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Foreword 

I H E A C S SYMPOSIUM SERIES was first published in 1974 to provide 
a mechanism for publishing symposia quickly in book form. The pur
pose of the series is to publish timely, comprehensive books devel
oped from A C S sponsored symposia based on current scientific re
search. Occasionally, books are developed from symposia sponsored 
by other organizations when the topic is of keen interest to the chem
istry audience. 

Before agreeing to publish a book, the proposed table of contents 
is reviewed for appropriate and comprehensive coverage and for in
terest to the audience. Some papers may be excluded in order to better 
focus the book; others may be added to provide comprehensiveness. 
When appropriate, overview or introductory chapters are added. 
Drafts of chapters are peer-reviewed prior to final acceptance or re
jection, and manuscripts are prepared in camera-ready format. 

As a rule, only original research papers and original review pa
pers are included in the volumes. Verbatim reproductions of previ
ously published papers are not accepted. 

A C S BOOKS DEPARTMENT 
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Preface 

A W I D E V A R I E T Y OF C H E M I C A L A P P R O A C H E S can be brought to bear 
on the synthesis and characterization of new and technologically advanced mate
rials. Advanced materials are usually defined as those that have superior proper
ties, are well characterized, and have been obtained by careful control of the 
synthesis process. Examples of such materials include diamonds, fullerenes and 
other carbon materials, glasses, ceramics, semiconductors, polymers, and com
posites. 

Materials science is an area of national priority from both a scientific and 
economic perspective. The development of new materials is the basis of many 
emerging high-technology industries (e.g., semiconductors and ceramics) as 
well as a key element in the transformation of traditional industries (e.g., auto
motive and plastics). In 1991, the American Chemical Society (ACS) recognized 
the importance of materials science and the central role of materials chemistry 
by establishing the Materials Chemistry Secretariat (MTLS) . The M T L S pro
vides a forum for 14 member A C S divisions to present work in the interdiscipli
nary field of materials chemistry. 

This volume is based on an M T L S symposium titled "High-Temperature 
Synthesis of Materials", at the 212th National Meeting of the American Chemi
cal Society in Orlando, Florida, August 25-29, 1996. The symposium included 
55 papers that covered various aspects of materials synthesis and characteriza
tion, and it was organized into five major subtopics: thin films, diamond and 
group III nitrides, fullerenes and carbon materials, ceramics and catalysts, and 
polymeric materials. This volume contains 21 chapters that are representative of 
these major groupings. In order to best reflect the content of the chapters and to 
make the book more useful for those new to the field, this volume has been or
ganized according to the types of synthesis processes rather than the type of 
material. 

A plenary session was held and included overview talks by scientists from 
the U.S. Government, national laboratories, and universities on some key areas 
of research in materials chemistry. Four of these six plenary talks appear as 
chapters in this volume, including a chapter by Sir Harold W. Kroto, who re
cently shared the Nobel Prize in Chemistry for his contributions to the discovery 
of fullerenes. 

This volume should be of interest to chemical scientists actively engaged in 
materials research as well as those considering entering this field who want to 
have an overview of the major types of materials synthesis processes and char-

xi 
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acterization methods. The book wi l l also be useful to graduate and undergradu
ate chemistry students by giving them information on the roles they can play in 
the emerging high technology fields of materials chemistry. 

The symposium was sponsored by the A C S Materials Chemistry Secretariat 
and was cosponsored by the A C S Committee on Science and the following A C S 
Divisions: Physical Chemistry, Colloid and Surface Chemistry, Inorganic Chem
istry, Inc., Fuel Chemistry, and Polymer Chemistry, Inc. 
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Chapter 1 

Chemistry of Advanced Materials 

Dieter M. Gruen 

Materials Science and Chemistry Divisions, Argonne National Laboratory, 
9700 South Cass Avenue, Argonne, IL 60439 

With the end of the Cold War and the increasing globalization of the 
U.S. economy, R&D expenditures must be increasingly justified based 
on future economic benefits. In the case of materials science, this 
justification is not difficult to make, since the results of these efforts are 
often closely linked on a fairly short time scale to important new 
industrial processes and products. In large measure, this is due to the 
fact that the hallmark of the discipline is its dependence on a mixture of 
basic and applied research and on interdisciplinary borrowing. In the 
organization of this volume, subject areas of current technological 
interest were chosen to provide an understanding of the important roles 
of material scientists, in general, and materials chemists, in particular, 
in the synthesis and characterization of advanced materials. 

The U.S. economy is experiencing fundamental structural change in the wake of the 
Cold War and the increasing globalization of economic activity. These changes are 
having far-reaching effects on the nation's science and technology enterprise. The 
complex issues associated with the role of technological innovation in economic 
growth and change need to be better understood and addressed. One of the factors 
complicating this task is that we can no longer justify large expenditures in scientific 
research in Cold War terms. From the point of view of the business community, these 
expenditures rarely — if ever — yield returns that reflect favorably in a corporation's 
near term earnings report. In the longer term, substantial profits may be made but, by 
that time, the scientific discovery that gave rise to the new business opportunity -- be 
it the transistor, the diode laser, carbon fibers, or nylon - is lost sight of. The 
connection between the discovery and the profit derived therefrom has been lost and 
cannot be forged anew in a convincing way. 

That is the dilemma in which the scientific community finds itself today. 
Materials scientists and materials chemists, in particular, understand very well the role 
they play in inventing new technologies from which future economic benefits will be 

2 © 1998 American Chemical Society 
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1. GRUEN Chemistry of Advanced Materials 3 

derived. They also know very well that, without sufficient investments in skills, 
research and development, infrastructure, plants, and equipment, the whole edifice of 
our complex society will be undermined. 

The scientific community can only hope that policy makers and society as a 
whole will come to recognize that support of the scientific enterprise is absolutely 
crucial to continued economic prosperity. Of course, scientists can help shape the 
course of events by communicating to others their deeply held convictions. The 
materials chemistry community can argue strongly for this point of view because the 
results of that scientific effort are often closely and demonstrably linked on a fairly 
short time scale to important new industrial processes and products. In large measure, 
this is due to the fact that the hallmark of the discipline is its dependence on a mixture 
of basic and applied research and on interdisciplinary borrowing. These characteristics 
-- coupled with intense personal motivation - lead to high levels of scientific 
innovation. 

Materials chemistry applies the insights of chemical thermodynamics, kinetics, 
and quantum mechanics to problems in material science. In the organization of this 
volume, it was felt that subject areas of great current technological interest should be 
chosen which illustrate the important contributions of materials chemists. The subjects 
covered include the synthesis and characterization of thin films, Group III nitrides, 
fullerenes and other carbon materials, ceramics, catalysts, and polymeric materials, 
covering a broad spectrum of interdisciplinary activities. 

Rather than in bulk form, more and more materials are finding wide-ranging 
uses as films varying in thickness from a few nanometers to many microns. Quantum 
well, multi-layer and thin film composites with diamond-like hardness are just a few of 
the exciting "atomically engineered" materials that are transforming the approaches to 
modern materials science. Materials chemistry is fulfilling an important function by 
moving many of these areas closer to practicality through improvements in synthesis 
processes and in the performance characteristics of advanced materials. 

For example, although the story of carbon is as old as mankind itself, it is not 
fully told, and new chapters -- sometimes new volumes -- are written from time to 
time. We appear to be in a period of a rapidly evolving carbon science right now. Not 
only is diamond film growth by chemical vapor deposition (CVD) an active area of 
research and development, but the discovery of fullerenes -- the third allotrope of 
carbon -- has opened up a whole new field of science with vast potential for both basic 
knowledge and applications. The paper that follows, authored by Professor Sir Harold 
W. Kroto, discusses the profound implications of the discovery of C 6 0 on the way we 
think about the structure of graphite and other layered materials. Because an important 
branch of chemistry -- organic chemistry — deals with carbon and its compounds, 
carbon as a material quite naturally arouses the interests of chemists, particularly of 
materials chemists. 

There can be no doubt that the discovery of the fullerenes by Kroto, Smalley 
and Curl, and their collaborators at Rice University in 1985, was one of the great 
moments in carbon chemistry. The recipe given us by Kratschmer and Hoffman in 
1990 for the synthesis of macro amounts of C 6 0 has given rise not only to the new 
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4 SYNTHESIS AND CHARACTERIZATION OF ADVANCED MATERIALS 

science of fullerene chemistry, but also to an intensive search for other new forms of 
carbon. Carbon nanotubes and carbon onions are examples of forms of carbon that owe 
their existence to the curiosity caused by C 6 0 . The vast, and hitherto unknown, ways in 
which carbon atoms can arrange and rearrange themselves in space continues as a 
subject of intense interest in the scientific community, along with the possibilities for 
using these materials in novel applications. 

One of the outstanding problems confronting the large-scale utilization of 
fullerenes is the cost associated with present-day methods of production based largely 
on carbon arc techniques. New — and hopefully more cost-effective — approaches to 
the synthesis of the fullerenes will have to be found. Those currently being studied 
range from the use of solar rather than electric energy to the use of premixed 
hydrocarbon/oxygen flames to the pyrolysis of hydrocarbon precursors and plasma-
enhanced C V D methods. The wonder is that, once the fullerenes were shown to exist, 
they now show up everywhere, even in nature. The synthesis of the fascinating boron-
and nitrogen-doped fullerenes, as well as of endohedral metal-doped fullerenes has 
been accomplished. C 6 0 can also serve as a "combinatorial pincushion" for the efficient 
synthesis of new drugs. 

Research on the Group III nitrides has seen a spectacular increase in interest in 
the last few years as a result of new uses that have been discovered for these materials. 
Interest has centered on cubic boron nitride for surface hardness, on A IN for its 
thermal conductivity, and on GaN as a wide bandgap semiconductor. 

Another forefront area in materials science, to which materials chemistry is 
making important contributions, is research on oxides, nitrides, and carbides. Although 
known to inorganic and physical chemists for many decades, these materials are 
coming into their own in high-technology applications. Such applications depend 
critically on one's ability to tailor structure and properties in such a way as to optimize 
the interplay between form and function. A very important use of these materials is as 
catalysts. Special structural features of metal vanadomolybdates, for example, enhance 
their function as selective oxidative dehydrogenation catalysts. Transition metal 
carbides and nitride catalysts are of interest because of their resistance to poisoning. It 
is important to develop new methodologies for preparing catalysts with better activity, 
selectivity, and long term stability. Catalysis was one of the first technological areas 
that required close cooperation between materials chemists and other materials 
scientists. 

A particularly challenging emerging area is that of nanoparticles and 
particularly the synthesis of nanoscale oxide powders. Many properties — mechanical, 
electrical, and optical — of nanoscale materials are very different from polycrystalline 
materials composed of micron-sized crystallites. The reason is that the surface free 
energy becomes important, even in determining phase stability. Several percent of the 
atoms making up the material reside at the grain boundaries with profound 
consequences for material properties. Again, as in the case of the fullerenes, in order to 
find applications, cost-effective methods of production must be found. The insights of 
materials chemists are therefore vitally important in devising new, more efficient 
methods of synthesis. These methods, in addition to being more efficient, should also 
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1. GRUEN Chemistry of Advanced Materials 5 

enable one to have better control over the nanaocrystallinity, and hence over the 
properties of the material. 

Nucleation and formation mechanisms, of course, form the basis for 
understanding the synthesis of any nanocrystallite, whether produced at relatively low 
temperatures from solutions or at higher temperatures, as in flames. Efficient solvents 
and process conditions have been developed for the synthesis of ceramic powders, 
such as alpha aluminum oxide, at sizes ranging from tens of microns to tens of 
nanometers. The synthesis of nano powders such as β''-alumina, S i 0 2 and T i 0 2 by 
flame spray, bulk pyrolysis, and combustion spray techniques has been accomplished 
by invoking new methodologies which draw heavily on the insights most familiar and 
available to materials chemists. A l l of these high temperature methodologies will profit 
from improved spectrometry diagnostic capabilities, which are now available. 

A discussion of the chemistry of advanced materials would be incomplete 
without the inclusion of polymeric materials. This is a classic illustration of an area 
where materials chemists can make important contributions to materials science 
because of the preeminent role of chemistry in the polymerization step. In some cases, 
polymers are used as precursors for other types of advanced materials. The synthesis of 
aluminosilicates from alkoxide precurors is a case in point. To accomplish this task 
requires, first of all, the synthesis and characterization of the polymer alkoxide 
precursors. In most cases, a polymeric material is the end result, as with the synthesis 
of high temperature polymers (e.g., thermosets) 

The interdisciplinary nature of materials science and the central role of 
chemistry has been clearly demonstrated in this volume by bringing together in a 
cohesive way a wide diversity of topical areas which are of current interest in materials 
science. It is hoped that volumes of this type will promote an understanding of the 
important roles of material scientists, in general, and materials chemists, in particular, 
in the synthesis and characterization of advanced materials. 

Acknowledgments 

The author gratefully acknowledges the support of this work by the U.S. Department 
of Energy, BES Materials Sciences, under contract number W-31-109-ENG-38. 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 1
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

15
, 1

99
7 

| d
oi

: 1
0.

10
21

/b
k-

19
98

-0
68

1.
ch

00
1

In Synthesis and Characterization of Advanced Materials; Serio, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1997. 



Chapter 2 

New Horizons in the Structure and Properties 
of Layered Materials 

Harold W. Kroto 

Physics and Environmental Science, School of Chemistry, University of Sussex, 
BN1 9QJ Brighton, United Kingdom 

The discovery that C60 (buckminsterfullerene) self-assembles from a 
condensing chaotic plasma causes us to look back and recognize 
certain misconceptions that existed over the structure of graphite and 
other similarly layered materials. The discovery has not only 
fundamentally changed our understanding of synthetic carbon 
chemistry, but has also opened up whole new and exciting 
possibilities in materials science - in particular at nanoscale 
dimensions. Furthermore, this new perspective also rationalizes 
numerous properties of bulk graphite that have hitherto been known 
but unexplained. 

In 1985, the proposal that the stable C 6 0 cluster, detected during laser ablation of 
graphite, might be a closed spheroidal cage (/) was greeted, by some, with 
skepticism. After all, most chemists had been brought up to take for granted the 
"fact" that carbon had an innate propensity to form flat sheets of carbon atoms in 
hexagonal arrays stacked to form graphite sandwich-like micro-crystals. Such a 
traditional image had been propagated throughout the standard literature and 
textbooks. Indeed, few appear to have given this received wisdom a second 
thought. 

If, however, the C 6 0 cluster, which had been created spontaneously from the 
chaos of a hot carbon plasma as it cooled, was indeed a closed spheroidal cage as 
proposed (/), then it clearly indicated that the whole concept of the intrinsic 
flatness of graphite might need some re-evaluation. Perhaps, flatness was not an 
invariable property of carbon after all. It soon became apparent, after a little careful 
deliberation, that on the scale of a few tens to a few hundreds of carbon atoms, 
graphite-like sheets of hexagonally arrayed carbon atoms would possess significant 
instabilities (dangling bonds) at the edges which might be relieved by closure into a 
cage network. In the bulk, edge instabilities would be insignificant but, on a small 

6 © 1998 American Chemical Society 
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2. KROTO Structure and Properties of Layered Materials 7 

scale, the need to satisfy the dangling bonds would probably be decisive and lead to 
energy-driven closure. [We shall not here deal with the important question of how 
bulk (mainly flat) structures might arise]. Euler's law applies to such structures and 
thus closure could only be achieved by such flat (hexagonal network) graphite 
sheets with the inclusion of non-hexagonal disclinations. In 1966, Jones suggested 
that 12 pentagonal disclinations would lead to closure resulting in graphene 
network balloons (2), and Osawa and Yoshida (3,4) described the possibility that 
C 6 0 itself might be stable. The breakthrough in 1990 by Krâtschmer, Lamb, 
Fostiropoulos and Huffman (5), who managed to produce C 6 0 on a macroscopic 
scale, has, at a stroke, brushed away any lingering doubts about the structure of C 6 0 . 
It also reinforced the need to recognize that the intrinsic behavior of extended 
carbon arrays was not well understood - at least on a microscopic scale. 

Those who have looked at graphitic materials carefully will have found that 
the flat sheets of graphite, extending essentially infinitely, are actually rather rare. 
Perhaps "perfect", or near-perfect, or even anywhere-near-perfect macroscopic flat 
stacked graphite objects, which really are isolated single crystals, may not actually 
exist. Sheet-like material with relatively large domains of near-perfect graphite can 
sometimes be found in mines such the Ticonderoga Mine. 

However, after the original fullerene proposal was made, Iijima's early 
transmission electron microscope (TEM) studies of concentric graphitic shell 
structures (6) became a focus of interest (7), as they appeared to bear some relation 
not only to the structure of C 6 0 but also to the mode of its formation. Iijima's T E M 
studies were recognized as giant graphite quasi-crystals (7,8) and later work by 
Ugarte (9) shed further light on these objects. Essentially, each crystal consists of a 
set of concentric giant fullerene shells in an onion-like infrastructure and T E M 
simulations (8) confirmed this new picture. 

However, one might ask "What about the traditional graphite sandwich 
single crystal?" It was mainly researchers who specialized in carbon materials who 
were aware of the complex nature of the problem and how difficult it really is to 
describe the many apparently different forms of graphite-related carbons that 
appear to exist. In general, almost all experiments involving graphite purporting to 
involve perfect graphene surfaces hare been carried out on HOPG (highly ordered 
pyrolytic graphite) - a rather flaky material which actually consists of myriads of 
aligned small graphite domains each of which consists of a stack of relatively flat 
graphene sheets. Ticonderoga graphite consists of relatively large domains but 
appears to be a rather rare material. [Certainly this author has never seen material 
which could be described as a single crystal of graphite of the kind often depicted 
schematically in traditional textbooks.] Graphite is usually made by thermolysis of 
various types of highly aromatic feedstocks, such as mesophase pitches, which 
often consist of large more-or-less planar aromatic molecules which have 
presumably lined up in more-or-less planar stratified order, prior to reaching the 
solidification stages in the production process. 
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8 SYNTHESIS AND CHARACTERIZATION OF ADVANCED MATERIALS 

In HOPG production, it is the existence of H, OH and other terminating 
(non-carbon contaminants) at the edges of the polycyclic aromatic precursor species 
which tends to ensure that relatively large areas of fairly planar graphite can form. 
Presumably, edge effects do not become important until very large planar regions 
have already developed and then the graphene sheets are so large and interplanar 
forces are so cumulatively strong that they have little impact on the gross structure. 
The major breakthrough was made by Smalley and co-workers [10] in which the 
laser vaporization techniques were developed which enabled small refractory 
clusters to be made and studied for the first time. In general, when such small 
aggregates of refractory atoms form, the reconstruction effects that govern the 
arrangements of atoms at surfaces become the dominant structure-controlling 
factors. Upon laser vaporization of graphite, pure carbon molecules form in the gas 
phase. In the case of graphene sheets and other small planar species, an edge 
reconstruction analogue of the well studied surface reconstruction effect appears to 
be all-important and may be a major factor in the resulting creation of C 6 0 . 

With hindsight it all appears to be really rather obvious, but the story only 
goes to show how easy it is for such a simple result to remain overlooked, even 
though the evidence appears to have been staring us in the face for decades. There 
are thus major implications for the creation of extended carbonaceous materials. 
The overall dynamics of such processes depends on a myriad of nanoscale 
restructuring events which take place under conditions where edge effects are ever-
present and impact on the resulting structure. The growth of a graphite "crystal" is 
thus quite different from normal crystallization processes which occur when a melt 
solidifies and ions or atoms lock into place at a vacant surface site under the 
influence of the highly anisotropic potential that exists at a nucleation site. In the 
case of graphite, a carbon atom or a carbon aggregate forms a covalent bond at an 
edge by some chemical condensation reaction. The intermediate structure is subject 
to the whole range of competing covalent carbon-carbon bonding factors that occur 
locally at the moment of condensation. These might be very complicated and 
highly variable depending on the degree of unsaturation, the temperature of the 
process, the level of hydrogénation (in the case of thermolytic dehydrogenation of 
aromatic precursors) as well as (of course) the structure of the precursor, etc. 

Finally, one should note that the fullerene cage concept is not just confined 
to carbon. Studies of boron nitride indicate that it too can form nanotubes [11,12]. 
Furthermore, most interestingly, Terme and coworkers have shown that 
molybdenum and tungsten sulphides - long known to form layered materials also 
produce fullerene-related giant quasi-crystals [13,14]. 

Summary 

The proposal that C 6 0 forms spontaneously was greeted with some skepticism in 
1985 when it was first made and it is difficult now to recreate the climate in which 
so many had so much difficulty in accepting that carbon would form so elegant and 
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2. KROTO Structure and Properties of Layered Materials 9 

symmetric an object which was so obviously non-flat. In addition to C 6 0 , there was 
fleeting evidence of smaller structures [15] as well as larger ones such as the giant 
fullerenes [16]. Molecular model investigations of the latter indicated that they 
would not be smooth round spheres like Buckminster Fuller's domes. The study 
yielded a crucial result: in large cage structures, the curvature is focused in the 
region near the 12 pentagons. In the case of structures in which the 12 pentagonal 
disclinations (necessitated by the Euler Closure Criterion) are symmetrically 
distributed among the hexagons, an icosahedral shape results. This general shape 
prediction finds elegant confirmation in the electron microscope images of 
nanotubes, in which the 12 pentagons are split so that they are located in 6-packs 
and, as a result, elongated quasi-icosahedral shapes are produced, i.e., the nanotube 
[17-19]. 

Thus we see that the picture of graphitic materials must be tempered by a 
clear understanding of the conditions which are obtained during formation. Perusal 
of the literature on such materials indicates that round carbon structures are really 
quite ubiquitous, but the intrinsic details of the infrastructure were poorly 
understood and the driving factors governing the dynamics of the growth 
misunderstood. The discovery of C 6 0 has changed all this. In particular, the 
relatively efficient self-assembly of a closed all-carbon cage, as a chaotic carbon 
plasma constrained by an inert gas bath cools, was totally unexpected and causes us 
to re-assess our assumptions about the factors governing the growth of graphite, 
particularly in the absence of epitaxial factors. It now appears that, at least when 
we discuss a 60 atom cluster of carbon in a graphitic sheet arrangement, the most 
stable configuration is a closed one in which the energy associated with the 20 or so 
dangling bonds that reside at the edge of a flat sheet have been accommodated by 
closure. We still do not completely understand the details of the self-assembly of 
C 6 0 , but the edge energy appears to be a decisive factor. These factors are 
intimately involved in all aspects of graphitic carbon formation, but only now are 
recognized as the major force governing the structure and dynamics. 
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Chapter 3 

Chemical Considerations Regarding the Vapor-Phase 
Epitaxy of Binary and Ternary III-Nitride Thin Films 

Robert F. Davis, Michael D. Bremser, Ok-Hyun Nam, William G. Perry, 
Tsvetanka Zheleva, and K. Shawn Ailey 

Department of Materials Science and Engineering, Box 7907, North Carolina 
State University, Raleigh, NC 27695-7907 

Monocrystalline GaN(0001) films were grown via OMVPE at 950°C on 
AlN(0001) deposited at 1100°C on α(6H)-SiC(0001)Si substrates. 
AlxGa1-xN films (0≤x≤1) were deposited at 1100°C directly on SiC. 
X-ray rocking curves for 1.4 μm GaN(0004) revealed F W H M values of 
58 and 151 arcsec for materials simultaneously grown on the on-axis and 
off-axis SiC, respectively. Silicon donor-doping in highly resistive GaN 
and AlxGa1-xN (for x≤0.4) was achieved for net carrier concentrations 
ranging from approximately 2×1017 cm-3 to 2×101 9 (AlxGa1-xN) or 
to 1×1020 (GaN) cm-3. Mg-doped, p-type GaN was achieved with 
nA-nD = 3×1017cm-3, ρ = 7 Ω·cm and μ = 3 cm 2/V·s. 

The numerous potential and recently realized commençai applications of the III-N 
materials has prompted considerable research regarding their growth, characterization 
and device development. Gallium nitride (wurtzite structure), the most studied of these 
materials, has a room temperature band gap of 3.39 eV and forms continuous solid 
solutions with both A1N (6.28 eV) and InN (1.95 eV). As such, materials with 
engineered direct band gaps are feasible for optoelectronic devices tunable in wavelength 
from the visible (600 nm) to the deep U V (200 nm). The relatively strong atomic 
bonding and wide band gaps of these materials also points to their potential use in high-
power and high-temperature microelectronic devices. Selected thin film alloys with 
engineered bandgaps and p-n junction, double heterostructure and quantum well blue 
and green light emitting diode (LED) structures (7-7) and blue laser diodes (8) 
containing these compounds and alloys have been produced and either are or soon will 
be commercially available. High electron mobility transistors (9), heterostructure field-
effect transistors (10), metal-semiconductor-field-effect transistors (10-13) and surface 
acoustic devices (14) have also been reported. Concomitant with the realization and/or 
optimization of these devices is the need for improved film quality. 

Bulk single crystal wafers of A1N and GaN are not commercially available (75); 
therefore, heteroepitaxial films must be grown. The principal method of deposition of 
these films is organometallic vapor phase epitaxy (OMVPE); however, gas source 
molecular beam epitaxy (GSMBE) is being increasingly employed. Sapphire(OOOl) is 
the most commonly used substrate, although its a-axis lattice parameter and coefficients 
of thermal expansion are significantly different from that of any of the nitrides. It was 
first observed by Yoshida et al. (16,17). that the electrical and luminescence properties 
of GaN films grown via reactive M B E improved markedly when an A1N "buffer layer" 

12 © 1998 American Chemical Society 
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3. DAVIS E T A L . Binary and Ternary HI-Nitride Thin Films 13 

was initially deposited on the sapphire(OOOl) substrate. Amano et al. (18,19) and 
Akasaki et al (20) were the first to use an A1N buffer layer on the same substrate for 
improving M O V P E grown GaN. By decreasing the growth temperature of this 
intermediate layer from 1000°C to 600°C, further improvements in surface morphology 
and the electrical and luminescence properties of the GaN were realized (19,20) by these 
investigators. The use of an A1N buffer layer has also been used in the present research; 
however, the substrate was 6H-SiC(0001)si and the growth temperature was 1100°C. 

Ternary A l x G a i - x N solid solutions are ideally suited for U V emitters and 
photodetectors in the range of 365 nm (x = 0) to 200 nm (x = 1). A negative electron 
affinity (ΝΕΑ) effect has been observed in A1N and AlxGai_xN(x>0.5) (21). As such, 
these materials may prove applicable as cold-cathode emitters for flat panel displays. 
A l x G a i _ x N alloys have also been used for cladding layers for the InGaN-based LEDs 
(22). Conductive A l x G a i _ x N buffer layers which can be grown directly on the substrate 
and which do not compromise the resultant GaN film quality are sought and constitute a 
part of the research reported herein. 

An important and, from an historical perspective, surprising result of the deposition 
of pure GaN on buffer layers or the deposition of A l x G a i _ x N directly on a given 
substrate is the achievement of insulating films which can be controllably doped. The 
incorporation and activation of the η-type dopants of Si and Ge are easily achieved 
during film growth of both materials; the activation of the p-type dopants of Mg, Zn or 
Cd are correspondingly difficult. The realization that sample heating and the 
concomitant dissociation of Η-acceptor dopant complexes (23) allowed the achievement 
of controlled p-type doping via post growth annealing in N2 paved the way for the 
development of the LEDs noted above. The doping of A l x G a i _ x N has proved more 
difficult. Only the investigations of Tanaka et al. (24) and those of the present 
investigators have resulted in η-type doping of the alloys; p-type doping of these 
materials has not been previously reported. 

The recent and considerable progress accomplished in these areas in the intervening 
years has been reviewed in Refs. (25-29). In the present research, GaN and A l x G a i _ x N 
films were deposited either on monocrystalline high-temperature (HT) AIN buffer layers 
previously deposited on vicinal and on-axis 6H-SiC(0001) substrates (GaN) or directly 
on the SiC (Al x Gai_ x N alloys). The n- and p-type doping using Si and M g dopants, 
respectively, has also been accomplished. Extensive chemical, optical, microstructural 
and electrical characterization of the binary and ternary films has also been conducted. 
The following sections present an overview of the precursors which have been used by 
various groups to deposit III-N films, describe the experimental procedures and results 
and provide a discussion and conclusions regarding the research of the present authors. 

MOVPE Growth of III-N Materials—Brief Review of Precursors 

To provide an enhanced chemical perspective for this paper, a brief review of the variety 
of precursors which have been employed for MOVPE growth of ΠΙ-Ν films is presented 
because of their importance to the quality of the films which are addressed in the 
subsequent sections. Neumayer and Ekerdt (30) have co-authored an excellent, in-depth 
review of this effort to early 1995 from which some of the following information is 
taken. The most commonly employed precursors are trimethylalluminum (TMA1), 
trimethylgallium (TMG), trimethylindium (TMIn) and ammonia. The ethyl analogues, 
(TEA1) and (TEGa) are less commonly used. A l l of these trialkyl compounds are 
sufficiently volatile (though the lines carrying TEA1 must be heated to prevent 
condensation) and reactive with ammonia to produce high quality films with very small 
concentrations of impurities. However these compounds react readily with water and 
oxygen. By contrast, ammonia has a poor cracking efficiency (31), forms adducts with 
the trialkyls with lowered volatility or homogeneous nucleation of the nitride in the gas 
phase in poorly controlled flow systems and is very corrosive. However, it is normally 
employed in substantial quantities, especially when In incorporation is desired in the 
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14 SYNTHESIS AND CHARACTERIZATION OF ADVANCED MATERIALS 

growing film. It is to address these concerns that new precursors have been developed 
and used for the deposition of these compounds. 

Sauls et al. (32) have reviewed the available literature concerning the successive 
displacement surface reactions occurring during the formation of ΙΠ-Ν films from the 
alkyls and ammonia. These reactions are illustrated for the formation of A1N as follows; 
however, analogous reactions are expected for the formation of GaN (33) and InN. 
Additional details regarding the formation of A1N have been reported by Liu et al. (34). 

(CH 3)3 A l + N H 3 = (CH 3 ) 3 A1*NH 3 

(CH 3 ) 3 A1*NH 3 = C H 4 + [ (CH 3 ) 2 AlNH 2 ] n 

[ ( C H 3 ) 2 A l N H 2 ] n = C H 4 + [CH 3 AlNH] n 

[ C H 3 A l N H ] n = C H 4 + A1N 

ammonia adduct ( 1 ) 

amide (2) 

imide (3) 

nitride (4) 

The largest concern in the use of the methyl alkyls is the introduction of C into the 
growing nitride film. Metal-containing triethly and triisopropyl alkyls have been used to 
reduce this problem. These sources pyrolyze below 250°C. The reduction in C levels 
has been attributed by Kuech et al. to the efficient β-hydride elimination process. 

Nonpyrophoric, water and oxygen insensitive compounds with a reduced tendency 
to form adducts have been used to grow low oxygen ΠΙ-V materials. Examples of such 
precursors are l,3-[dimethylamino)-propyl]-l-gallacyclohexane, and l,3-[dimethyl 
amino)-propyl]-1 -alacyclo-hexane. The principal drawback to using these compounds 
is their low vapor pressure. Other compounds including trimethylamine alane and 
gallane are very reactive with ammonia in the gas phase and on an alumina surface 
resulting in trimethylamine, hydrogen and a (H x N m e t a lHy) n polymer. Thus, these 
precursors are more suitable for ultra high vacuum deposition techniques, e.g., 
M O M B E , than the higher pressure MOVPE. 

Alternative sources to ammonia which have been employed to grow ΠΙ-V nitride 
films include hydrazine (N 2 H 4 ) , N F 3 , hydrogen azide (HN 3), isopropylamine ( Ψ γ Ν Η 2 ) 

and tert-butylamine ( l BuNH 2 ). Mackenzie et al. (35) obtained quasi-amorphous A1N 
films using isopropylamine and M O M B E . Essentially all the studies regarding the 
alkylàmines for III-N deposition have shown that these are poor nitrogen sources in this 
application because of their poor decomposition efficiency which is related to the C - N 
bond. N F 3 has also not proven to be a good nitrogen source because of the ease of 
reaction in the gas phase and the incorporation of fluorides in the growing films, e.g., 
A1F 3 in A1N (36). Dissociation of Ν from hydrazine, hydrogen azide and 1,1-
dimethylhydrazine can more easily occur than from ammonia, but the first two are so 
toxic and explosive that their use is limited for safety reasons, and the last precursor 
contributes C to the films. 

The use of precursors which contain both the group III metal and N , e.g., 
triethylgallium monamine and selected amides have not been encouraging. The 
triethylgallium monamine was found to decompose to form an amide which further 
decomposed to form a material with a marked decreased in volatility (37). The use of 
the amides [ H A L ( N R 2 ) 3 ] 2 and [ H A L ( N R 2 ) 2 ] 2 {R = C H 3 , C 2H 5}resulted in both 
significant C incorporation into the films and nonstoichiometry in terms of higher metal 
concentrations (38). Deposition studies with the dialkylaluminum azides (39) and 
diethylgallium azide (40) resulted in essentially stoichiometric, amorphous or highly 
oriented poly crystalline A1N and GaN films, but with C incorporation to «10%. 

