using Cerius2 software package [19]. Bridging atoms
are added using Structure Solve_Bridging atom.

(5) The structure is refined using a distance least
squares (DLS) refinement assuming an SiO2

composition [20]. The final determination of
symmetry of each generated structure is performed
through a “Find-Symmetry” analysis.

(6) Potential energy of each structural model is
calculated using the Burchart 1.01 force field [21].

It can be illustrated by an example for the design of
a hypothetical zeolite structure H1 with predefined
one-dimensional pore system under the hexagonal
space group P63/mmc (No. 194), a¼ b¼ c¼ 15 Å for

the unit cell (Fig. 24.2). The pore radius is defined as
6.0 Å, approximately corresponding to a 12-ring
channel. Two unique atoms are selected, one is defined
at the general position l and the other at the special posi-
tion j. The first unique atom is constrained to the pore
wall whose position is randomly selected. Then its 23
equivalent atoms are generated using the symmetry
operation. Twenty-four atoms must satisfy conditions
(1) and (2), i.e., all atoms outside of the forbidden zones
and TeT distances should not be less than 3.0 Å
(Fig. 24.2a). The second unique atom T2 is placed at
the special position j followed by generation of its 11
equivalent atoms (Fig. 24.2b). Now 36 atoms must
satisfy conditions (1) and (2), then the position of the
second unique atom T2 is retained; otherwise, the atoms
generated by the second unique atom will be replaced
until all the atoms satisfy the conditions. A structural
model is built on the basis of each set of unique
T atom coordinates using Cerius.2 Bridging atoms are
added (Fig. 24.2c). The optimized structure has a unit
cell a¼ 12.5 Å and c¼ 15.7 Å with a space group P63/
mmc (No. 194) and an empirical formula Si36O72. As
shown in Fig. 24.2d, the structure of H1 contains prede-
fined one-dimensional 12-ring channels along the [001]
direction. It contains columns of can cages along the
c-axis that enclose a 12-ring channel. Its simulated
X-ray powder diffraction pattern is shown in Fig. 24.2d.

This method, having constrained assembly of atoms
outside of the forbidden zones, allows the design of
zeolite frameworks with different space groups, cell
parameters, pore dimensions, as well as channel sys-
tems. Cross-linked channels can be obtained by def-
ining a forbidden zone whose channel direction is
perpendicular to the principal axis under a specified
space group. For example, assuming a tetragonal space
group I4/mmm (No. 139), and defining a forbidden
zone (channel) perpendicular to the fourfold rotation
axis in the unit cell, as shown in Fig. 24.1b, a channel
perpendicular to this defined channel will be naturally

FIGURE 24.1 Forbidden zones defined as cylinders in one unit cell. (a) one-dimensional channel system; (b) three-dimensional channel
system; and (c) chiral channel system. Reprinted with permission from [15]. Copyright 2003 American Chemical Society.
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produced by the rotation operation. By using this
method, hypothetical structures with cross-linked chan-
nels have been predicted. Figure 24.3 shows a hypothet-
ical structure H15 generated by this approach assuming
the space group of I4/mmm (No. 139). Its space group
changes to P4/mmm (No. 123) after the structure is

refined. The structure of H15 has two kinds of parallel
12-ring channels along the [001] direction and 8-ring
channels along [110] direction. Notably, H15 is con-
structed by D4Rs only (Fig. 24.3c).

Strikingly, chiral zeolite structures that are highly
desirable in asymmetric catalysis and separation can

FIGURE 24.3 Structure of H15 (a) view along [001] direction; (b) view along [110] direction; (c) the cages contained in H15 (the simulated
X-ray diffraction pattern is shown). Si16O32: P4/mmm, a¼ 11.7886 Å, b¼ 7.1905 Å.

FIGURE 24.2 Illustration of the generation process for a hypothetical framework H1, assuming the space group of P63/mmc

(a¼ b¼ c¼ 15 Å). The pore radius is set at 6.0 Å. The first unique atom represented by a larger ball is confined to the pore wall followed by the
generation of 23 equivalent atoms using symmetry operation l (a). The second unique atom represented as a larger ball is randomly placed
outside of the forbidden zones followed by the generation of 11 equivalent atoms by symmetry operation j (b). Bridging atoms are added (c).
Framework structure containing 12-ring channels. The simulated XRD pattern is shown (d). Reprinted with permission from [15]. Copyright 2003

American Chemical Society.
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be generated by using this approach under the chiral
space groups [17]. So far, only a few zeolite structures
possess chiral frameworks like BEA, CZP, GOO, OSO,
and JRY, etc. Theoretically, numerous hypothetical chiral
zeolite frameworks can be generated by using this
approach. For example, assuming a hexagonal chiral

space group P6122 (No. 178), and defining a forbidden
zone (channel) along the 61 screw axis in the unit cell,
as shown in Fig. 24.1c, the TO4 tetrahedra forms a helical
chain by the 61 operation and further convolve around
the forbidden zone to form a chiral channel.

H178-1 is generated in the space group P6122.
Figure 24.4a shows its chiral channel, and parts of the
T atoms are omitted for clarity. Its basic building block
is a T2 supertetrahedron (Fig. 24.4b). Five such superte-
trahedra form a super-5-rings (Fig. 24.4c), and the link-
ages of super-5-rings further form a chiral channel
through edge sharing. Figure 24.4d and e shows its
framework viewed along the [001] and [010] directions,
respectively.

A variety of hypothetical structures with chiral chan-
nels have been generated under the space group P6122
with the following constraint conditions. The forbidden
zones are defined as a cylinder running along the 61
screw axis (i.e., the [001] direction) with the radii of
3.0, 4.0, 5.0, and 6.0 Å, respectively, and the cell parame-
ters vary from 5 to 25 Å. The numbers of unique Tatoms
range from 1 to 5. Figure 24.5 shows the plot of the
framework energy (assuming the SiO2 composition)
versus the framework density. The black triangles repre-
sent the data for the 161 (up to 2005) known structures,
while the black squares represent the data for the hypo-
thetical structures. A linear correlation between the
framework energy and the framework density can be
observed for most of the known frameworks as illus-
trated by the dashed line in Fig. 24.5. It is noted that
the energies of some of the known structures such as

FIGURE 24.4 (a) Chiral channel of the hypothetical framework
H178-1 (cylinder diameter of 9.5 Å), (b) supertetrahedron T2 building
block, (c) super-5MR constructed by T2 building blocks, and the
framework viewed along, (d) the [001] direction, and (e) the [010]
direction. Reprinted with permission from [17]. Copyright 2005 American

Chemical Society.

FIGURE 24.5 Framework energy versus framework density. Black triangles denote the data for the 161 known frameworks, and black
squares denote the data for hypothetical structures obtained under space group P6122. Reprinted with permission from [17]. Copyright 2005 American

Chemical Society.
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RWY, OSO, OBW, SOS, OBW, CZP, WEI, eCHI, and
AFY, are relatively higher than those of the normal sili-
cate frameworks. This is because these frameworks are
in fact with non-SiO2 compositions. According to the
calculation results, most of the four-connected frame-
works with chiral channels are not energetically favor-
able for SiO2 compositions because of the special
geometric torsions in such structures. This suggests
that introducing other T elements such as beryllium,
boron, germanium, and arsenic instead of silicon, and
other bridging atoms like sulfur, instead of oxygen,
might stabilize such frameworks more effectively. This
is because they could offer more reasonable bond
distances and bond angles than an SiO2 composition
does.

To sum up, the method of constrained assembly of
atoms outside of the forbidden zones is very simple
and straightforward. A hypothetical zeolite structure
database has been built up by Li et al. which contains
the not-yet-discovered zeolite structures predicted by
them. The database is available at the Website http://
www.hypotheticalzeolites.net/. One can easily search
the structures by putting the defined structural charac-
ters such as the pore system, pore dimension, and SBU.

24.1.1.2. Framework Generation in Density Map

In 2008, Li et al. [22] further developed a method of
framework generation in density map (FGDM). In this
method, they integrate the pore information extracted
from the density map of high-resolution electronmicros-
copy (HRTEM) into the structure modeling. A term that
evaluates the agreement between the structure models
generated and the HRTEM image has been added to
the cost function along with the bonding and connec-
tivity terms for structure simulation. This work shows
that by using just one HRTEM image as constraint, the
number of degrees of freedom for solving the struc-
ture-modeling problem can be reduced to practically
manageable level, even for the most complex zeolite
structures. The power of this approach is demonstrated
with the solutions of the most complex structures of
IM-5 ([Si288O576]) [23] and TNU-9 ([Si192O384]) [24], as
well as with the design of desired porous structures.

The generation of structure models includes the
following major steps:

(1) A black and white density map is constructed from
a symmetry-averaged HRTEM image where the
channels along certain directions are easily
recognized. The gray scale gives an approximation
of the potential projected along this direction.

(2) The two-dimensional projection is then expanded
over the whole unit cell. In this way, each point in the
unit cell is given a fixed density value determined
from its projection on the HRTEM image. Notably,

this three-dimensional map is not physically real,
but it divides the unit cell into regions where atoms
may be located and those where they may not. A
threshold value for the potential is then defined, and
atoms in regions with values above this threshold
will not contribute to the Emap term of the cost
function, while those in the other regions contribute
substantially.

(3) An estimated number of T atoms on the basis of
framework density are introduced into the
asymmetric unit of the unit cell in a random fashion,
and their equivalent atoms are generated by
symmetry operators.

(4) During the simulation, a reasonable bonding
geometry is sought by moving the T atoms around,
and atoms are “pushed” from the low-density area
into the high-density area to fit the density map. The
cost function (and thereby the structure) is
optimized by using a simulated annealing [25] and
parallel tempering algorithm [26]. At each
temperature stage, configuration-biased Monte
Carlo [26] is used for sampling.

(5) The framework with the lowest cost value is saved.
The bridging O atoms are added between the nearest
TeT pairs, and the bonding geometry of the entire
structure is further optimized by using a simple
distance least squares (DLS) algorithm.
Coordination sequences are calculated for structure
identification.

(6) A new simulation cycle is started by reassigning
random coordinates to all atoms.

Figure 24.6 illustrates the generation of the zeolite
IM-5 framework in a three-dimensional density map
derived from one HRTEM image along the [100] direc-
tion. First, the density map is generated from the
HRTEM image of IM-5 along the [100] direction
(Fig. 24.6a and b). Then T atoms are placed randomly
in the density map at the beginning of the simulation
(Fig. 24.6c) and rearranged in the density map during
the simulation (Fig. 24.6d). Finally, structure models
that are in agreement with the HRTEM image along
the [100] direction is generated (Fig. 24.6e). The cost
values of the generated structure models are plotted
(Fig. 24.6f). All generated models are unique, and only
10 models with the lowest cost values are shown. Model
1 has the lowest cost value and the best RDLS value, and
it corresponds to the correct structure solution. Its
framework projections along the [100] and [001] direc-
tions are displayed together with those of two other
models with low cost values.

The advantage of this method lies not only for the
solutions of the highly complex framework structures,
but also for the design of new structures with desired
pore structures. For example, one can define a density
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map that reflects the desired porous pattern, and then
generate structures with such pore geometry. Further-
more, the desired channel structures can be designed
by tuning the known zeolite pores in terms of simple
evolution concepts like reproduction (generation of the
same pore topology as the original one), mutation (vari-
ation of the pore topology from the original one), and
crossover (creation of new pore topology by combining
two or more known pore systems).

This method is a powerful tool for zeolite structure
prediction according to functional requirement.

24.1.1.3. Framework Generation Using Genetic
Algorithm and Exclusion Zones

In 2004, Woodley et al. [27] developed a genetic algo-
rithm (GA) approach to generate zeolite frameworks

from the knowledge of unit cell dimensions, constituent
atoms, and exclusion zones (EZs) which represent the
pore regions in zeolite structures. This approach
contains two main stages. In the first stage, candidate
structures are generated using genetic algorithm ap-
proach. A cost function is employed to evaluate the
quality of all generated candidate structures. In the
second stage, structures with reasonable bond lengths
and coordination numbers are further relaxed through
lattice energy minimization.

In stage 1, the unit cell is divided into evenly spaced
grids. Si and O atoms are randomly assigned into these
grids whereby the initial structures are generated. The
initial structures can be represented by sequences of
binary numbers, which is known as the “genotype
representation”. Through crossover and mutation, new

FIGURE 24.6 Generation of the IM-5 framework in a three-dimensional density map derived from one HRTEM image along the [100]
direction. (a) The HRTEM image of IM-5 along the [100] direction; (b) the density map generated from the image shown in (a); (c) T atoms placed
randomly in the density map at the beginning of the simulation; (d) T atoms rearranged in the density map during the simulation; (e) agreement
between the generated structure model and HRTEM image along the [100] direction; and (f) plot of the cost values of the generated structure
models. All generated models are unique, and only 10 models with the lowest cost values are shown. Model 1 has the lowest cost value and the
best RDLS value, and it corresponds to the correct structure solution. Its framework projections along the [100] and [001] directions are displayed
together with those of two other models with low cost values. Y. Li, J. Yu, R. Xu, Ch. Baerlocher, L.B. McCusker: Combining Structure Modeling and
Electron Microscopy to Determine Complex Zeolite Framework Structures. Angewandte Chemie International Edition. 2008. Volume 47, Page 4405.

Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission from [22].
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candidate structures can be generated. The detailed
steps of this genetic algorithm are shown in the
following chart:

Woodley et al. showed that porous structures are diffi-
cult to generate, even for zeolites JBW and BIK which
only possess small pores. To facilitate the generation of

pore apertures, exclusion zones, i.e., regions within the
unit cell where atoms are forbidden, are introduced in
this genetic algorithm approach (Fig. 24.7). The exclu-
sion zones can be ellipsoidal, elliptical, cylindrical, or
planar. Exclusion zones are incorporated in the first
stage of the GA approach either indirectly, by defining
additional cost function, or directly, by removing grids
in the exclusion regions. Both indirect and direct EZs
can greatly enhance the generation of target structures
with predefined pore architecture.

24.1.2. Structure Design with Predefined
Structural Building Units (SBUs)

24.1.2.1. Building Units Design and Scale
Chemistry

Building unit (BU) can be defined as the minimum
assembly of atoms, ions, or molecules which by
condensation of the group with others (identical or
different) gives rise to the final solid [28]. The concept
of a BU can be described in two ways: the first is just
a topological tool for the description of structures. For
example, various BUs, such as D4Rs, D6Rs, sodalite

FIGURE 24.7 Perspective view of the framework structure for (a)
zeolite JBW and (c) the SiO2 target structure shown within 2� 2� 1
supercell. (b) The EZs (with arbitrary radii) used to aid the generation
of (c), where only half of each type of EZ channel is shown for clarity.
Images reproduced with permission from [27].
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cages, are used to describe the structures of zeolites; the
second refers to the real existing one in solution/gel
during the formation of a solid such as the Keggin’s
structure.

Recently, Férey proposed a concept “Scale Chemistry”
[28] which is powerful in the design of solid structures.
As is noticed, many complex structures adopt a simple
topology when every BU is considered as a single entity.
For example, the structures of ReO3 and zeolite LTA can
both be described by a simple cubic P lattice like polo-
nium metal by replacing the octahedra in ReO3 and the
sodalite cage in LTA by an atom, respectively. Thismeans
that, whatever the size of the BUs, their spatial arrange-
ment is the same. This is the so-called “Scale Chemistry”.
Obviously, increasing the size of the BUs starting from
a simple topology is a feasible approach to the design
of open-framework solids with a larger pore size. Here
two examples based on germanates will illustrate the
powerful concept of scale chemistry in the design of
extra-large pore open-framework structures.

Recently, much attention has been paid to synthesis of
open-framework germanates. Germaniun can be four-,
five-, and six-coordinated with oxygen to form large
clusters such as Ge7X19 (Ge7), Ge8X20 (Ge8), Ge9X26�m

(Ge9, m¼ 0e1), and Ge10X28 Ge10, (X¼O, OH, F) [29].
It is interesting to identify large structure motifs as
possible building units for the prediction of extra-large

pore structures. Pan et al. [30] reported a tubular germa-
nate, [(C5N2H14)4(C5N2H13)(H2O)4][Ge7O12O4/2(OH)F2]
[Ge7O12O5/2(OH)F]2[GeO2/2(OH)2] (denoted JLG-5), with
12-ring channels built from 68126 cavities. Figure 24.8
shows the structure of JLG-5. The highly symmetric
68126 cavity, built from Ge7 clusters, is stabilized by
an (H2O)16 cluster.

The 68126 cavity can be identified as a cuboctahedron
(Fig. 24.9a and b) with each of its 12 vertices decorated
by a four-coordinated Ge7 cluster (Fig. 24.9c). The 68126

cavity can be further used as a BU to decorate the nodes
of a simple net to construct three-dimensional framework
structures with extra-large pores. For example, reo-e
net corresponds to the primitive cubic packing of six-
coordinated cuboctahedra (Fig. 24.9d). If each vertex
of the reo-e net is decorated by a six-coordinated Ge7
cluster, then a new hypothetical three-dimensional ger-
manate framework (Pm3-m, a¼ 22.9078 Å) is formed,
which contains two types of cavities, i.e., the 68126 cavity
and a 681061212 supercavity (Fig. 24.9e). The 681061212

supercavity corresponds to a rhombicuboctahedron
(rco; Fig. 24.9f and g) decorated by Ge7 clusters. It has
a free diameter of 17.8 Å and (Fig. 24.9h). The 68126

cavities themselves adopt a primitive cubic arrange-
ment. Each 68126 cavity is connected to six other cavities
by linking their six 12-rings through additional
germanium-centered tetrahedra. The arrangement of

FIGURE 24.8 The structure of JLG-5 viewed along (a) the [001] and (b) the [1 �1 0] directions. The 68126 cavities are packed in a body-
centered manner, with the 12-ring windows aligned along the three main axes. The 68126 cavities are connected through additional germanium-
centered tetrahedra (black) along the c-axis to form12-ring tubes. The tubes are held together by 2-methylpiperazine cations (C gray ball, N black
ball) via hydrogen bonding. Within the Ge7 clusters, the germanium-centered octahedra are dark grey, the germanium-centered trigonal
bipyramids are light grey, and the germanium-centered tetrahedra are medium grey. For clarity, only one unique 2-methylpiperazine cation is
shown in (b), and the water cluster is omitted. Q. Pan, J. Li, K. Christensen, C. Bonneau, X. Ren, L. Shi, J. Sun, X. Zou, G. Li, J. Yu, R. Xu: A germanate

built from 68126 cavity cotemplated by a (H2O)16 cluster and 2-methylpiperazine. Angewandte Chemie International Edition. 2008. Volume 47, Page 7868.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission from [30].
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the 68126 cavities in thehypothetical structure is similar to
that of the sodalite cages (4668) in zeolite A, which results
in a-cavity (4126886). Furthermore, many extra-large pore
germanate structures can be formed by using the 68126

cavity and even the 681061212 supercavity as the BUs.
JLG-12 is a crystalline germanate with mesoporous

30-ring channels [31]. The framework is made of strict
alternation of Ge7 and Ge9 clusters. In the three-

dimensional structure of JLG-12, each Ge7 cluster
connects with four neighboring Ge9 clusters through
its four GeO4 tetrahedra, and each Ge9 cluster connects
with eight neighboring Ge7 clusters. Such a connection
gives rise to a three-dimensional open framework with
parallel 30- and 12-ring channels running along the
[001] direction (Fig. 24.10a). The free diameters are
13.0� 21.4 Å for the 30-ring channel, which is

FIGURE 24.9 Abstraction of the 68126 cavity and a hypothetical three-dimensional framework built from the cavity. (a) A cuboctahedron.
(b) Augmented cuboctahedron with four-coordinated nodes (gray). (c) The 68126 cavity resulting from the decoration of each node of the
cuboctahedron by a four-coordinated Ge7 cluster. (d) Augmented reo-e net with six-coordinated nodes (black). (e) A hypothetical three-
dimensional framework resulting from the decoration of each node of the reo-e net by a six-coordinated Ge7 cluster. (f) The rhombicubocta-
hedron found in (e). (g) Augmented rhombicuboctahedron with six-coordinated nodes (black). (h) A 681012126 cavity resulting from the
decoration of each node of the rhombicuboctahedron with a six-coordinated Ge7 cluster. The light grey and dark grey spheres represent the 68126

and 681012126 cavities with free diameters of 7.1�17.8 Å, respectively. The germanium-centered octahedra are dark grey, the germanium-
centered trigonal bipyramids are light grey, and the germanium-centered tetrahedra are medium grey. The additional germanium-centered
tetrahedra are dark grey. Q. Pan, J. Li, K. Christensen, C. Bonneau, X. Ren, L. Shi, J. Sun, X. Zou, G. Li, J. Yu, R. Xu: A germanate built from 68126 cavity

cotemplated by a (H2O)16 cluster and 2-methylpiperazine. Angewandte Chemie International Edition. 2008. Volume 47, Page 7868. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission from [30].

24. FRONTIER OF INORGANIC SYNTHESIS AND PREPARATIVE CHEMISTRY (II)564



comparable to those of 30-rings (10.0� 22.4 Å) in SU-M.
The framework can be described as a three-dimensional
net structure. If all the GeO4 tetrahedra in the Ge7 and
Ge9 clusters and the GeO4X trigonal bipyramids in the
Ge9 clusters are identified as vertices, the framework
of JLG-12 can be reduced into a 3,4-heterocoordinated
csq-a net [14] (Fig. 24.10b). If the whole Ge7 and Ge9
clusters are taken as vertices, the framework of JLG-12
can be further reduced into a 4,8-heterocoordinated
csq net (Fig. 24.10c). Therefore, it is expected that by
introducing Ge7 and Ge9 clusters into other nets, many
more open-framework germanate structures can be pre-
dicted. Figure 24.11 shows two hypothetical germanate
frameworks generated by introducing Ge7 and Ge9 clus-
ters into a 4,8-heterocoordinated scu net. The hypothet-
ical framework scu-1 has 22-ring channels running
along the [001] direction, 10-ring channels along the
[010] and [110] directions, and 8-ring channels running
along the [100] direction (Fig. 24.11a). The 22-ring
channel has free diameters of 13.2� 15.8 Å. Similar to
scu-1, the framework of scu-2 has intersecting 22-, 10-,
and 8-ring channels (Fig. 24.11b). The 22-ring channel
in scu-2 has free diameters of 11.3� 16.6 Å. These two
hypothetical structures are generated on the basis of
the same scu net, but the orientations of Ge7 clusters
are different, which leads to different pore geometries
and symmetries.

Scale chemistry is a very general concept which
applies all sorts of solids. The structures of metal-
organic framework (MOF) compounds are also in
agreement with this concept [32,33]. Many complex
structures can be described as a simple net through
replacing various BUs by the nodes. On the other
hand, the length of organic linkers can be scaled up
to augment the frameworks without changing the size
of BUs.

It has been proved that the concept of BUs as well as
scale chemistry is very useful for the design of new
topologies. Furthermore, computer simulations for the
design of new structures by predefining the BUs have
proven to be possible (see the next section), which
allows the exploration of the possible ways of assem-
bling predefined BUs. Furthermore, it is also possible
to design structures through introducing specific phys-
ical properties, e.g., optical, electronic, and magnetic
properties within the BUs, therefore to create functional
inorganic solid materials.

FIGURE 24.10 (a) Framework structure of JLG-12 viewed along
the [001] direction. (b, c) The three-dimensional framework of JLG-12
interpreted as a three-dimensional net structure. (b) The csq-a net. (c)
The csq net. The Ge7 and Ge9 clusters are presented in light gray and
gray, respectively. The partially occupied GeX2 moieties are not shown
for clarity. Reprinted with permission from [31]. Copyright 2009 American
Chemical Society.

FIGURE 24.11 Hypothetical germanate frameworks. (a) The scu-

1; (b) the scu-2 viewed along the [001] direction. Reprinted with
permission from [31]. Copyright 2009 American Chemical Society.

STRUCTURE DESIGN OF INORGANIC CRYSTALLINE POROUS MATERIALS 565



24.1.2.2. Automated Assembly of Secondary
Building Units (AASBU method)

Mellot-Draznieks and coworkers developed a compu-
tational method for the prediction of inorganic crystal
structures through automated assembly of secondary
building units (AASBU) [34,35]. It can produce virtual
libraries of viable inorganic structures based on prede-
fined secondary building units (SBUs).

The SBUs can be extracted from known inorganic
crystal structures. Examples of several inorganic SBUs
are shown in Fig. 24.12. Figure 24.12a shows examples
of simple SBUs MxLy (M: central metal atoms; L: coordi-
nating or “ligand” atoms), including tetrahedra, octa-
hedra, and corner-, edge-, and face-sharing tetrahedra
and/or octahedra. Figure 24.12b shows the D4R unit,
M8B12L8 (M: central metal atoms; L: ligand atoms;
B: bridging atoms), which is commonly found in a series
of inorganic structures. During the simulations, the inor-
ganic SBUs are treated as rigid bodies. The rule that
controls the possible assembly of the building units is
a force field with some LennardeJones expressions
which essentially favor the attraction between ligand
atoms. This force field favors the formation of L$$$L
“sticky-atom” pairs and allows two building units to
assemble through L$$$L linkages. The LennardeJones
expression for the energy of interaction between pairs
of atoms i and j is defined in Eq. (24.1):

Eij ¼ 3ij½ðr�ijr�1
ij Þ12 � 2ðr�ijr�1

ij Þ6� (24.1)

There exist several linkages of the SBUs which should
be avoided, for example, the Mi$$$Mj pairs in the
assembly of MxLy, the Mi$$$Mj pairs and the Li$$$Bj

pairs in the assembly of MxLyB. To prevent these unde-
sirable linkages, the repulsive potential between some
pairs has to be considered to prevent SBUs from over-
lapping with each other.

The total cost or “energy” of a given arrangement of
the building units in a unit cell, Etotal, is calculated as the
sum over the set of building units of the LennardeJones
terms that involve dissimilar pairs of atoms.

In the case of the assembly of the MxLy building units,
Etotal is defined in Eq. (24.2):

Etotal ¼
X

ðEL/L þ EM/L þ EM/MÞ (24.2)

In the case of the assembly of the M8B12L8 (D4R), Etotal

is defined in Eq. (24.3):

Etotal ¼
X

ðEL/L þ EM/L þ EM/M þ EL/BÞ (24.3)

The magnitude of this cost function provides an esti-
mate of the degree of connectivity of a given arrange-
ment of SBUs. The weight of each term is given by the
depth of LennardeJones potential well (3ij).

SIMULATION STEPS FOR THE GENERATION

OF CANDIDATE STRUCTURES

The candidate structures are generated by a cascade
of simulations that includes the following five major
steps:

(1) Periodic trial arrangements of SBUs are randomly
generated by a simulated annealing procedure. The
angular degrees of freedom for each SBU are
sampled by a Metropolis Monte Carlo algorithm.
For each step, both the cell parameters and the
distances between the SBUs are adjusted to relieve
close interatomic contacts, leading to successive
phases of cell contractions and expansions. As the
simulation proceeds, configurations of lower cost
are stored.