In summary, numerous precursors have been examined to find a low temperature 
route for the deposition of the group III nitrides. However, it is important to note that 
the surface diffusion rates of the product species of these reactions are low; thus elevated 
temperatures are necessary to achieve sufficient surface and growth kinetics to obtain 
monocrystalline thin films of these materials. Moreover, the films must be essentially 
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3. DAVIS ETAL. Binary and Ternary IH-Nitride Thin Films 15 

free of C, as it may act as a deep level dopant and compensate the films, and 
semiconductor grade pure in terms of other elements. Only the triethyl- and to a lesser 
extent the trimethyl-species coupled with ammonia as the Ν source have allowed all of 
these materials parameters to be achieved. They are also the precursors which are 
receiving the most attention from the suppliers in terms of high purity and careful 
handling during transfilling of the user's containers. The following sections illustrate 
the use of these precursors for the growth of GaN and A l x G a i _ x N thin films. 

Experimental Procedure 

As-received vicinal (oriented 3°-4° off-axis toward the <112 0>) and on-axis 
6H-SiC(0001)si wafers, the former containing an «1 μπι η-type homoepitaxial layer, 
which had been thermally oxidized were cut into 7.1 mm squares. These substrates 
were dipped into a 10% HF solution for 10 minutes to remove the thermally grown 
oxide layer and blown dry with N 2 before being loaded onto a SiC-coated graphite 
susceptor contained in a cold-wall, vertical, pancake-style reactor. The continuously 
rotating susceptor was RF inductively heated to the A1N or A l x G a i _ x N deposition 
temperatures of 1100 and 1200°C (as measured optically on the susceptor) in 3 S L M of 
flowing H 2 diluent. Hydrogen was also used as the carrier gas for the various 
metalorganic reactants and dopants. Deposition of each A1N buffer layer or A l x G a i _ x N 
was initiated by flowing triethylaluminum (TEA), triethylgallium (TEG) and ammonia 
( N H 3 ) into the reactor at 23.6-32.8 μιηοΐ/min (total M O flow rate) and 1.5 S L M , 
respectively. The system pressure during growth was 45 Torr. Each A1N buffer layer 
was grown for 30 minutes resulting in a thickness of «100 nm. The T E A flow was 
subsequently terminated, the susceptor temperature decreased to 950°C and the system 
pressure increased to 90 Torr for the GaN growth. The flow rate of triethylgallium 
(TEG) was maintained at 24.8 μπιοΐ/min. The growth rate for GaN was «0.9 μπι/hr. 
Silicon doped GaN and A l x G a i _ x N films were grown by additionally flowing S1H4 (8.2 
-12.4 ppm in a balance of N 2 ) at flow rates between «0.05 nmol/min and «15 
nmol/min. Mg-doping of GaN was accomplished by introducing bis-cyclopentadienyl-
magnesium (Cp 2Mg) at a flow rate of 0.2 μπιοΐ/ιτιΐη. 

Scanning electron microscopy (SEM) was performed using a JEOL 6400FE 
operating at 5 kV and equipped with an Oxford Light Element Energy Dispersive X-ray 
(EDX) microanalyzer. Conventional and high resolution transmission electron 
microscopy (TEM) was performed on a Topcon EM-002B microscope operating at 
200 kV. Double-crystal x-ray rocking curve (DCXRC) measurements were obtained 
using a Philips MR3 double-crystal diffractometer and Cu K a . The photoluminescence 
(PL) and cathodoluminescence (CL) properties of the GaN and A l x G a i _ x N films, 
respectively, were determined at 8K using a 15 mW He-Cd laser (λ = 325 nm) or 
electron gun as the excitation source. Spectroscopic ellipsometry was performed using a 
rotating analyzer ellipsometer with a xenon arc lamp (1.5eV-5.75eV). The carrier 
concentrations and mobilities in the doped GaN and A l x G a i _ x N films were determined 
via Hall-effect measurements (Van der Pauw geometry) using a modified Keithley 
Model 80 equipped with a sensitive digital voltmeter (Keithley Model 182DMM). 
Thermally evaporated A l (GaN) and In (Al x Gai_ x N) served as the ohmic contacts. 
Capacitance-voltage (CV) measurements were also conducted on the doped binary and 
ternary samples using a M D C Model CSM/2-VF6 equipped with a Hg probe. 

Results and Discussion 

Aluminum Nitride and Gallium Nitride. The surfaces of the 1100°C and 1200°C 
A1N buffer layers grown on the vicinal and on-axis 6H-SiC(0001)si substrates had a 
smooth surface morphology. Reflection high energy electron diffraction studies 
indicated that these films were monocrystalline as-deposited. In contrast, RHEED 
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16 SYNTHESIS AND CHARACTERIZATION OF ADVANCED MATERIALS 

results indicated that A1N deposited on 6H-SiC(0001)si substrates in the range of 
500°C-1050°C resulted in polycrystalline material. 

Coalescence of GaN islands occurred on the monocrystalline HT-A1N buffer layers 
on vicinal and on-axis 6H-SiC(0001)si substrates within the first several hundred 
angstroms of growth. The S E M image in Fig. 1 shows an intermediate stage of 
coalescence of «150Â thick GaN islands after one minute of growth. Growth 
subsequently occurred by a layer-by-layer mechanism. In contrast, for GaN film 
growth on low-temperature buffer layers on sapphire(OOOl) a similar growth scenario 
pertains but requires several thousand angstroms of deposition and crystallographic 
selection of the fastest growing plane before island coalescence and layer-by-layer 
growth result (20,41). 

The GaN films deposited on the HT-A1N buffer layers on the on-axis 
6H-SiC(0001)si substrates had very smooth surfaces. A slightly mottled surface was 
observed for films deposited on vicinal 6H-SiC(0001)si substrates, probably as a result 
of the higher density of steps coupled with the mismatch in the Si/C and A l / N bilayer 
stacking sequences at selected steps (42) on the growth surface of these substrate. For 
the vicinal and on-axis growth, there was no apparent differences in surface morphology 
between the GaN films deposited on the 1100°C and 1200°C A1N buffer layers. 

The dislocation density within the first 0.5 μπι of the GaN film on the vicinal 
6H-SiC(0001)si substrate was approximately l x l O 9 cm - 2 , as determined from initial 
plan view T E M analysis by counting the number of dislocations per unit area. This 
value is approximately an order of magnitude lower than that reported (43) for thicker 
GaN films deposited on sapphire(OOOl) substrates using low-temperature buffer layers. 
The dislocation density of the GaN film deposited on the vicinal 6H-SiC(0001)si 
substrate decreased rapidly as a function of thickness. In contrast, the on-axis wafers 
had less step and terrace features; thus, the HT-A1N buffer layers on these substrates 
were of higher microstructural quality with smoother surfaces and fewer inversion 
domain boundaries. Consequently, the microstructural quality of the GaN films were 
better for on-axis growth as shown by the DCXRC data noted below. 

D C X R C measurements taken on simultaneously deposited 1.4 μπι GaN films on 
HT-A1N (1100°C) buffer layers revealed F W H M values to be 58 arc sec and 151 arc sec 
for deposition on the on-axis and off-axis 6H-SiC(0001)si substrates, respectively. The 
F W H M values of the DCXRC values for the corresponding 100 nm A1N buffer layers 
were approximately 200 and 400 arc sec. These latter values were unchanged by 
increasing the growth temperature to 1200°C. A 2.7 μπι GaN film deposited under 
identical conditions on a vicinal 6H-SiC(0001)si substrate exhibited a F W H M value of 
66 arc sec. The reduction in F W H M values is consistent with the decrease in the 
dislocation density as a function of thickness for GaN films grown on vicinal 
6H-SiC(0001)si substrates, as noted above. 

The low-temperature (8K) PL spectra of the GaN films on both on-axis and vicinal 
6H-SiC(0001)si substrates showed strong near band-edge emission at 357.4 nm 
(3.47 eV). The F W H M values of these I 2 bound exciton peaks were 4 meV. The 
spectrum from the GaN film on the vicinal substrate revealed a very weak peak centered 
at «545 nm (2.2 eV), commonly associated with deep-levels (DL) in the band gap. A 
more intense 2.2 eV peak was observed in the GaN film grown on-axis. 

Undoped high quality GaN films grown on HT-A1N buffer layers on both vicinal 
and on-axis 6H-SiC(0001)si substrates were too resistive for Hall-effect measurements. 
Controlled η-type doping was achieved using S1H4 for net carrier concentrations ranging 
from « lx lO 1 ? cm"3 to « l x l O 2 0 cm"3 in GaN films grown on vicinal 6H-SiC(0001)si 
substrates. The net carrier concentrations and room temperature mobilities versus S1H4 
flow rate are plotted in Fig. 2. Films with a net carrier concentration of ΠΟ-ΠΑ = 
2 x l 0 1 7 c n r 3 had a room temperature Hall mobility of μ = 375 cm 2/V-s. 

Mg-doped GaN films were deposited at 950°C on HT-A1N (1100°C) buffer layers 
on vicinal 6H-SiC(0001)si substrates by introducing C p 2 M g at a flow rate of 
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3. DAVIS E T A L . Binary and Ternary Ill-Nitride Thin Films 17 

Figure 1. SEM image showing an intermediate stage of coalescence of -150À thick 
GaN islands after 1 minute of growth on a monocrystalline A1N buffer layer 
deposited at 1100°C on a 6H-SiC(0001)si substrate. 

.01 .1 1 10 100 

S i H 4 Flow Rate (nmol/min) 

Figure 2. Net carrier concentration and room temperature mobilities in Si-doped, 
η-type GaN as a function of S1H4 flow rate. 
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0.2 μηιοΐ/min. These samples were subsequently annealed at 700°C at 700 Torr in 
3 S L M of N2 for 20 minutes. These same samples were re-annealed at 900°C for 20 
minutes under identical conditions. The PL (8K) spectral intensity of the blue emission 
was increased by the 700°C anneal and was dramatically decreased by the subsequent 
900°C anneal. These results are similar to those reported by Nakamura et al, (44). 
Hall-effect measurements made on the annealed samples revealed p-type GaN with a net 
hole carrier concentration of nA-no « 3xl0 1 7 cnr : *, a resistivity of p « 7 Ω-cm and a 
hole mobility of μ « 3 cm 2/V-s. Likewise, 4-point probe and Hg-probe C - V 
measurements verified p-type GaN. 

A l x G a i _ x N Alloys. Thin films of A l x G a i _ x N (0.05 < χ < 0.96) were deposited 
directly on both vicinal and on-axis 6H-SiC(0001) substrates. Films having χ <0.5 and 
deposited at 1100°C had smooth, featureless surfaces. Like GaN, smoother films were 
deposited on the on-axis substrates than on the vicinal ones. The surfaces of films with 
χ >0.5 were also very smooth but with occasional pits which increased in density with 
increasing A l composition as a result of the decreased surface mobility of the metal 
adatoms such that complete crystallographic coalescence of the two dimensional flat-top 
islands was inhibited (43,45). In order to eliminate this problem, deposition of the 
A l x G a i - x N for χ >0.5 was conducted at 1150°C. The resulting films possessed smooth 
surfaces which were free of pits; however, the growth rate decreased by more than a 
factor of three. Therefore, deposition in the range of 1120-1130°C has been determined 
to be optimum for our system for these higher A1N concentrations. 

The compositions of the films grown under different conditions were determined 
using E D X , AES and RBS. Standards of A1N and GaN grown in the same reactor 
under similar conditions were used for the EDX and AES analyses. Compositions were 
assigned to each film after carefully consideration of the errors (2 at.%) involved with 
each technique. The data from E D X and AES measurements showed excellent 
agreement. The RBS data did not agree well with the other two techniques due to small 
compositional variations through the thickness of the film. Simulation of the 
compositions determined by RBS was conducted only for the surface compositions. 
Analysis via E D X revealed that the A l x G a i _ x N grown on the on-axis SiC substrates 
tended to be 1-2 atomic percent more A l rich than those grown off-axis SiC. It is 
thought that the presence of steps on the growth surface promotes the adhesion of the 
gallium adatoms. 

In Fig. 3, these compositions are compared with their respective C L near band-edge 
emission energies. Additionally, in Fig. 4, the C L emission peaks are compared with 
bandgap values obtained by scanning electron microscopy. Using a parabolic model, 
the following relationship describes the C L peak emission (12-line emission) (Eq. (1)) as 
a function aluminum mole fraction for 0 < χ < 0.96. 

E n (x) = 3.50 + 0.64x + 1.78x2 (1) 
Clearly, the model of the measurements shows a negative deviation from a linear fit. 

This is in agreement with earlier research by other investigators (46-48). However, 
these films are highly strained due to incomplete relaxation of the tensile stresses 
generated by the differences in the coefficients of thermal expansion. The effect of 
strain has yet to be quantified. It should be noted that other researchers have seen a 
linear relationship between composition and absorption edge for thick or relaxed films 
on sapphire (49,50). Comparison of the C L spectra of Alo.12Gao.88N grown on a pre-
deposited 1000Â A1N buffer layer which is used for GaN deposition versus growth 
directly on 6 H - S 1 C reveals a 75 meV red shift for the latter films. This indicates that the 
films deposited directly on SiC are in greater tension than the ones deposited using an 
A1N buffer layer. Furthermore, there is a noticeable decrease in the defect peak centered 
around 3.2 eV. The reason for the reduction in this peak is unclear at this time and is 
under investigation. 

The low temperature (4.2K) C L of undoped A l x G a i - x N films containing up to 
0.96 mole fraction of aluminum exhibited near band-edge emission which has been 
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3.0 1 • • • • • • I 
0.0 0.2 0.4 0.6 0.8 1.0 

A l u m i n u m Mole Fract ion (by EDX) 

Figure 3. The relationship between aluminum mole faction and 4.2K C L near band-
edge emission from AlGaN thin films deposited directly on vicinal and on-axis 
6H-SÎC (0001) substrates. 

0.08 0.14 0.35 0.41 0.52 0.63 
A l u m i n u m M o l e F r a c t i o n 

Figure 4. Comparsion of 4.2K C L near band-edge emission and bandgap as 
determined by spectroscopic ellipsometry at room temperature. 
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attributed to an exciton bound to a neutral donor (12-line emission) (57). For increasing 
concentrations of aluminum, this emission became gradually weaker. No emission was 
observed for pure A1N other than a broad peak centered around 3.1 eV which has been 
previously attributed to oxygen (52). The most narrow near band-edge C L F W H M was 
31 meV for Alo.05Gao.95N. This value increased with aluminum concentration to a 
maximum of approximately lOOmeV for Alo.5Gao.5N. For higher aluminum 
compositions, this value did not increase. The broadening of the exciton features is 
likely due to both exciton scattering in the alloy, as well as small variations in alloy 
compositions in the film. Additionally, two strong defect peaks were present at energies 
less than the band gap. Both of these features have been previously attributed to donor-
acceptor transitions. The first peak is centered around 2.2 eV for GaN and is commonly 
associated with deep levels in the bandgap (53). The second defect peak is centered 
around 3.27 eV which is attributed to a transistion between a shallow donor and a 
shallow acceptor (54) and its position also changes sublinearly with increasing 
aluminum concentration. This sublinear shift is attributed to the donor state moving 
deeper into the gap. For Alo.05Gao.95N, the donor to acceptor pair (DAP) and its two 
LO-phonon replicas typically seen in GaN are still resolved, but for higher aluminum 
compositions, these peaks become one broad peak. Furthermore, for films deposited at 
1150°C, this peak is no longer seen in the C L spectra. Increasing the growth 
temperature to eliminate this defect peak would indicate that it is impurity related. 
Attempts to determine this impurity are in progress. 

Initial studies of the initial growth of A l x G a i _ x N directly on SiC give some insight 
into the strain relief mechanisms near the A l x G a i _ x N / S i C interface. Despite the 
somewhat close lattice match between GaN and 6H-SiC(0001) (3.5%), previous 
research in our laboratories has shown that GaN epitaxy undergoes three dimensional 
island growth, since the critical thickness of GaN on 6 H - S 1 C is <10Â. By contrast, 
A1N films, with a critical thickness of 45À and a lattice mismatch of 0.9%, grow via 
coalescence of flat-top islands. The surface gradually roughens with increasing 
thickness (45). At a thickness of 1000Â, A F M measurements reveal an RMS roughness 
of 32Â when deposited on vicinal SiC substrates. 

In contrast, A l x G a i _ x N films deposited at 1050°C undergo a considerably more 
complex growth mechanism. Figure 5 shows the results of five minutes of deposition 
with a gas phase mixture which results in a Al0.2Ga0.sN thin film. It clearly shows two 
distinct regions of growth which are referred to as the "islands" and the "valleys". The 
compositions of the islands and the valleys were determined using field emission-AES 
(Fig. 6). Two important findings are evident from this graph. Firstly, this data clearly 
shows that the interface region is aluminum rich and that the bulk film composition is 
achieved at approximately 100Â of film thickness. Secondly, the interface of the valley 
regions is significantly more aluminum rich than the islands. The valley regions appear 
to contain approximately 0.65 mole fraction of aluminum at the interface while the 
islands contains only 0.40 mole fraction of aluminum at the interface. Assuming 
Vegard's Law, this would imply an interfacial mismatch ôf only 1.9% for the valleys 
versus 2.5% for the islands. It should be noted that the mismatch of the islands is the 
same as that between A1N and GaN and, moreover, their morphology is similar to that 
observed for the first few hundred angstroms of GaN deposited on a high temperature 
A1N buffer layer (45). 

The process of coalescence results in smooth Al x Gai_ x N films after a few thousands 
angstroms of growth. It should be noted that profiling took place in 100Â increments. 
Therefore, the possibility exists that an extremely thin A1N or very aluminum rich 
A l x G a i _ x N layer occurs within the first few angstroms of the interface; thereby 
providing a graded buffer layer structure of less than 100Â in thickness. More noteable, 
however, is the fact that low temperature C L revealed near band-edge emission at 
3.53 eV. This indicates that considerable tensile strain is present in this film since 
thicker films of the same composition have emission located at 3.83 eV. In summary, 
initial studies indicate that lattice strain is partial relieved at the interface during growth 
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Figure 5. Scanning electron micrograph after 5 minutes of growth of Alo.2Gao.8N 
at 1050°C directly on 6 H - S 1 C . 

0.0 H • ' • « • " • 1 • « • 1 
0 200 400 600 800 1000 1200 

Film T h i c k n e s s ( A n g s t r o m s ) 

Figure 6. Field emission-Auger electron spectroscopy data from the various areas of 
the sample shown in Figure 5. 
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by the formation of an aluminum rich buffer layers which result in an island 
morphology. Subsequently, these islands coalescence into a smooth, coherent film 
containing tensial strain generated during cooling due to the differences in the thermal 
expansion coefficents as well as numerous threading dislocations. 

The T E M results from a 1.8 micron thick Alo.13Gao.87N film deposited on an on-
axis substrate revealed a microstructure dominated by threading dislocations, but free 
of low angle grain boundaries. Inspection of this and other micrographs reveals 
a progressive reduction in dislocation density as one moves away from the 
A l x G a i - x N / S i C interface. This is additionally supported by a narrowing of the full 
width at half maximum (FWHM) of the D C X R C of the Alo.13Gao.87N (0002) peak 
from 315 arcsec to 186 arcsec as the thickness of film increased from 0.9 microns to 
1.8 microns. For films of similar thicknesses and compositions, films grown on vicinal 
SiC substrates exhibited higher FWHMs of the D C X R C of the AlGaN(0002). 
Furthermore, the growth rate on vicinal substrates was slightly higher due to increased 
density of steps on the surface; however, these steps probably act as formation sites for 
inversion domain boundaries (55). 

Several structures have been grown using GaN and Al x Gai_ x N. A T E M micrograph 
of an Alo.2Gao.8N/GaN superlattice with periods of various thicknesses is shown in 
Fig. 7. A schematic of the structure is shown in Fig. 7a. The superlattice structure was 
deposited on 0.6 microns GaN which was deposited on a 1000Â, 1100°C A1N buffer 
layer. Each superlattice period was repeated 5 times and the structure was capped with 
0.2 microns of GaN. Figures 7b and 7c show coherent interfaces and the high quality 
of the superlattice structure. Observation of the structure in plan-view T E M did not 
indicate a reduction in dislocation density below that normally observed in single layer 
GaN filrhs on a buffer layer. 

Undoped, high quality Alo.05Gao.95N films grown directly on vicinal 6H-SiC(0001) 
exhibited residual, ionized donor concentrations of l x l 0 1 8 cm - 3 . The ionized donor 
concentration decreased rapidly with increasing A l content and was < l x l 0 1 7 c n r 3 for 
Alo .12Gao.88N and < l x l 0 1 6 c n r 3 for Alo.35Gao.65N, as determined by C V 
measurements. The origin of these donors is under investigation, since concentrations 
of < l x l 0 1 5 cm - 3 have been measured for GaN films grown on A1N buffer layers in the 
same reactor. Moreover, layers of undoped A1N having N D - N A of δχΙΟ 1 ^ c m - 3 has 
also been deposited. However, the controlled introduction of S1H4 allowed the 
reproducible achievement of ionized donor concentrations within the range of 
2 x l 0 1 7 cm- 3 to 2 x l 0 1 9 c n r 3 in A l x G a i _ x N films for 0.12 < χ < 0.52. For x>0.52, 
additions of silicon resulted in films too resistive for C V measurements. The growth of 
p-type A l x G a i _ x N films for χ < 0.13 via the introduction of Mg has been successful. 

Conclusions 

Organometallic vapor phase epitaxy has been used to grow monocrystalline GaN(0001) 
thin films at 950°C on high-temperature on 100 nm thick, monocrystalline A1N(0001) 
buffer layers previously deposited at 1100°C on cc(6H)-SiC(0001)si substrates. 
A l x G a i _ x N films (0<x<l) were grown directly on these substrates at 1100°C. A l l films 
possessed a smooth surface morphology and were free of low-angle grain boundaries 
and associated oriented domain microstructures. Cross-sectional T E M of Alo.13Gao.87N 
revealed a microstructure similar to that of GaN grown on a high-temperature A1N 
buffer layer. Analysis via EDX, AES and RBS were used to determine the compositions 
which were paired with their respective C L near bandedge emission energies. A negative 
bowing parameter was determined. The C L emission energies were similar to the 
bandgap values obtained by SE. Field effect AES of the initial growth of Alo.2Gao.8N 
revealed an aluminum rich layer near the interface. Al0.2Ga0.sN/GaN superlattices with 
coherent interfaces were fabricated. The PL spectra of the GaN films deposited on both 
vicinal and on-axis substrates revealed strong bound exciton emission with a F W H M 
value of 4 meV. The spectra of these films on the vicinal substrates were shifted to a 
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Figure 7. (a) Schematic of a superlattice structure grown on 6H-SÎC. (b) cross-
section transmission electron micrograph showing superlattice region of the 
structure, (c) High resolution, cross-sectional T E M micrograph showing the 15Â 
GaN/30À AlxGai-χΝ. 
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lower energy, indicative of films containing residual tensile stresses. A peak believed to 
be associated with free excitonic emission was also observed in each on-axis spectrum. 
Cathodoluminescence of solutions with x<0.5 exhibited strong near band edge emission 
with a F W H M as low as 31 meV. The band gaps were determined via spectral 
ellipsometry. Controlled η-type Si-doping in GaN and A l x G a i _ x N (for x<0.4) was 
achieved for net carrier concentrations ranging from approximately 2 x l O i 7 c m - 3 to 
2 x l 0 1 9 (Al x Gai_ x N) or to l x l O 2 0 (GaN) cm"3. Mg-doped, p-type GaN was achieved 
with nA-riD « 3 x l O i 7 c n r 3 , p « 7 Ω-cm and μ « 3 cm 2/V-s. 
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Chapter 4 

Autocompensated Surface Structure of GaN Film 
on Sapphire 

M. M. Sung1, J. Ahn1, V. Bykov1, D. D. Koleske2, A. E. Wickenden2, 
and J. W. Rabalais1,3 

1Department of Chemistry, University of Houston, Houston, TX 77204-5641 
2Naval Research Laboratory, Code 6861, 4555 Overlook Avenue, SW, 

Washington, DC 20375-5347 

The surface composition and structure of a GaN film on sapphire has 
been determined through the use of time-of-flight scattering and 
recoiling spectrometry (TOF-SARS), classical ion trajectory 
simulations, low energy electron diffraction (LEED), and thermal 
decomposition mass spectrometry (MS). Elastic recoil detection 
(ERD) was used to determine the bulk hydrogen concentration. The 
totality of this data leads to the conclusions that the (1x1) surface is 
not reconstructed, that it is terminated in a Ν layer, and that Ga 
comprises the 2nd-layer. Hydrogen atoms are bound to 3/4 of the Ν 
atoms in the outerlayer and protrude outward from the surface, 
facilitating autocompensation of the otherwise unstable (1x1) 
structure. 

The group III nitrides (1,3), specifically GaN, have a large cohesive energy compared 
to group III phosphides and arsinides. This arises from the high electronegativity of 
nitrogen and the partial ionic character of the Ga-N bonds (4). The increased 
cohesive bond energy of the nitrides results in the wide band-gap emission which is 
observed in GaN based diodes (5,6) and lasers (7). The nitrides are also chemically 
stable, making them attractive for high power and high temperature device 
applications (1-3). To the best of our knowledge, there are no experimental surface 
structure measurements on any surface of GaN to date. Understanding the GaN 
surface structure will provide a starting point for determining how precursor 
molecules decompose leading to the growth of GaN. Also, the success of GaN 
electronic devices is dependent on the atomic level control of the elemental 
compositions and structures involved. One simple question is to what extent does 
the GaN {0001} surface reconstruct or relax, and i f so what are the possible surface 
structures. In this paper the surface and bulk composition, termination layer, and 
structure of a GaN{0001}-(lxl) film grown on a sapphire wafer are investigated. 
The techniques of time-of-flight scattering and recoiling spectrometry (TOF-SARS), 

3Corresponding author 

26 © 1998 American Chemical Society 
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classical ion trajectory simulations, low energy electron diffraction (LEED), and 
thermal decomposition mass spectrometry (MS) were used in the surface analysis. 
The bulk hydrogen concentration was determined by elastic recoil detection (ERD). 
The combination of these techniques allows characterization of the elemental 
composition in the outermost two atomic layers, the element which constitutes the 
surface termination layer, the surface symmetry, and possible reconstructions or 
relaxations. In addition, TOF-SARS has high sensitivity to surface hydrogen and 
allows one to probe the involvement of hydrogen in the surface structure. 

Experimental Methods 

GaN Sample. GaN was grown on the c plane of polished sapphire using the N R L 
facilities. This consisted of a vertical, inductively heated, water-cooled quartz 
O M V P E reactor at reduced pressure (57 torr) using H 2 as the carrier gas (<§). After 
annealing in H 2 , the wafer was cooled to -450 °C and a 200 À nucleation layer of 
A1N was grown using 1.5 mmole/min triethylaluminum and a 2.5 slm flow of N H 3 . 
The substrate was then heated to the growth temperature of 1040 °C and GaN was 
grown using 53 mmole/min of trimethlygallium under an N H 3 flow of 2.25 slm. The 
films were uniformly doped using S i 2 H 6 at a flow rate of 0.22 seem (9). After 
growth of a 2.7 μιη thick GaN film, the substrate was cooled in the N H 3 flow at a 
rate of 50 °C per minute. The η-type films investigated in this study had an electron 
concentration of 1.2x1017 cm"3 and a mobility of 325 cm2/V/s. 

The - l x l cm 2 samples were cleaned in the U H V chamber used for TOF-
SARS at the University of Houston. The samples were mounted on the TOF-SARS 
sample holder with the sapphire substrate in contact with a Ta plate and held together 
by small Ta strips over the sample edges. Annealing was achieved by radiative 
heating and electron bombardment from a tungsten filament mounted behind the Ta 
plate. Temperatures were measured by means of a pyrometer and a thermocouple 
which was attached to the sample; the pyrometer readings were calibrated by the 
thermocouple. The absolute temperature measurements have a maximum 
uncertainty of ± 30 °C. The clean surface was prepared by cycles of sputtering (1 
keV N 2

+ ions, 0.5 μ A/cm 2 , 10 min) and annealing (10 min) using a dynamic N 2 

backfill. A faint ( lx l ) LEED pattern became discernible at ~815°C and evolved into 
a sharp hexagonal ( lx l ) pattern at ~920°C. Upon continued heating to 1000°C, a 
diffuse background and satellite spots around the hexagonal spots were observed, 
indicating possible surface faceting. Sample cleanliness was established by the 
absence of carbon and oxygen recoil peaks in the TOF-SARS spectra and the 
presence of a sharp ( lx l ) LEED pattern. Hydrogen was always present on the 
surface when the sharp ( lx l ) pattern was observed. The TOF-SARS measurements 
were carried out on three different GaN samples which were all grown and cleaned 
as described above. A l l three samples exhibited similar behavior and yielded similar 
results. 

Analysis Techniques. The low energy electron diffraction (LEED) patterns were 
obtained with Princeton Research Instruments, Inc. reverse view optics. Mass 
spectra (MS) were acquired with a Leybold-Inficon, Inc. quadrupole residual gas 
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analyzer. The technique of elastic recoil detection (ERD) with MeV ions, which is 
capable of both bulk and near surface analysis, was used to determine the hydrogen 
concentration in GaN. 

The time-of-flight scattering and recoiling spectrometry (TOF-SARS) 
technique was used for surface composition analysis and atomic structure 
characterization. Details of the TOF-SARS technique have been described elsewhere 
(10). Briefly, a pulsed noble gas ion beam irradiates the sample surface in a U H V 
chamber and the scattered and recoiled ions plus fast neutrals are measured by TOF 
techniques. The primary 4 keV beam employed herein was Ne for scattering from 
Ga atoms and A r + for recoiling of H , N , and Ga atoms. The ion pulse width was -50 
ns, the pulse repetition rate was 30 kHz, and average beam current was 0.5 nA/cm 2. 
The angular notation is defined as follows: α = beam incident angle to the surface, δ 
= crystal azimuthal angle, θ = scattering angle, φ = recoiling angle, and β = scattering 
or recoiling exit angle from the surface. A schematic drawing of the unreconstructed 

GaN{000 Î } surface is shown in Figure 1 ; the <1000> azimuth is defined as δ = 0°. 

Classical Ion Trajectory Simulations. Classical ion trajectory simulations were 
carried out by means of the three-dimensional scattering and recoiling imaging code 
(SARIC) developed in this laboratory. SARIC is based on the binary collision 
approximation, uses the ZBL universal potential to describe the interactions between 
atoms, and includes both out-of-plane and multiple scattering. Details of the 
simulation have been published elsewhere (11). 

Results 

Identification of the lst-layer Species and Hydrogen Analysis. Elemental 
analysis was obtained by matching the observed TOF peaks to those predicted by the 
binary collision approximation (12). The lst-layer elemental species was determined 
by using grazing incidence (a=6°) TOF-SARS at random azimuthal angles and a 
scattering-recoiling angle of θ=φ=40°. Using random azimuthal angles and a low 
incident angle avoids the anisotropic effects of scattering along the principal low-
index azimuths and provides scattering intensities which are from the lst-atomic 
layer and exposed 2nd-atomic layers. 

A typical TOF spectrum from a GaN {000 Ϊ }-(lxl) surface taken along a 
random azimuthal direction (not aligned along a high symmetry azimuth) with a 
grazing incident angle α is shown in Figure 2. Under these conditions the observed 
scattering features are almost exclusively from the 1st- and 2nd-atomic layers. The 
spectrum exhibits peaks due to scattering of Ar from Ga atoms and recoiling of Η, N , 
and Ga atoms. The TOF's and corresponding energies of these scattered and recoiled 
atoms are consistent with the binary collision approximation. The scattering angle 
used (0=40°) is above the critical angle for Ar single scattering from Ν atoms 
(9C=20.5°); this results in a negligible contribution of the Ν atoms to the scattering 
peak intensity. The relative elemental concentrations in the surface layers were 
obtained from spectra similar to that of Figure 2 which were collected at five 
different random azimuthal angles. The relative Η, N , and Ga recoil intensities were 
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4. SUNG ET AL. Surface Structure of GaN Film on Sapphire 29 

Λ 

Figure 1. (top) Plan view of the ideal bulk-terminated GaN {0001} surface 
illustrating the azimuthal angle δ assignments. Another domain is obtained by 
180° rotation of this surface about the surface normal. Open circles - lst-layer Ν 
atoms; large solid circles - 2nd-layer Ga atoms, (bottom) Illustration of the 
angular notation used in TOF-SARS. 

Figure 2. TOF-SARS spectrum of 4 keV A r + scattering from a GaN{0001 }-
( lx l ) surface with the ion beam aligned along a random azimuthal direction. 
Incident angle α = 6°; Scattering angle θ = 40°. 
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obtained from the average of these five spectra, from which concentrations were 
calculated after background subtraction and correction for the different recoiling 
cross sections. The cross sections were calculated in the binary collision 
approximation using the Molière approximation to the potential function. The 
calculated cross sections and relative atomic concentrations are listed in Table I. The 
Ga recoiling peak rather than the scattering peak was used for the concentration 
determination because comparison between only scattering or only recoiling peaks 
provides more accuracy than comparison between both scattering and recoiling 
peaks. Relative concentrations obtained in this manner have an uncertainty on the 
order of 30%, primarily due to shadowing and blocking effects which are not 
corrected along the random azimuths. 