(2) The trials arrangements are reduced to a set of
unique arrangements corresponding to unique local
minima. The redundant arrangements of SBUs are
removed.

(3) The resulting set of configurations is minimized with
respect to the “cost” function (energy).

(4) After the structure optimization, the redundant
arrangements are eliminated. A list of possible SBUs
configuration is ranked by cost or degree of
connectivity.

(5) For each configuration of the SBUs, the pairs of
sticky atoms at very short separation distances are
merged into single atoms to form realistic crystal
structures. The symmetry of each simulated
structure is then re-determined automatically by the
Find_Symmetry algorithm.

By using this method, candidate structures can be
successfully generated during the simulations.

Taking ML4 as the building unit, one or two SBUs are
used per asymmetric unit with a selected set of space

FIGURE 24.12 Examples of building units used in the AASBU
method. (a) Simple building units and (b) D4R unit. C. Mellot-Draz-

nieks, J.M. Newsam, A.M. Gorman, C.M. Freeman, G. Férey: De novo
prediction of inorganic structures developed through automated assembly of

secondary building units (AASBU method). Angewandte Chemie Interna-

tional Edition. 2000. Volume 39, Page 2270. Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission from [34].
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groups, the known structure types are generated,
including GME, FAU, RHO, and LTL [34]. New hypo-
thetical frameworks are also predicted. Figure 24.13
shows a hypothetical structure found in space group
P6/mmm. It contains gmelinite cages and has channels
running along the [001] direction surrounded by 24
tetrahedra with free aperture dimensions of
17.2� 19.4 Å. Each 24-ring channel connects with its
six neighbors through gmelinite cages and six double
8-rings. The unit cell content is Si48O96, and the cell
parameters are a¼ 24.73 Å, c¼ 10.58 Å.

Taking D4R as the building units, their simulated
assemblies include the known zeotypes ACO, AFY,
and LTA. The ACO topology can be obtained in various
space groups: P1, P-1, C2, C2/c, P21, P21/c, C2221, and
Pna21 [35]. Its tilted derivative can also be generated in
other space groups: P2, P21, C2, Cc, P21/c, P222,
P212121, and Pna21. The final symmetry after lattice
energy minimizations is Im-3m for the ACO topology
in agreement with the experimentally known structure
and P4/mnc for the tilted topology. The AFY and LTA
topologies can also be generated in P-1 and R3 space
group, respectively, with a final symmetry of P-31m for
AFY and Pm-3m for LTA zeotype in its SiO2 form.

Except for the known zeolite frameworks mentioned
above, a number of hypothetical structures can be also
generated during the simulations (structures T1eT10),
which are shown in Fig. 24.14. Each structure possesses
a three-dimensional framework containing cages or chan-
nels. Their relative stabilities are estimated in terms of the
lattice energy at constant pressure and expressed in
kJmol�1/TO4 and are compared with known zeolites in
the SiO2, AlPO4, and GaPO4 forms, respectively. The
results are given and classified as decreasing relative
stabilities:

For SiO2 phases:

SiO2>ACO> LTA>VFI> T3> T1> T2*>
T2> T6> T8>AFY> T4> T9> T10> T5;

FIGURE 24.13 A hypothetical structure with 24-ring
channels predicted in space group P6/mmm. C. Mellot-

Draznieks, J.M. Newsam, A.M. Gorman, C.M. Freeman,
G. Férey: De novo prediction of inorganic structures developed

through automated assembly of secondary building units

(AASBU method). Angewandte Chemie International Edition.

2000. Volume 39, Page 2270. Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission [34].

FIGURE 24.14 Hypothetical structures (T1eT10) generated using
the D4R as SBU. The known zeolite ACO structure and its titled
structure are also predicted. Reprinted with permission from [35].
Copyright 2002 American Chemical Society.
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For AlPO4 phases:

AlPO4>VFI>ACO> LTA>T1> T3> T2*>
T2> T6> T8>AFY> T4> T9> T10> T5;

For GaPO4 phases:

GaPO4> T3> T4>VFI>ACO> T2> LTA>
T1> T5> T6> T8> T2*>AFY> T9> T10.

It is believed that the structures whose relative energy
is intermediate between LTA and AFY can be considered
as “not-yet-synthesized structures”, while those that are
less stable than AFY remain “virtual”.

AASBU method provides an effective way for the
structural design on the basis of predetermined SBUs.

24.1.2.3. Prediction of Open-framework
Aluminophosphate Structures by Using the AASBU
Method With Lowenstein’s Constraints

On the basis of the above-described AASBU
approach, Li et al. [36] developed an approach to
generate hypothetical open-framework aluminophos-
phate structures with specified Al/P stoichiometry.
Open-framework aluminophosphates are constructed
from strict alternation of AlOn (n¼ 4, 5, 6) polyhedra
and P(OeAl)nO4�n (n¼ 1, 2, 3, 4) tetrahedra via bridging
oxygen atoms, which show rich structural architectures
with diverse stoichiometries. In this approach, the addi-
tional constraints based on the Lowenstein’s rule are
introduced, i.e., no AleOeAl or PeOeP linkages are
allowed. The AlOn (n¼ 4, 5, 6) polyhedra and P
(OeAl)nO4�n (n¼ 1, 2, 3, 4) tetrahedra, together with

the clusters constructed by them, can be selected as the
BUs for the structure generation. To satisfy the Lowen-
stein’s rule, the force field that controls the assembly of
the building units is parameterized to favor the forma-
tion of AleOeP linkages while avoiding the formation
of AleOeAl or PeOeP linkages.

Through alternation of different Al and P coordina-
tions in the lattice, various stoichiometries can be gener-
ated. For each specified Al/P stoichiometry, all the
possible combinations of Al and P atoms with different
coordination states can be calculated according to the
Lowenstein’s rule. Two criteria must be satisfied during
the calculation of the possible combinations for a speci-
fied stoichiometry:

(1) The sum of the numbers of each kind of Al atoms
must be equal to the number of Al atoms in the unit
cell, similarly, the sum of the numbers of each kind of
P atoms must be equal to the number of P atoms in
the unit cell;

(2) The number of AleOb bonds must be equal to the
number of PeOb bonds.

These two rules can also be summarized in Eq. (24.4):

XI

i¼ 1

mi ¼
XJ

j¼ 1

nj (24.4)

where I (J) is the number of Al (P) atoms in the unit cell;
mi (nj) is the number of Ob atoms connected with the i-th
( j-th) Al (P) atom.

All the possible combinations of different kinds of Al
and P atoms can be calculated for a specified stoichiom-
etry. Here the prediction of open-framework alumino-
phosphates with Al8P10O40 stoichiometry is taken as an
example. For instance, 6 Al(Ob)4, 2 Al(Ob)5, 4 P(Ob)4,
and 6 P(Ob)3(Ot) atoms are one of the combinations for
aluminophosphates with Al8P10O40 stoichiometry.
Assuming a P-1 space group, only half of the atoms,
i.e., 3 Al(Ob)4, 1 Al(Ob)5, 2 P(Ob)4, and 3 P(Ob)3(Ot) atoms,
are needed to be introduced in the asymmetric unit. All
the BUs used are shown in Fig. 24.15 together with the
labels of the force field atom types for the oxygen atoms.
The simulation is carried out in a unit cell with
a¼ b¼ c¼ 10 Å and a¼ b¼ g¼ 90�.

The generation of hypothetical structure H-1 is
taken as an example to illustrate the general assembly
procedure. First, the BUs are randomly introduced in
the unit cell (Fig. 24.16a); then, they are assembled
through the attraction between the O_al and O_p
atoms under the control of the force field including
a LenardeJones expression and a repulsive exponen-
tial expression (Fig. 24.16b). As the simulation
proceeds, the BUs are assembled together and the
“sticky-atom” pairs are formed (Fig. 24.16c). At the
end of the simulation, “sticky-atom” pairs are glued

FIGURE 24.15 BUs for the generation of aluminophosphate
structures with six Al(Ob)4, two Al(Ob)5, four P(Ob)4, and six P(Ob)3(Ot)
atoms in a unit cell. Only half of the required numbers of building
units are needed because of the symmetric operations under space
group P1. Reprinted with permission from [36]. Copyright 2005 American
Chemical Society.
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into single Ob atoms, and the hypothetical structure H-
1 is formed. The structure of H-1 is further refined
using Burchart force field. As shown in Fig. 24.16,
H1 has a three-dimensional open framework. Along
the [100] direction, there are distorted 16-ring channels
inside which pairs of terminal O atoms protrude
(Fig. 24.17a). There also exist 8-ring channels running
along the [010] direction (Fig. 24.17b). This structure
can also be viewed as exclusively constructed by the
Al4P5 BUs (Fig. 24.17c).

This method not only aids the prediction of hypothet-
ical aluminophosphate frameworks, but alsowill serve as
a useful tool to set up the initial structural models for the
solution of unknown aluminophosphate structures.

As demonstrated above, computational simulation
has proven to be a powerful tool for designing inorganic
porous structures with defined pore geometries,
building units, and compositions. Further accessing
these novel and not-yet-discovered structures might be
achieved by innovative synthetic strategies with the
aid of the rational template design.

24.2. CHEMICAL AND PHYSICAL
PROBLEMS ON WAY TO THE RATIONAL

SYNTHESIS OF INORGANIC
CRYSTALLINE POROUS MATERIALS

A typical crystallization procedure of zeolitic inor-
ganic porous crystalline materials involves the use of

inorganic cations or organic templates, also called struc-
ture-directing agents (SDAs) under hydrothermal or sol-
vothermal conditions. Although zeolite synthesis has
been extensively studied during the last six decades,
the rational synthesis is still far behind the empirical
trial-and-error synthesis. This identifies the challenges
and problems that remain in this area. Zeolite crystalli-
zation represents one of the most complex chemical
problems in crystallization phenomena such as poly-
merizationedepolymerization, solutionegelation, and
nucleationecrystallization. It involves complex reac-
tions and equilibria between solid and solution compo-
nents during the crystallization process. Elucidating the
formation pathway at the molecular level has been one
of the major challenges in porous materials science
[37e41]. However, until now, there is no clear under-
standing of the formation mechanism of zeolites by
which the starting amorphous gels are converted to
the porous crystalline solids in the presence of the
templates or SDAs. Especially, there is no understanding
on how to control the self-assembly of reaction species
that determines the formation of a specific zeolitic
porous structure under a given set of synthetic condi-
tions. This significantly limits the synthesis of zeolite
and related inorganic porous crystalline materials in
a predictable way.

The self-assembly of the crystalline open-framework
structures with the template or the SDA molecules is
a complex chemical process, involving changes over
the small (primary units), to medium (nuclei), to large

FIGURE 24.16 Generation process of H-1
using the AASBU simulation. (a) The initial BUs
are randomly generated in the unit cell; (b) the
BUs are assembled together through the attrac-
tion of O_al and O_p atoms; (c) the “sticky-
atom” pairs are “glued” together to form the
structure. The grey polyhedra denote the Al-
centered polyhedra, the light grey tetrahedra
denote the PO4 tetrahedra, and the black balls
denote the oxygen atoms. Reprinted with permis-

sion from [36]. Copyright 2005 American Chemical
Society.

FIGURE 24.17 Hypothetical aluminophosphate
structure H-1. It has a distorted 16-ring channel
along the [100] direction (a) and an 8-MR channel
along the [010] direction (b). This structure could
also be seen as constructed by the Al4P5 BUs (c). The
light gray polyhedra denote the Al-centered poly-
hedra; the gray tetrahedra denote the P-centered
tetrahedra. Reprinted with permission from [36]. Copy-

right 2005 American Chemical Society.
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scale (crystallites). Figure 24.18 is a schematic illustra-
tion of the assembly process of Si-TPA-MFI (TPA: Tetra-
propylammonium) proposed by de Moor et al. [42]. It
shows that 2.8 nm entities comprising TPA and silicate
as primary building units aggregate to form structures
up to 10 nm in size which in turn form viable nuclei
that initiate the growth of zeolite crystals. The nucleation
mechanism of TPA-MFI thus involves ordering initially
on the nanometer scale followed by order at larger scale
derived from the primary building units that are specific
for the crystal structure formed.

However, unlike the organic synthesis, there are no
defined reactions in such complex inorganiceinorganic
and organiceinorganic system mediated by water or
nonaqueous solvent (e.g., alcohol). In addition, even
though some characteristic BUs have been commonly
used to describe the zeolite structures, they may not
exist as the real ones during their formation process.
This is significantly different from the chemistry of
metal-organic framework (MOF) materials where the
concept of “Reticular Synthesis” concerning the molec-
ular building blocks can be well applied to the designed
synthesis. Currently, there is lack of advanced character-
ization techniques that can detect the reaction species
during the crystallization process. Time-resolved in
situ experimentation following the changes that occur
with time at the molecular level represents a significant
physical problem towards the rational synthesis of
zeolitic inorganic porous crystalline materials as well.

So far, a variety of analytical techniques such as adv-
anced nuclear magnetic resonance (NMR) spectroscopy,

high-resolution electron microscopy (HRTEM), atomic
force microscopy (AFM), small-angle X-ray and neutron
scattering (SAXS and SANS), and electrospray ionization
mass spectrometry (ESI-MS), as well as combinations of
them with computer simulations, have been used to
study the formation of zeolitic materials. However,
none of these techniques could provide a clear picture
of detailed chemical steps occurring during the crystalli-
zation of a zeolite. Despite considerable research efforts
towards understanding the complex synthetic system,
the proposed mechanistic models are still unclear at the
molecular level and are even debated. To finely control
the chemical steps towards the formation of a given
zeolitic inorganic porous structure is far beyond our
current capabilities. A better understanding of the forma-
tion mechanism is needed in order to allow the synthesis
of zeolitic inorganic porous crystalline materials in
a rational way. Knowledge gained from the studies will
undoubtedly guide the designed synthesis of such mate-
rials and further contribute to the success of this field.