Table I. Calculated cross sections (σ) for 4 keV Ar + scattering from Ga atoms 
and recoiling of Η, N, and Ga atoms, relative atomic concentrations from 

experimental intensities along random azimuths, and ASEA values 

Scattering (S) and Recoiling (R) Cross Sections (σ) [Â 2] 
aG a(S) aH(R) aN(R) a G a(R) 
0.21 0.13 0.071 0.099 

Relative Surface Atomic Concentrations 
[N] = l [H] = 0.71 [Ga] = 0.091 

Experimental* A S E A Values Along the 0° <1000> and 30° <1 Ϊ 00> Azimuths 
( W W N = 1.0 (I3O°/IO°)H = U (W/Woa = 0.59 

Simulated* A S E A Values Along the 0° <1000> and 30° <1 Ϊ 00> Azimuths 
(I30°/IO°)N = 1.0 (Ι3Ο°/ΙΟ°)Η= 0.8 foMo* = 0.17 

aRatios of recoiling peaks for Ν and Η and scattering peaks for Ga were used in 
calculating both the experimental and simulated A S E A values. 

The high ratio [N]/[Ga] = 6.3 from Table I provides compelling evidence that 
the surface is terminated in a layer of Ν atoms and that the Ga atoms occupy the 
second layer. Termination in a nitrogen layer may result from the method of 
cleaning, i.e. sputtering in N 2

+ . The intense Η recoil peak was present under all 
conditions that gave rise to the clear ( lx l ) LEED pattern, indicating that the Η 
concentration on the ( lx l ) surface is comparable to the Ν concentration. 

ERD analysis was performed with a 7.9 MeV C + 4 beam at a grazing incident 
angle of 13° and exit angle of 15° using a GaN sample on which no cleaning attempt 
was made. A surface hydrogen recoil peak as well as a continuous background due 
to hydrogen in the bulk were observed as shown in Figure 3. The absolute hydrogen 
concentrations were obtained by comparison to a standard of amorphous silicon 
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Figure 3. Elastic recoil detection (ERD) spectrum of H atoms from GaN{0001 }-
( lx l ) using 7.8 MeV C + ions at a grazing incidence angle of 13° and exit angle 
of 15° 
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which was implanted with l x l O 1 7 H atoms/cm2. The observed surface hydrogen 
peak corresponds to an areal density of 1.5xl01 6 H atoms/cm2 and the continuous 
background corresponds to a bulk density of 4.0x1019 H atoms/cm3. For an ideal 
GaN crystal, the Ν or Ga atom surface density is l . l x l O 1 5 atoms/cm2 and the bulk 
density is 4.4x102 2 atoms/cm3. The apparent abnormally high surface hydrogen 
concentration obtained from ERD results from the emergence of the high energy 
elastically recoiled Η atoms from a depth of 5 -10 atomic layers and from the surface 
atmospheric contamination. 

Surface Periodicities of the Η, N, and Ga Atoms. The surface periodicities (13) of 
the Η, N , and Ga atoms were determined by monitoring 1^ for Ne scattering from Ga 
atoms and I H and I N for Ar recoiling of H and Ν atoms as a function of crystal 
azimuthal angle δ. TOF spectra similar to that of Figure 2 were obtained and the 
intensities of the various peaks were plotted as a function of δ, resulting in the plots 
of Figure 4. Maxima and minima are observed as a function of δ. The minima are 
coincident with low-index azimuths where the surface atoms are inside of the 
shadowing or blocking cones cast by their aligned, closely spaced nearest neighbors, 
resulting in low intensities. As δ is scanned, the atoms move out of the shadow 
cones along the intermediate δ directions where the interatomic spacings between the 
atoms are long, resulting in an increase in intensity. The widths of the minima are 
related to the interatomic spacings along that particular direction. Wide, deep 
minima are expected from short interatomic spacings because of the larger degree of 
rotation about δ required for atoms to emerge from neighboring shadows. Schematic 
diagrams of the GaN surface illustrating the scattering and blocking directions are 
presented along with the δ-scans of Figure 4. 

The I N δ-scan was performed in the shadowing mode, i.e. a grazing incident 
angle of α = 10° was used. The data exhibit minima every 30°, with the minima 
labeled 0° and 60° being deeper than those at 30° and 90°. The 0° and 60° directions 
correspond to the <1000> and <0Ϊ00> azimuths, respectively, where the N - N 
interatomic spacings are shortest and shadowing of lst-layer Ν atoms by neighboring 
lst-layer Ν atoms is most efficient. The 30° and 90° minima correspond to the 
<11 00> and <0110> azimuths, respectively, where the N - N interatomic spacings are 
longer and shadowing is less efficient. As noted earlier, shorter interatomic spacings 
result in deeper and wider minima due to the larger azimuthal rotations required for 
atoms to move out of the shadow cones of their aligned nearest neighbors. 

The I G a δ-scan (Figure 4) was also performed in the shadowing mode with an 
incident angle of α = 12°. The data also exhibit minima every 30°, but in contrast to 
the I N minima, the minima labeled 30° and 90° are deeper than those at 0° and 60°. 
Shadowing and blocking of 2nd-layer Ga by lst-layer Ν is most efficient along the 
30° and 90° directions due to the aligned overlayer Ν atoms. Along the 0° and 60° 
directions, the overlayer Ν atoms are not aligned with the Ga atoms, resulting in less 
severe shadowing and blocking. Although the surface has only three fold symmetry, 
the I G a δ-scan (Figure 4) is indicative of the six fold symmetry of the surface. As 
noted above, the degree of shadowing and blocking along the 30° and 90° azimuths 
is not identical due to the relationship of the 1st- and 2nd-layer atoms. The minima 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
O

ct
ob

er
 4

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 D
ec

em
be

r 
15

, 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
1.

ch
00

4

In Synthesis and Characterization of Advanced Materials; Serio, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1997. 



4. SUNG ET AL. Surface Structure of GaN Film on Sapphire 33 

C 
Ο 
Ο 

ai 

ι •••• 

ν 
• 
A 
ι 

v \ 
·· 
Β 

! 1 1 

il · 
I ! ' 

N(R) • · 

• 1 Τ 

c 

i t 1 7 \ Τ * 

D \ I F 

1 i E 1 j 

y 
'Ga(s) 

UM 
IV 
• G W 

© φ ® φ ® φ ® 

® φ ® φ ® φ £ > φ ® 

® φ ® φ ® φ < 2 > φ ® φ ® 

® φ © φ ® φ Θ φ @ φ © φ @ *Α 

® φ ® φ ® φ ® φ ® φ ® 

® φ ® φ ® φ ® φ ® 

0 0 © © 

tF 

Θ φ ® φ ® φ ® φ ® φ ® 

® φ ® φ ® φ ® φ ® 

© © ® Θ 

»J β I 
® φ θ φ ® 0 ® 

® Λ ® / β | ® φ ® φ ® ^ - Η 

® φ ® φ ® φ ( ^ φ ^ φ ® 

® φ ® φ ® ^ ® Α ® Α ® Α ® _ 

® φ ® φ © φ ® φ ® φ © 

® φ ® φ ® φ ® φ ® 

© © © 
-30 0 30 60 90 120 
Azimuthal Angle (deg) 

Figure 4. Experimental azimuthal angle δ-scans of Ne + scattering from Ga (Ι0^) 
along with Η (IH) and Ν ( I N ) recoiling from A r + on the GaN{0001 }-(lxl) 
surface. The projectile was 4 keV Ne + and Ar + , and the conditions were α = 
20°, θ = 30° for Η, α = 10°, θ = 40° for Ν, and α = 12°, θ = 90° for Ga. 
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observed at these two angles have identical widths and depths, suggesting that the 
surface exists in two different domains; i f there would be only one domain, different 
widths and depths for these minima would be expected. 

The I H δ-scan (Figure 4) was performed in the blocking mode, i.e. a small 
exit angle β = 10° was used. The data exhibit 60° periodicity with deep minima 
along the 0° and 60° directions, unlike the other two elements. The Η atoms are too 
light to cause significant shadowing of the incoming Ar projectiles. However, Η 
recoiling atoms can be blocked from the lst-layer Ν atoms. The radii of the 
shadowing and blocking cones for Η atom collisions with other Η atoms is only <0.3 
Â compared to > 1Â for Η atom collisions with Ν and Ga atoms (14). By using a 
small exit angle β, recoiled Η atoms can be blocked by nearest neighbor Ν atoms. 
The observed periodicity arises i f the Η atoms are bound to the outerlayer Ν atoms 
and protruding outward from the surface plane. The short H-N interatomic spacings 
along 0° and 60° result in overlayer recoiled Η atoms being blocked by their lst-
layer Ν neighbors. Along the 30° and 90° directions, the H-N interatomic spacings 
are longer and the recoiling Η trajectories are outside of the Ν blocking cones (Figure 
4). The model in Figure 1 is but one of the several possible models consistent with 
the I H δ-scan. 

Ion trajectory simulations were carried out for the δ-scans of Figure 4. Good 
agreement of the the simulated and experimental data could only be obtained by 
combining two domains which were rotated by 60° from each other. The results are 
shown in Figure 5. Combining the two domains results in symmetrical δ-scans 
which are a good reproduction of the experimental scans. 

Thermal Decomposition of GaN. The LEED pattern, TOF-SARS spectra, and 
mass spectra (MS) of the residual gases were monitored every 50° while heating a 
GaN crystal. Beginning at low temperature with an uncleaned sample, the L E E D 
image was completely diffuse and the TOF-SARS spectrum was dominated by H , C, 
O, and Ν recoil peaks. At a temperature of -700°, the recoil impurities in the TOF-
SARS spectrum began to decrease until the spectrum was eventually similar to that 
of Figure 2. The diffuse LEED image evolved into a ( lx l ) pattern at ~800°C.; also at 
this temperature the MS exhibited sharp increases in the N 2

+ , N H 2

+ , and H 2

+ signals. 
The absence of an N H + signal may be due to its relative instability and the absence of 
direct line of sight between the sample surface and the MS. The N 2

+ and N H 2

+ 

signals increased by a factor of ~102 between 800° and 900°, after which their 
intensities reached a plateau level which persisted to about 1,050°C. The H 2

+ signal 
increased monotonically by a factor of -10 over this temperature range. The large 
amount of hydrogen evolved indicates that the hydrogen is not only on the surface 
but distributed throughout the bulk crystal. The ( lx l ) LEED pattern began to get 
increasingly more diffuse and the Ν and Η recoil peaks in the TOF-SARS spectrum 
decreased as the temperature increased above 950°C. The sapphire substrate cracked 
at -1000° and was not usable at higher temperatures. 

Discussion 

The bulk-terminated polar surfaces of compound semiconductor surfaces are 
typically unstable due to the partial electron occupancies of their dangling bonds 
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τ 1 1 Γ 

- 3 0 0 30 60 90 120 

Azimuthal Angle (deg) 

Figure 5. Trajectory simulations of the azimuthal angle δ-scan of Ne + scattering 
from Ga (IG a) along with Η (IH) and Ν (IN) recoiling from A r + projectiles on a 
GaN{0001 }-(lxl) surface using the same conditions as listed in Fig. 4. Two 
different domains were used in the simulations. S.M. is the simulation and EXP. 
is the experimental data from Fig. 4. 
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(75). These surfaces achieve stability and semiconducting behavior by reconstructing 
in a manner in which the dangling bonds become completely filled or empty by 
electron transfer from the more electropositive to the more electronegative elements. 
Such a situation results in a surface in which all dangling bonds are either completely 
filled or empty, i.e. it is autocompensated (13,16). The clean unreconstructed 
GaN{0001 }-(lxl) surface is not autocompensated; the Ν dangling bonds protruding 
from the surface each have an electron deficiency of %e. Stability of this surface 
can be achieved either by reconstruction or by bonding of these Ν dangling bonds to 
some other atom; Η atoms can fulfill this requirement. Indeed, under all conditions 
where a ( l x l ) LEED pattern was observed, Η coverage of the Ν atoms was observed 
by TOF-SARS. Only % of the Ν atoms in the outerlayer can be bound to Η atoms in 
order to satisfy the autocompensation rule. The Ν dangling bonds are electron 
deficient by %e and Η atoms can supply le. Therefore, for every three N - H bonds 
that are formed, there will be %& remaining which can be transfered to another Ν 
dangling bond. This results in only three of four Ν dangling bonds of the unit cell 
being passivated by Η atoms; the other Ν dangling bond is stabilized by electron 
transfer from the three N - H bonds. There are several ways to distribute Η atoms on a 
N-terminated GaN surface. The model in Figure 6 is one of the possible structures. 

The nature of the termination layer, i.e. either Ν or Ga, is expected to be 
dependent on polarity matching considerations between the substrate and film. 
Recent ab initio total energy calculations by Capaz, et al. (77) have shown that the 
lowest energy interfaces are expected to be those on which cations(anions) of the 
substrate bind to anions(cations) of the film. Hence, the final polarity of the film is 
strongly dependent on the polarity of the substrate. Therefore, the nature of the 
atomic termination layers on sapphire surfaces is important to the understanding of 
the effects of substrate structure on the epitaxial relationship and overlayer lattice 
structure of thin film deposition. However, the exact termination elements of the 
{0001} and {1120} faces of sapphire are still unknown. The {0001} and {1120} 
surfaces of sapphire can be terminated with ether O-rich or Al-rich top surface 
monolayers. The packing sequence of the GaN wurtzite structure is (...ABAB...), 
where the layers are not equally spaced; the vertical spacing along the hexagonal 
<0001> direction is 0.63 Â within a bilayer and 1.95 Â between bilayers. Since the 
simplest stable unit of GaN is a single bilayer consisting of a layer of Ga and Ν 
atoms, i f growth commences with a Ga layer, it must terminate with a Ν layer. The 
only other experimental work known to us on identifying polarity matching is for 
GaN grown on SiC by Sasaki and Matsuoka (19). This work addresses the problem 
indirectly by measuring the XPS chemical shift of the Ga atoms near the surface 
resulting from bonding to impurity oxygen atoms. Since the oxygen diffuses into the 
GaN to a depth of a few atomic layers and XPS samples a similar depth, the 
measurement is not specific to the outermost atomic layer. Nevertheless, the 
conclusion was that GaN layers on {0001 } c and {0001 } s i SiC substrates are 
terminated with Ga and N , respectively, in agreement with the theoretical prediction 
(77). 
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Autocompensated GaN {000ï}-(lxl) 

overlayer · = H 

1st layer © =N 

2nd layer φ =Ga 

Figure 6. Plan view of the ideal bulk-terminated GaN{0001} surface illustrating 
the surface ( lx l ) unit cell and a proposed model for the surface Η atom sites. 
Open circles - lst-layer Ν atoms; large solid circles - 2nd-layer Ga atoms; small 
solid circles - overlayer Η atoms. 

Conclusions 

The most significant results on GaN{000 Ϊ }-(lxl) derived from the LEED, TOF-
SARS, MS, ERD, and simulation data can be summarized as follows. 
(I) The experimental and simulated azimuthal scans show that the ( l x l ) surface is 

bulk terminated with no reconstruction. 
(ii) The surface elemental analysis, A S E A values, and experimental and simulated 

azimuthal scans consistently show the following: 
(a) The surface is terminated in a Ν layer with Ga comprising the second layer, 

i.e. the {0001} plane. 
(b) Hydrogen atoms are bound to 3/4 of the Ν atoms in the outermost layer and 

protrude outward from the surface. 
(iii) Thermal decomposition of the structure commences at ~850°C with the 

evolution of N 2 , N H 2 , and H 2 . The presence of N H X species provides strong 
evidence for N - H bonds on the surface. The high temperature required for 
evolution of the hydrogen indicates that it is as strongly bound as the Ga and Ν 
lattice atoms. 

(iv) The large amount of H 2 evolved is consistent with hydrogen being distributed in 
the bulk of the crystal as well as on its surface. 

(v) The azimuthal angle scans are consistent with the existence of two domains on 
the surface. 
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Chapter 5 

In Situ Monitoring by Mass Spectrometry of Laser 
Ablation Plumes Used in Thin Film Deposition 

John W. Hastie, Albert J. Paul, David W. Bonnell, and Peter K. Schenck 

Materials Science and Engineering Laboratory, National Institute of Standards 
and Technology, A215-223, Gaithersburg, MD 20899-0001 

Molecular beam mass spectrometry has been used for real-time, in situ 
determination of species identities and velocity distributions of post
-expansion laser ablation plumes. As an example of the measurement 
approach, the Al2O3 system is considered. The principal species found in 
Al2O3 plumes include Αl, Ο, AlO, and Al2O, in addition to Al+. Several 
distinct populations of velocity distribution are often found for each 
species. For Al atoms, one distribution is centered around 1×105 cm s-1, 
and another around 1.2×106 cm s-1. The latter distribution agrees with the 
results of a plume expansion model. A new approach to the determination 
of species angular distributions is also described, and preliminary results 
are given for the C and Ag systems. The distributions observed for Ag 
species follow those expected from a supersonic expansion of the plume, 
whereas the results for Ag+, C3, and C3+ are somewhat anomalous and 
appear to be influenced by the presence of laser-plume interactions. 

The technique of pulsed laser deposition (PLD) has been found to have unique advantages 
as a new approach to thin film deposition [1]. However, efforts to control, model, and 
optimize the process require a much improved characterization of the intermediate 
species. Here, we present the results of an in situ species measurement approach, based 
on molecular beam sampling mass spectrometry (MBMS) of fully-expanded laser 
ablation/vaporization plumes. Attention is also given to the essential features required of 
a MBMS system for representative sampling of laser ablation plumes. In order to verify 
and supplement the MBMS results, complementary investigations using emission 
spectroscopy and real-time imaging, coupled with gasdynamic, thermodynamic, and 
gas-kinetic models, have also been carried out, as discussed elsewhere [2-4]. 

This chapter not subject to copyright. Published 1998 American Chemical Society 39 
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40 SYNTHESIS AND CHARACTERIZATION OF ADVANCED MATERIALS 

Plumes generated by high-power pulsed (10 ns to 30 ns) laser vaporization or abla
tion of refractory materials can attain ultra-high temperatures (typically 5,000 Κ to 
30,000 K) and relatively high pressures of condensible species (> 10 Pa = 1 bar), e.g., 
see [2]. Because of the difficulties of direct insertion of a molecular beam sampling probe 
into such an environment, the sampling approach used was to allow the plume to fully 
expand to collisionless flow before sampling. This approach is also more amenable to 
gasdynamic modeling [3,4]. Although the plume conditions do not entirely preclude the 
use of an intrusive molecular beam sampling probe, modeling the intermediate expansion 
with the probe geometry included would appear to require a molecular dynamics 
approach. This discussion deals with measurements of a fully expanded beam, a necessary 
prerequisite to future consideration of probe extraction geometries. 

Plume expansion into a high vacuum (< 10"10 bar), maintained in a high conductance 
system, is sufficiently rapid that the initial plume species information can be retained and 
representative sampling with M B M S can be achieved [5]. In addition to plume species 
identities and abundances, MBMS analysis also provides beam time-of-flight information, 
yielding velocity distributions and gas temperatures. Such data form the basis of 
gasdynamic models of plume formation and dissipation [3,4] and are essential for future 
development of film growth models. 

Significant progress in defining the 
general nature of laser vaporization 
/ablation plumes, used for thin film 
deposition, has been made in recent 
years [1,2]. Our current understanding 
of the main plume features is summar
ized by the idealized schematic of 
Figure 1. Note the use of extreme 
gradients to encompass time, distance, 
temperature, pressure, and velocity 
scales. As shown, the plume initiates at 
the laser focus spot on the target surface 
and moves away along an axis normal to 
the target (i.e. to the right in Figure 1). 
After a few ns time delay from the onset 
of the laser pulse, sufficient vapor 
density develops for collisional local 
equilibrium (labeled "loc. eq." in 
Figure 1) to become established, 
followed by a supersonic adiabatic ex
pansion process. This expansion pro
cess is isentropic and rapidly leads to a 
free-flight, collision-free condition. In 
the present work, species are sampled 
from this free-flight region for M B M S 
analysis (note orifice shown at the 
extreme right in Figure 1). 

1 . . . 1 . . . . 1 
n s 
T i m e 

u s 

urn mm 
D i s t a n c e 

cm 

I i f ! 
plasma 

clusters? 
atoms.. 
* ; 

tod .w 
Κ • ·< I expansion 

loser*- interaction 

visible ] 
plume ι 
— few 
collisions! 

f r e e 
- f l ight 
- n o 
collisions 

5 20 0 . 5 
Temperature (kK) 

1 
4 0 0 ? 
P r e s s u r e (ba r ) 

-4 
10 

10 4 

Velocity (10 cms ) 

1 0 * 
100 

Figure 1 —Laser vaporization/ablation 
schema. Scales shown are logarithmic and are 
representative of typical laser ablation, 
conditions present during pulsed laser 
deposition of thin films. 
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5. HASTIE E T A L . Laser Ablation Plumes Used in Thin Film Deposition 41 

A P P A R A T U S 

Figure 2 — Laser vaporization/ablation molecular beam mass spectrometer. 
Region I provides high conductance gas transport (exceeds 4000 fi/s before 
pumps) of the PLD-produced plume using either of two pumping systems. See 
text for discussion of the sample stage shown at the bottom center of Region I. 
The Y direction is the laser input direction (perpendicular to page). Regions II 
and ΙΠ provide beam coilimation and differential pumping of the expanded beam. 
Region IV is the MS region. An internal cryopump minimizes back scattering of 
the molecular beam. 

The basic features of the original M B M S system have been described in detail elsewhere 
[5 J. We present here only a description of recent modifications. Figure 2 shows 
schematically, but to scale, the main features of the M B M S apparatus. This system has 
very high conductance differential pumping to allow for rapid free-jet expansion and 
representative sampling of the expanded vapor. To accommodate the high velocities of 
beams formed from laser plumes, together with the pumping and optical access 
requirements, the flight distance between the plume and the mass spectrometer ion source 
was made relatively long (L=47.9±0.2 cm). The initial flight distance (Region I, target 
surface to the Region I-II interface in Figure 2) is sufficiently long (about 22 cm) to allow 
the plume to expand fully to molecular flow, particularly given that the conductance in 
Region I exceeds 2><106 cm 3 s"1. Figure 2 shows that the differential pumping and 
coilimation adds a distance of only 21 cm to the overall beam path length (cf. Regions II 
and III). The center of the MS ion source is about 5 cm above the Region III-IV 
differential orifice. Each of the adjustable differential interface orifices were set to 0.48 
cm aperture, aligned with the entrance aperture of the MS, and provided a fully collimated 
molecular beam. As will be shown, a beam distance of 47.9 cm allows for sufficiently 
long flight times to permit observation of velocity distributions with good time resolution, 
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42 SYNTHESIS AND CHARACTERIZATION OF ADVANCED MATERIALS 

over the range 10 4to>10 6 cm s , which is characteristic of post-expansion plumes used 
for PLD. 

In order to increase the area of film uniformity in PLD, particularly with respect to 
composition and thickness, it is desirable to monitor in situ and to understand the origin 
of the spatial distributions of plume species. For this purpose, we designed a kinematic 
target stage, based on commercially available linear translators in X - Y orientation. These 
translators are mounted on a rotatable (about the X-axis) platform whose orientation is 
controlled externally, using a vacuum feedthrough drive. This stage is shown 
schematically in Figure 2, mounted in Region I of the M B M S vacuum system. The stage 
rotates the target surface about the X axis in situ. This motion thus controls the tilt to the 
target normal axis (Z) relative to the fixed M B M S sampling axis (z). The rotatable 
platform operates like a simple swing and the target surface location is adjusted with 
jacking screws (not shown) to coincide with the pivot axis (X), using a laser alignment 
system through the pivot axis. The same system also aligns the Y axis of the surface to 
the plane defined by the two translation stages. 

The geometrical relation
ships between the laser beam, 
plume, target, and M B M S 
sampling axis are shown, to 
scale, in more detail in Figure 3. 
The plume dimensions shown 
are based on images [4] obtained 
at early times in the expansion of 
ionized Al (AJ*) produced by 
248 nm KrF excimer laser 
interaction (-30 ns pulse) with 
an A1 2 0 3 target at a moderately 
high fluence. Note the signifi
cant interaction volume between 
the laser and plume during the 
laser pulse duration time (-30 ns 
in this case). 

The ablating laser beam is focused at the target surface using an external telescope, 
with the last reflection being made through a fused silica prism. The long axis of the 
approximately elliptical footprint of the laser is coincident with the platform's rotating 
axis. Thus, as the stage is pivoted, the plume remains perpendicular to the target surface 
(Z-axis), presenting different angular views to the sampling axis (z) of the mass 
spectrometer (MS). The X - and Y-axes are referenced to the target surface, and the Z-
axis (target normal and plume major axis) is coincident with the molecular beam axis (z) 
when the plume angle, 0, is 0°. The plume angle, defined in Figure 3 as the angular 
separation between the plume major axis (Z) and the molecular beam sampling axis (z), 
is the same as the stage angle. 

For these studies, the laser beam was incident typically at a fixed azimuth angle of 45°, 
but the depth of focus was sufficiently long that the entire footprint could be considered 
to be uniform in the ablating surface. It was considered impractical to pivot the laser 

MS I? 

Target 0.03 cm 

Figure 3 —Laser-plume-target interaction geometry, 
20° rotation, viewed from -Y, at 30 ns after the laser 
pulse begins. 
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5. HASTIE E T A L . Laser Ablation Plumes Used in Thin Film Deposition 43 

beam optics to allow the vertical plane containing the laser beam to remain perpendicular 
to the target. In the present arrangement, the elliptical laser footprint rotates by 
approximately the plume angle about the axis normal to the target surface. In the absence 
of laser-plume interactions, an integration of the area change due to the change in the 
laser footprint with plume angle indicates only cosine falloff in laser fluence at small 
angles. This geometric effect on fluence should be swamped by the observed cosw0 (n>4) 
decrease in plume intensity that results from gasdynamic effects. 

RESULTS A N D DISCUSSION 

Results from representative investigations are presented here to demonstrate application 
of the MBMS technique to the characterization of laser plume species. It is noteworthy 
that no evidence of cluster species, present in the plume or formed in the expansion 
cooling process, was found in these or earlier [2,5] studies. For the most part, the species 
observed are those we predict from their thermochemical stabilities for conditions near 
the atmospheric boiling points of the target materials [2,5-7]. 

Velocity Distributions. In a typical experiment, the mass spectral intensity (I) of 
each species is monitored as a function of time-of-arrival (TOA, /) at the detector, relative 
to the termination of the laser pulse. Conversion of time to velocity (v) is made using the 
molecular beam flight distance, L and 

V = A ; /'(/) = v / ( 0 ; /'(v) =/ ' ( / ) J , (1) 

where 7'(t) is the observed 
intensity (I(t)) corrected for the 
velocity (v) discrimination 
associated with the density 
detection nature of the electron 
impact ion source, as shown in 
equation 1 (see also [2]). I '(v) 
is the intensity (velocity distri
bution) in velocity space 
equivalent to the molecular beam 
flux, I'(t)t obtained as shown 
from the observed number 
density, I(t). Figure 4 shows an 
example TOA plot for Al 
produced by 1064 nm Nd/YAG 
laser interaction (-10 ns pulse) 
with an A1 2 0 3 target at a 
moderate fluence. 

An appropriate velocity dis
tribution {P(v)} approximation 
in this case [3] is that of a Μ 

ι .ο 
> 

f 0.8 

I 0.6 

% 0.4 
Q 
ο 0.2 

0.C 

A l 2 0 3 ( 9 J / c m 2 ; 
P(t) fit 
T C = 552K 
thermal Al 

ν - component-
Γ χ M T = 1 . 8 

''J 

00 400 600 
Time (^s) 

800 1000 

Figure 4 —Time-of-arrival for A l (A1 20 3); λ = 1064 
nm, fluence = 9 J cm"2. Solid curve is a distribution 
fit (xP(t)) based on equations 1 and 2 (see text) giving 
values of Tc = 552±10 Κ and u = 0±400 cm s'1. 
Measurement uncertainties are: / '±0.02 based on 
counting statistics at peak; f±5 μ8. 
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44 SYNTHESIS AND CHARACTERIZATION OF ADVANCED MATERIALS 

range Maxwellian distribution referenced to a center-of-mass net flow or drift velocity 
(»): 

P(vz) « v z

3 exp[-(m/2^)(v z -«) 2 ]. (2) 

The ζ axis is the molecular beam axis (as in Figures 2 and 3); Tc is the local terminal gas 
temperature at the onset of collisionless flow; m is molecular mass and k is the Boltzmann 
constant. In practice, as the 
experimental data are obtained 
(initially) in time rather than 
velocity space, an analogous 
time-dependent expression P(tJ 
may also be used to fit the TOA 
profiles (as in Figure 4). These 
nonlinear fits provide values of 
Tc and u. Similar results are ob
tained from the slope of a linear 
fit of the dependence of the time 
corresponding to the maximum 
intensity TOA values on the 
species molecular weights (see 
Figure 5). The general deriva
tion of the relationship between 

0) 

ω 

σ 

1000 

800 

600 

I 400 

200 

4 6 
Sqrt Mass (amu) 

Figure 5 —Peak TOA dependence on (mass),/2 for 
species detected as singly charged positive ions 
produced by electron impact in the mass spectrometer; 
target = A1203; λ=1064 nm; Same conditions as for 
Fig. 4. Fitted slope gives r c=550±50 K . 
Measurement uncertainties are: tmaxi±20 
MS-observed masses ±0.1 umu. 

derived slope and Tc may be 
found in [8]. 

As shown in Figures 4 and 5, 
the low value of T c (=552 K) is 
evidence of considerable expan
sion cooling. From the magni
tude of the mass spectral inten
sities, we have estimated that the initial pre-expansion pressure is of the order of one bar 
for the laser conditions used [2]. For A1 2 0 3 , a surface temperature of 4500 Κ would be 
needed to generate a pressure of this magnitude under thermodynamic equilibrium 
conditions (see [2]). Conversion of the TOA profiles to a velocity scale shows that the 
data of Figure 4 correspond to relatively low velocities (~ 104 cm s"1 to 105 cm s"1 range), 
characteristic of a relatively low terminal Mach number ( M T ~ 1.8). 

The small early-time peaks shown in Figure 4, and discussed in more detail below, are 
not noise, but are believed to be the result of separate processes involving laser-glume 
interactions. These features grow as the laser fluence is increased. Figure 6 provides an 
analysis of these fast and slow peaks in terms of velocity distributions. The faster velocity 
distribution becomes relatively more significant with increasing fluence and has a very 
high T c (-31,000 K). These effects have been attributed to laser-plasma interactions [2-
4]. The plasma gasdynamic model fit, shown in Figure 6, agrees well with the observed 
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5. HASTIE E T A L . Laser Ablation Plumes Used in Thin Film Deposition 45 

high-velocity distribution. 
The theoretical basis of the 
model is discussed in detail else 
where [2,3]. These results 
also complement those 
obtained by optical probes 
(not discussed here, see [3]). 

Sampling Fidelity. A key 
concern with any MBMS 
measurement approach is the 
reliability of the sampling 
process. In contrast with 
our earlier sampling of 
atmospheric pressure flames 
[9] and transpiration vapors 
[10,11], a sampling probe 
was not inserted into the 
active high pressure core of 
the plume. Instead, the 
sampling orifice was located 
intentionally well down
stream of the shock front 
(Mach disc) location and in 
a region of collisionless flow. 

1.0 

5 0.4 

0.2 

0.0 

; A l 2 0 3 

\ FittoP(v) Model (fost) 
• 1 F o s t 

Jg TC=32,60QK 
• β U c= 1x106cm/s 
11 * Slow 
1 \l TC=1044K 

Ts = 4.500K 
Tp=31.000K 
Ps = 105Po " 
Pb = 1.4x10" Po • 

.4 H U c= 0cm/s ·Λτ*Τ y « i.2 

10 
Velocity (1 Î c m / s ) 

15 20 

Figure 6 —Velocity distribution (peak normalized) for A l 
(A1 20 3) at ~ 15 J cm' 2; λ=1064 nm. Solid curve is based 
on a plasma gasdynamic model [3,4] using the parameters 
shown in the figure, where γ is an effective heat capacity 
ratio used to model the expansion process; subscript s 
refers to target surface condition, p the plasma, and b the 
molecular beam. Measurement uncertainties are: vtlOOO 
cm s"1 at 105 cm s'1 based on 5 μ s channel time resolution 
at 47.9 cm; density distribution <±0.05 arb. units. 

The target-to-orifice distance was 22 cm, compared with 
the calculated (from measured Mach numbers) distance to collisionless flow in the range 
of 0.05 cm to 5 cm. Also, the pumping speed and system conductances were high enough 
that the calculated Mach disc location was always downstream of the transition to 
collisionless flow, thus presenting a very weak shock front that should have a negligible 
effect on the expansion. Agreement between experimental and calculated expansion 
temperatures indicates that the sampling process was indeed located at a fully expanded 
jet location, and that no gasdynamic or other thermal perturbation had occurred. 