24.3. ATTEMPTS TO THE RATIONAL
SYNTHESIS OF INORGANIC POROUS

CRYSTALLINE MATERIALS

One of the great challenges in the synthetic chemistry
of the inorganic porous crystalline materials today is the
design and synthesis of novel inorganic porous crystal-
line solids possessing desired structures and properties.
Although there exist difficult chemical and physical

FIGURE 24.18 Schematic illustration of
the crystallization mechanism of Si-TPA-MFI.
P.P.E. A. de Moor, T.P.M. Beelen, B.U. Koman-
schek, L.W. Beck, P. Wagner, M.E. Davis, R.A. van

Santen: Imaging the Assembly Process of the

Organic-Mediated Synthesis of a Zeolite. Chem-

istry e A European Journal. 1999. Volume 5, Page
2083. Copyright Wiley-VCH Verlag GmbH & Co.

KGaA. Reproduced with permission [42].
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problems associated with the understanding of the crys-
tallization mechanism of zeolitic inorganic porous crys-
talline materials, many research efforts have been made
to the tailor-made of such materials with targeted
porous structures. The database banks of zeolitic mate-
rials will help to increase the knowledge and under-
standing of the relationship of synthesis and structure
of such materials. Especially, computational methods
have greatly assisted in targeting zeolites with specific
structures and properties. The current attempts toward
the designed synthesis of zeolitic inorganic porous crys-
talline materials shall be presented which include: (i)
synthesis guided by the structure-directing effect of
SDAs, (ii) synthesis guided by substituent element
effects, and (iii) synthesis guided by data mining. By
means of the new synthetic approaches, zeolitic inor-
ganic porous crystalline materials with specific struc-
tures are able to be accessed in a more rational way.

24.3.1. Synthesis Guided by the Structure-
directing Effect of Template

In the synthesis of zeolites and related inorganic
porous crystalline materials, the organic templates or
structure-directing agents (SDAs) play an important
role in the assembly of inorganic species to highly
ordered open frameworks [43]. Although a direct
analogy between the SDA and the resultant channel
space cannot be clearly established, there is ample
evidence that the SDA does have an influence on
defining the channel geometry. The hosteguest chem-
istry has given some direction to the template synthesis
of zeolite materials. The synthesis of new porous frame-
work structures by rational design and selection of
template molecules has become highly feasible.

A remarkable example is the synthesis of pure silica
zeolite LTA (ITQ-29) by Corma et al. [44] by using

a supramolecular organic SDA obtained via the self-
assembly of two identical organic cationic moieties
through pep stacking interactions. The selection of the
SDAs to synthesize high-silica LTA is based on the
following criteria:

(i) The bulky organic SDA should fit the inner surface
of the a-cage of the LTA structure with as many
van der Waals contacts as possible but with the
least deformation; and

(ii) The SDA should have a weak tendency to form
complex with the solvent, besides maintaining
adequate hydrophobicity.

However, it is difficult to choose a bulky SDA to fulfill
the above criteria. Therefore, Corma et al. started from
the idea that a very large SDA could be achieved by
supramolecular self-assembly of two moieties through
pep stacking interactions, each with proper rigidity
and polarity. The 4-methyl-2,3,6,7-tetrahydro-1H,5H-
pyrido[3.2.1-ij]quinolinium iodide was then selected
that could form self-assembled dimers in aqueous solu-
tion. Figure 24.19 shows the formation of the LTA struc-
ture from the supramolecular self-assembly of the
organic SDA molecules.

Significantly, computer modeling has proven to be
useful for examining the structure-directing effects of
known molecules as well as predicting promising
SDAs for a given structure in terms of the hosteguest
interaction.

24.3.1.1. De Novo Template Design
by Computational “Growth” of the
Template Molecules

The empirical evidence is that a successful template
must be a “good fit” with the host framework. Lewis
et al. [45] developed a method for de novo design of

FIGURE 24.19 Formation of the LTA structure
from the supramolecular self-assembling of the organic
SDA molecules. Reprinted with permission from Macmil-
lan Publishers Ltd: Nature [44], Copyright (2004).
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SDA molecules, which can be computationally
“grown” within the confines of the pore system for
a specific microporous structure. This method demon-
strates its potential in developing new SDAs for
different known types of zeolite topologies, as well as
for new zeolitic materials with desired framework
structures.

In this method, the growth of the template is initi-
ated from a seed molecule placed in the void space of
the host. The molecule then grows by a number of
random actions using the fragment library as the source
of new atoms including (i) build, (ii) rotate, (iii) shake,
(iv) rock, (v) bond twist, (vi) ring formation, and (vii)
energy minimization. A successful template, on the
whole, must effectively fill the void space of the frame-
work. A cost function based on overlap of van der
Waals spheres is used to control the development of
new templates:

fc ¼
X

t

CðtzÞ=n ; (24.5)

where C(tz) signifies the closest contact between
a template atom t and any host atom z and n is the
number of atoms in the template. During actions (ii)e
(vi), movements of the template are made as a series of
small steps, the action only continues if fc has increased.
Such a strategy allows the template to locate rapidly the
largest available space in the host, and to achieve
optimum geometric complementarity with the host.

This method demonstrates its potential in developing
new templates on different types of zeolite topologies,
such as LEV, MFI, EU-1, and CHA. Figure 24.20 illus-
trates the growth process involved in the formation of
a candidate template, 1,2-dimethylcyclohexane in the
LEV structure starting from a methane seed. It shows
a high binding energy with the host framework. Exper-
imentally, using the amino analogue of this template, 2-
methylcyclohexylamine, as a structure-directing agent,
a cobalt aluminophosphate DAF-4 with zeolite LEV
structure type has been synthesized [46].

24.3.1.2. Predicting the Templates in Terms
of the Energies of the Hostetemplate Interactions

Suitable organic templates for the formation of
a specific porous structure can be predicted in terms of
thehosteguest interactionenergies.Lewis et al. [47] inves-
tigated the ability of organic molecules in templating the
microporous materials. They showed that the efficacy of
a template can be rationalized in terms of the energies of
the hostetemplate interactions. Now some examples to
demonstrate how the template design can be useful in
guiding the rational synthesis shall be presented.

24.3.1.2.1. SYNTHESIS OF ALUMINOPHOSPHATES

WITH AN OPEN FRAMEWORK ANALOGOUS TO

[C6H18N2] [AL4P5O19(OH)] (ALPO-HDA)

Li et al. [48] developed a computational method for
the prediction of the templating ability of organic amines
in the formation of a family of two-dimensional-layered
compounds. Their two-dimensional sheets are stabilized
by protonated organic amines through H-bonding inter-
actions. The templating ability of various organic amines
for the known inorganic layers has been investigated
and well explained in terms of the energies of the
hostetemplate interactions (Einter¼ E� Ef� Et, where
E is the total energy of the whole structure, Ef is the
energy of the framework, and Et is the energy of the
encapsulated organic template itself). The Burchart
1.01eDreiding 2.21 force field in the Cerius2 package
was chosen for energy optimization and calculation.
Furthermore, some organic templates that can poten-
tially direct the formation of a given host can be success-
fully predicted. This method was further applied to
three-dimensional open-framework aluminophosphate
system to investigate the templating ability of organic
amines [49]. The addition of template to the channel is
attained by using Monte Carlo method.

[C6H18N2][Al4P5O19(OH)] (AlPO-HDA) has an inter-
rupted open-framework structure with interconnected
12- and 8-ring channels along [010] and [100] directions,
respectively [50]. The framework is made up of

FIGURE 24.20 (a) The growth processes involved
in the formation of the substituted cyclohexane deriva-
tive in the LEV structure. Starting from a methane seed,
the alkyl chain grows inside the restricted void of the
LEV structure (IeV). High bias of the ring formation
action results in the formation of methylcyclohexane in
step VI, when an atom with a fifth-order neighbor
within a distance of 3 Å is selected. Further substitution
of this ring then occurs; and (b) the calculated position
of the template in the lev cage [45].
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alternating Al units (AlO4 and AlO5) and P units (PO4

and PO2(]O)(OH)). The template molecule, diproto-
nated 1,6-hexanediamine (HDA), is located in the main
12-ring channels and interacts with the host framework
through H-bonds as shown in Fig. 24.21a. Figure 24.21b
shows an isolated HDA molecule at its lowest energy
state. It can be seen clearly that the conformations of
the isolated HDA molecule and the encapsulated HDA
molecule in the channel are quite different. The energy
of the encapsulated HDA (14.03 kcal/mol) is much
higher than that of the isolated HDA (�1.09 kcal/mol).
However, the configuration of the encapsulated HDA
ensures the lowest hosteguest interaction energy.

Theoretical calculations show that the experimental
and optimized interaction energies Einter between the
framework and template molecules in AlPO-HDA
are �17.83 and �18.34 kcal/mol (per unit of [Al4P5O19

(OH)]2�, respectively. In order to find suitable templates
that can potentially direct the formation of framework of
AlPO-HDA, some typical organic diamines and poly-
amines, such as 1,5-pentanediamine, 1,4-butanedi-
amine, 1,3-propanediamine, diethylenetriamine, and
triethylenetetramine, were placed in the 12-ring channel
followed by energy optimization calculations. The opti-
mized interaction energies of the host framework and
the theoretical templates are presented in Table 24.1.
Some suitable templates that have lower interaction
energies with the host framework could be predicted,
for example, 1,5-pentanediamine and diethylenetri-
amine exhibit the lowest hosteguest interaction energies
of �21.40 and �21.30 kcal/mol, respectively. Experi-
mentally, the aluminophosphates with open-framework
structures analogous to AlPO-HDA were successfully
synthesized by using 1,5-pentanediamine and diethyle-
netriamine as the templates. The positions of the
templates in the crystal structures are in good agreement
with the theoretical prediction, as shown in Fig. 24.22.
On the other hand, when organic amines that have

higher interaction energies, for example, H2N(CH2)8
NH2 (No. 11) and H2N(CH2)2NH2 (No. 8) with hoste
guest interaction energies of 0.88 and �12.05 kcal/mol,
respectively, were used, no open frameworks analogous
to AlPO-HDA could be synthesized.

24.3.1.2.2. SYNTHESIS OF MICROPOROUS

ALUMINOPHOSPHATE ALPO4-21 BY

COMBINATORIAL APPROACH

The suitable template molecules can be predicted by
computer simulations. However, it must also be noted
that gel chemistry is also crucial, and that the templating
action will take effect only when the right gel environ-
ment is achieved. The methodology of combinatorial
chemistry plays a significant role in the discovery of
new materials [51]. Combinatorial approach has been
successfully applied to the hydrothermal or solvo-
thermal synthesis of zeolite and related inorganic
porous crystalline materials [52e56]. By this approach
an extensive study of complex multi-component system
can be easily achieved. Song et al. [57] demonstrated
a powerful strategy for the rational synthesis of micro-
porous materials through combination of computational
simulation approach and combinatorial approach.

This strategy has been demonstrated by using the syn-
thesis of aluminophosphate molecular sieve AlPO4-21

FIGURE 24.21 Open-framework of AlPO-HDAwith diprotonated
1,6-hexanediammine (1,6-HDA) molecules residing in the 12-ring
channels, and the isolated 1,6-HDAmolecule at its lowest energy state.
Reprinted with permission from [49]. Copyright 2000 American Chemical
Society.

TABLE 24.1 Interaction Energies (Einter) of Templateehost Per
Unit of [Al4P5O20H]2� (kcal/mol)

no. templatesa EVDW EH-bond Einter

1 H2N(CH2)6NH2 �18.34 0.00 �18.34

2 HNC6H10NH �16.21 �2.12 �18.33

3 H2NCH C6H10CHNH2 �12.94 0.00 �12.94

4 H2N(CH2)5NH2 �19.03 �2.37 �21.40

5 H2N(CH2)4NH2 �15.67 �3.48 �19.15

6 H2N(CH2)7NH2 �15.21 �0.17 �15.39

7 H2N(CH2)3NH2 �11.94 �2.31 �14.26

8 H2N(CH2)2NH2 �8.72 �3.33 �12.05

9 TETA �15.99 �2.61 �18.60

10 DETA �19.61 �1.69 �21.30

11 H2N(CH2)8NH2 1.16 �0.28 0.88

12 H2NCH(CH3)CH2NH2 �10.78 �3.74 �14.52

13 H2NCH2CH(CH3)
CH2NH2

�11.82 �1.83 �13.36

aTETA: H2N(CH2)2NH(CH2)2NH(CH2)2NH2; DETA: H2N(CH2)2NH(CH2)2NH2.

Note: The Coulombic interactions between the framework and the template are

ignored in the calculation. Only the low-energy nonbonding hosteguest inter-

actions including van der Waals (VDW) and H-bonding interactions are

considered here.

Reprinted with permission from [49]. Copyright 2000 American Chemical Society.
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as an example. The framework of AlPO4-21 (AWO zeo-
type) consists of 8-ring channels along the [001] direction
(Fig. 24.23). It is made up of the alternation of Al units
(including AlO4 and A1O5) and PO4 tetrahedra. The
templating abilities of various organic amines in the
formation of AlPO4-21 were evaluated in terms of
nonbonding interaction energies of the hosteguest calcu-
lated by molecular simulations. Table 24.2 shows the
calculated results. It shows that organic amines such as
dimethylamine, ethylenediamine, n-propylamine, ethyl-
amine, and pyrrolidine have similar interaction energies
(�12.55 to �13.66 kcal/mol per unit of Al3P3O13H)) with
AlPO4-21 framework, indicating their similar templating
ability in the formation of AlPO4-21. In order to find
other suitable templates to direct the formation of
AlPO4-21 framework, the templating abilities of several
organic amines that have not been used for the synthesis
of AlPO4-21 earlier were investigated. Among them,
trimethylamine and ethanolamine show lower interac-
tion energies of �13.55 and �13.48 kcal/mol, respec-
tively, which are comparable to those of experimental

templates discussed above. Therefore they were pre-
dicted as the potential templates for the synthesis of
AlPO4-21.