There is strong evidence that local thermal equilibration of neutral species occurs in 
these laser plumes. It can be shown (e.g., from equation 2) that the TOA peak should 
vary with species (mass)'72, provided the local thermal equilibration condition is 
maintained. In general, we have found such a dependence (Figure 5). Data analysis using 
this type of relationship also provides an additional benefit in assuring the reliability of the 
mass spectral species assignments. If electron impact fragmentation interference occurs, 
leading to a fragment ion, or both a fragment and a parent ion, at the same mass, it would 
be evident as a time displacement from the straight line in Figure 5, since the arrival times 
are for the pre-ionization condition of each species. As we have indicated elsewhere, 
free-jet MBMS can lead to very different fragmentation patterns than those found 
conventionally [6,12]. With a few notable exceptions [12], the expansion cooling process 
can be very beneficial in reducing electron impact fragmentation of parent molecular ions 
[6]. This is the case in Figure 5, where the excellent linear correlation of the assigned 
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peaks indicates an absence of significant fragmentation during the electron impact 
ionization step in detection of the neutral species.. 

A more stringent, and more difficult to establish, test of sampling fidelity is provided 
by examination of possible shifts in chemical equilibria or kinetics. That is, are the relative 
concentrations of the sampled species modified by the sampling and analysis process? We 
have shown that, for systems that are demonstrably in thermodynamic equilibrium, 
sampling perturbations are negligible [10,11], In laser-generated plumes, however, there 
is no a priori assurance that the pre-expansion plume is chemically equilibrated. We have 
shown that for moderate laser fluences, sufficient to attain a near-atmospheric boiling 
condition at the target surface, the pre-expansion species are frequently present in local 
thermodynamic equilibrium [2], The MBMS species distributions are also found to agree 
well with thermodynamic equilibrium calculations, e.g. for C [6], B N [13], H f 0 2 [7], 
BaTi0 3 [2,3] and A1 2 0 3 [2]. For the A1 2 0 3 case, we have also carried out detailed gas-
kinetic calculations, showing that relatively small changes in species concentrations are 
possible but only during the first 20 ns of plume expansion [2]. 

Conversion of Final (Expansion) to Initial State Properties. TheMBMSmeasure
ments yield information on terminal velocities (vT) and temperatures (TT). If we assume 
that the formation of an expanding vapor plume from a focused hot spot is gasdynamically 
similar to expansion through an orifice, then various standard gasdynamic relationships 
apply. The initial pre-expansion temperature of the gas, T0, may then be obtained from: 

TTIT0 - 1 + ̂ ± M r
2 | ' . (3) 

Typical values fall in the range 2500 Κ to 8000 Κ (for gas heat capacity ratios in the 
range, γ = 1.4 to 1.2). Pressure ratios may be obtained from: 

H i 
(4) 

Typical values of Pj/P0 in our system fall in the range 10"4 to 10"5, or lower. When 
combined with PT values determined from calibration of the mass spectral intensities, 
values of P0 typically in the range of 1 bar to 10 bar are obtained [2]. Direct and indirect 
measurement of surface temperatures also indicate target temperature and pressure 
conditions near the boiling point at moderate fluence conditions (< 1 J cm"2 to 10 J cm"2). 
Based on equation 3, we should then expect to find a linear correlation between the 
thermodynamically derived target boiling temperature (Tbpi ~ T0) and the final, or beam, 
temperature (7^) if T0 is strongly correlated with the surface temperature. Such a 
correlation has been found and was reported in [2], thus lending support to the analogy 
of expansion through an orifice. 
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Plume Angular Distribution. 
Velocity and angular distribu

tions are expected to influence 
sticking coefficients, and hence film 
composition [14]. These distribu
tions, in turn, are expected to be 
strongly influenced by the laser 
impact spot size. Angular distribu
tions of visible emission plume 
components have been determined 
by us earlier, using O M A spectro
scopy and CCD image analysis [4]. 
These results have been used to 
develop hydrodynamic models of 
angular distributions [4,8]. The 
focus of the MS-determined angular 
distributions is on the ground state 
(non-emitting) species, which are 
major plume components. 

When the plume major axis (Z) 
is oriented away from the molecular 
beam sampling axis (z), by tilting 
the kinematic target stage, the 
normal effect is a monotonie de
crease in the mass spectral signal intensity (e.g. Figure 7). Generally, this decrease 
follows a cos" 0 distribution law, expected for a supersonic expansion jet, where η is 
strongly dependent on gasdynamic parameters such as Mach number and pressure 
expansion ratio, and where the plume expansion is dominated by neutral species. In our 
studies, values of η from ~ 4 to 20 have been observed. 

Figure 8 shows an example of the angular dependence of Time of Arrival (TOA) 
curves for Ag and A g + plume species. Figure 8(a) is representative of the neutral and ion 
data observed using electron impact ionization of the plume molecular beam to analyze 
the neutrals. By turning off the ionizing electron beam, just the ionic species in the 
expanded plume molecular beam are seen (Figure 8(b)). For relatively fast ionic species, 
favored under higher laser fluence conditions, examples of anomalous angle-dependence 
behavior are found. Figure 8(b), representing the ionic species portion of Figure 8(a), 
shows such behavior. Note that the peak intensity for the faster ion signal occurs off-axis 
which, in our studies, appears to be typical when conditions favor laser-plume interaction. 
We believe that this off-axis behavior is consistent with the spatial asymmetry noted 
earlier in the plume imaging studies [4]. The plume wall, depicted in Figure 3 and based 
on optical images of the early expanding plume, is oriented at about 10° to 15° off 
vertical. This orientation, together with the MS angle-resolved data, suggests that, during 
the expansion process, ions formed within the high density conical volume are strongly 
quenched. On the other hand, ions formed in the lower density regions, resulting in the 
ion intensity peaking off-axis, appear able to escape with high velocity distributions 
distinct from those of the main high density region. 

1.0 π ι • 1 • ι 

< 
0.2 

Angle (Θ) 

Figure 7 — Intensity (time-integrated, arbitrary 
units) as a function of plume angle for Ae; 
target=Ag; λ=1064 nm, moderate (< 10 J/cm ) 
fluence. Intensities correspond to the areas under 
the curves of Fig 8(a), corrected for cos θ 
footprint effect (see text). Data ί · ) have been 
fitted (solid curve) to cos 5 - 2 ± o e 0 . Intensity 
uncertainties are based on single standard 
deviations for five replicate runs; angular 
uncertainty is <±1°. 
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The non-monotonic form of 
the intensity vs. angle data in 
Figure 8(b) is suggestive of 
multiple cos"8 processes, with 
differing «-values, occurring at 
different times and with different 
angular dependence in the early 
expansion process. The fact 
that the individual TOA curves 
(e.g. see Figure 8) can all be fit 
well using multiple Maxwellian 
peaks with different peak velo
cities supports this conclusion. 
For fast ions, η should have a 
high value (>4), and similar 
effects should obtain for plume 
components affected by laser-
plume interaction. Other in
triguing observations, such as 
are shown in Figure 9, have also 
been made. The clear separa
tion of slow and fast compo
nents is strongly indicative of 
multiple plume processes, sepa
rated either in space or time, or Figure 8 — (a) M B M S plume angle-dependence of 
both. The complex angle the Ag atom (and small amount of Ag 4 ) ; (b)Ag + ion 
dependencies shown for the fast alone (MS ion source off). Conditions as for 
neutral and charged species are Figure 7; Signal Intensity in arbitrary units, relative 
attributed to laser-plume inter- uncertainties are similar to Figures 4 and 7; Angle (Θ) 
actions, which are more signifie- in degrees ±1°; Time of Arrival in με ±5 μβ. 
ant for ions and can lead to 
complex geometry effects in the plume. Such interactions have been visualized using an 
Intensified Charge Coupled Device (ICCD)-based camera system [4]. 

In interpreting the angle-dependence results, the possible influence of geometrical 
effects requires consideration. Geometric computer-aided design representations have 
been used to estimate the extent of these effects (e.g., as in Figure 3). Two notable 
effects are apparent as the stage and plume rotate away from the MS beam axis (ζ): (1) 
as the platform rotates, the interaction volume (separately depicted as the intersection of 
the plume and laser beam volumes in Figure 3) rotates around the target normal in the 
direction of the MS beam axis; (2) at about 10° rotation, the wall representing the "edge" 
of the visible, high-velocity emission region lines up with the MS sampling axis. Both 
effects suggest only minimal geometric effects on the plume volume element selected for 
MS sampling. The two mentioned laser-plume interaction effects should slightly enhance 
the observed off-axis intensity, probably somewhere between 10° and 20°, as observed 
(Figures 8 and 9). None of the geometric effects per se, however, account for the 
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observed strong decrease in 
"fast" plume ion species observ
ed inside the 10° sampling cone 
(e.g. as in Figure 7(b)). We 
suggest the existence of a 
preferential on-axis (θ~0°) loss 
mechanism for fast ion species. 
For example, the higher density 
of majority neutral plume 
species (Ag atoms in the case of 
Figure 7) on-axis should en
hance the ion-electron-neutral 
recombination reactions. Work 
towards quantifying these effects 
and further testing the geometric 
models is in progress. Use of a 
lower laser fluence can be ex
pected to lead to better behaved 
angular distributions for ions, as 
has been found for Y B a 2 C u 3 O x 

using Faraday cup detection, although the power of cosnd (n=6) was somewhat lower 
than expected (n~ 10) for a fully developed supersonic expansion [15]. 

It is pertinent to note the observations of Champeaux et al [16], concerning a highly 
directional ion distribution and its correlation with a modified film stoichiometry. Hence, 
we may expect to find a correlation between an observed plume asymmetry, with respect 
to the highly energetic ions, and a spatial non-uniformity in film properties. 

CONCLUSIONS 

The application of free-jet MBMS to laser plumes is of considerable value. Identities and 
concentrations of all significant species can be obtained. Velocity distributions and 
temperatures, combined with gasdynamic and plasma models, yield information on the 
pre-expansion plume properties. The species identity, flux and kinetic energy information 
obtainable is directly applicable to growth models of thin film formation. Information on 
spatial and temporal plume evolution can indicate optimal target, laser, and substrate 
positioning. Determination of species relationships with process variables (fluence, 
wavelength, pulse time, pressure, etc.) also allows for selection of optimum process 
conditions. Finally, MBMS results complement and enhance the development of more 
accessible optical probes for in situ, real-time process monitoring and control. 
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C3 molecules 

Figure 9 —Plume angular distribution TOA behavior 
for C 3 from graphite target; λ=1064 nm; fluence is 
high (£10 J/cm ). Signal axis is normalized mass 
spectral intensity data, in arbitrary units, uncertainties 
are similar to Figures 4 and 7; Angle (Θ) in degrees 
±1°; Time of Arrival in μ s ±5 μ8. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
O

ct
ob

er
 4

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 D
ec

em
be

r 
15

, 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
1.

ch
00

5

In Synthesis and Characterization of Advanced Materials; Serio, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1997. 



50 SYNTHESIS AND CHARACTERIZATION OF ADVANCED MATERIALS 

R E F E R E N C E S 

1. Pulsed Laser Deposition of Thin Films; Chrisey, D.B.; Hubler, G.H.; John Wiley and 
Sons, Inc: New York, NY, 1994. 

2. Hastie, J.W.; Paul, A.J.; Yeheskel, J.; Bonnell, D.W.; Schenck, P.K. High Temp. 
Matls. Sci. 1995, 33, 135-169. 

3. Hastie, J.W.; Bonnell, D.W.; Paul, A.J.; Schenck, P.K. "Gasdynamics and Chemistry 
in the Pulsed Laser Deposition of Oxide Dielectric Thin Films" In Gas-Phase and 
Surface Chemistry in Electronic Materials Processing; Mountziaris, T.J., Paz-Pujalt, 
G.R., Smith, F.T.J., Westmorland, P.R., Eds.; MRS Symp. Series, Vol. 334; Materials 
Research Society: Pittsburgh, PA, 1994; 305-316. 

4. Schenck, P.K.; Hastie, J.W.; Paul, A.J.; Bonnell, D.W. Opt. Eng. 1996, 35, 3199-
3205. 

5. Hastie, J.W.; Bonnell, D.W.; Schenck, P.K. Molecular Basis for Laser-Induced 
Vaporization of Refractory Materials; NBSIR 84-2983; National Technical 
Information Service: Washington, DC., 1984. 

6. Hastie, J.W.; Bonnell, D.W.; Schenck, P.K. High Temp. High Press. 1988, 20, 73-89. 
7. Bonnell, D.W.; Schenck, P.K.; Hastie, J.W.; Joseph, M. "Ultra-High Temperature 

Laser Vaporization Mass Spectrometry of SiC and HfO2" In 5th Intl. Symposium on 
High Temperature Materials Chemistry; Johnson, W.B., Rapp, R.A., Eds.; ECS 
Symp. Vol. PV90-18; Electrochemical Society: Pennington, NJ, 1990; 156-165. 

8. Paul, A.J.; Schenck, P.K.; Bonnell, D.W.; Hastie, J.W. "In Situ Monitoring and Model 
Simulations of BaTiO3 Pulsed Laser Thin Film Deposition" In Film Synthesis and 
Growth Using Energetic Beams; Atwater, H.A., Dickinson, J.T., Lowndes, D.H., 
Polman, Α., Eds.; MRS Symp. Series Vol. 388; Materials Research Society: 
Pittsburgh, PA, 1996, 45-50. 

9. Hastie, J.W. Combust. and Flame, 1973, 21, 187-194. 
10. Hastie, J.W.; Bonnell, D.W. "Transpiration Mass Spectrometry: A New Thermo-

chemical Tool" In Thermochemistry and Its Applications to Chemical and Biochemi
cal Systems; Ribeiro da Silva, Μ. Α. V.; Reidel Publishing: Boston, MA, 1984; 183-
233. 

11. Hastie, J.W.; Hager, J.P. "Vapor Transport in Materials and Process Chemistry" In 
Proc. The Elliott Symposium on Chemical Process Metallurgy, Iron and Steel Soc, 
Inc.: Warrendale, PA, 1990; 301-324. 

12. Bonnell, D.W.; Hastie, J.W.; Zmbov, K.; High Temp. High Press. 1988, 20, 251-262. 
13. Hastie, J.W.; Bonnell, D.W.; Schenck, P.K., High Temp. Sci. 1988, 25, 117-142. 
14. Kools, J.C.S.; Riet, E. Van de.; Dieleman, J.; Appl. Surf. Sci. 1993, 69, 133-139. 
15. Tyrrell, G.C.; York, T.; Cherief, N.; Givord, D.; Lawler J.; Lunney, J.G.; Buckley, 

M.; Boyd, I.W. Microelectronic Eng., 1994, 25, 247-252. 
16. Champeaux, C.; Damiani, D.; Girault, C.; Marchet, P.P.; Mercurio J.P.; Catherinot, 

A. "Plasma Formation from Laser-Target Interaction; Basic Phenomena and Applica
tions to Superconducting Thin Film Deposition" In Laser Ablation of Electronic 
Materials, Basic Mechanisms and Applications; Elsevier: Amsterdam, Netherlands, 
1992; 141-165. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
O

ct
ob

er
 4

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 D
ec

em
be

r 
15

, 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
1.

ch
00

5

In Synthesis and Characterization of Advanced Materials; Serio, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1997. 



Chapter 6 

Fullerenes and Polymers Produced by the Chemical 
Vapor Deposition Method 

Steve Kleckley1, Hao Wang1,4, Isaiah Oladeji1, Lee Chow1,5, Terry K. Daly2, 
Peter R. Buseck2, Touradj Solouki3, and Alan Marshall3 

1Department of Physics, University of Central Florida, Orlando, FL 32816-2385 
2Departments of Geology, and Chemistry/Biochemistry, Arizona State University, 

Tempe, AZ 85287 
3National High Magnetic Field Laboratory and Department of Chemistry, 

Florida State University, Tallahassee, FL 32310 

Plasma-enhanced chemical vapor deposition has been used for the 
deposition of diamond and diamond-like thin films during the last 
decade with great success. Here we present experimental evidence that 
a chemical vapor deposition technique can also be used to synthesize 
other forms of carbon including fullerenes and hydrocarbon polymers. 
The mechanism of diamond nucleation and fullerene formation appear 
closely related. 

Since the discovery that fullerenes form in supersonic molecular beams (7), many 
techniques (2-9) have been used to produce fullerenes. Out of these many techniques, 
carbon-arc and combustion methods have been used for commercial production of 
fullerenes. In the carbon-arc method, yields of 5% to 8% are common, and yields as 
high as 40% have been reported (JO). It has been a puzzle for some time how a 
molecule as complex as fullerene can be formed so readily. Various formation 
mechanisms have been proposed (11-14). In particular the isolated pentagon rule 
(JPR) appears to explain many of the experimental observations. 

Here we present observations of fullerene formation using hot-filament C V D 
and microwave-enhanced CVD methods. The yields of fullerene-containing soot are 
low, even though the yields of fullerene from the soot are quite reasonable. Our goals 
in this research are: (a) to determine the relationship between fullerene formation and 
diamond nucleation, and (b) to shed light on fullerene formation mechanisms. 

Experimental 

Hot filament CVD A schematic diagram of the apparatus (75, 16) used for this study 
is shown in Fig. 1. The chamber is constructed of stainless steel with a diameter of 35 

4Current address: Shanghai Institute of Optics and Fine Mechanics, Academia Sinica, P.O. Box 800-216, 
Z01800 Shanghai, Peoples' Republic of China 

5Corresponding author 
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cm and a height of 20 cm. The filament is typically straight 0.75 mm diameter tungsten 
wire approximately 8 cm in length. The filament hangs vertically, with the upper 
terminal fixed and the lower terminal attached to braided copper wire to avoid any 
stress on the filament. With this arrangement, the filament lifetime is improved. A 
stainless steel substrate holder is used for the diamond thin film deposition. The 
substrate holder is fixed to a micrometer, and the distance between the substrate holder 
and the tungsten filament can be controlled to less than 0.1 mm. The temperature of the 
substrate is controlled by the distance between the substrate and the filament and by the 
filament current. Typically filament currents are between 50 to 60 A, and filament 
temperatures are 2,000 °C to 2,200 °C, measured with a pyrometer. The typical 
substrate temperatures are between 950 °C and 1000 °C for the growth of C V D 
diamond thin films. 

The feed gases are 99.8% pure CHU and 99.999% pure hydrogen. The flows 
are controlled by M K S mass flow controllers at 0.4 seem for CH4 and 99.6 seem for 
H 2 . The pressure of the chamber is controlled by the flow rate and the pumping speed 
through a valve. Typical chamber pressures are 30 to 100 torr. During C V D 
diamond deposition, we observed soot at the back of the substrate holder where the 
temperature was low. 

Microwave enhanced C V D . Our microwave C V D apparatus is similar to the one used 
by Chang et al (77). A 100 W 2.45 GHz generator was used as the excitation source, 
which was connected to an Evenson-type cavity. A 12.7 mm diameter 200 mm long 
quartz tube passing through the cavity was used as our reaction chamber. A particle 
trap for the soot was placed down-stream from the plasma. Another liquid nitrogen 
trap was placed between the pump and the chamber for some of the experiments. A 
schematic diagram is shown in Fig. 2. The feed gases we used include C 2 H 2 , H 2 } and 
Ar. Gas ratios ranged from 5:5:1 to 2:2:1 for Ar, H 2 , and C 2 H 2 . Typical pressures 
were between 1 and 10 torr. During these experiments, we did not put the substrate 
holder inside the microwave plasma, and no attempt was made to deposit diamond 
films. During the process, we found that at Ρ > 25 torr, a conducting film was building 
up inside the quartz tube, which limited the deposition process to only a few minutes. 
At lower pressure we found that the plasma region was much more extended, and it 
resembled a glow discharge plasma. A yellowish film was deposited on the inside wall 
of the quartz tube at Ρ < 10 torr. This film is non-conducting so it has little effect on 
the plasma characteristics. However, after being exposed to plasma for 30 minutes the 
film color changed to dark brown. 

Mass Spectrometry. Time-of-flight mass spectrometry of the hot-filament C V D soot 
samples were carried out at Arizona State University. Details of the mass spectrometry 
used there have been described (18). The laser desorption FT-ICR mass spectra of the 
M W - C V D soot samples were acquired at the National High Magnetic Field Laboratory 
with an FTMS-2000 Fourier transform ion cyclotron resonance mass spectrometer 
equipped with a 3 tesla superconducting magnet, dual cubic Penning traps, and an 
Odyssey data system. Laser desorption/ionization was performed with a Nd: Y A G laser 
operated at a wavelength of 355 nm with a pulse width of 7 ns. The laser beam was 
focused onto the probe tip by a 2:1 telescope. The laser power density is estimated to 
be 2xl0 7 W/cm 2 at the probe tip. The laser beam spot size is approximately 400x600 

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
O

ct
ob

er
 4

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 D
ec

em
be

r 
15

, 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
1.

ch
00

6

In Synthesis and Characterization of Advanced Materials; Serio, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1997. 



K L E C K L E Y E T A L . Fullerenes & Polymers Produced by CVD 

Pressure gauge 

translational 

stage 

Pyrometer 

TL 
substrate filament 

Γ 

— L 

Valve 

Pump 

M F C 

Ο 
Power 
Supply 

Figure 1. Schematic diagram of the hot filament C V D chamber. 

Microwave 
Cavity 

Filter 

\ 
n 

Pressure 
Gauge 

Quartz tube 

L N 
Pump Coldtrap 

Plasma 

M F C 
Π Π 7ÔL 

H , C 2 H 2 A r 

Figure 2. Schematic diagram of the microwave enhanced C V D chamber. 
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μπι 2 (79). The soot sample solutions were applied to a thin stainless steel plate and air 
dried. The sample probe tip was inserted into the vacuum chamber and mass analyzed. 
All laser desorption FT-ICR mass spectra were acquired at a background pressure of 
2xl0' 8 torr. After laser desorption/ionization, the ion x-axis translational energy was 
minimized by use of gated deceleration. After 60 - 150 to allow for ion transfer into 
the trap, the source trap and conductance limit plates were each restored to +2V. The 
trapped ions were excited by dipolar frequency sweep excitation. Fourier 
transformation of the resulting discrete time-domain signal, without zero-filling and 
Hamming apodization, followed by magnitude calculation and frequency-to-mass 
conversion yields an L D FT-ICR mass spectrum. 

Although under high laser power density ( » 1 0 7 W/cm2), the laser desorption 
process may alter the sample and create fullerene species, careful adjustment of the 
laser power and experimental parameters can eliminate fullerene production (20). At 
2x107 W/cm 2 we did not observe any laser produced fullerene from graphite, and L D 
FT-ICR mass spectra of pure COO and C70 samples at this laser power contained only 
Ceo and C70 ions, respectively. 

Results 

Hot filament C V D . After the soot samples were collected, they were dissolved in 
benzene or carbon tetrachloride solvents and filtered. The solutions were then used for 
the mass analysis or UV-vis measurements. Some raw soot was analyzed directly by 
mass spectrometry. A time-of-flight mass spectrum of the soot solution is shown in 
Fig. 3; both C6o and C7o peaks are present. For pressure variations between 30 to 100 
torr, the samples also showed the fullerene peaks (18). In an attempt to increase the 
yield of soot, we increased the methane concentration to 2% and lowered the filament 
temperature to about 1700°C. Under these conditions, no diamond was formed and we 
were able to increase the soot yield by a factor of 6 to about 100 mg per run. However, 
no fullerene formed, only hydrocarbon clusters. 

Microwave enhanced C V D . We collected samples from (a) inside the quartz tube, (b) 
at the fiber-glass trap, and (c) at the liquid nitrogen trap. The sample from inside the 
quartz tube consists mainly of polymer-like yellowish film. The film usually can be 
peeled or scratched off from the quartz tube. The film does not readily dissolve in most 
solvents. An absorption spectrum of the film on a quartz substrate is shown in Fig. 4. 
The spectrum shows high transmission above 300 nm and high absorption below 300 
nm, which gives the film a predominant yellowish color. The film is insulating. A 
slightly burnt film gave an absorption edge at longer wavelength, as shown in the same 
figure. Exposure of the film to the microwave plasma for more than 30 minutes, 
especially at higher pressure, results in a hard, black, reflective, conducting, presumably 
graphitic film. It is highly resistant to scratching and adheres strongly to the quartz 
tube, possibly due to the formation of an intermediate SiC layer. X-ray diffraction 
measurement does not show any diffraction peaks, indicating that the film has 
amorphous structure or perhaps random cross-linked polymer structure. 

The materials collected in the fiber-wool trap, on the other hand, are mostly 
soot particles. When the fiber-wool was washed in benzene or toluene, the solvents 
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Figure 3. Time-of-flight mass spectrum of a soot sample collected in the hot 
filament C V D chamber under diamond-forming conditions. (Reproduced with 
permission from L . Chow, H . Wang, S. Kleckley et al, "Fullerene formation during 
production of chemical vapor deposited diamond", Applied Physics Letters, 66, 
430 (1995). Copyright 1995 American Institute of Physics). 
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changed from colorless to a range of colors from light yellow to dark brown. The U V -
vis spectra indicated some fullerenes and other hydrocarbons. However, in most cases, 
the hydrocarbon peaks obscure the identification of fullerene. When the solute is 
analyzed using L D FT-ICR mass spectrometry, both C6o and C70 are clearly observed 
(Fig- 5). 

Samples collected from the liquid nitrogen (LN) cold trap are similar to those 
collected at the fiber wool trap. The only difference is that there are fewer soot 
particles and more soluble material than at the fiber wool trap. When dissolved, the 
solvent turned to a light yellowish color. When analyzed with time-of-flight mass 
spectrometry, COO and C70 are observed in the solution. However, when the sample 
from the L N trap was directly analyzed by FT-ICR mass spectrometry, we notice that 
the mass spectrum showed a whole array of peaks that we interpret as higher fullerenes 
up to C us (Fig. 6). This is similar to the mass spectrum of negative ion clusters in a 
benzene flame (3). 

Discussion 

Hot-filament CVD. The presence of fullerenes in the HF-CVD chamber may explain 
the origin of the five-fold twinning defect occasionally observed in C V D diamond 
chambers (27). T E M studies of diamond crystals exhibiting five-fold symmetry reveal 
polyhedral core particles (22). Lattice matching is important for C V D diamond 
growth. Fullerene provides a good nucleation site for the C V D diamond (23) along 
with an inherent five-fold symmetry. We speculate that fullerene may be the source of 
these core particles. If this is indeed the case, other elements like gold (24), which also 
exhibit this same defect structure, may be candidates for fullerene-like allotropes. 

It is also possible that the co-production of fullerene under diamond growth 
conditions is a significant factor in diamond nucleation. Fullerenes have been used as 
precursors of diamond growth in the absence of hydrogen. Gruen et al. (25) used a 
fullerene vapor in a pure Ar carrier gas to successfully grow diamond films. They 
found that in situ optical measurements reveal a strong C 2 emission. These C 2 

fragments could be a growth species for the CVD diamond. 
Hydrogen abstraction from single C H X species has been the preferred 

mechanism for diamond growth. In the hot-filament method that we employed, 
substrate temperature and processing pressure are similar to the M W - C V D method. It 
is conceivable that fullerene may form readily, but quickly fragment due to the diamond 
growth environment. If this is the case, then diamond film growth due to C 2 addition 
may be more important in the C V D process than previously suspected. 

Microwave enhanced CVD. UV-vis, IR, and mass spectroscopies of the solute and 
raw soot material formed via the M W - C V D method indicate a complex assortment of 
various carbons and hydrocarbons. For example, in the UV-vis spectra of soot material 
dissolved in ether or hexane, the absorption band at 250 nm is routinely observed. 
Since corannulene has a pronounced absorption peak at 250 nm (26), it is possible that 
corannulene is a precursor of fullerenes in the M W - C V D method. However positive 
identification of the individual species will require extraction, purification, and further 
analysis. 
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Figure 5. FT-ICR negative-ion mass spectrum of the sample (dissolved in toluene) 
collected at the fiber wool trap in the microwave enhanced C V D chamber. 

355 nm LD FT-ICR Negative-Ion Mass Spectrum 

200 400 600 800 1000 1200 1400 1600 1800 2000 
m/z 

Figure 6. FT-ICR negative-ion mass spectrum of raw sample collected at the L N 
trap in the microwave enhanced CVD chamber. 
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The polymer-like films produced in the M W - C V D chamber are also intriguing. 
It is significant that simple molecules like acetylene can so readily be converted into 
complex polymer-like films in the microwave plasma. In contrast to its compositional 
complexity is its simple UV-vis absorption spectrum. The ability to control the 
absorption edge of these films through processing parameters may be useful for new 
applications. 

Summary 

We have demonstrated that fullerenes can be synthesized in both HF-CVD and M W -
C V D methods. The observation of fullerene under HF-CVD diamond-forming 
conditions suggests a close relationship between diamond nucleation and fullerene 
formation. We believe that the formation mechanism of fullerene in the C V D process 
could be similar to that in the combustion method (27), where acetylene addition at the 
early stage and hydrogen abstraction at the late stage are important. We have shown 
that C V D is a versatile technique capable of producing not only fullerene but also 
polymer-like hydrocarbon films. 
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Chapter 7 

Chemical Vapor Deposition of Organic Compounds 
over Active Carbon Fiber To Control Its Porosity 

and Surface Function 

Yuji Kawabuchi, Chiaki Sotowa, Keiichi Kuroda, Shizuo Kawano, 
D. Duayne Whitehurst, and Isao Mochida 

Institute of Advanced Material Study, Department of Molecular Science 
and Technology, Graduate School of Engineering Sciences, Kyushu University, 

Kasuga, Fukuoka 816, Japan 

Chemical vapor deposition (CVD) of some organic compounds was examined 
to control the porosity and surface function of active carbon fiber (ACF). In 
this system, the deposition takes place only on the pore wall of the ACF, when 
the precursor organic compound and deposition temperature around 700°C 
were selected carefully. The surface of the A C F was modified by carbon 
derived from heterocyclic compounds (pyridine, pyrrole, furan and thiophene) 
through C V D . The moderately activated A C F modified by pyridine, pyrrole 
and thiophene showed molecular sieving activity, that modified by furan did 
not. Only furan was decomposed at this temperature. Thermal stability is a key 
factor to get molecular sieving performance after C V D . Pyridine produced 
amorphous carbon within the pore, which appears to maintain the pyridine ring 
structure, creates basic sites over the surface of the A C F . Thus catalytic 
oxidation of SOx over A C F of high surface area was accelerated. 

Pore size and surface functionality of active carbon fiber (ACF) were modified by 
design by selective chemical vapor deposition (CVD) where the deposition 
temperature was selected carefully (1). In this system, particular organic compounds, 
like benzene, are useful due to their thermal stability (2). The pore structure of A C F 
was another key factor which influences strongly its performance after C V D . The 
A C F of low activation, which carries micropores in majority, showed molecular 

© 1998 American Chemical Society 61 
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62 SYNTHESIS AND CHARACTERIZATION OF ADVANCED MATERIALS 

sieving activity, when the carbon deposition automatically ceased at a certain level. 
Mean while the A C F of high activation, which carries mesopores, never did show 
molecular sieving activity, since most carbon was deposited in the mesopores, which 
plugged the micropores. In this paper, C V D onto ACFs of some thermally stable 
aromatic compounds containing heteroatoms was tried in order to control their 
porosity and surface functionality. The treated ACFs were evaluated with respect to 
both gas separation of C O 2 / C H 4 and catalytic oxidation of SOx for its removal from 
flue gas. 

E X P E R I M E N T A L 

A C F and its characterization. Some of physical and chemical properties of two 
commercial pitch based active carbon fibers (ACF-1 and 2) used in the present study 
are listed in Table 1. After outgassing at 150°C for 4h, BET surface areas were 
measured by N 2 adsorption at -196°C, using a Simazu ASAP 2000 apparatus. 

C V D by organic compounds pyrolysis over active carbon fiber. 
Pyrolysis of heterocyclic compounds (pyridine, pyrrole, furan, and thiophene) were 
performed by flowing a helium stream containing controlled amounts of the organic 
compounds at 150ml/min over the A C F (200mg) suspended in a quartz basket in a 
micro balance (CAHN 1000). A thermocouple, in a glass tube, was inserted directly 
below the quartz basket. The sample was heated in the He flow to the fixed 
temperature at a programmed rate of 10°C/min and maintained at the temperature for 
lh. Then, a prescribed amount of organic compound was supplied by a micro feeder 
into the He gas flow to be sent to the heated A C F for a fixed period. The weight 
uptake of the sample was recorded continuously by the balance. 

Identification of the organic species produced in the pyrolysis of 
organic compounds. The organic species produced from organic compounds as 
substrates were analyzed at the outlet of the reactor, using both GC-FID (Yanaco, G-
2800) and GC-MS (Simazu, GC-17A-QP-5000). The latter detector was mainly used 
to detect heavy products (>50 a.m.u.). Products deposited on the reactor wall were 
recovered and analyzed by GC. 