Through selection of the predicted suitable templates,
e.g., ethanolamine, ethylamine, dimethylamine, and
n-propylamine, etc., AlPO4-21 were successfully synthe-
sized by hydrothermal combinatorial approach in the
reaction system with molar composition 1.0Al(iOPr)3:
xH3PO4:yR:255.0H2O (R: amines) at 180 �C for 5 days.
Table 24.3 gives the detailed synthetic conditions. It was
noticed that the use of the predicted unsuitable organic
amine N,N,N0,N0-tetramethylethylenediamine that has

FIGURE 24.22 (a) Experimental 1,5-pentanediamine located in the 12-membered ring of AlPO-HDA and (b) predicted atomic positions of
1,5-pentanediamine inside the 12-membered ring (H-bonds are indicated by dashed lines). Reprinted with permission from [49]. Copyright 2000
American Chemical Society.

FIGURE 24.23 The framework of AlPO4-21 (AWO zeotype) con-
sisting of 8-ring channels along the [001] direction (gray for AlO4, light
gray for A1O5, and black for PO4).

TABLE 24.2 Interaction Energies (Einter) of Templateehost Per
Unit of [Al3P3O13H]� (kcal/mol)

No. Templates (R) EVDW EH-bond Einter

1 Dimethylamine L13.16 0.00 L13.16

2 Ethylamine L13.50 L0.16 L13.66

3 n-Propylamine L12.87 L0.09 L12.96

4 Ethylenediamine L9.39 L3.16 L12.55

5 Pyrrolidine L13.61 0.00 L13.61

6 N,N,N’0,N0-tetramethyl-1,

3-propanediamine

L8.00 0.00 L8.00

7 Ethanolamine �13.48 0.00 �13.48

8 Trimethylamine �13.55 0.00 �13.55

9 Methylamine �9.55 �0.25 �9.80

10 N,N,N0,N0-
Tetramethylamine

�8.19 0.00 �8.19

11 1,3-propanediamine �5.43 �0.07 �5.50

12 1,6-hexanediamine �6.23 0.00 �6.23

*Bold: experimental templates; Italic: predicted templates.

With kind permission from Springer ScienceþBusiness Media: Topics in Catalysis,

Toward Rational Synthesis of Microporous Aluminophosphate AlPO4-21 by Hydro-

thermal Combinatorial Approach, volume 35, 2005, Yu Song, Figure 2 [57].
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higher interaction energy (�8.19 kcal/mol) as the
template also produced AlPO4-21 (sample 7). However,
single-crystal structure analysis of sample 7 showed
that the real template residing in the 8-ring channels is
dimethylamine molecule which is believed to be resulted
from the decomposition of large N,N,N0,N0-tetramethyle-
thylenediamine in the reaction system.

24.3.1.2.3. SYNTHESIS OF EXTRA-LARGE PORE ZINC

PHOSPHITES WITH 24-RING CHANNELS

The synthesis of extra-large pore inorganic crystalline
materials is of considerable interest [58]. The extra-large
pore can be either templated by bulky rigid organic
molecules or by multiple small organic amines. Liang
et al. [59] reported a zinc phosphite [(C4H12N)2]
[Zn3(HPO3)4] (denoted ZnHPO-CJ1) with extra-large
24-ring channels, which is made up of strictly alter-
nating ZnO4 tetrahedra and HPO3 pseudo-pyramids.
The approximate size of the 24-ring window is 11.0�
11.0 Å (Fig. 24.24). Multiple protonated n-butylamine
molecules reside in each 24-ring window. The alkyl
groups of these cations extend into the hollow space
of the 24-ring channel and their NH3

þ groups form
H-bonds with the framework oxygen atoms. As with
ZnHPO-CJ1, many other extra-large micropore mate-
rials with high framework charge density are also
found whose extra-large pores are assembled around
multiple small amines. This exemplifies the cooperative

templating mechanism of multiple small organic cations
in the formation of extra-large micropore open-frame-
work materials. This work demonstrated a useful
strategy toward the template-guided synthesis of
porous materials with extra-large pores.

The templating abilities of several organic amines for
the formation of extra-large pore ZnHPO-CJ1 were
studied in terms of the space matching, chargeedensity
matching, and the nonbonding interactions of the hoste
guest [60]. The calculated results are listed in Table 24.4.

TABLE 24.3 The detailed crystallization conditions of AlPO4-21

Samples Templates (R) Crystallization ranges Phases

1 Pyrrolidine 1.0Al(iOPr)3-(3-4)H3PO4-
(4-7)R

AlPO4-21

2 Ethylamine 1.0Al(iOPr)3-(1-4)H3PO4-
(1-7)R

AlPO4-21

3 Dimethylamine 1.0Al(iOPr)3-(1-5)H3PO4-
(3-7)R

AlPO4-21

4 n-Propylamine 1.0Al(iOPr)3-(3-5)H3PO4-
(5-7)R

AlPO4-21

5 Ethanolamine 1.0Al(iOPr)3-(1-5)H3PO4-
(1-7)R

AlPO4-21

6 Trimethylamine 1.0Al(iOPr)3-(1-2)H3PO4-
(>7)R

AlPO4-21

7 N,N,N0,N0-
Tetramethylamine

1.0Al(iOPr)3-(1-2)H3PO4-
(1-7)R

AlPO4-21

8 1,3-Propanediamine 1.0Al(iOPr)3-(1-2)H3PO4-
(1-3)R

[NH3(CH2)3NH3][Al2P2O9]

9 1,6-Hexanediamine 1.0Al(iOPr)3-(1-2)H3PO4-
(1-3)R

AlPO-HDA

With kind permission from Springer ScienceþBusiness Media: Topics in Catalysis, Toward Rational Synthesis of Micro-

porous Aluminophosphate AlPO4-21 by Hydrothermal Combinatorial Approach, volume 35, 2005, Yu Song, Figure 2 [57].

FIGURE 24.24 (a) The open-framework structure of ZnHPO-CJ1
viewed along the [001] direction showing the extra-large 24-ring and
the 8-ring channels; and (b) multiple CH3(CH2)3NH3

þ ions reside in
one 24-ring pore window. J. Liang, J. Li, J. Yu, P. Chen, Q. Fang, F. Sun,
R. Xu: [(C4H12N)2][Zn3(HPO3)4]: An open-framework zinc phosphite con-

taining extra-large 24-ring channels. Angew. Chem. Int. Ed. 2006. Volume

37, Page 2546. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Repro-
duced with permission [59].
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The ratios of framework charge/framework T number
and template charge/template non-H number were
calculated as the charge densities of host framework
and organic template, respectively. Materials Studio
software was used to calculate the “free volume” of
the ZnHPO-CJ1 and the “occupied volume” of guest
organic molecules in free status. Cerius2 package was
used to calculate the nonbonding interactions between
the host framework and the guest molecules based on
the Burchart 1.01eDreiding 2.21 force field. More
detailed information about the calculation could be
found in Ref. [60].

The suitable template molecules should first meet the
space matching and charge matching with the host
framework. Furthermore, they should have lower inter-
action energies with the host framework. On the basis of
the above criteria, some suitable templates that could

potentially direct the formation of the extra-large pore
structure of ZnHPO-CJ1 were predicted. For example,
cyclohexylamine (CHA), cyclopentylamine (CPA), and
n-propylamine were predicted as favorable templates.
Experimentally, utilizing these amines as the templates,
(C6H14N)2[Zn3(HPO3)4](ZnHPO-CJ2), (C5H12N)2[Zn3
(HPO3)4] (ZnHPO-CJ3), and (C3H10N)2[Zn3(HPO3)4]
(ZnHPO-CJ4) were successfully hydrothermally pre-
paredwith target extra-large 24-ring channels analogous
to (C4NH12)2[Zn3(HPO3)4] (ZnHPO-CJ1) [61]. Their
structures were characterized by powder X-ray diffrac-
tion analysis as well as single-crystal crystal structure
analysis. Figure 24.25 shows the frameworks of ZnHPO-
CJ2 and ZnHPO-CJ3. Each 24-ring channel accommo-
dates multiple protonated cyclohexylamine ðCH2Þ5
CHNHþ

3 cations and cyclopentylamine ðCH2Þ4CHNHþ
3

cations, respectively.

TABLE 24.4 Calculated charge density (CDguest) and occupied volume (Vocc) of several organic amines, and
the interaction energy (Einter, kcal/mol) and H-bonding interaction energy (EH-bonds, kcal/mol)
of the hosteguest

Code Organic aminea Vocc (Å
3)c CDguest Einter EH-bonds

1 n-Butylamine 773.44 0.2 �77.92 39.87

2 n-Propylamine 665.68 0.25 �82.19 �41.83

3 Cyclohexanamine 852.16 0.14 �71.14 �41.80

4 Cyclopentylamine 813.44 0.17 �70.75 �44.69

5 1,6-Diaminohexane 561.8 0.25 �42.08 �17.81

6 1,8-Diaminooctane 726.76 0.2 �37.03 �19.09

7 1,9-Diaminononane 854.72 0.18 �43.42 �27.26

8 1,10-Diaminodecane 860.04 0.17 �17.07 �8.26

9 Diethylenetriamineb 501.08 0.29 �43.46 �23.52

10 Diaminobicyclooctane 486.52 0.25 �26.81 �3.51

aBold: experimental template; Italic: predicted templates.
bDiethylenetriamine is diprotonated.
cOccupied volumes of all templates in one unit cell are considered, and number of template molecules is determined based on the charge balance.

Reprinted with permission from [61]. Copyright 2008 American Chemical Society.

FIGURE 24.25 Crystal structures of (a)
ZnHPO-CJ2 and (b) ZnHPO-CJ3 viewed along
the [001] direction. Reprinted with permission from
[61]. Copyright 2008 American Chemical Society.
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24.3.1.2.4. CO-TEMPLATING SYNTHESIS OF

SILICOALUMINOPHOSPHATES WITH THE SAV

AND KFI FRAMEWORK TOPOLOGIES

Castro et al. [62] investigated a co-templating strategy
assisted by molecular modeling for the synthesis of sili-
coaluminophosphates with SAVand KFI zeotype frame-
works. STA-7 (SAV) has a three-dimensional 8-ring
channel system. Its structure is composed of D6Rs and
possesses two types of cages (Fig. 24.26). The cyclam
and tetraethylammonium cations (TEAþ) were used
for the synthesis of SAPO STA-7. Single-crystal diffrac-
tion analysis showed that the TEAþ cations fit nicely in
the smaller cages, and indicated that the cyclam mole-
cules reside in the larger cage disorderedly. If n-proply-
amine (DPA) and diisopropylamine (DIPA) were used
instead of TEAþ in the synthesis, the product was
mainly STA-6 (SAS) with minor admixed STA-7.
Modeling of their lowest energy configurations in the
smaller cage of STA-7 provided some idea of the role
of TEAþ. The binding energies of DPA, DIPA, and
TEAþ in the smaller cage are �83.6, �124.9, and
�125.6 kJ mol�1, respectively. The modeled position of
TEAþ is close to the position measured experimentally
but the DPA protrudes from the smaller cage. The higher
selectivity of TEAþ over DIPA is attributed to its better
fit to the geometry of the cage of STA-7.

KFI was previously reported as an aluminosilicate
zeolite ZK-5 [63]. Like the SAV framework, it is built
up from D6Rs only, but with a different stacking

arrangement (Fig. 24.27). The (001) surface of SAV is
topologically identical to the <100> surface of KFI. As
with SAV, KFI also has two types of cages, i.e., the
a-cage found inAlPO4-42 (LTA) and a smaller cage found
in zeolite merlinoite (MER). A co-templating strategy
as the synthesis of SAPO SAV was therefore employed.
It was believed that the azaoxacryptand 4,7,13,16,21,
24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane (K222)
which was a good template for AlPO4-42 [64] would fit
the a-cage, and some smaller organic amine or ammo-
nium cations might fit the smaller mer cage of KFI.

A few readily available amines and alkylammonium
cations were screened computationally for their fit
within the mer cages of KFI with an AlPO4 composition,
including tetramethylammonium (TMAþ), TEA and tet-
raproplyammonium (TPAþ) cations, methylamine
(MA), ethylamine (EA), propylamine (PA),
dimethylamine (DMA), diethylamine (DEA), DPA,
DIPA, triethylamine (TREA), and diisopropylethyla-
mine (DIPEA). The nonbonding energies are shown in

FIGURE 24.26 The structure of STA-7 with two different types of
cages, A and B (aluminum atoms are gray, phosphorus black, and
oxygen white). Images reproduced with permission from [62].

FIGURE 24.27 Above: The structures of SAV (left) and KFI (right).
Both are made up entirely of D6Rs (in blue), which can be distin-
guished when viewed along the a-axis. In SAV, layers are stacked
along the c-axis by a simple translation, whereas in KFI adjacent layers
are related by a mirror plane perpendicular to the c-axis. Below: The
KFI structure and with a- and mer cages outlined in grey, respectively.
Images reproduced with permission from [62].
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Fig. 24.28. As can be seen, the most favorable binding
energy is �177.8 kJ mol�1 for the TEAþ cation. Experi-
mentally, TEAþ was used a co-template with K222 in
the synthesis from a magnesioaluminophosphate gel
system, and gave the desired AlPO4-based KFI product.
Single-crystal structure analysis of MgAPOKFI revealed
that the TEAþ cations were located within the MER
cages in the configuration predicted by modeling. Using
the K222/TEAþ combination, CoAPO and SAPO
compositional variants of KFI were also successfully
synthesized.