Adsorption of C O 2 and CH4. Adsorptions of C O 2 and CH4 on the ACFs were 
carried out separately using a volumetric adsorption apparatus. Each A C F was 
evacuated to 10 - 2 torr at 150°C for lh prior to the adsorption study. The gas volumes 
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7. KAWABUCHI E T A L . CVD of Organic Compounds 63 

adsorbed by A C F within a given time interval at 30°C were determined from the 
change of pressure in the closed system. The initial pressure of each gas to be 
adsorbed was fixed at 760torr. The amount adsorbed vs. time was plotted to 
determine the rate of the adsorption. C O 2 adsorption capacity is defined in the present 
paper as the amount of C O 2 adsorbed in 2min. C O 2 selectivity is defined as the ratio 
of C O 2 adsorbed in 2min to CH4 adsorbed in 2min. These parameters are more 
reflective of kinetic properties than equilibrium properties, as are appropriate 
parameters for PSA applications. 

S O 2 removal. S O 2 removal was carried out at 30°C, using a fixed bed flow reactor 
(3). The weight of A C F was 0.25g. The total flow rate was lOOml/min. The model 
feed gas contained lOOOppm S O 2 , 5vol% O 2 and 10vol% H 2 O in nitrogen. Aq. 
H 2 S O 4 was recovered at the outlet of the reactor. S O 2 concentrations in the inlet and 
the outlet gases were observed continuously by a flame photometric detector (FPD). 

Temperature-Programmed-Decomposition of S O 2 adsorbed on ACFs. 
Temperature-Programmed-Decomposition (TPDE) spectra of the ACFs were 
measured by a using an apparatus made of quartz equipped with a mass spectrometer 
(ANELVA AQA-200). A mixed gas containing S O 2 (lOOOppm) and O 2 was adsorbed 
on A C F of 0.1 g at room temperature. The A C F of 0.1 g was heated to 500°C by 
10°C/min while the evolved gases such as S O 2 were analyzed by the mass 
spectrometer. 

RESULTS 

CVD on ACF (ACF-1) of low activation 

Pyrolysis of organic compounds over ACF. The weight increases of A C F 
during the pyrolysis of organic compounds at 725°C are illustrated in Figure 1, where 
the concentration of organic compounds were 2vol% in He flow. Pyridine increased 
the weight of A C F slowly upto 1 lOmg/g within 40min when the weight gain ceased. 
Pyrrole, furan, and thiophene also showed similar profiles of weight increase and 
saturation level. However, the time to achieve the saturation with pyridine was longer 
than with pyrrole but shorter than with thiophene. 
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SYNTHESIS AND CHARACTERIZATION OF ADVANCED MATERIALS 

Table 1 Some properties of active carbon fiber 

carbon deposition Elemental analyses (%) S.A.2) P.V.3) S 0 2 4 ) 

amount (%) C Η Ν Ο Ash (m/g) (ml/g) (mg/g) Sample 

ACF̂ -1 as-received 0 88.7 0.9 0.7 9.7 — 700 0.35 — 

ACf^-2 as-received 0 93.9 0.7 0.3 4.6 0.5 2150 1.08 9 

Treated ACF-2 (Pointl) 8 95.3 0.7 1.5 2.4 0.1 1880 0.94 — 

Treated ACF-2 (Point2) 16 94.5 0.6 2.3 2.4 0.2 1590 0.78 19 

Treated ACF-2 (Point3) 25 93.4 0.6 3.0 2.9 0.1 1270 0.62 — 

Treated ACF-2 (Point4) 46 1.3 0 — 

1 ) activated carbon fiber from coal tar pitch, fiber diameter 10-15 μ m 
2) surface area 
3) pore volume 
4) SO2 (lOOOppm) adsorption capacity at 30°C, 760torr using gravimetric system 

200 

|> 150 

φ w ω ω 
ο 100 

"ω 
50 

P V r ? l e Pyridine 

Concentration : 2vol% in He 

Furan 

-Thiophene 

0 30 60 90 120 150 180 210 

Time (min) 

Figure 1 Weight increase of ACF-1 by contacting with organic compounds at 725°C. 
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Products of the pyrolysis reaction. Table 2 shows GC-FID and GC-Mass 
(heavy products; >50 a.m.u. detected by GC-Mass) analysis of products at the outlet 
of the reactor. Only pyridine was detected in the gas phase after the pyrolysis of 
pyridine at 725°C while a small amount of dimer was found on the reactor wall. 
Thiophene stayed also unchanged in this temperature, although very small amounts of 
its dimer were also detected as in the case of pyridine. Furan was reactive, producing 
mainly butadiene, cyclopentadiene, and benzene ( >50 a.m.u.) at concentrations of 
over 2% 

Adsorption profiles of C O 2 and CH4 on as-received and treated ACFs. 
Figure 2 illustrates adsorption profiles of C O 2 and C H 4 on as-received and treated 
ACFs. As-received A C F adsorbed both C O 2 and C H 4 very rapidly within 1 min, and 
adsorptions of both C O 2 and C H 4 were apparently saturated by 2min. After 2min, the 
as-received A C F adsorbed 37ml/g of C O 2 and 16ml/g of C H 4 , giving a C O 2 

selectivity ( C O 2 / C H 4 ) of 2.3. The ACF, which gained weight by C V D of pyridine to 
110mg/g of the saturation level, showed an excellent C O 2 / C H 4 adsorption selectivity 
of about 50, while C O 2 adsorption capacity was decreased only slightly to 86% of 
that on the original ACF. The adsorption of C H 4 was markedly reduced by C V D to 
less than lml/g, thus dramatically improving the selectivity. Pyrrole and thiophene 
provided excellent selectivity of C O 2 / C H 4 adsorption as pyridine. The ACFs treated 
by furan were found to have poor C O 2 / C H 4 kinetic adsorption selectivities. The C O 2 

adsorption was very slow and no saturation was observed by 5min. 

CVD on ACF (ACF-2) of high activation 

Pyrolysis of pyridine over ACF. The weight increases of the A C F during the 
pyrolysis of pyridine at 725°C are illustrated in Figure 3, where the concentration of 
pyridine was 2vol% in He flow. Up to 600°C, pyridine did not react, no weight gain 
was found. At 700°C , the weight of A C F increased slowly. At 725°C, the weight of 
the A C F increased up to 460mg/g within 90min when the weight gain ceased, as 
shown in Figure 3. ACFs defined as points 1-4 in Figure 3 where the weight gains of 
the A C F were 8, 16,25 and 46%, were analyzed for nitrogen content which increased 
after C V D treatment by pyridine. Carbon deposition on this particular A C F decreased 
its surface area and pore volume (see Table 1). This A C F never did show molecular 
sieving activity, even though the carbon deposition ceased at a defined level. 
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Table 2 Products of the pyrolysis reaction 

organic compaund reaction 
temperature (°C) 

products at the outlet of the reactor 

0 725 0 > W 
N Ntrace* (mol rat») 

Q 
725 

7 ·.«*·, S% 3% 1% 
(T.I.C. ratio; > 50a.m.u. ) 

7 ·.«*·, S% 3% 1% 
(T.I.C. ratio; > 50a.m.u. ) 

Q 
780 

V ' X S trace ( ™ l r a t i 0 ) 

8Q2-As-received „ 
O2-Thiophene/780°C 

iC02-Pyridine/725°C 
'CO2-Pyrro!e/700C 

C02-Furan/725eC 

ChU-As-received 

*CH4-Furan7725°C 
r4cH4-Pyridine/725°C 
^CH4-Thiophene/780°C 

2 3 4 5CH4-Pyrrole/700°C 

time (min) 

Figure 2 Adsorption profiles of C O 2 and ChU over as-received and treated ACFs. 

Initial pressure : 760 torr Final pressure : 500—600 torr 
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Catalytic activity on S O 2 removal. Figure 4 illustrates effects of carbon 
deposition from benzene and pyridine on S O 2 breakthrough profiles over pitch-based 
A C F at 30°C, in the presence of 10% H 2 O . The treatment by pyridine was very 
effective in decreasing the level of steady state S O 2 concentration. The modified ACF 
showing 8% of carbon deposition from pyridine (Point 1) showed complete removal 
of S O 2 for at least 15h at a W/F of 2.5x10"3 g m i n m l 1 . However, the ACFs 
modified by benzene showed rather poor activities compared to the A C F modified by 
pyridine, even though the same increase of weight was obtained. 

TPD of adsorbed S O 2 . Figure 5 illustrates the TPDE profiles of as-received A C F 
and pyridine treated ACF, after they were exposed to lOOOppm S O 2 in He carrier gas 
containing O 2 . As-received A C F liberated S O 2 in the temperature ranges of 30-80°C 
and 120-400°C with the peaks at 50 and 240°C, respectively. The peaks are attributed 
to adsorbed S O 2 and SO3 (H2SO4) (4), respectively. A C F modified by pyridine also 
showed two similar peaks, and liberated much more S O 2 than the as-received ACF. 
The adsorption of S O 2 was enhanced very much, in the pyridine-modified ACF. 

D I S C U S S I O N 

In previous studies (2, 5, 6), we suggested the following scheme of carbonization 
which narrows the pore width. Benzene which was the one of the best organic 
compound for achieving a molecular sieving capability, is adsorbed on the pore wall, 
and by catalytic action of the ACF it is condensed into non-volatile substances within a 
short time. The adsorbed species are carbonized into isotropic carbon as a results of 
minor rearrangement of adsorbed species into graphitic layer stacking. The adsorption 
leading to such a carbonization is restricted to within the pores and does not occur on 
the outer surface of ACF. Under the flow conditions, adsorption on the outer surface 
is low and the residence time is not long enough for the carbonization to occur. Thus, 
carbonization within the pores continued to thicken the carbon coating on the walls as 
long as benzene could diffuse into the pores. When the pore width was reduced by the 
carbon coating and become less than the molecular thickness of benzene (0.37nm), the 
carbonization stopped automatically. The pore width of 0.37nm is in-between the 
molecular sizes of CH4 (0.38nm) and C O 2 (0.33nm), and can distinguish them with 
true molecular sieving ability (7). 
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SYNTHESIS AND CHARACTERIZATION OF ADVANCED MATERIALS 

0 30 60 90 120 150 180 210 240 
Time (min) 

Figure 3 Decomposition profiles of pyridine over ACF-2 at some 
temperature. 

5 10 
Reaction time / h 

Figure 4 Breakthrough profiles of SO2 over Pitch-ACFs. 

SO2 1000ppm, O2 5 vol%, H2O 10 vol% 
Reaction Temp. 30°C, W/F = 2.5x 10"3g min ml"1 

1 : As-received ACF-2 
2: Treated ACF-2 by pyridine-8wt% 
3: Treated ACF-2 by pyridine-16wt% 
4: Treated ACF-2 by benzene-8wt% 
5: Treated ACF-2 by benzene -16wt% 
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7. KAWABUCHI E T A L . CVD of Organic Compounds 69 

Figure 5 TPDE spectras of SO2 evolution from as-received ACF 
and treated ACF. 
Weight: 100mg, Carrier gas: He, Flow rate: 10Oml/min 

As-received AC F-2 

ACF carbon deposited from pyridine (16%) 

In the present study, pyridine, pyrrole, furan, and thiophene were used as the carbon 
precursor in C V D , because they possess similar molecular shape and thickness to 
benzene, although heteroatoms are included in their rings. Pore size in an activated 
pitch based A C F could be successfully controlled at the nano-scale by carbon 
deposition from pyridine, thiophene and pyrrole at a specific range of temperature 
(around 700°C) to obtain molecular sieving activity sufficient to separate C O 2 from 
CH4 . Although furan also showed a similar profile of weight increase of A C F by 
carbon deposition, the molecular sieving selectivity was not improved at all. The 
kinetic adsorption capacity was also significantly diminished. Only furan among the 
compounds examined at this temperature range was decomposed to a variety of 
products. Thermal stability of aromatic compounds is a key factor in getting molecular 
sieving activity by C V D . Similar treatment failed to introduce molecular sieving 
activity to another fiber of high activation. A C F microporous structure is also another 
key obtaining fine control of pore size. The wall of mesopores can be coated by the 
deposited carbon to plug the micropores. 
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The present study also reports introduction of the significant catalytic activity to the 
pitch-based A C F (S.A.2000m2/g) after the C V D treatment by pyridine. The activity 
observed in the present study allowed the complete removal of lOOOppm S O 2 at room 
temperature by W/F of 2 .5x l0 3 g-imn-ml-1. The A C F modified by pyridine showed 
higher catalytic activity than the A C F modified by benzene, even though the same 
amount of carbon was deposited. Pyridine provided at 725°C basic functionality on 
the surface. Thus, catalytic SOx removal is very much enhanced. 

TPDE profile of S O 2 from A C F after the adsorption of S O 2 and O 2 exhibited two 
adsorbed species. More S O 2 was found over modified A C F than those of as-received 
or benzene treated ACFs. Pyridine derived grain accelerates the adsorption and 
oxidation activity against S O 2 . The larger amount of deposited carbon provides an 
increased number of nitrogen atoms, however the surface area tends to decrease. 
Thus, the balance between amount of nitrogen and surface area must be optimized for 
the highest activity. 
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Chapter 8 

Recombination of Oxygen and Nitrogen Atoms 
on Silica and High-Temperature Coating Materials 

Young C. Kim, Sung-Chul Yi, and Sei-Ki Moon 

Department of Chemical Engineering, Hanyang University, Seoul 133-791, Korea 

The recombination of oxygen and nitrogen atoms on the surfaces of two 
coating materials of the Space Shuttle Orbiter (SSO), a reaction cured glass 
(RCG) and a spinel (C742), was investigated. The recombination 
probability, γ , i.e., the probability that atoms impinging on the surface 
will recombine, was measured in a diffusion reactor. Value of γ for 
oxygen atom on C742 (3 Χ 10-2) was much higher than on RCG (4 Χ 10-4) 
at the temperature of SSO re-entry (ca. 1000K). These results agree with 
γ estimated from the surface temperatures of the coating materials during 

the actual SSO re-entry; 1 Χ 10-2 for C742 and 5 Χ 10-4 for RCG. Atom 
recombination occurs at surface active sites which cover a small fraction of 
the surface and chemisorbed atoms. Above 700K, the chemisorbed atoms 
react mainly with gas-phase atoms impinging on the active sites. The 
higher value of γ on C742 indicates a higher number density of active 
site and a larger surface area than RCG. Interestingly, γ above 1000K on 
both surface decreases due to the desorption of the chemisorbed atoms 
from the active sites. It suggests the probability of designing less active 
surface by inducing the desorption at lower temperature. 

A new concept for space vehicles, such as a Space Shuttle Orbiter (SSO), is the 
repeated use of vehicles (7,2). In the past, the vehicles for one time flight have entered 
and free-fallen in the earth's atmosphere (3). This abrupt passage of vehicle through 
air generated such a high surface temperature that an ablative heat shield was 
evaporated from the vehicles. One of the most important consideration in the 

© 1998 American Chemical Society 71 
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development of an SSO is the design of a heat shield that can survive repeated re
entries into the earth's atmosphere. The SSO has a capability to maneuver and to 
control its descending trajectory. The actual trajectory is determined by flying close to 
the thermally-allowed surface temperature. For vehicle descending with a slower 
speed, a corresponding long re-entry time requires thicker insulation tiles. Since the 
payload of the vehicle is central to its economical viability, a faster descending 
trajectory is preferred. 

The highest surface temperature in the trajectory occurs between 60km and 
100km in altitude due reactions on the surface of the tiles. This flight through the 
upper atmosphere causes dissociation of dioxygen and dinitrogen in the shock wave 
generated in front of the vehicle. The atoms recombine on the exterior surface of the 
SSO, releasing the large heat of reaction (498 kJ mol"1 for oxygen) which contributes 
up to half of the overall heat transfer to the vehicle. The maximum surface 
temperature rise from this source would occur i f all atoms arriving on the surface 
recombine and release the heat of recombination to the surface. At the opposite 
extreme, the temperature rise would be minimum for an inactive surface. 

The effect of atom recombination on the surface temperature of the SSO has 
been directly demonstrated during the actual re-entry. The coating material on 
insulation tiles used in the SSO is called a reaction cured glass (RCG) (4-7), which 
consists of ca. 90% silica. In flights of STS-2, -3, and -5, some of the R C G tiles were 
over-coated with a spinel, mixture of Fe, Co, and Cr oxides (Ferro Co., C742). These 
tiles were placed side by side during actual SSO re-entry and the surface temperature 
of these tiles was monitored. Under re-entry condition, the surface temperature of 
C742 tiles (1400K) was much higher than that of RCG (1150K), indicating that the 
RCG surface is considerably less active toward recombination of atoms. 

In this work, the apparent recombination coefficient, γΑ, i.e., the probability that 
atoms colliding on the surface will recombine, was measured in a well-defined system 
built. Our results were compared with the recombination probability 7a estimated 
from the surface temperatures measured during the re-entry of the SSO (5). 

Experimental 

The apparent recombination probability of oxygen and nitrogen atoms on surfaces of 
tiles was measured in a diffusion tube first described by Smith (8). A detailed 
description of the apparatus and technique to measure γΑ has been described 
elsewhere (9). Atoms generated in a microwave discharge diffused down a closed-end 
diffusion tube, the wall of which was covered with the surface under study. The 
depletion of atoms down the tube due to atom recombination on the wall was 
measured with a Pt/Pt-10% Rh thermocouple probe traveling along the axis of the 
tube. The temperature rise of the probe after turning on the atom generator, z/T, was 
assumed to be proportional to the atom concentration in the gas phase (8). When the 
rate of atom recombination was first order with respect to the atom concentration in 
the gas phase, z7T decreased exponentially with the distance away from the atom 
generator. From the slope of the plot of lnz /T vs. the distance from the atom 
generator, the apparent recombination probability was obtained (9). The steeper slope 
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indicates a higher γΑ of the wall. Experiments were carried out from 194 to 1250K 
by using either a cooling bath or heater around the diffusion tube. 

Two SSO coating materials (RCG and C742) have been tested. The surface of 
RCG was prepared in the same way used in the preparation of the insulation tiles of 
the SSO. A mixture of 94% Glass (Corning 7930, 96% silica), 4% boron oxide and 
2% SiB 4 was ground to less 325 mesh in ethyl alcohol (4-7). The mixture was stirred 
for one day before it was applied inside a fused quartz tube (18mm O.D., 21mm I.D., 
General Electric, type 204) that fitted closely inside the diffusion tube(25mm O.D., 
22mm I.D., 90cm in length). The sample tube was dried at room temperature (RT) 
and the surface was oxidized and fused at 1500K for 1.5 hours in air. The C742 
surface was prepared by applying a thin layer of the spinel over a R C G surface. The 
same batch of spinel powder in polyvinyl acetate used in the SSO (10) was applied 
and dried at RT. The C742 sample tube was also heated at 1500K for 1.5 hours. 

Dioxygen (Liquid Carbonic, 99.995%) and dinitrogen (Liquid Carbonic, 
99.999%) were further purified by passage through molecular sieves refrigerated at 
194K. Dry air was synthesized by mixing the purified dioxygen and dinitrogen. 

Results 

Plots of In ζ/Τ vs. axial distance of the thermocouple tip from the atom generator 
divided by the radius of the sample tube gave straight lines in all experiments. This 
confirmed that the rate of atom recombination was first order with respect to the atom 
concentration in the gas phase. The apparent recombination probability Ta was 
calculated from the slopes of these straight lines. The true recombination probability 
γ was calculated by dividing γΑ by a surface roughness factor F. The factor F was 

the ratio of the real surface area to the geometric surface area. In this study, the 
sample surface were assumed to be as rough as a fused quartz (F = 2.4) (77). 

In Fig. 1, the recombination probability of oxygen was plotted from 194K to 
125OK. At low temperature, LT, (194K), γ increased with increasing temperature. 
At medium temperature, MT, (300 — 700K), γ decreased slightly as temperature 
increased. At high temperature, HT, (700 — 1000K), γ increased again with 
increasing temperature. Finally, above ca 1000K, γ decreased. At all the 
temperatures, the recombination probability on C742 was more than an order of 
magnitude larger than on RCG. Temperature dependence of γ for nitrogen atom 
was similar to that of oxygen, as shown Fig. 2. The recombination probability 
measured in air fell between the values of γ for oxygen and nitrogen. 

Discussion 

Comparison with actual flight experiments. Attention is now turned toward a 
comparison of recombination probability obtained in the diffusion tube and that 
calculated from surface temperatures during actual re-entry. The surface temperatures 
of the R C G and C742 tiles were continuously monitored during the re-entry flight. 
The actual flight conditions were obtained from a combination of radar, onboard 
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2000 1000 500 300 200 

T " 1 / I O - 3 κ" 1 

Figure 1. Plot of recombination probability, 7, versus 1/T for the oxygen 
atom recombination. 

• C742 
Ο RCG 

Filled data points at high temperature are used for data fitting. 
Solid lines are the calculated values with the parameter shown in Table Π. 
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Τ / Κ 
2000 1000 500 

τ " 1 / ι ο ' 3 κ"1 

Figure 2. Recombination probability, γ , on the surfaces of materials used 
the Space Shuttle Orbiters. 

a Flight experiment on C742 (Reference 5) 

b Arc jet experiment on C742 (Reference 11) 

Ο Oxygen recombination on C742 (This work) 

Δ Nitrogen recombination on C742 (This work) 

• Recombination in air on C742 (This work) 

c Flight experiment on RCG (Reference 11) 

d Arc jet experiment on RCG (Reference 5) 

φ Oxygen recombination on RCG (This work) 

A Nitrogen recombination on RCG (This work) 

• Recombination in air on RCG (This work) 
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instrumentation, and meteorological instruments. A recombination probability was 
calculated from the surface temperatures through extensive computational analysis of 
the flow-field and boundary layer around the SSO (#), which included the transport of 
mass, momentum, energy, and concentrations of chemical species. Rakich et al. (5) 
obtained good fits between the calculated and the measured surface temperatures on 
the RCG (850-1150K) and the C742 (1000-1400K) when values of γ were 
5 Χ 10"4 and 1 x 10"2, respectively. As shown in Fig. 2, values of γ of oxygen in the 
diffusion tube on both RCG and C742 are in good agreement with the results from the 
actual flight data in a factor of two. Under re-entry conditions, the concentration of 
nitrogen atoms is much smaller than that of oxygen since the thermal dissociation 
energy of dinitrogen (950 kJ mol"1). 

In a ground simulation of re-entry by using an arc-jet wind tunnel (12), the 
activity of RCG and C742 coating materials for oxygen and nitrogen recombination 
has been also estimated. The value of γ was estimated from the rise of surface 
temperature due to recombination of atoms which are generated by the arc. Stewart et 
al (12) reported the recombination probability of oxygen and nitrogen atoms on RCG 
and C742 by using an arc-jet facility at N A S A Ames Research Center. Arc-jet 
experiments are restricted only to temperature above 1000K. Their results for each 
coating material appear to be generally consistent (Fig. 2), showing the fall-off and a 
higher activity of C742. To understand the difference in activity between R C G and 
C742, the mechanism of atom recombination should be understood in the hopes of 
development of a less active material. 

Mechanism of Atom recombination. In order to explain the complex 
temperature dependence of y of atom on the surface of silica, a mechanism of atom 
recombination on surface was proposed (77). The surface is covered with a small 
fraction of active sites, denoted by *, which hold chemisorbed atoms irreversibly. The 
chemisorbed atoms A * recombine with atoms A arriving at the active sites. In 
addition to the direct arrival of atoms from the gas phase, atoms reversibly adsorbed 
on the rest of the surface diffuse along the surface to the active sites. Here is a 
proposed sequence of elementary steps for adsorption, desorption, surface diffusion, 
and recombination at the active sites: 

A + * > A * irreversible adsorption on active site 
A > A r reversible adsorption anywhere else 
A r > A r surface diffusion 
A r > A desorption 
A r + * > A 2 + * Langmuir-Hinshelwood recombination 
A + * > A2 + * Eley-Rideal recombination 

The proposed mechanism that explains is covered by active sites, which strongly hold 
chemisorbed atoms. Atoms impinging on the surface reach to the active site either by 
direct impingement on the active sites or by surface diffusion. 

At sufficiently low temperature (LT), all atoms impinging on the surface are 
assumed to be adsorbed and to active sites before desorption. At high temperature 
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8. K I M E T A L . Recombination of Oxygen and Nitrogen Atoms 77 

(HT), the effect of surface diffusion of adsorbed atoms is negligible since the 
adsorbed atoms desorb before reaching the active sites, so atoms can reaching the gas 
phase on the active sites. The recombination probability at HT is thus expressed as: 

y = cpexp(-E/RT) (1) 

where φ is the fraction of the surface area covered by active sites, exp(-E/RT) is the 
reaction probability of an arriving atom with the chemisorbed atom and Ε is the 
activation energy required for recombination. 

In Fig. 1, the filled data points in the HT region before the fall-off were analyzed 
with the two adjustable parameters, φ and E. The values obtained from a least squares 
fit are shown in Table I . Value of φ for RCG (3 Χ 10"3) indicates that less than one 
percent of the surface is covered by active sites, while the higher φ for C742 (5 X 10"2) 
indicates that C742 contains more surface active sites per unit area. The activation 
energy (16 kJ mol"1) is almost same as that on silica (77). 

Let us analyze the data from LT at HT quantitatively. Henry (73) solved the 
diffusion-reaction equation in the model, where the active sites of radius a are 
distributed uniformly by a distance 2b. The recombination probability is 

r2aXDl,(h/XD)K,(a/X ))-Ii(a/XD)Ki(b/Xb) 1 , ^ 
γ = φ + Γ— — — -lexp(-E/RT) (2) 

b 2 Io(a/XD)Ki(b/Xb)-Ii(b/Xj)Ko(a/X)) 

where the first term, φ = (a/b)2, is the contribution of direct impingement on the active 
sites. The second term is due to the surface diffusion, where 1/ and K/ are the 
modified Bessel functions of zth order. The term surface diffusion distance of a 
adsorbed atom before desorption, X D , is 

X D = ( a/2 ) β 1 / 2 exp ((1- p ) E d / 2RT) (3) 

where β (= y D / ) and p (= E D / Ed) are the ratios of the frequency factors and 
activation energies, respectively, y D and v& are the frequency factors for surface 
diffusion and desorption from the surface, respectively. 

With assumed values (77) of β = ΙΟ"2, p = 0.5, and the values obtained from 
HT data, Ε = 16 kJ moï 1 and φ = 3 X 10"3 (for RCG) and 4 Χ 10"2 (for C742), results 
from LT to HT were analyzed by a least-squares fit of Eq. 2. As shown in Table Π , 
that yields the value of the only adjustable parameter, Ed, which is close that on silica 
(51 kJ mol"1) (77). The calculated curve shown in Fig. 1 fits the data from LT to HT 
reasonably well. 

It is interesting that / on R C G and C742 decreases above 1000K and HOOK, 
respectively. A l l our results are reversible with respect to the surface temperature. The 
fall-off of y at very high temperature is attributed to the thermal desorption of the 
chemisorbed atoms. As a result, the possibility that two atoms meet each other on the 
surface diminishes. Greaves and Linnett (14) also observed the slight decrease of γ 
in oxygen recombination on a silica glass above 900K. The fall-off of y on a silica 
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Table I . Activation energy and pre-exponential factor of atom recombination 

Surface Ε / k J mol" 1 φ 

C742 17 ± 5 5.3 X10' 2 

RCG 15 ± 2 2.9 x 10'3 

Error bars of φ are shown in Fig. Ί . 

Table Π. Estimation of E d by curve fitting 

Coating R C G C742 

β ίο- 2 

E / k J m o r 1 1 6 

φ 3 Χ 10"3 5 Χ ΙΟ"2 

Ed/kJmol"' 53 ± 1 44 ± 1 
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above 1250K has been reported for nitrogen recombination (75). The fall-off on both 
coating materials was also detected in the arc-jet experiments (Fig. 2). By promoting 
the desorption of chemisorbed atoms from the active sites at lower temperature we 
could make less active coating material. 

Since γ at HT is directly proportion to the number density of active sites 
(Eq.l), identification and elimination of active sites is important in developing a 
active surface for a better SSO flight performance. The C742 spinel (Cr(FeCo)04) 
was found to be more active than RCG. Dickens and Sutcliffe (16) investigate the 
oxygen recombination on various surface of oxides including C03O4, Fe2G3, Cr 2 0 3 , 
and silica. The rate of recombination is first order with respect to gaseous oxygen 
atoms at the temperature investigated (RT — 625K). It is investigating that the Co 3 0 4 

and Fe203 show the same temperature dependence of 7 found in this study. This 
suggests that atom recombination on both oxide surfaces occurs though the surface 
diffusion mechanism involving the active sites. Higher γ on Co 3 0 4 and Fe 2 0 3 

(5 Χ 10"2) than silica (2 Χ 10"3) at 625K indicates a higher number density of surface 
active sites for C03O4 and Fe2U3 than silica. Silica, which is the main constituent of 
the RCG, was found to be the least active among the oxide investigated. The nature of 
active sites and chemisorption should be investigated further. 

Surface defects and impurities during the preparation and annealing could 
provide the active sites. In addition, surfaces of the coating material may be not as 
smooth as that of glass. Since the γΑ is proportion to the surface area, we have to 
examine physical conditions, such as the roughness and the defects by a scanning 
electron microscope (SEM) and an atomic force microscope (AFM). 

Conclusion 

Although the previous arc-jet and flight data are useful for improved design of 
atmospheric re-entry vehicles and for flight trajectory calculations, they will be of 
little use in the design of improved (less active) coating materials. The diffusion tube 
method permits a more precise measurement of the apparent recombination 
probability over the wide range of temperature, thus providing a better insight into the 
kinetics of the reaction. Knowledge of the mechanism and the surface morphology 
could help in the design of less active sites of the surface. For instance, our model 
suggests that elimination of the active sites can drastically reduce catalytic 
recombination of atoms at re-entry temperature. 

The most interesting feature of these reaction is the sudden decrease in the 
recombination probability at high temperature. Identification of the cause of this 
phenomenon could suggest modifications in the composition of the R C G coating 
aimed at enhancing the drop in the rate of atom recombination on the coating surface 
at re-entry temperature. 
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Chapter 9 

Application of Chemical Principles in the Solution 
Synthesis and Processing of Ceramic 

and Metal Particles 

James H. Adair, Jeffrey A. Kerchner, Nelson S. Bell, and Melanie L. Carasso 

Department of Materials Science and Engineering, University of Florida, 
P.O. Box 116400, Gainesville, FL 32611-6400 

There is an increasing appreciation for the role that solution synthesis 
plays in the preparation of metal and ceramic powders and films. The 
objective of this manuscript is to review a general approach based upon 
rigorous chemical principles that may be employed to produce a 
powder or film of a desired phase, size distribution, and particle 
morphology. The approach is based on the development of a 
fundamental understanding of the phase stability and solution 
chemistry of the material system, via the calculation of phase stability 
and speciation diagrams. The colloidal principles involved in the 
production of a well-dispersed powder within a particular synthesis 
scheme are also reviewed. Finally, the principles which control the 
morphology of the synthesized particles are presented. Each of these 
steps which comprise the general approach for tailoring the desired 
chemical and physical characteristics will be discussed with respect to 
exemplary material systems including calcium oxalate monohydrate, 
zirconia, and α-alumina. 

Chemical principles will be used to provide an integrated approach to the solution 
synthesis of inorganic particles with controlled size and shape. The trends and 
approaches for chemical synthesis of particles will be reviewed, followed by 
presentation of the integrated approach. In recent years there has been a growing 
emphasis on the synthesis of particles with controlled size and morphology for a 
variety of applications, particularly those which benefit from nanometer-size particles 
(1-13). These applications include electronic devices, particularly multilayer 
capacitors in which the trend is toward submicron layers (11). There is also a growing 
appreciation for the importance of anisotropically-shaped, nanometer-size particles in 
flat panel optical displays (14,15). Control over particle features such as size and 
morphology depends on a number of interrelated processes involving the solid 
phase(s) present during and after development of a mature particle, the complex ionic 

82 © 1998 American Chemical Society 
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9. ADAIR E T A L . Synthesis & Processing of Ceramic and Metal Particles 83 

equilibria in solution, and the nature of the solid-solution interface, including surface 
adsorbates and surface charge. 

There have been a number of investigators who have made significant inroads 
into understanding and controlling the properties of fine particles synthesized from 
solution (1-13). The technological and economic significance of precipitation 
processes is considerable. The Bayer process, for example, in which Gibbsite is 
extracted from bauxitic ore, annually produces over 50,000 million tons of refined 
aluminum (hydrous) oxide (16). The emphasis of much of the recent work has been 
directed toward the synthesis of nanometer-size materials, in which the yield of 
particles from reverse micellar techniques is quite low. However, similar criticisms 
can be directed toward vapor phase synthesis of nanometer particles. In addition, the 
degree of aggregation is almost impossible to control in vapor phase synthesized 
materials, in contrast to solution synthesized particles for which dispersion techniques 
are well established during both synthesis and particle recovery (17). 

There are six integrated steps that may be employed in the development of a 
particle system with tailored size and morphology. These are: (i) know the material; 
(ii) determine synthesis conditions to prepare the desired phase; (iii) develop methods 
to control particle size within the context of the material system; (iv) develop 
techniques to control particle morphology within the context of the material system; 
(v) control the state of agglomeration using colloid chemical principles; and (vi) 
control yield of the material by selection of the starting materials and their 
concentrations. 

The use of this systematic approach provides a scientifically rigorous way to 
produce particles with the desired properties, tailored for a specific application. Each 
of the steps will be discussed in detail, with selected examples provided to illustrate 
the benefits as well as the limitations inherent in such an approach. 

(i) Know the material 

This first step is obvious but often overlooked; simply know the material. Table I 
provides a systematic overview of the important properties and specific information 
which should be known before one embarks upon the synthesis of a particular 
material. The requirement for detailed knowledge of the chemical, physical, colloidal, 
electronic and optical properties of the materials involved is often ignored at the outset 
of a synthesis. In the eventuality that there is no need to produce particles of 
controlled size and morphology, there is little need for an appreciation of all the 
critical properties of a material. However, for those applications which require 
particles with specific characteristics, it is essential to understand as much about the 
material as possible to optimize the opportunity for discrete control of particle 
features, as well as to ensure that problems such as poor yield from a particular 
precursor or irreversible agglomeration are avoided or minimized. 

Precipitation from solution is a straightforward process for many material 
systems. The need to understand critical chemical properties such as phase equilibria 
and solubility product is obvious. Less obvious is the need to understand the physical, 
colloidal, electronic, and optical properties. The physical properties such as crystal 
structure are important because the atomic structure on various crystallographic habit 
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Table I. Material properties which affect particle synthesis 

Chemical Properties 

Physical Properties 

Colloidal Properties 

Electronic Properties 

Phase Equilibria, Solubility Product, 
Solubility, Complex Species in Solution, 
Competing Phases 

Crystal Structure, Solid State Solutions, 
Space Group 

Surface Groups, Hydrophilicity, Isoelectric 
Point, Potentiometric Titration Behavior, 
Hamaker Constant 

Dielectric Constant, Dielectric Dispersion, 
Ferroelectricity, Piezoelectricity, 
Ferromagnetism 

Optical Properties Color, Band Gap, Absorption Spectra 
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planes can ultimately control the morphology of particles (18). It is useful to know the 
colloidal properties of a particular material as a function of solution properties to 
anticipate and avoid synthesis conditions which yield agglomerated particles. The 
electronic and optical properties are related to the attractive van der Waals interactions 
which promote the formation of agglomerated particles (19). Understanding of these 
properties can be used to predict with considerable rigor the dispersion schemes 
required to prevent agglomeration of the synthesized particles. 

(ii) Determine synthesis conditions to prepare the desired phase. 

The conditions that may be used to produce a desired phase form the boundary 
conditions for any synthesis scheme in which one wishes to produce particles of 
controlled size and morphology. Assuming that thermodynamic equilibrium is 
achieved during a synthesis, there are two ways to determine whether a particular set 
of conditions (e.g. solution pH, ionic strength, temperature, initial concentrations, etc.) 
will produce the desired phase of the material. The most common approach, after a 
careful assessment of the known literature, is to acquire the necessary, usually soluble, 
precursor chemicals and proceed with a synthesis, followed by careful characterization 
of the resulting material to assess whether the desired phase has been produced. This 
iterative procedure is accompanied by a relatively qualitative development of a 
knowledge database until particles of the desired phase and properties are ultimately 
produced. 

Thermodynamic equilibrium may be approached either from the direction of 
precipitation (i.e., from supersaturated solution conditions), or from undersaturated 
solution conditions (20). In the latter case, particles of the desired phase are used to 
determine the solution conditions where the desired phase is stable or decomposes. 
The particles used in the second approach to deduce phase stability conditions can be 
prepared by a variety of synthesis methods which provide the correct phase but not 
necessarily the desired physical properties for the particles (1). In this way a 
processing map which provides the solution and processing conditions where the 
desired phase is the stable, homogeneous phase can be efficiently developed. 

(iii) Develop methods to control particle size within the context of the material 
system. 

Control over the size of particles depends upon the mechanism of particle formation. 
From a broad viewpoint, there are two fundamental mechanisms of particle formation. 
These are (a) in-situ transformation of a virtually insoluble precursor to the ultimately 
stable phase, and (b) dissolution of any solid precursor materials followed by 
recrystallization from solution to the ultimate phase (21). For particles synthesized by 
in-situ transformation, the driving force is the difference in free energy between the 
solid precursor and the final product, similar to any solid-state transformation. In 
contrast, it has been proposed that the difference in solubility between a sparingly 
soluble precursor and the final product is the effective supersaturation, or driving force 
for the formation of particles in a dissolution-recrystallization process (21). Classical 
notions of precipitation fall into the latter class of dissolution-recrystallization, 
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because supersaturation in the solution is the fundamental feature which dictates 
particle size. For particles synthesized directly from solution or via dissolution-
recrystallization from solution, Overbeek has provided a detailed overview of the 
impact of the growth mechanism on the breadth of the particle size distribution (22). 

The particles shown in Figure 1 serve to highlight the role that supersaturation 
in the solution phase plays in the control of particle size and particle morphology for 
precipitation processes. The degree of saturation in a solution, S, is defined as ratio of 
the product of the activities of the precipitating species to the solubility product of the 
final product: 

^ product of activities of reactants 
solubility product 

If S is greater than 1, the solution phase is sw/^rsaturated with respect to the 
precipitating material. However, as noted above, thermodynamic equilibrium may be 
approached from either a supersaturated state or in wndersaturated solution conditions, 
where the ratio is less than 1. For such supersaturated and undersaturated solutions, 
precipitation or dissolution, respectively, of the equilibrium phase takes place until 
thermodynamic equilibrium is achieved, with a degree of saturation equal to 1. 

Typically, particle morphology becomes more defined as saturation decreases 
below about 100, as shown for the calcium oxalate monohydrate particles in Figure 1. 
The particles precipitated at a supersaturation greater than 3Ό00 are agglomerates 
composed of very fine primary particles. The high initial supersaturation leads to a 
large number of these fine particles, and this results in agglomerated masses of the 
primary particles unless steps are taken to provide adequate dispersion (see step (v), 
below). In contrast, the particles produced at supersaturations of 89 and 65 are well-
defined crystallites for which the habit planes are obvious. At relatively low 
supersaturations, the growth rates for the various habit planes are such that the slowest 
growing habit planes can manifest themselves in the final form of the particle (18, 20). 
Thus, the degree of saturation in a solution dictates not only the size of particles, but 
also the morphology. The supersaturation values indicated in Figure 1 were calculated 
using a freeware computer program. Numerous user-friendly, computer programs are 
available to calculate the activities of species and consequently the degree of 
saturation for a variety of material systems with varying degrees of rigor, depending 
upon the model used for the activity coefficient (13, 23). 

Material systems with inherently low solubility typically undergo in-situ 
transformation from sparingly soluble precursor materials to (usually) polycrystalline 
agglomerates composed of nanometer-size primary particles. This is demonstrated in 
Figure 2 for zirconia (ZrC>2) in aqueous solutions. Matijevic and co-workers (24) have 
shown that the complex chemistry of a solution can be exploited to control the 
supersaturation of particles. For example, the coarser ZrC>2 particles in Figure 2 were 
obtained by complexing the Zr in the precursor solution with 
ethylenediaminetetraacetate (EDTA). The particles were hydrothermally prepared at 
190°C and pH 9, where hydrolysis of EDTA takes place. This results in controlled 
decomposition of the Zr-EDTA complex ion to release soluble Zr, probably as the 
Zr(OH)5° species, in the solution phase without producing the large supersaturations 

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
O

ct
ob

er
 1

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 D
ec

em
be

r 
15

, 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
1.

ch
00

9

In Synthesis and Characterization of Advanced Materials; Serio, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1997. 



9. ADAIR E T A L . Synthesis & Processing of Ceramic and Metal Particles 87 

Figure 1. (a) Supersaturation as a function of particle size and number, (b) C O M 
particles at S > 3000, (c) S = 89, (d) S = 65. 

Figure 2. Zirconia particles synthesized (a) in aqueous solution and (b) in the 
presence of EDTA. 
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normally expected for the Zr-F^O system (25). Thus, by careful manipulation of the 
complex chemistry of the system, particles of the desired particle size can be obtained. 

Another common way to control particle size, as long as initial supersaturation 
is regulated, is by the addition of either homoepitaxial or heterogeneous particles to 
act as "seeds" for the nucleation of the desired phase. As the seed concentration is 
increased above a critical concentration, known as the intrinsic nucleation 
concentration, the addition of seeds can be effective in controlling particle size. The 
interested reader is referred to an article describing the seeding procedure used for this 
system (26). 

(iv) Develop techniques to control particle morphology within the context of the 
material system. 

Control over the shape of particles has already been mentioned in the discussion on 
particle size control. Here some of the basic paradigms for particle morphology 
control will be mentioned. Particles must be synthesized at relatively low initial 
supersaturations to produce particles with controlled morphology. The relatively low 
yields inherent at modest initial supersaturations may be overcome by the use of 
complexing agents. The formation of a soluble complex ion with one of the 
constituents of the precipitating solid ensures that there is an isolated reservoir of 
material which does not directly contribute to the supersaturation. Thus, as ions are 
removed from solution via the precipitation reaction, metal ions are released from the 
metal-complexing agent moiety to the solution. This process depends on the metal-
complex moiety providing metal species to the solution to maintain a relatively 
constant and modest supersaturation level (24,26). 

Another criterion for particle morphology control is that the slowest growing 
crystallographic habit planes for a particular solution condition are present on the final 
particle. There are numerous morphological theories that have been developed in 
attempts to explain particle morphologies (18). However, all of these theories have 
fallen short in α-priori predictions of particle shape. Another approach to take in 
developing a fundamental understanding of particle morphology control in a system 
consisting of particulate phase and solvent is to produce particles of specific 
morphologies and then identify the resulting habit planes. Various computer programs 
can be used in such an approach to predict equilibrium particle morphology and 
atomic planes, as a function of process conditions (23). This can result in the 
formation of a database for morphological forms, which can be used ultimately to 
predict particle morphologies for a particular material system under arbitrary ̂ procès s 
conditions. Complexing agents may be used to control the shape of particles by 
complexation on specific habits, with a consequent reduction in growth rate. Buckley 
(18a) has listed numerous examples of complexing agents with resulting effects on 
particle morphology. 

A final processing parameter that affects particle morphology is the 
hydrodynamic behavior within the reaction vessel. The α-Α1 20 3 polyhedron particles 
in Figures 3a and 3b were produced at a shear rate estimated to be less than 1 s"1 

(36 rpm), while the platelet particles in Figures 3c and 3d were produced in an 
autoclave at a shear rate in excess of 12 s"1 (240 rpm). Stirring or shear rate is 
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typically varied in the development of precipitation processes to aid in deducing the 
particle growth mechanism(s). Walton (20a) has discussed the effect of shear rate on 
diffusion controlled growth manifest at low stirring rates, where a concentration 
gradient may be present near the growing interface. Γη contrast, interface-controlled 
growth is typically found at high shear rates, where surface reactions such as 
adsorption of species control growth rate. In the present work on the Al-1,4-
butanediol system, the effect of stirring has a profound effect on the particle 
morphology because of the transition from diffusion to interface control as a function 
of stirring rate (16, 26). 

(v) Control the state of agglomeration using colloid chemical principles. 

Control over the state of agglomeration is the final step in producing a powder of the 
desired physical features. Certain consolidation processes for ceramic and metal 
powders, particularly pressing operations, intentionally agglomerate particles to ensure 
good flow properties. However, in general it is desirable to avoid agglomerates, 
particularly agglomerates in which the primary particles are bound together with solid 
bridges, as is usually the case during precipitation processes. Such agglomerates, also 
often designated "hard aggregates," can not be broken down to their primary particles 
by common chemical dispersion schemes. The greater the supersaturation, the larger 
the yield of powder from a precipitation process. Agglomeration between primary 
particles is more extensive at high number particle concentrations and at the high ionic 
strengths inherent to a large supersaturation. Thus, the high yields desirable for most 
precipitation processes result in a large number concentration of small particles in 
which the collision frequency between particles and, hence, the probability of 
agglomeration, is high. 

The tendency for precipitated particles to agglomerate may be eliminated or at 
least minimized by incorporating the basic principles of colloid and interfacial 
chemistry into a precipitation scheme. It is well established that the electric potential 
near the solid-solution interface, known as the zeta potential, for a particle in solution 
can be attenuated by manipulating solution features such as solution pH and by adding 
electrically charged adsorbing ionic species (19). The pH value at which the zeta 
potential changes polarity (i.e., reaches zero) is known as the isoelectric point (IEP). 
For example, as shown in Figure 4, EDTA at relatively modest concentrations causes 
the IEP for a 3 mole percent Y 2 0 3 doped Z r 0 2 (known as 3 m/o Y-TZP from the 
designation tetragonal zirconia polycrytals) to shift from ~ pH 9 to ~ pH 4, consistent 
with the acid dissociation constants of EDTA. In concert with the shift in IEP, the 
zeta potential at pH 9 becomes much greater in magnitude, with a value of -50mV 
attained at an EDTA concentration of 5xl0" 3M. Polymeric dispersants are typically 
less effective than such electrostatic dispersants in precipitating solutions because 
polymeric additives often have a gross effect on the nucleation and growth kinetics of 
the solid phase. 

Since the tendency to agglomerate is reduced at higher surface potentials, it is 
expected that TZP produced in the presence of ~ 10"3M EDTA will be much less 
agglomerated than a TZP powder produced at pH 9 without EDTA, close to the IEP. 
Hydrothermally derived 3 m/o Y-TZP powders produced at 190°C in the presence and 
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Figure 3. Effect of stirring rate on glycothermally synthesized alumina particles. 
Polyhedra (a), (b) synthesized at 36 rpm; platelets (c), (d) synthesized at 240 rpm. 

Zeta Potential 
(mV) 

• 5x103M EDTA 
• 1x103M EDTA 
ο 1x104M EDTA 

1x10r,M EDTA 
V 0 EDTA 

Suspension pH 

Figure 4. The effect of EDTA on the zeta potential of 3 m/o Y-TZP. 
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absence of EDTA are shown in Figure 5 (Adair, unpublished data). The presence of 
EDTA resulted in a TZP powder with well-dispersed particles, in contrast to the 
agglomerated masses in the TZP produced in the absence of EDTA dispersant. It is 
important to note that more is not better in the case of an electrostatic dispersant. 
Modest levels of EDTA were added to disperse the precipitating TZP particles 
because high levels of this complexing agent could result in increased solubility of the 
TZP particles, to a point where a homogenous solution results. As noted in the 
particle size control section, such complex formation may be used to produce larger 
particles if desired. Modest levels of EDTA were also used in the TZP synthesis 
because complexing agents can also affect particle morphology. 

(vi) Control yield of the material by selection of the starting materials and their 
concentrations. 

The production of particles with reasonable yields is a critical part of any acceptable 
particle synthesis process. It is possible to use dissolution-recrystallization reactions 
to produce powders at high yields without compromising particle properties for a 
specific application. Some of the features required to provide reasonable yields of 
product are given in Table Π (7). Inexpensive precursor compounds, easy to handle 
chemicals, and compounds which react cleanly to form the product are desirable 
because of high yield avoiding the need for rigorous post-synthesis washing. There is 
a trade-off between expense and washing in the case of chloride precursor compounds. 
Chloride is typically difficult to remove from powders (27), but it is also the least 
expensive of all precursors. The use of aqueous-based materials is advantageous from 
environmental and safety considerations. 

Conclusions 

At the outset of the development of the synthesis of particles from solution there is an 
integrated approach which may be taken to optimize the production of particles with 
the desired features for a particular application. An understanding of how 
thermodynamic equilibrium is approached leads to an understanding of the phase 
stability of the desired solid phase. Fundamental principles of solution and colloid 
chemistry provide guidelines for control of particle size, particle shape and 
agglomeration. To complement the application of these fundamental principles, there 
are a number of computer programs that ease the trauma associated with predictions of 
phase stability, ionic equilibria, and predictions of agglomeration tendency. 
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Figure 5. 3 m/o Y-TZP powders hydrothermally synthesized without (a) and 
with (b) EDTA dispersant. 

Table II. Recommended features for synthesis processes3 

Recommendation Avoid Use 

Use inexpensive inorganic 
precursors 

Select most reactive precursor 

Use easy-to-handle chemicals 

Use precursors which react 
cleanly to form desired product 

Alkoxides 

Metal Organics 

Carbonates 
Oxides 

Chlorides 

Nitrates 
Oxides 
Hydroxides 

Hydroxides 
(Hydrous) Oxides 

Fuming Chlorides Chloride Aqueous 
Solutions 

Fuming Nitrates 

Sulfates 
Acetates 

Chlorides (wash required) 
Nitrates 

a Courtesy of W.D. Dawson, CMI Inc., Columbus, OH. 
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Chapter 10 

Precursors for Aqueous and Liquid-Based Processing 
of Ferroelectric Thin Films 

Allen W. Apblett, Galina D. Georgieva, Larry E. Reinhardt, 
and Edwin H. Walker 

Department of Chemistry, Tulane University, 6823 St. Charles Avenue, 
New Orleans, LA 70118-4698 

Several highly water-soluble metal carboxylate precursors for barium 
titanate, strontium titanate, barium strontium titanate, and neodymium 
molybdate have been synthesized. A new, facile preparative route for 
SrTiO(Ox)2 (Ox=oxalate) has been developed that involves passing a 
solution of K2TiO(Ox)2 through an ion-exchange resin to convert it to 
the proteo-derivative, H2TiO(Ox)2. Treatment of the latter with SrCl2 

results in precipitation of SrTiO(Ox)2 with a ratio of strontium:titanium 
of 1:1.001. Finally, reaction of SrTiO(Ox)2 with refluxing methoxyacetic 
acid produces a water-soluble ceramic precursor that may be used to 
prepare thin films of strontium titanate by metallo-organic deposition. 
Mixing this precursor with the analogous barium compound affords 
preceramic compounds for barium strontium titanates. A liquid precursor 
for barium titanate may also be prepared by dissolving barium acetate in 
liquid titanium 2-[2-(2-methoxy)ethoxy]ethoxyacetate. Alternatively, a 
barium titanium gluconate which is extremely water-soluble may also be 
readily prepared and used as a precursor for barium titanate. As well, it 
has been found that a water-soluble precursor for neodymium molybdate 
may be readily prepared via reaction of neodymium gluconate with 
molybdenum trioxide. 

The synthesis of ceramics by liquid phase processing provides a convenient method for 
the preparation of ceramic films and bodies (/). These methods potentially contribute the 
advantages of low processing temperatures, the ability to prepare composite materials or 
complex shapes, and strict control over the stoichiometry of the elements. One such 
technique for the preparation of ceramic thin films is metallo-organic deposition (MOD) 
(2,3), a non-vacuum, solution-based method of depositing thin films. A suitable 
metallo-organic precursor dissolved in a suitable solvent is coated on a substrate by 
spin-coating, screen printing, or spray- or dip-coating. The soft metallo-organic film is 
then pyrolyzed in air, oxygen, nitrogen or other suitable atmosphere to convert the 
precursors to their constituent elements, oxides, or other compounds. Shrinkage 
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generally occurs only in the vertical dimension so conformai coverage of a substrate 
may be realized. Metal carboxylates are often used as precursors for ceramic oxides 
since they are usually air-stable, soluble in organic solvents, and decompose readily to 
the metal oxides. MOD processes for the generation of many oxide-based materials have 
already been developed: e.g. BaTiQ3 (4), indium tin oxide (5), SnOx (6), YBa2Cu307 
(7) and Ζ1Ό2 (#). The usual carboxylate residue used is a long slightly-branched alkyl 
chain (e.g. 2-ethylhexanoate or neodecanoate) that confers the necessary solubility in 
organic solvents. Barium titanate has been synthesized previously using a variety of 
metallo-organic precursors (9). These include routes based solely on metal alkoxides 
(9,70) or metal carboxylates (e.g. the Pechini (or citrate) process (77)) and mixed 
carboxylate/alkoxide precursors (72). 

The increasing demand for environment-friendly processes places stringent 
requirements on precursors for ceramic materials. In particular, the avoidance of organic 
solvents necessitates the development of preceramic compounds that are either water-
soluble or which are amenable to solventless processing. We report herein several metal 
carboxylate precursors for a variety of ferroelectric ceramics that are either liquids or 
which are water-soluble and are therefore suitable for such processing techniques. 

Experimental 

All reagents were commercial products and were used without further purification with 
the exception of 2-[2-(2-methoxyethoxy)ethoxy] acetic acid, MEEAH which was dried 
over activated 5A molecular sieves for ca. 24 hours. Water was distilled and deionized 
in a Modulab UF/UV Polishing apparatus before use. Infrared spectra were obtained as 
KBr pellets or neat films on KBr plates using a Mattson Cygnus 100 FT-IR 
spectrometer. 1H and i3C{iH} NMR were obtained on a Bruker AC 200 MHz 
spectrometer and chemical shifts are reported relative to tetramethylsilane. 
Thermogravimetric studies were performed using 20-30 mg samples under a 100 
ml/minute flow of dry air in a Seiko TG/DTA 220 instrument or a TA Instruments Hi-
Res TGA 2950 Thermogravimetric Analyzer. The temperatures were ramped from 25 °C 
to 1025 eCatarateof 2 °C per minute or from 25 e C to 650 e C at a rate of 5eC/min. 
The metal content of single metal carboxylates was determined gravimetrically upon 
ignition in air. Metal contents of bimetallic compounds were determined by ICP 
spectroscopy on a Perkin Elmer Optima instrument or by X-ray fluorescence 
spectroscopy on a Spectro X-Lab energy dispersive XRF spectrometer. Bulk pyrolyses 
at various temperatures were performed in ambient air in a temperature-programmable 
muffle furnace using 1-2 g samples, a temperature ramp of 5 °C/minute and a hold time 
of 6-12 hours. X-ray powder diffraction patterns were obtained using copper 
radiation on a Scintag XDS 2000 diffractometer equipped with an automated sample 
changer and a high resolution solid state detector. Jade, a search/match software 
package, was used in the identification of XRD spectra. Microanalysis for C., H, and Ν 
content was performed by Oneida Research Services or Tulane's Coordinated 
Instrument Facility. Chloride content was determined by dissolution in water and 
measurement using a chloride ion-selective electrode. 

Preparation of SrTiO(Ox)2 ( H2 0 ) 4 A solution of Κ2ΤίΟ(Οχ)2(Η2θ)2 (3.54g, 
10.0 mmol) in 150 ml of distilled water was passed through a proton-charged cation 
exchange column (20 g of resin). The effluent from the column was found to be very 
acidic (pH=2) and it was drained directly into a solution of SrCl2*6H20 (2.67g, 10.0 
mmol) in 100 ml of water. Immediate reaction occurred to yield a voluminous white 
precipitate. This was isolated by filtration, washed with water (50 ml) and dried in the 
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air. The yield was 2.63g (66 %). XRF analysis indicated a ratio of Sr:Ti of 1:1.001. 
Preparation of SrTiO(02CCH 2OMe)4(H02CH 2OMe)2(H20) 3 A mixture 
of SrTiO(Ox)2(H20)4 (1.09g, 2.73 mmol) and 25 ml of methoxyacetic acid were heated 
at reflux (ca, 202 eC). The SrTiO(Ox)2(H20)4 dissolved gradually to give a yellowish 
solution over a period of twenty hours with a small quantity erf* solid remaining 
undissolved The reaction mixture was filtered and removal of the excess acid from the 
filtrate in vacuo yielded a slightly-sticky pale yellow solid (L61g, 80 %). *H NMR 
(CDC13): ô(ppm) 3.38(s, 12H, CH 3), 3.40(s, 6H, CH 3), 4.03(s, 4H, CH 2), 4.10(s, 
4H, CH 2), 4.61(s, 4H, CH 2), 6.64(s, 4H, OH). 13C NMR(CDC13): ô(ppm) 58.7, 
59.0. 59.2, 69.3,70.0, 170.2, 171.8, 174.7. IR (thin film between KBr plates, cm-i): 
3447(s, br), 3119(s, sh), 2998(s, sh), 2950(s, sh), 2836(s), 1754(s), 1653(s, sh), 
1576(s, br), 1506(w), 1457(s, sh), 1429(s), 1381(m), 1340(s), 1324(s, sh), 1206(s, 
sh), 1166(w), 1115(s, sh), 1109(s), 1040(w), 1024(w), 986(m), 935(m), 914(m), 
833(w), 813(w), 799(w), 764(w), 742(w), 717(w), 710(w), 686(m), 678(m), 673(m), 
665(w), 657(m), 645(w), 637(w), 521(w), 607(m), 594(w), 580(w), 562(w), 549(w), 
537(w), 517(w), 510(w), 469(w), 425(m). 

Preparation of Ti(MEEA) 4 Ti(»OPr)4 (13.70 g, 48.19 mmol) was added to a 
stirred solution of 2-[2-(2-methoxyethoxy)ethoxy]acetic acid (34.48 g, 193.5 mmol) in 
dry ethanol (50 mL) under an atmosphere of dry nitrogen. Over a period of 30 minutes, 
the reaction mixture changed color from light yellow to dark yellow. At this point, the 
ethanol was removed by rotary evaporation to yield a viscous liquid which was then 
vacuum-dried at 100 °C. The yield of the final viscous yellow liquid was 36.95 g 
(100.4%). 1H NMR (CE^CN) δ 1.22 (t, 0.57 H, CH 3)* , 3.28 (s, 3H, CH 30), 3.4-
3.7 (multiplet, 9.4 H, OCH 2CH 20) 4.06 (s, 2H, CH 2C0 2) 4.1 (q, 0.38H, C H 2 C H 3 * . 

13COH} NMR (neat with a D 2 0 insert for locking) δ 14.9 (CH 3CH 20)*, 59.2 
(CH30), 72.8 (0 2CCH 2) 171.7 (O2C), 172.5 (O^)* Starred peaks are due to the ethyl 
ester of 2-[2-(2-methoxyethoxy)ethoxy]aœtic acid The ceramic yield was 9.32 % 
indicating a titanium content of 5.59%. IR (neat film on KBr plates, cm-1) 3461(s,br), 
2885(s), 1907(m,br2526(w), 1749(s), 1558(s), 1456(s), 1330(m), 1203(s), 1107(s), 
1026(m), 854(m), 669(m) 

Preparation of BaTi(MEEA) 4 (CH 3 C0 2 )2 A solution of Ba(02CCH3)2 

(0.6369 g, 2.494 mmol) in 5 ml of distilled water was added to Ti(MEEA)4 (2.1345 g, 
2.492 mmol). Removal of the water in vacuo yielded 2.56 g (92.4 %) of a viscous 
yellowish liquid. 13C{1H} NMR (neat with a D 2 0 insert for locking) Ô14.9 
(CH 3CH 20)*, 21.9 (CH3C02), 59.2 (CH30), 61.2 (CH30)*, 69.1 (OCH2CH20)* 
71.1, 71.4, and 71.5 ppm (OCH 2CH 20), 72.7 (Q2CCH2), 171.2 (0 2CCH 20), 172.7 
(C^C)*, 175.7 (C^CCH*). Starred peaks are due to the ethyl ester of 2-[2-(2-
methoxyethoxy)ethoxy] acetic acid. IR (neat film on KBR plates, cm-i) 3448(br), 
2920(s), 2198(w), 1961(w), 1751(s), 1601(s), 1454 (sh),1429(s), 1325 (w), 1294 
(w), 1249 (w), 1201 (w) llll(s), 1028 (m), 976 (w), 931(w), 902 (w), 850(m), 601 
(w), 582 (w), 516(w), 462(w) 

Preparation of Ba(gluconate)2 BaCO^ (4.94 g, 25 mmol) was reacted with 
gluconic acid (20.65 g of a 47.5 wt % solution, 50 mmol) in 50 ml of water at reflux for 
approximately 1 to 2 hours. Upon completion, the solution was allowed to cool and then 
filtered to remove a small trace of brown insoluble material. The solution was then 
slowly evaporated on a rotary evaporator to yield 14.81 g (97.3%) of 
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Ba(gluconate)2(H20) as a brownish-yellow solid. IR (KBr pellet, cm-1) 3844 (w), 3828 
(w), 3812 (w), 3788 (m), 3721 (w), 3700 (w), 3661 (w), 3638 (w), 3366 (s, br), 3270 
(s, br), 2942 (w), 2903 (w), 2820 (w), 2390 (m, br), 2348 (w), 2288 (m, br), 1958 
(w), 1902 (w), 1858 (w), 1834 (w), 1782 (w), 1761 (w), 1744 (w), 1726 (w), 1593 
(vs), 1402 (s), 1377 (s), 1325 (s), 1267 (m), 1223 (m), 1134 (m), 1088 (vs), 1007 (s), 
970 (w), 920 (w), 883 (m), 796 (m), 686 (m), 658 (w), 635 (m), 561 (m), 534 (w). A 
sample of material fired for 6 hours at 630eC had a ceramic yield of 32.44%. XRD 
analysis on the resulting powder revealed a match for BaCQ3. The barium content of the 
precursor was therefore found to be 22.57% while the barium content calculated for 
[HOCH2(HCOH)4COO]2Ba(H20)4.5 is 22.56%. The presence of 4.5 equivalents of 
water per barium was confirmed by the weight-loss of 13.3 % observed for 
dehydration in TGA experiments. 

Preparation of Titanium Gluconate Chloride The titanium gluconate 
precursor was prepared as follows: TiCl 3 (19.29 g of 20 wt % solution, 25 mmol,) was 
allowed to stir for 36 hours with gluconic acid (41.42 g of a 47.5 wt % solution, 100 
mmol) in 100 ml of water. The reaction was monitored for a color change (purple to 
yellow) which accompanied the oxidation of Ti (III) to Ti (IV) and the formation of the 
soluble precursor. The solution was filtered to remove a small trace of TiC^ and was 
slowly evaporated on a rotary evaporator (temperature ca. 45°C) to yield a dark, 
hygroscopic solid (22.14 g). IR (KBr pellet, cm1) 3912 (w), 3895 (w), 3877 (w), 
3862 (w), 3844 (w), 3829 (w), 3810 (w), 3788 (w), 3719 (w), 3698 (w), 3682 (w), 
3659 (w), 3395 (s, br), 2932 (w), 2386 (m, br), 2348 (w), 2299 (m, br), 1742 (m), 
1628 (m), 1410 (w), 1379 (w), 1335 (w), 1231 (w), 1132 (w), 1080 (w), 1038 (w), 
882 (w), 802 (w), 635 (w), 584 (w). Themogravimetric analysis indicated total organic 
removal at 582°C with a ceramic yield of 8.21%. XRD analysis confirmed a match for 
T1O2 (Anatase). The titanium content of the precursor was then calculated to be 4.92%. 
The chloride content of the precursor was determined to be 6.88% which corresponds to 
1.89 chloride ions per titanium while the carbon and hydrogen content was found to be 
32.65% and 5.63%, respectively. Thus, the approximate formula of this material is 
TiC26.4H54.8Ch.9Q30.4, but 1H and 13C NMR indicates it is not a pure compound. 
Attempts to purify the material results in precipitation of an insoluble white solid. 