24.3.2. Synthesis Guided by Substituent
Element Effects

24.3.2.1. Synthesis of D4R-containing Zeolites
by using Ge as a Silica Substituent

Some elements have been found to have a potential
ability to direct the formation of a particular building
unit. For example, Be and Zn atoms tend to direct the
formation of 3-rings in zeolite structures. A series of ger-
manates with D4R structures have been reported [65].
Recently, employing Ge as a silica substituent combined
with the use of novel template molecules, Corma’s
group has successfully synthesized a number of novel
D4R-containing germanosilicate zeolites. Ge preferen-
tially occupies positions at the D4R units [66]. The

structure-directing effect of Ge towards the formation
of D4R-containing zeolites is due to the fact that the
smaller GeeOeGe angles than the SieOeSi angles can
relax the geometric constraints in the D4R units and
thus stabilize the resulting structures.

For example, zeolite ITQ-21 was synthesized in the
gel with molar composition 0.33GeO2:0.67SiO2:0.50
MSPTOH:0.5HF:20H2O at 175 �C for 5 days using
N-methylsparteinium hydroxide (MSPTOH) as SDA
[67]. In the absence of Ge in the reaction mixture CIT-5
(CFI) was formed which did not have D4Rs in the struc-
ture. The structure-directing role of Ge in the D4R-
containing zeolites has been also clearly shown by the
synthesis of polymorph C of zeolite beta (BEC) with a
variety of organic template molecules [68]. The syn-
theses were carried out in the gels with molar composi-
tions (1� x)SiO2:xGeO2:(0.5e0.25)SDAOH:0.5HF:wH2O
at 135e175 �C for 15e120 h. Notably, when Ge was
introduced into the reaction system, only the D4R-con-
taining BEC structure was obtained irrespective of the
type of the template used. In the absence of Ge, different
zeolite phases including ITQ-4, beta, and ZSM-12 were
obtained depending on the template used.

Remarkably, novel zeolites with extra-large pore
structures have been prepared by using Ge as a silica
substituent. Notable examples, as shown in Figs 24.29e
24.31 (framework structures and three templates used),
are ITQ-15 [69] with two-dimensional 14� 12-ring chan-
nels (FD: 15.6), ITQ-33 [70] with three-dimensional
18� 10� 10-ring channels (FD: 12.3), and ITQ-37 [71]
with three-dimensional 30-ring channels (FD: 10.3).
Interestingly, ITQ-37 represents an interrupted zeotype
structure that contains extra-large mesoporous 30-ring
gyroidal channel with the pore dimension of 7.05�
22.04 Å and the lowest framework density among all
the known four-connected zeolite structures. It was
synthesized using the bulky diammonium ion, which
contains chiral centers, as the organic SDA. More
recently, Jiang et al. [72] reported a new silicogermanate
ITQ-44 with three-dimensional 18� 12� 12-ring chan-
nels by using (20R, 60S)-20, 60-dimethylspiro[isoindole-
2,10-piperidin-10-ium] as an SDA. Interestingly, ITQ-44
is featured by novel D3Rs along with D4Rs. There is
also a preferential Ge occupancy of the D3Rs. The struc-
ture of ITQ-44 is closely related to that of ITQ-33. The
12-ring channels in ITQ-44 can be viewed as expansion
of the 10-ring channels through D3Rs (Fig. 24.32).

24.3.2.2. Heteroatom-stabilized Chiral Framework
of Aluminophosphate Molecular Sieves

Heteroatoms have also demonstrated their effect on
stabilization the chiral zeolite frameworks as demon-
strated by the work of Song et al. [73]. Li et al. have
developed a method for the design of chiral zeolite
frameworks with specified pore geometries through

FIGURE 24.28 Above: A histogram of the nonbonding energies of
potential co-templates for the mer cages of the AlPO4-KFI structure,
indicating that TEAþ ions have most favorable binding energies.
Below: The modeled position of the TEAþ cations within the mer cages
of the AlPO4-KFI structure (left) and that observed experimentally
(right). In the latter, one of two symmetry-related positions is shown.
Images reproduced with permission from [62].
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constrained assembly of atoms (see Section 2.1.1).
According to the theoretical results, most four-con-
nected frameworks generated with chiral channels are
energetically unfavorable for the SiO2 composition
because of the special geometric strains in such struc-
tures. This suggests that introducing other elements
such as Be, B, Ge, and transition metals, instead of Si,
might be a promising strategy for stabilizing such frame-
works, as they could offer a more reasonable bonding
geometry, like bond distances and bond angles than an
SiO2 composition does. By the incorporation of metal
ions (Co2þ, Mg2þ, Fe2þ, etc.) into the aluminophosphate
framework, novel heteroatom-containing chiral alumi-
nophosphate MAPO-CJ40 (M¼Co2þ, Mg2þ, Fe2þ, etc.)
has been synthesized with one-dimensional helical
10-ring channels. Figure 24.33 shows the structure
of CoAPO-CJ40. Its structure is based on the strict

alternation of MO4 (M¼Al, Co) and PO4 tetrahedra
forming an anionic [Co2Al10P12O48]

2� framework.
Charge neutrality is achieved by protonated diethyl-
amine cations. The helical 10-ring channels are enclosed
by double helical ribbons of the same handedness made
of the edge sharing of 6-rings along the 21 screw axis.
The Co atoms, which substitute one of the three unique
Al sites, adopt a helical arrangement along the channel.
The framework of CoAPO-CJ40 is intrinsically chiral
with underlying symmetry of I212121 and exhibits
a new zeotype structure which has been assigned as JRY.

It was noted that pure aluminophosphate AlPO-CJ40
could not be successfully prepared in the absence of Co
or Zn ions. In CoAPO-CJ40, the Co atoms exclusively
occupy the Al(1) position among the three unique Al
sites, with a probability of 50%. This could be explained
by a molecular mechanics computation and geometric
calculation. A structure model with a pure AlPO4

composition was built by replacing all the Co atoms by
Al atoms. The bond angle variance for each AlO4/PO4

tetrahedron was calculated after the geometry of this
structure model was fully optimized. The results
showed that there is a large bond angle variance on
the Al(1) site (Table 24.5) which indicates that the
Al(1)-centered tetrahedron may suffer from high
distortion from the ideal tetrahedron. The incorporation
of Co atoms might be necessary for the framework to
relax the high distortion, thus stabilizing the whole
structure.

Three other structure models were built by replacing
Al(1), Al(2), and Al(3) with Co atoms, respectively.
The calculated framework energies of the three opti-
mized models are �9401.35, �9374.83, and �9372.36
kcal mol�1 per unit cell, respectively. Therefore the first
structure model in which cobalt atoms occupy the Al
(1) position should be the most reasonable one. This
result agrees with the single-crystal structure analysis.
In summary, molecular simulations and geometric

FIGURE 24.30 (a) Lateral view of the ITQ-33 structure, showing
the 10-ring and (b) The SDA cation used in ITQ-33.

FIGURE 24.29 (a) The 14-ring view along c-axis. (b) The 12-ring view along the b-axis. (c) The SDA cation used in ITQ-15 synthesis Only the
TeT connections are shown.
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calculations demonstrated that Co2þ ions play an impor-
tant role in stabilizing the chiral framework.

24.3.3. Synthesis Guided by Data Mining

The difficulty towards the rational synthesis of
zeolitic inorganic porous crystalline materials lies in
the unclear relationship of the synthetic factors and
resulting structural characters. In order to establish
such a relationship, Yan et al. [74] established a Zeobank,
which contains a database of AlPO synthesis, and a data-
base of AlPO structures. The databases are available at
the Website http://izasc.ethz.ch/fmi/xsl/IZA-SC/ol.
htm [75]. The Zeobankwill allow to apply computational
techniques to study complex relationships between the
synthetic parameters and the corresponding zeolite
structures in a systematic manner. An SVM-based
computational study on microporous aluminophos-
phates has demonstrated the general feasibility in estab-
lishing a relationship between the synthetic parameters
and the structural features of the zeolite materials. This

provides a useful strategy to the rational synthesis of
zeolitic inorganic crystalline materials [76].

The AlPO synthesis database contains over 1600 reac-
tion data for ca. 230 AlPO structures. The data were
mostly collected from the literature. Each entry in the
database consists of four pieces of synthesis information:
the source materials, the template, the synthesis condi-
tions, and the structural characteristics of the product.
The channel systems of microporous AlPOs can be
divided into 17 types according to the sizes of their
pore rings. Among them, AlPOs with (6,12)-rings repre-
sent a major class, and 396 synthetic records in the
database are associated with this channel system. An
SVM-based computational study has been performed
for predicting the formation of (6,12)-ring-containing
microporous aluminophosphates.

For a specified classification problem, an SVM is
trained (or supervised) to learn to optimally distinguish
the data elements in a positive data set from the data
elements in a negative data set, together forming the
training data set, based on their respective feature values

FIGURE 24.31 (a) A slice (15.3 Å thick) viewed down the [111] direction. All double 4-rings have the same orientation. (b) The 30-ring built
from 10 tertiary building units. The centers of the tertiary building units fall on the nodes of one srs net. (c, d) The large cavity defined by three
30-rings in the topological and tiling methods. (e) Structure of SDA cation used for synthesizing the ITQ-37 zeolite. SDA contains four chiral
centers (marked with asterisks) in a mesoconformation, making the overall molecule achiral. Reprinted with permission from Macmillan Publishers

Ltd: Nature [71], Copyright (2009).
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[77]. During the training, an SVM continues to adjust two
parallel (separating) hyperplanes in the feature space,
attempting to keep as many positive data elements on
one side of a hyperplane and the negative points on the
other side of the parallel hyperplane as possible, and
the two hyperplanes have the largest distance possible.
Distinguishing between the (6,12)-ring-containing AlPOs
and the other AlPOs in the AlPO synthesis database is
essentially a binary classification problem.

Feature selection is crucial for the successful classifi-
cation by an SVM-based classifier. Through analyses of
a database of AlPO synthesis with ca. 1600 reaction
data, a number of synthetic parameters are identified
as the features (F) such as three gel molar ratios of
Al2O3 (F1), P2O5 (F2), and the organic amine template
(F4), as well as a number of parameters associated
with the geometric and electronic characteristics of the
templates as the input (Table 24.6). Eleven template

parameters are considered that are believed to cover
the most important features of a template, including
the longest distance (F11), the second longest distance
(F12), and the shortest distance (F13) associated with
the template geometry, the van der Waals (VDW)
volume (F14), the dipole moment (F15), the ratio of
C/N (F16), the ratio of N/(CþN) (F17), and the ratio
of N/VDW volume (F18) in the template, the Sanderson
electronegativity (F19), the number of freely rotated
single bond (F20), and the max Hþ number (F21). Using
these parameters, an SVM-based classifier has been
trained on a training data set containing 363 (6,12)-
ring-containing AlPOs and 1069 AlPOs without such
rings. Three important features related to the molar
concentrations of Al2O3, P2O5, and the organic template
in the starting gel and the 11 template parameters are
used as the input parameters for training the classifier.
The output of the trained classifier is either 0 or 1,

FIGURE 24.32 (a) The ternary building unit of both ITQ-33 and ITQ-44. (b) Condensation of the tertiary units in columns through the 3-ring
for ITQ-33 (indicated by the cycle). (c) Condensation of the tertiary building unit in columns through the double 3-ring (D3R) for ITQ-44
(indicated by the cycle). (d) The 18-ring pore view down along the c-axis for both ITQ-33 and ITQ-44.
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representing a resulting structure containing a (6,12)-
ring or not, respectively.

Each synthetic parameter has been tested individu-
ally as well as some of them in combinations in order
to know which ones may have the predictive power in
distinguishing the two classes of AlPOs. For example,
it is found that a classifier using only three synthetic
parameters involving the molar concentrations of
Al2O3 (F1), P2O5 (F2), and template (F4) cannot predict

if an AlPO contains (6,12)-rings or not. Further intro-
ducing the 11 aforementioned template parameters
along with the three synthetic parameters, individually
or grouping combinations, as the classification features,
gave substantially different levels of classification
performance. This suggested that the choice of suitable
template parameters was important to the classification
performance. The highest and the lowest predicting
accuracies among different combinations are shown in
Fig. 24.34. In view of the highest accuracy as a function
of the number (N) of the used template parameters, it
was found that adding two or more template parameters
generally gave better performance in the classification
than individual parameter-based classifiers.

By analyzing the classification performances based on
different combinations of the template parameters with
Al2O3 (F1), P2O5 (F2), and template (F4), the most rele-
vant template parameters could be identified to the clas-
sification problem. Notably, it was found that the second
longest distance within each template (F12) has the best
prediction performance among all individual parame-
ters, giving a training accuracy of 80.54% and a testing
accuracy of 78.08% by itself (Fig. 24.35). Further combi-
nation of F12 with another electronic parameter of
the template such as F16 (the ratio of C/N) or F18 (the
ratio of N/VDW volume), gave the training accuracy
83.66�84.31%, and the testing accuracy 81.61�81.75%
(Table 24.7).

FIGURE 24.33 Framework structure of CoAPO-CJ40. (a) Viewed along the [010] direction; (b) the helical 10-ring channel and helical
arrangement of cobalt atoms (white color for Co); (c) the 10-ring channel enclosed by double helical ribbons made up of the edge sharing of
6-rings.