Synthesis of Gluconate Precursor for BaTi0 3 Barium gluconate (1.52 g, 
2.5 mmol) Was dissolved in 20 ml of water and separately, the titanium gluconate 
precursor (2.43g, 2.5 mmol) was dissolved in 20 ml of water. Upon combining both 
solutions, no precipitation was observed. The resulting brown colored solution was 
evaporated on a rotary evaporator (temperature approximately 45°C) to form a dark, 
hygroscopic solid in essentially quantitative yield (2.93 g). IR (KBr pellet, cm1) 3746 
(w), 3418 (s, br), 3391 (s, br), 2938 (w), 2363 (w), 2336 (w), 1734 (m), 1636 (m), 
1539 (w), 1522 (w), 1416 (w), 1395 (w), 1321 (w), 1290 (w), 1231 (w), 1130 (w), 
1080 (w), 1049 (w), 873 (m), 812 (w), 793 (w), 664 (w), 627 (w), 586 (w), 496 (w). 
A sample of material fired for 6 hours at 630°C had a ceramic yield of 14.33% 

Preparation of Neodymium Molybdenum Gluconate Nd2(C(>3)3 (1.01 
g, 1.93 mmol) was mildly refluxed with gluconic acid (5.06 g of a 49 % aqueous 
solution, 12.6 mmol) in 50 ml of water for approximately 2 hours. The solution was 
allowed to cool and then filtered M0O3 (0.866 g, 6 mmol) was then added (under the 
same mild refluxing conditions) to the neodymium gluconate solution. The reflux was 
continued for 3 hours at which point the M0O3 had completely dissolved. Upon 
cooling, the solution was filtered and evaporated on a rotary evaporator to yield an off-
white solid (4.11 g). IR (KBr pellet, cm-1) 3954 (w), 3935 (w), 3914 (w), 3856 (w), 
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3821 (w), 3754 (w), 3717 (w), 3673 (w), 3443 (s, br), 3422 (s, br), 3082 (w), 3034 
(w), 2998 (w), 2922 (w), 2891 (w), 2853 (w), 2820 (w), 2789 (w), 2762 (w), 2670 
(w), 2641 (w), 2610 (w), 2550 (w), 2527 (w), 2369 (w), 2342 (w), 2286 (w), 2249 
(w), 2211 (w), 2178 (w), 2135 (w), 2020 (w), 1946 (w), 1919 (w), 1890 (w), 1616 
(s), 1578 (s), 1418 (s), 1395 (s), 1325 (w), 1263 (w), 1119 (w), 1086 (w), 1034 (m), 
926 (m), 891 (m), 799 (w), 660 (w), 637 (s), 588 (w). A sample of material fired for 6 
hours at 630eC had a ceramic yield of 36.1% 

Results and Discussion 

Recently, a facile preparative route for a water-soluble precursor for highly-
stoichiometric barium titanate was reported (13). This involved the reaction of the very 
successful barium titanate precursor, BaTiO(Gx)2 (Ox=oxalate, C2O42-), with refluxing 
methoxyacetic acid. This yields BaTiO(02CR)4(H02CR)2, {R= CH2OMe} a viscous 
liquid that is soluble in a variety of organic solvents and water. In this investigation, the 
related strontium titanate precursor, SrTiO(02CR)4(H02CR)2, {R= CH2OMe} was 
prepared in an analogous manner. First, SrTiO(Ox)2'X(H20) was prepared in a two-
step process from K2TiO(Ox)2.This compound was converted to the corresponding 
proteo-derivative H2TiO(Ox) 2X(H20) by passing an aqueous solution of it through a 
proton-charged cation exchange resin column. The eluent from the column (pH=2) was 
drained directly into an aqueous solution of SrCfe to afford 8ιΤΐΟ(Οχ)2·4(Η2θ) as a 
voluminous precipitate in a 66% yield. XRF analyses of this material indicated a 
strontium to titanium ratio of 1:1.001. This compound could be used as a precursor to 
strontium titanate powders but, due to its insolubility, it cannot be processed into films 
or other useful morphologies. In order to circumvent this problem, the oxalate complex 
was converted to the corresponding methoxyacetic acid derivative by reflux in an excess 
of methoxyacetic acid (ca. 202 °C). This substitution is facilitated by the thermal 
instability of oxalate which decomposes above 180 e C. Removal of the excess acid by 
vacuum distillation yields a sticky solid with the formula, 
SrTiO(02CR)4(H02CR)2(H20)3. The extra equivalents of coordinated acid play an 
important role in stabilizing the compound and attempts to remove them result in 
decomposition to an insoluble material. Clear evidence for the coordinated add is 
provided by both infrared and NMR spectroscopy. The former shows a very broad 
absorption at 3119 cm-i due to the hydroxyl stretch of the carboxylic acid The 
carboxylate moieties of the coordinated neutral and deprotonated acids give rise to two 
characteristic IR absorptions at 1754 and 1653 cm-* for Vas(COOH) and v a s(COO), 
respectively. The 1H NMR spectrum of SrTiO(02CR)4(H02CR)2(H20) closely 
resembles that of the previously reported barium analog (13). It contains two 
resonances, corresponding to the methoxy protons at 3.38 and 3.40 ppm in a 2:1 ratio; 
three signals for the CH2 protons at 4.03,4.10 and 4.61 ppm in a 1:1:1 ratio, as well as 
a broad signal for the carboxylate protons of the neutral acid ligands and the associated 
water molecule at 6.64 ppm. The i^C NMR spectra of the SrTip3 precursor contains 
three resonances for the methoxy carbon atoms at 58.7, 59.0 and 59.2 ppm. However 
the number of resonances corresponding to methylene carbon atoms is two (69.3 and 
70.0 ppm) rather than three. Nevertheless, there is some indication that the C H 2 carbon 
resonance at 69.3 ppm is constituted of two overlapping signals. The spectra also 
contain three additional low field resonances due to the carboxylate carbon atoms. These 
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resonances appear at 170.2,171.8 and 174.7 ppm. The N M R spectral data indicate the 
presence of three types of methoxyacetate ligands in the ratio of 1:1:1 as evidenced from 
the i H NMR integrated intensities. One type of ligand is clearly the coordinated neutral 
acid. The other two types of ligands may be assigned as the carboxylate anions 
associated with strontium for one set and titanium for the other but there is no definitive 
evidence that this is the case. SrTiCKC^CR)4(H02CR)2(H20)3 is very soluble in water 
and a variety of organic solvents such as ethanol, acetonitrile, and chlorocarbons. 
Therefore, like the barium analog (13) it may be used to prepare strontium titanate thin 
films by spin or dip-coating and firing at 700 °C. Furthermore, since the two titanate 
precursors are miscible with each other it is also possible to prepare films of 
Ba xSri. xTi03 in the same manner simply by mixing the precursors. This precursor 
could also be readily doped with other trace metal ions by mixing in their methoxyacetate 
salts into the strontium titanate precursor. 

One drawback of the methoxyacetate precursors is that their excellent processing 
characteristics are dependent on the presence of excess methoxyacetic acid since its 
removal yields fairly insoluble glassy solids. Obviously, the chelating ability of the 
methoxyacetate ions alone is not sufficient to prevent polymerization of the titanyl 
complexes. Potentially, then, this problem could be circumvented by including 
additional ether linkages in the organic chain of the carboxylate. For example, we have 
demonstrated that metal salts of 2-[2-(2-methoxy)ethoxy]ethoxyacetate 
( M e O C H 2 C H 2 0 C H 2 C H 2 O C H 2 C 0 2 - , MEEA) are liquids at room temperature (14). 
Such a liquid metal carboxylate salt of titanium is readily prepared by reaction of four 
equivalents of the carboxylic acid with titanium isopropoxide in dry ethanol. The 
product yielded by this reaction is a yellow liquid that is soluble in polar organic 
solvents such as ethanol, acetonitrile, and chloroform. As well, quite surprisingly, it 
dissolves in water without hydrolysis. The *H and 13C NMR spectra of the neat liquid 
indicates that it contains a small amount of the ethyl ester of 2-[2-(2-methoxy)ethoxy] 
ethoxyacetate which is formed as a minor side product of the reaction. Aside from these 
peaks, there is a single set of resonances attributable to the carboxylate anion indicating 
that there is only one carboxylate environment (at least on the NMR time-scale since 
rapid exchange would give the same result). 

Barium acetate can be dissolved in Ti(MEEA)4 to afford a precursor for barium 
titanate. The barium salt will dissolve slowly in the neat titanium carboxylate but the 
most rapid way to prepare the precursor is to dissolve both Ba(CH3COO)2 and 
Ti(MEEA)4 in a small amount of water and then dry in vacuo to yield a pale yellow 
liquid. Dissolution of barium acetate has little effect on the * 3c NMR resonances of the 
titanium compound aside from the appearance of anew set of peaks due to the acetate 

ions (ô= 21.9 and 175.7 ppm). However, the line widths do broaden somewhat due to 
the increased viscosity of the liquid. Thermal gravimetric analysis (Figure 1) of this 
precursor in air indicates that the coordinated water and organic ligands are lost 
gradually over the temperature range of 75-450 °C. The mass of the residue corresponds 
to formation of barium carbonate and utania. However, the X-ray diffraction pattern 
(Figure 2) of the compound obtained by heating the precursor to 500 °C only shows 
weak, broad reflections that are attributable to barium carbonate and no crystalline 
titanium-containing phases are observed. Upon heating to 600 e C for four hours, the 
product converts almost completely to tetragonal barium titanate with traces of barium 
carbonate present. The conversion to barium titanate is complete at 700 e C . Presumably, 
other barium salts besides the acetate could be used to introduce the barium into the 
Ti(MEEA)4 including barium nitrate or barium 2-[2-(2-methoxyethoxy)ethoxy]acetate 
(which is also a liquid). As well, other barium titanium oxide phases could be readily 
prepared by varying the barium to titanium ratio. 
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1 I 1 I I 1 1 I 
25 125 225 325 425 525 625 725 

Temperature ( °C) 

Figure 1 TGA Trace for BaTi(MEEA) 4 (CH 3 C02)2 

2Θ (degrees) 

Figure 2 X R D Patterns of Powders Obtained from Pyrolysis of 
BaTi(MEEA)4(CH 3 C0 2)2 at (A) 500 °C., (B) 600 °C., and (C) 700 °C 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 4

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 D
ec

em
be

r 
15

, 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
1.

ch
01

0

In Synthesis and Characterization of Advanced Materials; Serio, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1997. 



102 SYNTHESES AND CHARACTERIZATION OF ADVANCED MATERIALS 

Gluconic acid, is another carboxylic acid that is capable of conferring significant 
water solubility on metal carboxylate salts. Gluconic acid also has the significant 
advantage that it is extremely inexpensive. However, due to a facile iactonization 
reaction, it is commercially available only as an aqueous solution. Unfortunately, when 
such solutions are reacted with Ti(OEt>4, hydrolysis reactions effectively compete with 
the deprotonation reaction and insoluble gels are obtained. However, a highly water-
soluble titanium gluconate chloride can be prepared by using an aqueous system which 
contains hydrolytically stable titanium ions - T1CI3 in hydrochloric acid. Stirring a 
mixture ci four mole equivalents of gluconic acid and TiCl3 in the air results in gradual 
oxidation of the purple Ti3+ ions to Ti4+ and eventual formation of a light yellow 
solution. Removal of the volatiles in vacuo without heating yields a grayish-yellow, 
extremely hygroscopic solid. This material is very heat sensitive and, above 60°C., 
converts to a dark brown insoluble material. The success of this preparative route for 
titanium gluconate is likely attributable to chelation of the TP+ ions by gluconate before 
oxidation. 

13C NMR spectroscopy of the solid in D 2 O indicates that it is a complex mixture 
of free gluconic acid, lactonized gluconic acid, and several gluconate anion 
environments (there are at least five resonances in the carboxylate region). The material 
also contains 1.89 chloride ions per titanium ion, as indicated by analysis of an aqueous 
solution of the compound using a chloride ion selective electrode (this number may be 
judged the lower limit of chloride content since the ISE will not detect any strongly 
bonded C1-). Since titanium (IV) chloride bonds undergo ready hydrolysis, the chloride 
ions are likely present as counterions to canonic titanium gluconate complexes or, 
possibly strongly hydrogen-bonded hydrochloric acid. Attempts to purify the titanium 
gluconate by precipitation from aqueous solution using alcohols or acetone results in 
decomposition and formation ci a white solid that is completely insoluble in water but 
which still contains gluconate anions according to infrared spectroscopy and elemental 
analysis. However, the unpurified product is stable indefinitely and it readily redissdves 
in water. It appears that the impurities stabilize the titanium complex, possibly by 
prevention of polymerization via complexation of the metal ions. This contention is 
supported by die fact that the precipitated solid will redissolve in the mother liquor if the 
solvent used to induce the precipitation is allowed to evaporate. 

A gluconate precursor for barium titanate is readily prepared by mixing the 
correct amounts of the individual barium and titanium gluconates in aqueous solution. 
Removal of the water in vacuo from this solution yields a grey solid. This compound 
shows an amorphous X-ray diffraction pattern which is quite different from the patterns 
of the individual barium and titanium gluconate salts. This, suggests that the two 
compounds have reacted to produce a material that is structurally quite different. The 
thermal gravimetric analysis trace for tins precursor in air shows two main weight loss 
steps. The first occurs in the range 25 to 170 e C and corresponds to dehydration. The 
second weight loss begins at 170 °C and is the result of pyrolysis of die gluconate 
anion. This occurs gradually as the temperature rises and then becomes extremely rapid 
at 449 e C. The ceramic yield at the end of this step (500 e Q is 14.3% . Since no weight 
loss is observed from this point up to 1000 °C., it may be concluded that complete 
conversion to the oxides has occurred at this temperature. The XRD pattern of the bulk 
precursor heated to 600 °C indicates that the product is a mixture of barium titanate and 
barium chloride. The formation of the latter phase is an unfortunate consequence of the 
chloride content of the titanium precursor. Surprisingly, however, this material converts 
to barium titanate upon heating to 800 °C. Since no detectable weight loss is observed, it 

may be presumed that the amount of chloride present was quite small. Thus, this 
precursor shows some promise for water-based processing of barium titanate thin films. 
In particular, if the chloride could be removed from the titanium precursor (possibly by 
ion-exchange), a much improved BaTiQ3 precursor could be prepared. 
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It is possible to combine the water solubility of gluconate salts, the known 
propensity of glucose to complex the molybdate anion (75), and the high reactivity of 
molybdenum trioxide with diols (76) to design unique, water-soluble, bimetallic 
precursors for lanthanide molybdate ferroelectric phases such as Nd2(MoC>4)3- These 
have typically been prepared in the past by elevated temperature (700 eC) reactions of the 
metal oxides (77), a process that is not amenable to the synthesis of thin films. In this 
investigation, the direct preparation of Nd2(Mo04)3 by reaction of Nd3+ with M0O42-
was discovered to be unworkable due to the lack of overlap of the pH stability ranges of 
the cation and the anion. Thus, hydrolysis reactions compete with the desired 
precipitation reaction and precipitates are obtained which contain both sodium and high 
amounts of neodymium relative to molybdenum. Furthermore, even if the precipitation 
reaction worked, it would provide little opportunity for processing of ferroelectric thin 
films. 

A bimetallic single-source precursor for neodymium molybdate was readily 
prepared by a single pot reaction in which neodymium gluconate was prepared by 
reaction of neodymium carbonate with gluconic acid in refluxing water. After the 
neodymium carbonate had completely reacted, molybdenum trioxide was added to the 
refluxing reaction mixture. Under these conditions, M0O3 quickly dissolved as a soluble 
complex which we propose is the molybdate ester of the gluconate. To date, we do not 
have any conclusive structural information but one possible structure is given in Figure 
3. 

IHOCH2-

t 1 h 1 c >H h 1 
• 

c i i ) t C >H 

\/ 
Mo 

// \\ Ο ο 

-CO* Nd^glucfc 

-13 

Figure 3 Possible Structure of Nd2(MoC>4)3 Precursor 

The thermal gravimetric analysis trace for this precursor in air (Figure 4) shows 
two main weight loss steps. The first occurs in the range 25 to 175 °C and corresponds 
to dehydration. The second weight loss begins at 175 °C and is the result of pyrolysis of 
the gluconate anion. A gradual loss of weight is observed up to 590 °C where it 
becomes quite rapid. The ceramic yield at the end of this step (630 eC) is 34.6 %. The 
XRD pattern of the bulk precursor heated to 630 °C shows mat the material is 
isostructural to Gd2(MoC>4)3 (78) which is also a ferroelectric material (77). The high 
water-solubility and low-temperature conversion of the neodymium molybdenum 
gluconate to neodymium molybdate make it an excellent precursor for water-based 
preparation of Nd2(Nfo04)3 thin films. 
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110 
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Figure 4 TGA Trace for Neodymium Molybdenum Gluconate in Air 

Conclusions 

Metal methoxyacetate, 2-[2-(2-methoxy)ethoxy]ethoxyacetate, and gluconate salts are 
excellent precursors for either water-based or solventless processing of ferroelectric thin 
films. As well, neodymium gluconate reacts with molybdenum trioxide to afford a 
water-soluble bimetallic precursor for neodymium molybdate. A l l of these compounds 
are readily prepared and convert to the desired oxide ceramics below 700 °C. Initial 
results for thin film preparation are promising and this investigation is ongoing. 

Acknowledgments 

We thank the Board of Regents Support Fund for support of this research through 
Contract # LEQSF(1993-96)-RD-A-26. We also express gratitude to the Department of 
Defense for support of the molybdate portion of this research through Grant # 93DNA-
2. 

References 

1. Livage, J. in Transformation of Organometallics into Common and Exotic Materials: 
Design and Activation; NATO ASI Series E, No. 141, R. M . Laine ed. (Martinus, 
Nijhoff, Dordrecht, 1988). 

2. Mantese, J. V. ; Micheli, A . L ; Hamdi, A . H . ; Vest, R. W. M.R.S. Bull., (XIV), 
1173 (1989). 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 4

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 D
ec

em
be

r 
15

, 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
1.

ch
01

0

In Synthesis and Characterization of Advanced Materials; Serio, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1997. 



10. A P B L E T T E T A L . Processing of Ferroelectric Thin Films 105 

3. Vest, R. W. In Ceramics Films and Coatings Wachtman, J. B . ; Haber, R. A . Eds; 
Noyes Publications: Park Ridge, N.J., 1993; pp 303-347. 

4. Xu , J. J.; Shaikh, A . S.; Vest, R. W. IEEE Trans UFFC 36, 307 (1989). 

5. Xu, J. J.; Shaikh, A . S.; Vest, R. W. Thin Solid Films 161, 273 (1988). 

6. Maruyama T.; Kitamura, K. Jpn. J. Appl. Phys. 28, L312 (1989). 

7. Hamdi, A. H. ; Mantese, J. V. ; Micheli, A . L . ; Laugal, R. C. O.; Dungan, D. F.; 
Zhang, Ζ. H. ; Padmanabhan, K. R. Appl. Phys. Lett. 51, 2152 (1987). 

8. Hebert, V . ; His, C.; Guille, J.; Vilminot, S. J. Mat. Sci. 26, 5184 (1991). 

9. Phule, P. P.; Risbud, S. H. J. Mater. Sci. 25, 1169 (1990) and references therin. 

10. Xu , Z . ; Chae, H. K.; Frey, M . H . ; Payne, D. A . Mat. Res. Soc. Symp. Proc. 
271, 339 (1992). 

11. Pechini, M . P. US Patent 3,330,697 (1967) 

12. Chandler, C. D. ; Hampden-Smith, M . J.; Brinker, C. J. Mat. Res. Soc. Symp. 
Proc. 271, 89 (1992). 

13. Apblett, A . W.; Georgieva, G. D.; Raygoza-Maceda, M . I. Ceram. Trans., 43 , 
73-74 (1994). 

14. Apblett, A . W.; Long, J. C.; Walker, Ε. H. ; Johnston, M . D.; Schmidt, K . J.; 
Yarwood, L. N . Phosphorus, Sulfur, Silicon, and Related Elements, 93-94 , 481-482 
(1994). 

15. Brixner, L . H. ; Bierstedt, P. E.; Sleight, A . W.; Licis, M . S. Mat. Res. Bull., 6 , 
545-554 (1971). 

16. Wilson, A . J.; Penfold, B. R.; Wilkins, C. J. Acta Cryst. C39, 329-330 (1983). 

17. Geraldes, C. F.; Castro, M . M.; Saraiva, M . Ε. J. Coord. Chem. 17 , 205-219 
(1988). 

18. Powder Diffraction File #24-0428. JCPDS (1995). 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 4

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 D
ec

em
be

r 
15

, 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
1.

ch
01

0

In Synthesis and Characterization of Advanced Materials; Serio, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1997. 



Chapter 11 

Nucleation and Formation Mechanisms 
of Hydrothermally Derived Barium Titanate 

Jeffrey A. Kerchner1, J. Moon2, R. E. Chodelka1, A. A. Morrone1, 
and James H. Adair1 

1Department of Materials Science and Engineering, University of Florida, 
Gainesville, FL 32611-6400 

2Department of Materials Science, Massachusetts Institute of Technology, 
Cambridge, MA 02139 

Barium titanate powders were produced using either an amorphous 
hydrous Ti gel or anatase precursor in a barium hydroxide (Ba(OH)2) 
solution via a hydrothermal technique in order to discern the nucleation 
and formation mechanisms of BaTiO 3 as a function of Ti precursor 
characteristics. Isothermal reaction of the amorphous Ti hydrous gel and 
Ba(OH) 2 suspension is believed to be limited by a phase boundary 
chemical interaction. In contrast, the proposed BaTiO 3 formation 
mechanism from the anatase and Ba(OH)2 mixture entails a dissolution 
and recrystallization process. BaTiO 3 crystallite nucleation, studied 
using high resolution transmission electron microscopy, was observed at 
relatively low temperatures (38°C) in the amorphous hydrous Ti gel and 
Ba(OH)2 mixture. Additional solution conditions required to form phase 
pure crystallites include a CO2-free environment, temperature >70°C and 
solution pH ≥13.4. Analysis of reaction kinetics at 75°C was performed 
using Hancock and Sharp's modification of the Johnson-Mehl-Avrami 
approach to compare observed microstructural evolution by 
transmission electron microscopy (1). 

Barium titanate (BaTi03) has become one of the most commonly used ferroelectric 
materials since its discovery in 1945 (2,3). Recently, hydrothermal synthesis has been 
exploited in the commercial synthesis of high purity, aggregate-free, crystalline BaTi0 3 

(4). Knowledge of the nucleation and formation mechanisms will allow precise control 
of final particle size and morphology for use in the multilayer capacitor, thermistor, and 
transducer industries (5,6). In contrast to hydrothermal synthesis, conventional 
synthesis by solid state reaction of BaC03(s) and Ti02(s) requires calcination 
temperatures above 1200°C and produces aggregated particulate which require 
subsequent milling (7). 

Hydrothermal synthesis is defined as the treatment of aqueous solutions or 
suspensions at elevated temperature and pressure. The dynamic nature of the interaction 
between Ti0 2(s), Ba2+(aq), and OH"(aq) in the solution phase determines the nucleation 

106 © 1998 American Chemical Society 
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and growth mechanisms of BaTi0 3 particles. However, the closed nature of the 
hydrothermal system hinders in-situ observation of nucleation. In addition, possible 
phase transformation or crystallization of the Ti precursor prior to reaction with the 
Ba2+(aq) solute species makes determination of particle formation mechanisms difficult. 
The crystal structure, as well as the diffusion distance for Ba2+(aq) species (i.e., the 
surface area), and solubility of the Ti precursor may significantly influence reaction 
kinetics of hydrothermally derived BaTi0 3 . Generally, the reactivity of Ti precursors 
with respect to the formation of BaTi0 3 is recognized to follow the hierarchy: 
amorphous hydrous Ti gel > anatase (Ti02) > rutile (Ti0 2) (8). Ensuing variations in 
the available nucleation sites, particle size, and particle size distribution of the BaTi0 3 

powders occur due to the differing reaction pathways. Regardless of formation 
mechanism, four processes must chronologically transpire, the slowest of which is rate 
limiting (9). These four steps include transport of the solute through suspension, 
surface adsorption and dehydration of solute species, surface diffusion, and finally, 
crystallite formation exhibiting long-range order and growth. 

A fundamental understanding of the BaTi0 3 rate limiting mechanisms under the 
specified hydrothermal conditions, in addition to knowledge of the dominant processing 
variables, will allow future control of both particle size and morphology. Though 
processing variables, such as the solution pH, solids loading (i.e., total molarity), and 
Ba:Ti precursor molar ratio, may affect the observed formation mechanisms, these 
variables are held constant in order to determine the influence of Ti precursor 
characteristics on BaTi0 3 formation kinetics. Due to the closed nature of the 
hydrothermal reaction vessel, the solid state reaction based Hancock and Sharp 
modification was employed in order to discern the formation mechanisms and 
corroborate the results obtained by direct observation of micrbstructural evolution by 
transmission electron microscopy (7). 

Materials and Methods 

Titanium Gel Synthesis and Gharacterization. The titanium gel (lot number 
6814-320) was prepared at Cabot Performance Materials, Boyertown, PA, by 
neutralization of T i C l 4 with N H 4 O H at pH 3.5 to pH 4 and exhibited a 300m2/g surface 
area, as reported by Cabot. The as-received Ti gel was stored in the frozen state to 
minimize aging upon receipt because preliminary experiments with ambient stored gels 
produced inconsistent results as a function of aging time. The phase and morphology 
of the as-received Ti gel were examined by X-ray diffractometry (XRD), transmission 
electron microscopy (TEM), and high resolution transmission electron microscopy 
(HRTEM). In order to vary the Ti precursor characteristics, three heat-treatments, 
which included heat treatment at 130°C for 24 hours in a conventional laboratory 
furnace, calcination at 600°C for 1 hour, and hydrothermal crystallization at 150°C for 
30 min, were conducted with the as-received gel. The phase composition and 
morphology of each heat-treated Ti precursor were examined using X R D and TEM. 
Thermogravimetric analysis/differential thermal analysis (TGA/DTA) was performed to 
corroborate the thermal treatment results and determine the as-received gel solids 
loading. 

BaTiC>3 Synthesis Conditions. Prior to investigation of crystallization kinetics, a 
study of the conditions required to synthesize phase-pure BaTi0 3 (i.e., without barium 
carbonate contamination) was performed using the as-received hydrous Ti gel and 
barium octa-hydroxide (Ba(OH)2»8H20) from Solvay Performance Chemicals, Milano, 
Italy. The Ti molarity of the as-received slurry was calculated based on 
thermogravimetric analysis (TGA) assuming Ti02(s) was the sole calcination product at 
800°C. The as-received gel was added to the C02-free aqueous suspension containing 
Ba(OH)2 at 25°C to produce a suspension with a Ba:Ti molar ratio equal to 1.1:1. The 
dual precursor suspension was homogenized with an ultrasonic horn for 5 minutes 
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under argon atmosphere in a sealed Teflon reaction vessel. The necessary solution pH 
to produce phase pure BaTi0 3 was evaluated by variation of the Ba(OH)2 concentration 
(either 0.1M or 0.2M) at an isothermal reaction temperature of 90°C for 6 hours under 
an argon atmosphere, followed by X R D analysis. Based on these results, a feedstock 
concentration of 0.2M was heated under various isothermal conditions (including 60°C., 
70°C., and 80°C) for 12 hours using 23ml acid digestion bombs. After hydrothermal 
reaction, the powders were washed with pH adjusted (pH~10), C02-free deionized 
water to remove the excess Ba present in solution, yet prevent incongruent dissolution 
of the barium ions from the BaTi0 3 particle surface (10,11). 

BaTi0 3 Kinetic Analysis. The BaTi0 3 kinetic analysis was performed using the 
as-produced anatase precursor (i.e., without drying or washing), whereas the as-
received hydrous Ti gel was suspended in C02-free deionized water before introduction 
to the Ba(OH)2 solution. Reactions were performed with a 1.1:1 Ba:Ti molar ratio and 
0.2M Ba(OH)2 concentration at 75°C by addition of the Ti and Ba precursor 
suspensions into the hot sealed Teflon reactor under argon atmosphere. The time zero 
designation indicates the extraction time of the first sample upon stabilization at the 
desired solution temperature. Quantitative evaluation of the fractional crystallinity and 
observation of microstructural evolution were performed by X R D and HRTEM, 
respectively. 

Results and Discussion 

Ti Precursor Characteristics. The phase of the as-received hydrous Ti gel was 
both X R D and TEM amorphous. Heat treatment of the as-received gel at 130°C 
produced a mixture of an amorphous phase with anatase. Increase in the reaction 
temperature to the 150°C hydrothermal treatment produced anatase crystallites, whereas 
calcination at 600°C produced a rutile phase. Further investigation proceeded with only 
the as-received gel and hydrothermally treated precursor, hereafter referred to as the 
anatase precursor. Observation of the precursor morphology by TEM indicated a fine 
gel structure and a lOnm granular nature for the as-received hydrous gel and anatase 
precursor, respectively. 

Dissolution-recrystallization has been proposed for the formation mechanism of 
T i 0 2 under hydrothermal conditions (72). In such a case, the nature of the aqueous 
species at a given solution pH determines the phase of the precipitate. Crystalline 
titanium dioxide (Ti0 2) exhibits three different crystal structures, rutile, anatase, and 
brookite, depending upon the connection modes of the [Ti06] octahedra building block. 
The stability of the structure decreases as the number of the shared edges or faces 
increases. Thus rutile is the most stable (i.e., least reactive) and brookite the least stable 
of the three polymorphs (13). Recently, Cheng et al. demonstrated that the phase and 
even morphology of T i0 2 can be manipulated via hydrothermal treatment (14). As 
reported by Cheng and colleagues, granular anatase is formed at a reaction pH ranging 
from pH 1 to pH 8. At a solution value greater than pH 2, [Ti(OH)°](aq) is the 
dominant aqueous Ti species (15). Upon crystallization to T i0 2 , a Ti-O-Ti linkage 
forms via a dehydration reaction from [Ti(OH)°](aq). Every hydroxy 1 (OH") group in 
the [Ti(OH)°](aq) tetrahedra is a chemically active site, thus the probability of edge 
sharing between [TiOJ octahedra building blocks increases on formation of Ti0 2(s). 
Therefore, the formation of anatase is preferred over rutile. Subsequently, as the 
reaction medium pH decreases below pH 2, the dominant aqueous species of Ti 
changes to [Ti(OH)2+](aq). Less available hydroxy 1 groups limits the possibility of 
edge sharing, and therefore rutile formation is thermodynamically favored at a low pH 
(14). 
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As predicted, the hydrothermal treatment of the amorphous Ti gel at pH 7 
resulted in the formation of nanosize granular anatase. However, the heat treatment and 
calcination of the as-received hydrous gel produced different phases as a function of 
treatment temperature. Results of TGA/DTA confirm the transformation from the 
amorphous to the metastable anatase and eventually to the stable rutile phase. 

B a T i 0 3 Synthesis Conditions. The solution pH is one of the most critical reaction 
parameters in the control of the phase composition and formation mechanism of solution 
synthesized particles since it mainly determines the chemical nature of the aqueous 
species (16-18). Therefore, the solution pH necessary to synthesize phase-pure BaTi0 3 

was investigated. The Ba concentration is significant since the pH of the reaction 
medium was controlled solely by variation of the Ba(OH)2 concentration. The 0.1 M 
and 0.2M Ba(OH)2 concentrations resulted in a solution pH of pH 12.4 and pH 13.1, 
respectively. X R D analysis demonstrated the need for highly alkaline solution 
conditions (pH>13) to form phase-pure cubic BaTi0 3 . Below pH 13, the reaction 
products were mostly X-ray amorphous except for a barium carbonate phase. The 
X R D confirmation that a solution pH greater than pH 13 (i.e., 0.2M Ba(OH)2) is 
required to form phase pure BaTi0 3 is consistent with theoretical predictions (77). 

In addition to solution pH, the lowest isothermal synthesis temperature for 
BaTi0 3 formation was investigated to allow measurement of the nucleation and growth 
processes. Of the three investigated hydrothermal temperatures, only the 80°C 
treatment resulted in the production of a well-crystallized phase-pure BaTi0 3 . Barium 
titanate formation was observed at 70°C., though complete crystallization was not 
achieved within 12 hours. Lastly, the sample treated at 60°C contained unreacted 
amorphous Ti gel and a BaC0 3 contaminant phase. Therefore, the following kinetic 
analysis was performed at reaction temperatures above 70°C as well as a 0.2M Ba(OH) 2 

concentration. 

B a T i 0 3 Kinetic Analysis. Utilization of the Hancock and Sharp modification of 
the Johnson-Mehl-Avrami analysis permits formation mechanism evaluation of an 
otherwise closed hydrothermal system(7,79). Through application of the following 
equation, 

ln[-ln(l-f)] = lnr + mln t (1) 

the slope of the linear regression denotes the constant m, which approximates the 
system geometry in solid state systems. Additionally, f indicates the fraction 
crystallized, t represents the time at the isothermal temperature in seconds, and r 
represents a constant which is dependent on the nucleation frequency and linear grain 
growth rate in solid state reactions (7). Samples withdrawn as a function of time at 
75°C were analyzed by XRD to evaluate the fractional crystallinity of the reaction 
products as illustrated in Figure 1. Observation of BaTi0 3 isothermal crystallization 
from the anatase precursor shown in Figure 2b indicates decreased reaction kinetics and 
an induction period in comparison to the as-received amorphous Ti gel, Figure 2a. The 
maximum fractional crystallinity for BaTi0 3 formation from the as-received gel and 
anatase precursor is 0.652 and 0.475, respectively. The transformation was not 
complete, however it is sufficient to permit use of the Hancock and Sharp technique, 
which is valid for a fractional crystallinity range of 0.15 to 0.5 (7). 
Application of the kinetic analysis to the obtained fractional crystallinity is presented in 
Figure 2. The BaTi0 3 reaction kinetics from the amorphous gel exhibit a single-stage 
rate law where a linear regression yields m = 1.09. An m value equal to 1.09 implies a 
phase-boundary controlled mechanism where the initial crystallization is controlled by 
an interfacial chemical reaction (79). Conversely, the crystallization kinetics for BaTi0 3 
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ο BaTi0 3 from the as-received gel 
• BaTi0 3 from the anatase 

0.6 h 

0.4 \-

• • 
J L 

10 20 30 40 50 

Time (min) 

60 70 80 

Figure 1. Fraction of BaTi0 3 crystallized as a function of time at 75°C for both the 
as-received T i 0 2 gel and anatase reactions in barium hydroxide aqueous solution. 
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-0.5 

-1.0 

-1.5 

= -2.0 h 

-2.5 

-3.0 

m = 0.40 
r2 = 0.94 

m= 1.69 
r 2 = 0.98 

_3.5 I I I I l l 1 
6.0 6.5 7.0 7.5 8.0 8.5 9.0 

ln Time (sec) 

Figure 2. Hancock and Sharp kinetic analysis of BaTi0 3 formation mechanisms 
for the (a) amorphous Ti gel and (b) anatase precursor. The m is a constant 
determined by the system geometry and r2 is the correlation coefficient. 
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formation from the anatase precursor are described by a two-stage rate control where the 
first stage is characterized by m = 0.4. Transition to the second stage occurs at 
approximately f = 0.06 and is identified by m = 1.69. The formation kinetics of both 
stages do not directly correlate to the mechanisms of standard reaction rate equations for 
various solid state geometries. Dissimilarity between the solution technique with the 
standard state equations is not unexpected, as some standard state reactions (e.g., 
BaC0 3 formation) do allow direct comparison (7). However, the abrupt transition from 
slow to rapid reaction rates may indicate that a precipitation-like mechanism prevails 
during the initial stage of the reaction whereby time is required to produce a solution 
condition favorable to crystallite formation. 