TABLE 24.5 The bond angle variance for each AlO4/PO4

tetrahedron for CoAPO-CJ40

Al0 Co1 Co2 Co3 Si

Al1 4.62290 0.48070 6.48750 8.80290 3.07350

Al2 1.76090 6.11130 19.32990 17.14490 1.85990

Al3 3.18480 2.82550 8.67860 20.04860 0.77040

P1 1.04380 0.08400 15.06540 2.93800 1.22310

P2 1.54060 0.70720 3.60340 12.34910 2.45710

P3 0.71630 0.11130 1.28080 2.57930 2.79310

SUM 12.86930 10.32000 54.44560 63.86280 12.17710

AVR 2.14488 1.72000 9.07427 10.64380 2.02952

X. Song, Y. Li, L. Gan, Z. Wang, J. Yu, R. Xu: Heteroatom-stabilized chiral framework of

the aluminophosphate molecular sieves. Angewandte Chemie International Edition.

2009. Volume 48, Page 314. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.

Reproduced with permission [73].
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Computational data mining techniques showed
a great promise in guiding the rational synthesis of
zeolitic materials. Currently various computation tech-
niques have been used to retrieve information from
the data analysis [78] such as neural networks, support
vector machines, classification trees, clustering analysis,
principal component analysis, and control theory.
However, it is worth mentioning that many factors
influence the prediction results such as the number
and the quality of the data set in the Zeobank database,
the feature selection of the input synthetic parameters
and the output structural parameters in the classifica-
tion, and the data mining techniques. Moreover, the
successful prediction of the formation of microporous
materials with specified structural features will heavily
rely on the deep understanding of zeolite synthetic
chemistry.

TABLE 24.6 Description of the input synthetic parameters

Codea Description of parameters

Gel
composition

F1 The molar amount of Al2O3 in the gel
composition

F2 The molar amount of P2O5 in the gel
composition

F4 The molar amount of template in the
gel composition

Organic
template

F11 The longest distance of organic
template

F12 The second longest distance of organic
template

F13 The shortest distance of organic
template

F14 The Van der Waals volume

F15 The dipole moment

F16 The ratio of C/N

F17 The ratio of N/(CþN)

F18 The ratio of N/Van der Waals volume

F19 The Sanderson electronegativity

F20 The number of free rotated single bond

F21 The maximal number of protonated
H atoms

a[F3], [F5]e[F10] refer to other synthetic parameters such as the crystallization

temperature and time, and the feature of the solvent which are ignored in this study.

Molecular dimensions of the organic template are calculated based on the optimized

model by using PM3method inMOPAC 2000. The longest, the second longest, and the

shortest distances are defined as the three largest lengths of an organic template in three

perpendicular directions of space.

Reprinted from Microporous and Mesoporous Materials, Jiyang Li, Miao Qi, Jun Kong,

Jianzhong Wang, Yan Yan, Weifeng Huo, Jihong Yu, Ruren Xu, Ying Xu, Computa-

tional prediction of the formation of microporous aluminophosphates with desired

structural features, Copyright (2010), with permission from Elsevier [76].

FIGURE 24.34 Highest and lowest prediction accuracies of N-
parameter combinations along with the molar concentrations of F1, F2,
and F4 by using a Gaussian RBF kernel function. Reprinted from

Microporous and Mesoporous Materials, Jiyang Li, Miao Qi, Jun Kong,
Jianzhong Wang, Yan Yan, Weifeng Huo, Jihong Yu, Ruren Xu, Ying Xu,

Computational prediction of the formation of microporous alumi-

nophosphates with desired structural features, Copyright (2010), with
permission from Elsevier [76].

FIGURE 24.35 Effect of single template parameter along with
F1, F2, and F4 on the classification result. Reprinted from Microporous

and Mesoporous Materials, Jiyang Li, Miao Qi, Jun Kong, Jianzhong Wang,
Yan Yan, Weifeng Huo, Jihong Yu, Ruren Xu, Ying Xu, Computational

prediction of the formation of microporous aluminophosphates with

desired structural features, Copyright (2010), with permission from Elsevier
[76].
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24.4. FUTURE PERSPECTIVE ON THE
TAILOR-MADE SYNTHESIS OF DESIRED
INORGANIC POROUS CRYSTALLINE

MATERIALS

Zeolitic inorganic porous crystalline materials are of
importance in many technological processes such as
catalysis, adsorption, and separation because of their
unique pore architectures coupled with the active reac-
tion sites. Especially, zeolites are very successful cata-
lysts in shape-selective catalysis that have found
many industrial applications. Fine-tuning zeolites
with controlled pore architectures, such as the pore
system, pore dimension, and pore shape, will improve
their performance for applications. Clearly, this repre-
sents a formidable challenge and will call for a capa-
bility to tailor-made synthesis of inorganic porous
crystalline materials with desired structures and func-
tionalities [79].

Currently, computational approaches, combined
with increasing knowledge and understanding of the
propertyestructureesynthesis have greatly facilitated
the designed synthesis of zeolitic inorganic crystalline
porous materials. Figure 24.36 depicts the future blue-
print for the tailor-made synthesis of desired zeolitic
materials. The engineering to access the target func-
tional inorganic porous crystalline materials can be
described as following:

(i) A practical application, e.g., a specific catalytic
reaction, raises detailed requirements for the
structures with defined pore dimension, pore
system, pore shape, active sites, etc.

(ii) The desired porous structures are then designed by
computational methods.

(iii) By using computational modeling, the candidate
SDA molecules are predicted for the given
structures. Further data-mining techniques will
predict the synthesis conditions for the target
structures.

(iv) The synthesis is achieved by using various
synthetic techniques under hydrothermal or
solvothermal conditions. Especially, the
combinatorial techniques will allow exploring in
a large experimental space by means of the
appropriate experimental design.

(v) The structures of as-made materials are identified
by comparing the experimental X-ray diffraction
patterns with the simulated ones derived from the
theoretical structures.

(vi) The application is eventually accessible by such
a rational design and synthesis approach.

It is worth underscoring here that toward the rational
synthesis of inorganic porous crystalline materials, there
still remain a number of challenges ahead to achieve
such a goal. Although great strides have been made in

TABLE 24.7 Sets of input template parameters exhibiting highest accuracy

Na Template parameters Training accuracy (%) Testing accuracy (%)

1 F12 80.54 78.08

2 F12 F16 84.31 81.75

3 F12 F16 F21 85.74 82.06

4 F12 F15 F16 F17 86.94 82.31

5 F12 F15 F16 F17 F18 87.51 82.44

6 F12 F13 F14 F15 F18 F19 87.86 82.36

7 F12 F13 F14 F15 F17 F19
F21

87.94 82.36

8 F12 F13 F14 F15 F17 F18
F19 F21

87.97 82.17

9 F12 F13 F14 F15 F16 F17
F18 F19 F21

87.97 82.08

10 F12 F13 F14 F15 F16 F17
F18 F19 F20 F21

87.99 81.97

11 F11 F12 F13 F14 F15 F16 F17
F18 F19 F20 F21

87.98 81.64

aN is the number of input template parameters.

Reprinted from Microporous and Mesoporous Materials, Jiyang Li, Miao Qi, Jun Kong, Jianzhong Wang, Yan Yan,

Weifeng Huo, Jihong Yu, Ruren Xu, Ying Xu, Computational prediction of the formation of microporous alumi-

nophosphates with desired structural features, Copyright (2010), with permission from Elsevier [76].
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this area, future advances in understanding the forma-
tion mechanism at the molecular level are needed before
the promise is fulfilled.

24.5. CONCLUDING REMARKS

Nowadays, the search for new inorganic materials has
been changing from the past empirical, trial-and-error

methods to the rational design philosophy. Our dream
is to control chemically the self-assembly process of inor-
ganic materials with predictable compositions, structures
and functionalities, and eventually to replace the classical
trial-and-error strategy. This is, in fact, a long journey
from possibility to reality. Despite the difficulties, this is
the waywhere the synthetic chemists should concentrate.
More research aswell as untiring efforts should be driven
along these directions.
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Zürich. 1978.
[21] E. de vos Burchart, J. Chem. Soc. Faraday Trans. 88 (1992)

2761e2769.
[22] Y. Li, J. Yu, R. Xu, Ch. Baerlocher, L.B. McCusker, Angew. Chem.

Int. Ed. 47 (2008) 4112e4405.
[23] C. Baerlocher, F. Gramm, L. Massüger, L.B. McCusker, Z. He,
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bottom-up, 479
Buckminsterfullerene C60, 249
building units design, 562

building units, 341
butterfly wings, 543

C
cage structure, 251
carbene complexes, 282
carbon cluster, 249
carbon matters, 413
carbon nanotube/AlPO4-5, 415
carbon nanotube (CNT), 153, 405, 414, 415,

548
carbon, 251
carbonyl complexes, 271
carbyne complexes, 282, 284, 286
cation interstitialcy, 323
cation vacancy, 337
ceramic matrix composites (CMCs), 435
ceramic nanocomposites, 442
ceramic scintillators, 449-454
ceramics, 176, 185, 186, 187, 189, 193
ceria, 334
Cf/C Composites, 436
Cf/SiC Composites, 437
Cf/SiO2 Composites, 436
chabazite, 409, 413
chalcogenide clusters, 227, 243
chalcogenides, 16, 347
chemical etching, 482
chemical mass transportation, 154
chemical precipitation, 430
chemical preparation, 429
chemical vapor deposition (CVD), 151, 429
chimie douce, 387
chiral materials, 539
chiral molecular recognition, 241
chirality and symmetry, 241
chlorine gas, 137
cinnabar, 151
cluster-organic frameworks, 234
cluster, 227
CMK-1, 367
CNTs/BaTiO3 composites, 443
CNTs/SiO2 composites, 442
cocondensation, 60
cold baths, 39
cold trap, 45
colloid chemical, 487
color center, 324
combustion synthesis, 22
complex fluorides, 75
p complexes, 279
component exchange, 199
composite, 405, 407
composition, 3

computer simulations, 565
configurational entropy, 325
confinement technique, 520
cooperative self-assembly, 352
coordination compounds, 197
coprecipitation method, sol-gel techniques,

329
core-shell, 480
counter diffusion self-assembly (CDSA), 520
counter-ion effect, 221
cryosynthesis, 27, 198
cryosynthetic reactions, 60
crystal grower equipment, 9
crystal growth, 68
crystallization, 176, 177, 178, 182, 183, 190,

343
Cu-BTC, 512
cycloaddition, 255
cyclomatrix polymers, 296
cyclopentadienyl complexes, 288
cyclophosphazene, 296

D
DAC, 98, 100, 101, 102, 103, 104, 105, 106, 114
Daltonides, 321
data mining, 571
DDR, 510
deep eutectic solvent, 89
degree of fill, 66
dense membranes, 507
designed synthesis, 234
desired structures, 555
diamond anvil cell (DAC), 100, 123
diamond anvil cell, 101, 107, 114
diamonds, 98, 100, 101, 102, 104, 105, 106,

110, 112, 113, 114, 119, 120, 121, 122, 123
diatom, 525
dip coating, 516
direct synthesis, 197
directed assembly, 234, 235
directed substitution, 230, 231
directed-combination, 235
divalent rare earth ions, 15
DNA, 525
double hydrophilic block copolymers

(DHBCs), 531
dye molecules, 405, 410, 411, 412

E
E-factor, 4
EELS, 336
electrochemical synthesis. in situ oxidation,

387
electrochemical synthesis, 201
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electronic structure, 111, 114, 115, 118
electrophilic abstraction, 278
electrophilic addition, 278
electrospinning, 546
electrostatic layer-by-layer (LBL) assembly,

392
elimination, 273
emulsion, 487
encapsulation, 407, 408, 410, 419, 422, 423,

424
endofullerene, 253
epitaxial growth, 156
epitaxy, 156
EPR, 337
equation of state, 103, 104, 115
evaporation-induced self-assembly (EISA),

359, 517
evolutionary tree, 78
exohedral derivatization, 253
extended carnot theorem, 166
extreme conditions, 4

F
Fe3O4, 333
FeO, 332
film deposition, 156
fish scales, 543
flames, 250
formation criteria, 455
formation mechanism, 343
framework density (FD), 341
framework generation, 560
framework, 340
free energy, 322
Frenkel defects, 323
FSM-16, 354
fullerenes, 249
fused pentagons, 253

G
gas permeation, 510
gas separation, 512
gas-solid synthesis, 328
gecko feet, 543
gecko, 525
germanates, 241
glass, 174, 185, 188, 189, 193
glass-ceramics, 189
glove box, 290, 292
gmelinite, 342
gradient, 103, 104, 105
graphite evaporation, 249
graphite, 249
green synthesis, 3

H
H2 production, 143
halides, 15
halogenation reactions, 255
helical tubes, 236
heteroepitaxy, 156
hexadecafluorophthalocyanine, 423
hierarchical, 350
high oxidation state transition metal oxides,

120

high oxidation state, 107, 109, 125
high pressure and high temperature, 98, 112,

113, 120, 121, 122, 123
high pressure apparatus, 98, 99, 100, 104,

105, 106
high pressure inorganic synthesis, 110, 125
high pressure, 97, 98, 99, 100, 101, 102, 103,

104, 106, 107, 108, 109, 110, 111, 112, 113,
114, 115, 116, 117, 118, 119, 120, 121, 122,
123, 124, 125, 128

high temperature superconductor, 117, 124,
125

high temperature, 98, 99, 101, 104, 105, 106,
107, 112, 113, 117, 118, 119, 120, 121, 122,
123, 124, 125

high-pressure apparatuses, diamond anvil
cells (DACs), 98

high-pressure autoclave, 63
high-temperature species, 27
high-valent metals, 201
homoepitaxy, 156
host-guest composite, 408, 410, 411, 412, 413,

414, 418, 419, 420, 425
host-guest material, 405, 407, 410, 411, 412,

414, 416, 418, 423, 425
host-guest nanocomposite materials, 424
host-guest symmetry and charge matching,

242
host-guest, 405, 407, 408, 409, 410, 411, 418
hot spots, 175, 176
HPLC, 253
HRTEM, 336
HXY molecules, 54
hybrid zeolite, 347
hybrid, 145
hybridization, 3
hydrides, 270
hydro(solvo)thermal conditions, 239
hydrolysis and condensation, 19
hydrothermal biochemistry, 78
Hydrothermal synthesis, 63, 176, 387, 389,

397
Hydrothermal/solvothermal Method, 342,

432

I
ice-templated, 547
ideal synthesis, 4
in situ growth ceramic matrix composites,

441
in situ growth method, 392
in situ growth particle-reinforced ceramic

composites, 441, 442
in situ high pressure, 100, 102, 116, 124
in situ ligand formation, 222, 225
in situ ligand reactions, 73
in situ metal/ligand reactions, 221
in situ template method, 296
in situ ultrahigh pressure, 125
inclusion complexation, 203
induced congregation, 243
induced synthesis, 236
inorganic materials, 97, 120, 125
inorganic membranes, 507
inorganic polymers, 295

inorganic synthesis, ultrahigh pressure, 97
inorganic synthesis, 97, 98, 106, 110, 117, 125
insect, 525
insertion, 273
integration of structures and functions, 442
intergrowths, 342
intermediate oxidation states, 119
intermolecular and intramolecular

deamination coupling reactions, 229
interpenetration, 216, 219, 220
intramolecular decoration or intermolecular

linkage, 232
intrinsic defect, 324
iodine tungsten lamp, 154
ionic conductors, 74
ionic liquids, 89
ionothermal synthesis, 89, 349
iron(II) oxide, 332
g-irradiation Synthesis, 335
isolated pentagon rule (IPR), 252

K
kinetic model, 159
KrF2, 53

L
laboratory cryogenic systems, 39
lacunary directing synthesis, 229
lacunary sites, 229, 230
Langmuire Blodgett technology, 395
lanthanide germanate clusters, 243
large volume apparatus, 98, 103
large volume press, 100, 101, 102, 104, 106
large volume, 98, 104, 125
laser ceramics, 446
laser materials, 411
laser vaporization, 250
laser, 411, 412
layer-by-layer assembly, 484, 547
layered double hydroxides, 375, 376, 384,

386
layered inclusion compounds, 203
ligand substitution, 200
ligands, 197
light absorption, 130
light element, 114, 119
light emission devices (LED), 152
liquid crystal template, 352
lithography, 481
Ln germanate cluster organic frameworks,

243
long-range cation order, 377, 378
lotus leaves, 543
low temperature chemical separation, 46
low temperature fractional condensation, 46
low temperature fractional distillation, 46
low temperature selective adsorption, 46
low-pressure chemical vapor deposition

(LPCVD), 152
low-valent Metals, 201
LRS, 337

M
macrocyclic template, 204
macroporous, 368
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magnetite, 332
material, 405, 408, 409, 410, 411, 412, 413,

414, 416, 417, 418, 420, 422, 425
matrix isolation, 198
matrix photogeneration, 55
MCM-41, 353, 408, 413, 414, 416, 417, 418,

419, 420, 422, 423, 425
MCM-48, 355
mechanism, 274
membranes, 180
mercury lamps, 131
mesoporous carbon materials, 366
mesoporous host-guest materials, 411
mesoporous material, 176, 178, 410, 411, 417,

418, 423
mesoporous membrane, 507
mesoporous silica, 411, 425
mesoporous, 350, 353, 408, 409, 411, 412, 413,

414, 416, 417, 418, 419, 423, 424, 425
metal cluster, 203, 406, 407
metal complex, 405, 419, 423
metal exchange, 199
metal films, 140
metal fluorides, 137
metal oxide films, 142
metal vapor synthesis, 198
metal-cluster nodes, 211
metal-deficient, 326
metal-organic chemical vapor deposition

(MOCVD), 154
metal-organic framework (MOF), 72, 346
metal-rich, 326
metalemetal bond cleavage, 136
metal-schiff base, 421
MFI, 510
MgAl2O4 transparent ceramics, 445
MgCl2$6NH3, 57
microemulsions, 431
microlaser material, 411
microlaser, 411
microporous aluminophosphate, 339,

425
microporous carbons, 366
microporous inorganic membranes, 507
microporous, 339, 410, 411, 412, 413, 414,

416, 419, 422, 423, 424, 425, 427
microwave heating, 173, 174, 175, 176, 177,

178, 180, 181, 182, 183, 185, 186, 187,
189, 190, 192, 193

microwave or ultrasound aging methods,
387

microwave radiation, 173, 174, 175, 176, 189
middle-valent metals, 201
mineralizer, 350
mixing valence, 119
modern thermodynamics, 166
MOFs, 512
molecular design, 209
molecular reactors, 395, 397, 398
molecular sieves, 346, 525
molecular vessel, 395, 396, 398
molten salt electrolysis, 31
Morey autoclave, 85
mosquito eyes, 543
multi-anvil, 99, 100

multianvil high-temperature high-pressure
devices, 121

multianvil, 99, 101
multichannel, 546
multinuclear compound, 203
multiscale, 525

N
nacre, 525
nano-building units, 484
nano-sized materials, 142
nanocasting, 360
nanoceramics, 432
nanochemistry, 479
nanocrystal, 349, 480
nanofabrication, 480
nanomaterials, 76, 183, 479
nanoscaled powders, 429
nanowires, 153
Ni/Al2O3 (Co/Al2O3) composites, 440
non-equilibrium aging method, 384
non-IPR fullerenes, 252
nonaqueous, 349
nonequilibrium nondissipative

thermodynamics, 152
nonequilibrium phase diagrams, 152
nonlinear optical, 239, 307
nonspontaneous reaction, 152
nonstoichiometric compounds, 321
nucleation, 343
nucleophilic abstraction, 277
nucleophilic addition, 276

O
olefin complexes, 287
Oparin’s hypothesis, 78
open-framework materials, 70
optical ceramic for windows, 443
ordered mesoporous membranes, 508
organiceinorganic hybrid materials, 71
organometallic complex, 132, 259
organometallic coordination, 129
organometallic, 269
oxidative addition, 271
oxides and complex oxides, 14
oxo boron clusters, 239
oxo clusters, 227
oxo lanthanide clusters, 236
oxo main group clusters, 238
oxo metal clusters, 227
oxygen partial pressure, 328
oxygen-deficient, 326
oxyhalide, 16

P
paramagnetic property, 419
particle dispersion-strengthened ceramic

matrix composites, 440
particles, 405
periodic mesoporous organosilicas (PMOs),

360
peripheral substitution, 234
permeation, 507
perovskite, 74, 113, 114, 115, 118
pH effect, 218

phase transition, 97, 98, 101, 103, 104, 106,
114, 115, 116, 123

photo-induced electron transfer, 136
photo-isomerization, 134
photocatalytic water splitting, 143
photochemical synthesis, 129
photoluminescence, 318, 414, 418
photolysis, 54
photon energy, 130
photosensitization, 136
photosubstitution, 132
phthalocyanine metal complexes, 422
phthalocyanine, 422, 423
physical vapor deposition (PVD), 151
pillared-layer, 213
piston-cylinder, 98, 99, 100, 101, 103, 104,

105, 106
plasma reaction, 251
plasma-enhanced chemical vapor

deposition (PECVD or PCVD), 151
plasma, 190, 192
platinum, 408, 413
pnictides and oxypnictides, 17
point defects, 323
polycyclic aromatic hydrocarbons, 251
polyelectrolytes, 529
polymer host-guest, 413
polymer, 405, 409, 412, 413
polymeric membranes, 507
polyoxometalate, 228
polyphosphazenes, 295
polysilaethers, 295
polysilanes, 315
polyurethane, 310
pore geometries, 556
pore narrowing, 508
pore orientations, 517
pore size control, 358
porous inorganic membranes, 507
porous material, 339, 555
porphyrin, 422
postsynthesis hydrothermal treatment,

358
pre-intercalation method, 387
pre-pillaring Method, 387
precursor-induced complexation, 198
pressure affects, 110, 115
pressure calibration, 102, 104
pressure sintering, 433, 434
pressure transmitting media, 98, 100, 101,

102, 103, 104, 105
Prussian blue film, 142
pyrolysis, 251

Q
quantum yield, 130
a-quartz, 68

R
R3SiCo(CO)4 type compounds, 52
Raman diffraction, 101
Raman spectrum, 105, 116
rare earth-containing materials, 14
rational approaches, 555
redox interaction, 200
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reductive elimination, 271
resistance furnaces, 9
rice leaves, 543

S
sandwich-type cluster, 231
SBA-15, 354, 408, 409
SBA-16, 356
SBA-2, 356
scale chemistry, 563
schiff base, 421, 422
Schlenk techniques, 289
Schottky defects, 324
secondary assembly method, 387
secondary growth, 513
self-assembly, 3, 532
self-cleaning, 543
self-polymerization, 240, 243
self-propagating high-temperature

synthesis (SHS), 189, 193
semiconductor films, 129
semiconductor particles, 415, 417
semiconductor, 153, 405
separate nucleation and aging steps (SNAS),

384
separation membranes, 308
sesquioxide transparent ceramics, 448
shape preservation, 153
shell membranes, 525
short-range cation order, 379
SHS Process, 24, 25, 186, 189
SiCf/CMCs, 438
SiCp/Si3N4 Composites, 441
SiCw/Al2O3 Composites, 439
SiCw/Si3N4 Composites, 440
siliceous mesostructured cellular foams

(MCFs), 356
silicon, 416, 418
silicones, 295
silver sulfide, 417
silver, 407, 408, 417
simulation model, 161
single metal nodes, 209
SiO2, 424, 525
skeleton convert technique, 297
skew coordination orientation, 236
SNAS, 384
solar energy cell electrolysis, 145, 148, 150
solar generation, 250
sol-gel method, 22, 181, 387, 430, 488, 490,

492, 494, 496, 498, 500, 502, 504, 506
solid polymer electrolytes, 311
solid-state chemistry, 322
solid-state reaction method, 447
solid-state reactions, thermal

decomposition, 328
solid-state synthesis, 186, 193, 202
solid-gas, 186, 189, 190, 193

solution photochemical deposition, 141
solvent effect, 220
solvent evaporation method, 390
solvothermal synthesis, 63, 349
solvothermal/hydrothermal technique,

335
spark plasma sintering, 10, 435
spatial effects, 235
spider silk, 543
spin coating, 395, 516
spontaneous reaction, 152
staged structures, 382
step coverage, 153
stereospecificity, 241
steric hindrance, 236
stoichiometric compounds, 321
structural memory effect, 386
subcomponent exchange, 200
substituent element effects, 571
substituted synthesis, 228
substitution, 270
sulfide, 416, 417
sulfur, 409
super-hard materials, 114
superconductor, 117, 119, 124, 125, 329
Supercritical water oxidation, 83
Supercritical water, 81
superheating, hot spots, 176
superheating, 175, 176, 192
superhydrophobic, 301
superhydrophobicity, 525
superoleophobicity, 525
supramolecular isomerism, 219
surface polymerization, 299
surfactant packing parameter, 353
synergetic effects, 234
synergistic combination, 240
Synergistic coordination, 237, 238
synergistic directing agents, 231
synergistic directing synthesis, 231
synthesis through acid-base pair, 359
synthetic strategies, 228

T
tailor-made Synthesis, 584
TEM, 337
temperature effect, 215
temperature measurement, 98
template, 238, 240, 344, 387, 485, 571
tetrahedral clusters, 243, 245, 247
constant pH method, 383, 389
salteoxide (or saltehydroxide) method, 387
structure-directing effect, 571
variable pH method, 384, 388, 389
thermodynamic coupling, 152, 163
thermometry, 40
thin films, 138
TiO2, 330

top-down, 479
transition metal oxides, 108
transparent ceramics, 443
trisulfur, 409

U
ultrahigh pressure inorganic synthesis, 97,

125
ultrahigh pressure, 97, 115, 125
ultrathin films, 138-139
UO2, 332
upconversion luminescent materials,

448
uranium oxides, 331
urea hydrolysis method, 384, 385, 389

V
vacuum degree, 40
vacuum pump, 59
vacuum sintering, 447

W
warmup reactions, 60
water strider, 543
wettability, 525
Whisker-reinforced ceramic matrix

composites, 439
Wustite, 332

X
X-ray diffraction, 101, 103, 114, 123
XANES, 337
Xe[PtF6], 53

Y
YAG Transparent Ceramics, 446

Z
zeolite A, 340, 407, 409, 410, 417, 418
zeolite coatings, 91
zeolite L, 410, 411
zeolite membranes, 507
zeolite X, 340, 420, 422, 423
zeolite Y, 340, 406, 407, 408, 410, 412, 413,

415, 416, 417, 418, 419, 420, 421, 422,
423, 424, 425

zeolite-like, 346
zeolite, 64, 176, 177, 178, 339, 405, 406, 407,

408, 409, 410, 411, 412, 413, 414, 415,
416, 417, 418, 419, 420, 421, 422, 423,
424, 425

zeolites, microwave heating, 178
Zeotype, 346
ZIF-7, 512
ZIF-8, 512
zinc phthalocyanine, 423
zinc, 409, 417, 422, 428
ZSM-5, 349
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