As-received Hydrous Gel Reaction. In order to verify or refute the 
calculation-based kinetic analysis, morphological evolution was investigated using 
HRTEM and TEM. In the case of BaTi0 3 formation from the amorphous Ti gel, 
approximately spherical 5nm-10nm size BaTi0 3 nuclei embedded within the Ti gel 
matrix were observed as shown in the HRTEM in Figure 3a. The weak diffraction ring 
patterns produced by the selected area diffraction in Figure 3b confirm the presence of 
BaTi0 3 . The observation of crystal lattice fringes which span the nuclei diameter 
possibly implies a dissolution-recrystallization formation mechanism, as coring of the 
nuclei would be visible if an in-situ transformation reaction occurred. The TEM 
micrographs in Figure 4 illustrate particle formation and growth at the following 
reaction times and corresponding fractional crystallinity: Figure 4a, 3 minutes and f= 
0.07, Figure 4b, 9 minutes and f= 0.17, Figure 4c, 35 minutes and f= 0.40, and the 
selected area diffraction pattern (SADP) at 35 minutes reaction time (Figure 4d). 
Spherical 25nm particles (f= 0.07) evolve from the amorphous Ti gel and exhibit 
growth to a particle size of 50nm at 35 minutes, after which time the particle size 
remains nearly constant. 

Based on the results of the kinetic study and observed microstructural evolution, 
a phase boundary controlled mechanism is proposed in which the rate controlling step 
entails a chemical reaction at the gel surface. The amorphous gel exhibits a fine, porous 
network structure which is believed to be thoroughly infiltrated by the aqueous solute 
and solvent. The interconnected network structure is experimentally observed by both 
the large surface area obtained via a nitrogen adsorption technique (~300m2/g) and TEM 
photomicrographs of the precursor at early stages of reaction (20). Transport of Ba 2 + 

solute species through the porous network structure is extremely rapid in comparison to 
bulk diffusion through a freshly formed BaTi0 3 product layer. Therefore, it is 
reasonable to assume that, due to the relatively high solubility of Ba 2 + ions (with respect 
to the titanium species), the Ba 2 + species cover the entire surface of the Ti gel 
throughout the reaction as illustrated in Figure 5 (10,21). To permit chemical 
interaction between the Ti02(s) and Ba2+(aq) the Ti-O-Ti bonds in the highly cross-
linked hydrous gel must break and undergo rearrangement in addition to the 
dehydroxylation or dehydration reactions. Local nucleation and initial growth are 
marked by Ba 2 + incorporation to the nuclei lattice. Latter growth occurs via aggregation 
with unstable smaller BaTi0 3 primary crystallite clusters, resulting in a raspberry-like 
appearance of BaTi0 3 particles, as observed in this investigation by HRTEM and 
reported by Chien and colleagues (22). 

Anatase Precursor Reaction. The earliest BaTi0 3 nucleation from the 
hydrothermally treated Ti precursor could not be visually discerned from the aggregated 
anatase. However, electron diffraction patterns suggest the presence of barium titanate. 
The H R T E M photomicrograph of a sample extracted on ramping prior to attainment of 
the isothermal temperature illustrates lOnm nuclei in Figure 6. Due to the overlap and 
(approximately 10°) misorientation of the nuclei (observed by the split diffraction spots 
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Figure 3. HRTEM photomicrograph illustrating BaTi0 3 nucleation within the as-
received gel on ramping to the isothermal temperature, and corresponding selected 
area diffraction pattern. 
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Figure 4. TEM micrographs showing BaTi0 3 particle formation from the as-
received gel and Ba(OH)2 reaction as a function of reaction time: (a) 3 min; (b) 9 
min; (c) 35 min; and (d) selected area diffraction pattern, respectively. D
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Figure 6. HRTEM photomicrograph of the anatase derived BaTi0 3 nuclei 
including selected area diffraction pattern. The double arrows indicate a split 
reflection spot of BaTi0 3 due to lattice misfit of the anatase and BaTi0 3 denoted by 
'an' and 'bt\ respectively. 
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for the O i l in the SADP), Moire fringes are produced, as noted by the thick alternating 
dark and light bands. Similar to the BaTi0 3 nuclei produced via the amorphous gel 
reaction, particle coring is not observable. The TEM micrograph shown in Figure 7 
illustrates the aggregated nature of the 10-20nm anatase precursor with f= 0 (Figure 7a), 
the rough surface of lOOnm size crystallites with f= 0.10 (Figure 7b), and the eventual 
growth into 200nm size particles with f= 0.40 (Figure 7c). 

In comparison of the kinetic analysis and microstructural evidence, the 
following formation mechanism for BaTi0 3 from the hydrothermally treated Ti 
precursor is proposed. Nucleation of BaTi0 3 initiates heterogeneously on the smallest 
particles of the aggregated titania via dissolution-recrystallization. As proposed in the Ti 
gel reaction, Ba species are expected to surround the T i0 2 due to the high relative 
solubility. Although the solubility of the anatase at 25°C is approximately 10" 7M, 
which is too low to provide a sufficient level of supersaturation for nucleation, this 
value does not consider local solubility due to the surface energy effect of small particles 
(23). The slow initial kinetics, as observed in Figure 1, probably represent an 
incubation-like period for dissolution. Upon achievement of the required 
supersaturation level, BaTi0 3 nucleates on the anatase via a reaction between 
[Ti(OH)°](aq) and [BaOH+](aq) and grows by a solute addition reaction, continuously 
consuming the anatase. The rate limiting step is the dissolution of the titania. 
Therefore, overall reaction kinetics are slower than the system involving the more 
reactive amorphous Ti gel. 

Several BaTi0 3 crystallites can simultaneously, heterogeneously nucleate on the 
same anatase particle, which results in lattice misorientation and the presence of Moire 
fringes. The hexagonal lattice pattern of (111) BaTi0 3 clearly reveals a phase boundary 
between the barium titanate and anatase. In addition, the T i0 2 lattice fringes were 
observed to cross the phase boundary without interruption, which implies that BaTi0 3 

grows heterogeneously at the expense of the anatase. Unlike the abundant nucleation 
sites present in the amorphous hydrous gel reaction, nucleation occurs only at the 
solution interface of the smallest anatase particles. As a result, the average BaTi0 3 

particle size (~0.2μιιι) derived from the anatase precursor is larger than the BaTi0 3 

particles (~0.05μηι) obtained from the amorphous Ti gel at identical fraction crystallinity 
(f= 0.40). 

Conclusions 

Both hydrothermal treatment and solid state heating caused modification of the as-
received hydrous gel microstructure and phase. Investigation of the Ti precursor 
variations by assessment of the reaction rates and TEM photomicrographs determined 
the Ti precursor to significantly influence the formation mechanisms of BaTi0 3 at 75°C., 
as predicted. Nucleation of BaTi0 3 occurs at relatively low temperatures (i.e., <100°C) 
in both Ti precursor systems and was observed at 38°C in the amorphous gel and 
Ba(OH) 2 suspension. Increased reaction kinetics without an induction period were 
observed during the amorphous hydrous Ti gel and Ba(OH)2 reaction, as compared to 
the anatase precursor. At similar stages in the crystallization process (i.e., 0.4 fraction 
crystallinity) the particulate derived from both the gel and anatase exhibited an equiaxed 
morphology, but differed in particle size ( 0.05μιη and 0.2μπι, respectively). 

The amorphous gel reaction produced relatively spherical 5nm to lOnm BaTi0 3 

nuclei which grew within the porous amorphous gel matrix. Based on the Hancock and 
Sharp kinetic analysis, the proposed BaTi0 3 formation mechanism entails a phase 
boundary limited reaction where the chemical interaction at the gel surface is the rate 
controlling step. In the case of BaTi0 3 formation from the anatase precursor, lOnm size 
crystallites which nucleated atop the aggregated anatase were observed. It is believed 
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Figure 7. TEM photomicrographs showing BaTi0 3 formation from the anatase 
precursor as a function of reaction time: (a) 5 min; (b) 25 min; (c) 60 min; and (d) 
SADP from 60 minutes. The ' A N ' and 'ΒΤ' represent diffraction spots for the 
anatase and BaTi0 3 , respectively. 
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that BaTi0 3 nucleates heterogeneously on the anatase particles via a dissolution and 
recrystallization process and grows at the expense of the neighboring anatase. The 
current study, performed at mild hydrothermal conditions (i.e., <100°C), may facilitate 
a better understanding of BaTi0 3 formation mechanisms at elevated temperatures. 
However, care must be exercised in the application of the low temperature analysis 
since the predominant mechanisms may change as a function of temperature and 
pressure. 
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Chapter 12 

High-Temperature Synthesis of Materials: 
Glycothermal Synthesis of Alpha Aluminum Oxide 

Nelson S. Bell, Seung-Beom Cho1, and James H. Adair 

Department of Materials Science and Engineering, University of Florida, 
North-South Drive, Gainesville, FL 32611-6400 

A technology for the glycothermal synthesis of α-Al2O3 particles of 
controlled size and shape has been developed. This technique allows 
for the production of anisometrically shaped particles with controlled 
morphology and size distribution. Morphological control of particle 
shape is described as a function of reaction conditions in which platelet 
morphologies are produced at high shear rates and polyhedra are 
formed at low shear rates. Particle size control is also investigated via 
the use of seed materials which promote epitaxial growth, thereby 
reducing the surface energy contribution to the nucleation barrier, α
-Al2O3 seed materials can be used to form particle sizes as small as 100-
200 nm without agglomeration. α-Fe2O3 seeds have similar effects in 
comparison with the α-Al2O3 seeds, but require higher values of seed 
number concentration to achieve equivalent particle size effects. 
Morphological control is unaffected by seeding additions. 

In the continuing effort to improve the quality of ceramic powders, preferred 
characteristics include small and uniform particle size (<1.0 μπι) and a non-
agglomerated state of dispersion. Several attempts have been reported involving 
chemical techniques that produce ceramic powders with nanosize particles (1-7). 
These chemical techniques have been shown to be advantageous by eliminating the 
need for high temperature calcination reactions and milling procedures to achieve fine 
particle sizes. Processes that produce the final powder at low temperature and fast 
reaction time result in a more cost effective material. 

Solution synthesis is a technique for forming crystals of a desired phase by 
precipitation from a supersaturated solution containing the solute components. Unlike 
other methods for forming submicron and nanoscale particles, solution synthesis can 
generate chemically homogeneous materials by control of the molecular components 
during the reaction. Nancollas (8) identifies reaction variables in solution processing 
that affect the crystallite morphology, size and reaction kinetics. These include: the 

1Current address: Department of Ceramics, Rutgers University, P.O. Box 909, 
Piscataway, NJ 08855-0909 

120 © 1998 American Chemical Society 
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12. B E L L E T A L . Glycothermal Synthesis of Alpha Aluminum Oxide 121 

solids loading, stirring dynamics, rate of supersaturation development, reaction time 
and temperature, solution pH, and the presence or absence of additives. 
Supersaturation can be induced by several methods such as the mixing of two 
solutions containing the component solute ions, evaporation of the solvent, or control 
of the reaction temperature. The degree of supersaturation acts as a driving force to 
form a crystalline nucleus which then grows as a stable particle. Additionally, a 
precursor solid phase can be used in the synthesis reaction. In order to achieve the 
desired results, this precursor must have a higher solubility than the desired phase, and 
will thus act to supply solute for the particle synthesis. The formation of the particle 
surface (i.e. a phase boundary) creates a nucleation energy barrier which the 
supersaturation must exceed in order for precipitation to occur. The nucleation barrier 
and reaction conditions are related in the equation for nucleation frequency (9). 

where Β is the nucleation rate, σ is the surface energy of the particle, ν is the molecular 
volume, k is Boltzman's constant, Τ is temperature in Kelvin, and b is a correction 
factor (less than 1) for the case of heterogeneous nucleation. S is the supersaturation 
or ratio of actual concentration (C) to the equilibrium solubility (C*). The reaction 
variables are related to the change in Gibbs free energy ,AG°, as shown in equation [1] 
where AG* is the free energy nucleation barrier. B n is a factor related to the number of 
sites available for nucleation, and can be increased by the use of seed materials. The 
Gibbs-Thomson equation relates the solubility of particles to their size using the 
supersaturation (9) 

where rc is the critical nuclei size. 
There are two major types of nucleation processes (8,9). Homogeneous 

nucleation involves the aggregation of component solute ions to achieve a stable 
ordered state without interaction with another surface. Homogeneous nucleation 
involves a balance between the decrease in free energy from the formation of the 
ordered, solid phase, and the generation of positive free energy in the form of the 
surface energy. This creates a critical size for nuclei formation. Nuclei are unstable 
below this size and will return to the solution, whereas nuclei above the critical size 
are stable and will undergo growth. Homogeneous nucleation will have the highest 
free energy barrier to nucleation. 

Heterogeneous nucleation is much more common in solution synthesis, and 
occurs when nuclei formation is catalyzed by the presence of a surface that lowers the 
energy necessary to form a stable nucleus. Heterogeneous nucleation can result from 
solution contact with the reactor chamber, or by the deliberate addition of seed 
materials. In a seeded synthesis reaction, Turnbull (10) has identified several 
characteristics necessary to produce advantageous results. Seed particles must be 

(1) 

(2) 
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homogeneously dispersed throughout the system, the crystalline lattice mismatch 
between seeds and product must be less than 20% (and preferably below 5%), and the 
number concentration of extrinsic seeds must exceed the concentration of intrinsic 
nucleation sites. 

The use of seeds lowers the thermodynamic nucleation barrier to particle 
formation by creating an epitaxial surface for crystal growth, and by providing a 
reactive surface for the production of additional nuclei (11). By increasing nucleation 
frequency, the amount of solute available for growth is diminished and the particle 
size is decreased (12). Also, the use of seeds can change reaction kinetics by reducing 
the initial time to nucleate and therefore lower the reaction time. Alternatively, the 
reaction temperature can be lowered to achieve final product which is identical to the 
products resulting from unseeded synthesis reactions. 

Previous work (13,14) has shown that the glycothermal synthesis process, a 
liquid phase precipitation at elevated temperatures under autogeneous pressure using a 
glycol as solvent, for α-Α1203 is mediated by the formation of a precursor pseudo-
boehmite phase (15). The pseudo-boehmite is thermodynamically unstable under the 
reaction conditions, and transforms to the stable α-Α1203 (similar to the formation of 
alumina in the hydrothermal system (16)). Thus, the overall reaction is as follows. 

LeChatelier's principle favors the generation of the product in a non-aqueous 
environment. In hydrothermal processing, the solvent is a product and the level of a-
A1 20 3 permitted in the reaction is inhibited. Hydrothermal processing produces 
alumina at 405°C and 34.5 MPa in a reaction time of days to weeks. In contrast, 
glycothermal processing of alumina proceeds at a minimum temperature of 270°C., 4.1 
MPa and 12 hours. 

Growth theories of particle morphology describe rate limiting mechanisms 
(8,17,18) derived from the steps of integrating a solute ion from solution into the 
crystal structure. The diffusion layer theory considers growth is limited by the slowest 
reaction step. These steps include the transport of material to the diffusion layer near 
the particle surface, diffusion through the boundary layer, incorporation into the 
crystal lattice, and (in melt growth) the removal of the heat of incorporation from the 
crystal surface to the solvent (or vapor). The boundary layer, δ, is a stationary solvent 
layer between the component concentration at the surface and the bulk concentration 
in the solvent. The thickness of the boundary layer is a function of temperature and 
hydrodynamics. The boundary layer is related to the mean linear rate of crystal 
growth, /, in the following equation. 

2A100H α-Α1203 + H 2 0 (3) 

ι ι ±_[_L _L1 £ç_ 
l l0+ku Ij ^ kd ki J Ac 

(4) 

I., /,„ and k are constants and u is the relative velocity between the crystal and the 
solution. kd is the diffusion coefficient of solution components divided by the 
boundary thickness (D / δ), k. is the interface reaction rate constant for crystal growth. 
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12. B E L L E T A L . Glycothermal Synthesis of Alpha Aluminum Oxide 123 

Ac is the difference in concentration of components between the bulk (c) and the 
surface (ck), and pc is the density of the crystal. 

In the case of u -> «> (high stirring rate), the growth rate becomes proportional 
to J., which is related to the interface reaction constant k.. 

In the case of low stirring rate (u = 0), the diffusion of components to the surface 
becomes a factor in growth of a surface. 

/ l0

 + /;. kdAc ^ 

Incorporation of components in a growing facet involves ion adsorption at the 
surface, dehydration of lattice ions, surface diffusion to favored sites, integration into 
the crystal, as well as the opposing process of ion dissolution. Different facet types 
will have different reaction rate constants, and the alteration of the thickness of the 
boundary layer can affect the growth rate to produce different growth morphologies. 

The growth shape of a crystal depends on the relative growth velocities of the 
various faces, which determine the relative center-to-face distances (19). The 
equilibrium shape depends on the surface energies, whose relative values may be used 
in the Wulff theorem (20) to give the relative center-to-face distances. Therefore, the 
central distances may be measured to represent relative growth velocities (ideal 
growth shape) or surface energies (equilibrium shape). Based on crystallographic 
data, including space groups and lattice parameters, the computer program SHAPE 
(Dowty, E. and Richards, R.P. v4.0, 521 Hidden Valley Road, Kingsport, TN, 1991-
1993.) was used to determine the face indices of the α-Α1 20 3 particles synthesized 
under different conditions and to generate the growth shape of the crystals as a 
function of relative growth rate. 

Experimental 

Seed preparation, α-hematite (a-Fe 20 3) sol particles were synthesized as seed 
materials by the MacCallum method (21). 22.7 grams of Fe(N03)3-9 H 2 0 was 
dissolved in 100 ml of water and precipitated with 30 ml aqueous ammonia (28%) 
under stirring (all chemicals are reagent, Fisher Scientific, Fair Lawn, NJ.). The 
precipitate was filtered and redispersed in water four times. 12.5 ml glacial acetic acid 
(29%) was added and stirred gently for 18 hours. The sol was diluted to 400 ml and 
placed in a reflux apparatus, then heated with stirring and maintained at 80°C for 48 
hours. The sol was then centrifuged at 15,000 rpm for 15 minutes. The suspension of 
α-hematite seeds was prepared by dispersing the centrifuged α-hematite in methanol. 
The synthesized particles were characterized by X-ray diffraction and bright field 
transmission electron microscopy. 
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The α-alumina seed dispersions were prepared by dispersing high-purity 
commercial α-alumina powder (high purity alumina AKP-53 (>99.99% purity), 
Sumitomo Chemical Company, Ltd., Japan.) in methanol and ultrasonicating in a 
Fisher ultrasonic bath to break up agglomerates. Large particles and agglomerates 
were removed by sedimentation and the fine particles were recovered. Figure 1 
presents scanning electron micrographs and transmission electron micrographs of the 
seed particle morphologies. 

Preparation of α-alumina particles in 1,4-butanediol solution. A l l samples were 
prepared from a high-purity commercial gibbsite powder having an average particle 
size of 0.2 μπι (Hydral 710, Bayer hydrated alumina, Aluminum Company of 
America, Bauxite, AR). Ten grams of commercial gibbsite powder was dispersed in 
100 ml methanol under rapid stirring. The methanol suspension of gibbsite was 
redispersed in 250 ml of 1,4-butanediol. After the suspension was stirred for two 
hours, measured amounts of seeds were added to the dispersed gibbsite suspension, 
giving various mixtures with seed concentrations from 109 to 1014 seeds/ml. The 
suspension was heated to 60° C for 12 hours under vigorous stirring to evaporate most 
of the residual methanol. The resulting suspension was placed in a 1000 ml stainless 
steel pressure vessel equipped with a magnetically stirred head (Parr Autoclave 4522, 
Parr Instrument Company, Moline, IL). The atmosphere inside the pressure vessel 
was flushed with nitrogen prior to heating the contents to the desired temperature, to 
minimize oxidation and decomposition of the 1,4-butanediol. The vessel was then 
heated to 300°C at a rate of 3°C/min. The reaction time was 12 hours. 

Runs were aborted if reaction pressures exceeded 4.1 MPa. Reaction pressure 
is an indicator of solvent stability, with rising pressure resulting from solvent 
oxidation. Solvent oxidation not only alters the reaction medium, but can produce 
uncontrolled amounts of uncharacterized additives. This can inhibit morphological 
control. Uncontrolled oxidation leads to increased pressure that can cause equipment 
failure, and this concern must be monitored when using this technique. 1,4-butanediol 
has a pressure of 4.8 MPa at 370°C in contrast to the pressure of water (34.5 MPa) just 
below its critical temperature of 374.1°C. At 370°C., 1,4 butanediol will begin to 
oxidize over the course of a reaction, which limits dwell times to less than 5 hours. 

After the glycothermal treatment, the vessel was cooled to room temperature, 
with excess pressure relieved via a pressure release valve. The reaction products were 
washed at least five times by repeated cycles of centrifugation and redispersion in 
isopropanol. After washing, the recovered powders were dried at 25°C in a desiccator 
for 48 hours. The dried, recovered powders were analyzed for phase composition 
using X-ray diffraction (X-ray Diffractometer APD 3720, Philips Electronics, 
Mahwah, NJ). The morphology of the synthesized particles was observed using 
scanning electron microscopy (Scanning Electron Microscope JSM 6400, JEOL, 
Boston, MA.) . Particle size analysis of the synthesized α-alumina powders was 
performed using a centrifugal sedimentation technique (Horiba Capa-700, Horiba 
Ltd., Kyoto, Japan). 
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12. B E L L E T A L . Glycothermal Synthesis of Alpha Aluminum Oxide 125 

Figure. 1. (A) Scanning electron micrograph of 01-AI2O3 seed particles. (B) 
Transmission electron micrograph of oc-Fe203 seed particles. (Reprinted with 
permission from ref. 23. Copyright 1997 The American Ceramic Society.) 
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Results and Discussion 

Glycothermal Reaction. The glycothermal reaction proceeds via an intermediate 
pseudo-boehmite phase as identified by Inoue (15). The precursor gibbsite phase 
reacts to form the pseudo-boehmite phase within two hours, as shown in Figure 2. 
Residual pseudo-boehmite is present at six hours, and by twelve hours, the formation 
of oc-Al 20 3 is complete. The kinetics of the glycothermal synthesis reaction are 
currently under investigation, and are expected to vary with solids loading, stirring 
rate, and the presence of seeds. A higher solids loading should form a greater amount 
of pseudo-boehmite, and thereby slow the reaction. The use of seeds should increase 
the reaction rate according to the seed concentration. 

Morphological Control. Previous work has demonstrated the morphological forms 
created by varying reaction conditions (13,14). Figure 3 presents scanning electron 
photomicrographs of α-Α1 20 3 polyhedra formed at low values of stirring rate in the 
reaction vessel. Figure 4 shows platelets formed at high stirring rates. Figure 5 shows 
SHAPE representations of growth particle shapes. Platelet morphologies result from 
high stirring rates and low solids loading, whereas the polyhedral shapes are formed at 
low stirring rates and high solids loading. 

The effect of stirring rate and solids loading on morphology relates to the 
growth conditions of the synthesis reaction. At low stirring rates, the supersaturation 
in the bulk solution is not identical to the supersaturation level at the surface due to 
the boundary layer, and the growth is diffusion controlled. At high stirring rates, 
shear forces reduce the boundary layer to cause the supersaturation near growth planes 
to be identical to the bulk. Integration of solute components into the crystal is the rate 
controlling mechanism and surface controlled growth is active in the determination of 
particle morphology. As growth mechanisms are altered by control of reaction 
conditions, particle morphology can be tailored to the desired form. 

Seeding Effects on Morphology. Figures 3 and 4 present scanning electron 
micrographs showing the effect of seed materials on particle morphology. Production 
of alumina at low stirring rate results in a polyhedra morphology, both as an unseeded 
product and at a seed concentration of 1.6xl012 a-Fe203 seeds/ml of 1,4-butanediol. 
Likewise, high stirring rates produce a characteristic platelet morphology in either the 
seeded or unseeded condition. It is experimentally evident that the use of seed 
particles does not alter morphological control in the glycothermal process. 
Morphology is related to reaction conditions such as stirring rate, solids loading and 
reaction time. 

Size Control via Seeding. Figure 4 presents scanning electron micrographs of ot-
A1 20 3 platelets formed with increasing number concentrations of α-Α1 20 3 seeds. It is 
evident that the characteristic face length (the basal plane of the alumina platelet) 
decreases with higher seed concentrations. The unseeded particles have a 
characteristic length in the range of 3 to 7 μπι. The addition of 1.6xl07 seeds/ml 1,4-
butanediol decreases the characteristic length to 2 or 3 μπι. Progressively increasing 
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Δ α - Λ Ι ( Ο Η ) 3 

ΟΤ-ΑΙΟΟΗ 
Xa-AliOj 

10 20 3 0 40 50 GO 70 
2Θ (Degree) 

Figure 2. Kinetic evaluation of the glycothermal reaction at 300°C by phase 
identification via X-ray diffraction. (A) Precursor material. (B) 2 hours. (C) 6 
hours. (D) 12 hours. (Reproduced with permission from ref. 13. Copyright 1996 
The American Ceramic Society.) D
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Figure 3. (Α) α-Α1 20 3 polyhedra particles formed at 36 rpm. (Β) α-Α1 20 3 

polyhedral particles formed at 36 rpm and 4 x l O n seeds/ml. (Reproduced with 
permission from ref. 23. Copyright 1997 The American Ceramic Society.) 
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the number concentration continues to reduce the particle size to values below 200 nm 
while maintaining morphological control. Increasing the number concentration 
beyond 4xl0 1 0 α-Α1 20 3 seed particles/ml creates aggregated particle clusters with loss 
of morphological control. 

It is interesting to note that the particles of Figure 4D are smaller than the seed 
materials used to synthesize them. McArdle and Messing (12) have shown that the 
use of seed materials not only serves to create epitaxial growth sites, but also to 
provide a catalyst for the production of additional nuclei. At the high concentrations 
of seed materials employed for the smallest particles, the nucleation rate is high and 
lowers the supersaturation from the pseudo-boehmite phase. There is no longer a 
driving force for crystal growth due to supersaturation, but the free energy of the 
system can be lowered by the dissolution of non-equilibrium crystal facets. These 
non-equilibrium faces are dissolved in order for stable crystal growth to occur on 
equilibrium facets. The size of seed particles is therefore reduced to give a uniform 
particle size. 

Figure 6 presents the particle characteristic face length as a function of the 
number concentration of seed material to compare the effectiveness of alumina seeds 
against hematite seeds. The particle size control is relatively linear against the log of 
concentration. The number concentration of hematite seeds required to achieve 
equivalent results to the alumina seeds is greater by approximately two orders of 
magnitude. Lattice mismatch in the hematite seeds is not a probable cause for the 
difference, as hematite seeds have been shown to act as epitaxial sites for seed growth 
(22). 

Alternatively, the solubility of iron in 1,4-butanediol could play a role in the 
need for increased seed number concentrations. 1,4-butanediol is an organic analogue 
to water, and can support ionic species, α-alumina has been found to exhibit limited 
solubility at room temperature in 1,4-butanediol (104 M , J. H . Adair, University of 
Florida, unpublished data) and Fe 3 + should also be supported in the 1,4-butanediol 
environment. The absolute value of the solubility of a-Fe203 at 300°C and 4.1 MPa 
are a subject of future study, but may be affected by the particle size of the seed 
materials according to the Gibbs-Thomson equation, which relates curvature effects to 
the solubility of small particles. Thus, the 60 nm a-Fe 20 3 particles could exhibit 
significant solubility in the 1,4-butanediol solvent, and a higher seed number 
concentration would therefore be required to influence nucleation frequency. 

Conclusions 

In conclusion, the glycothermal synthesis technique has significant production 
advantages over the hydrothermal process for the synthesis of cc-Al 20 3. Use of glycols 
as a reaction solvent synthesizes α-Α1203 at the lowest known temperatures (270°C) to 
the authors' knowledge. The particles formed are of uniform size and morphology 
The use of seed materials does not affect the control of particle morphology, and both 
α-alumina and α-hematite are effective seed materials for the control of particle size. 
Particle shape is a function of stirring dynamics and solids loading. 
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Figure 4. SEM photomicrographs of 0C-AI2O3 platelets synthesized by 
glycothermal treatment (300°C., 12 hr) of commercial gibbsite powders (Alcoa 
Hydral®) with various α-Α1 20 3 seed concentrations (#/ml): (A) without seeds, 
(B) 1.6 x 109, (C) 1.6 x 101 0, (D) 4 χ 101 0. (Reproduced with permission from 
ref. 23. Copyright 1997 The American Ceramic Society.) 
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Figure 4. Continued. 
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Figure 5. SHAPE representations of particle morphologies. (A) Platelet [A: 
(0001) B: ( 2 U 0 ) C: (1120) D: ( Ï 2 Ï 0 ) ] (B)_Polyhedral [_A: (0001) B: 
(1Ï02) C:(1012) D : ( 0 1 Ï 2 ) Ε: (1 102) F: (1012) G: (01 12)]. (Adapted 
with permission from ref 23. Copyright 1996 The American Ceramic Society.) 

3.0 

Number Seed Concentration (#/ml) 

• Alumina Seeded Ο H e m a t i t e Seeded 

Figure 6. Characteristic platelet face length as a function of number 
concentration of α-Α1 2 0 3 and a-Fe 2 0 3 seeds. (Reproduced with permission 
from ref. 23. Copyright 1997 The American Ceramic Society.) 
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Chapter 13 

Synthesis and Characterization of a Trimetallic 
Double-Alkoxide Precursor to Potassium 

Aluminosilicate 

Ramasubramanian Narayanan1 and Richard M. Laine2,3 

Departments of 1Chemistry and 2Materials Science and Engineering 
and the Macromolecular Science and Engineering Center, University 

of Michigan, 930 North University, Ann Arbor, MI 48109-2136 

A novel, soluble trimetallic double alkoxide precursor to 
potassium aluminosilicate (KAlSiO4) has been synthesized by a 
one pot procedure and its structure characterized. The process 
termed the "oxide one pot synthesis" (OOPS) process uses 
simple, inexpensive chemicals, silica and aluminum hydroxide, to 
form a processable precursor in one simple step. The precursor is 
relatively stable to moisture and can be handled in air for long 
periods of time with minimal hydrolysis. On pyrolysis in air, to 
1100° C, it produces phase-pure KAlSiO4. The proposed 
precursor was characterized using thermogravimetric analysis, 
multinuclear NMR, and mass spectroscopy. The results suggest 
the precursor disproportionates in solution. 

Better control over product properties and easier synthetic methods have always 
been challenging goals for chemists and ceramists. Chemical routes to ceramics (sol-
gel or precursor) offer a significant advantage over traditional melt or solid-state 
reaction methods as they lower the processing temperature, lead to more 
homogeneous materials and allow greater control over the final microstructure of the 
resultant ceramic materials (7,2). Additionally, chemical approaches permit 
processing thin films and fibers. But the extant chemical routes cease to be simple 
and efficient, when used for the synthesis of multimetallic oxides. 

While the sol-gel method offers a significant improvement over conventional 
solid state reactions, its utility for processing multimetallic oxides suffers from a 
major drawback. Rates of hydrolysis of metal alkoxides can differ by orders of 
magnitude (3-5). Differences in hydrolytic reactivities of different metal alkoxides 
often leads to preferential hydrolysis of one metal alkoxide over another, leading to 
segregation in the final ceramic material (6). Furthermore, sol-gel processing 
commonly involves the use of expensive, highly reactive metal alkoxides. Attempts 
to alter the hydrolytic reactivity of metal alkoxides by chemical modifications (e.g. 

3Corresponding author 

134 © 1998 American Chemical Society 
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13. NARAYANAN & LAINE Synthesis of a Precursor to KAlSi04 135 

chelating ligands, formation of double alkoxides) before using them in multimetallic 
oxide syntheses have been successful (6-8). However this approach is not simple 
and still involves the use of expensive and hydrolytically unstable metal alkoxides. 

The precursor method of ceramic processing is promising as it offers 
significant advantages such as control over chemical and phase purity of the resultant 
ceramic material, low processing temperatures, and processable precursors (9). 
Precursor syntheses are often easy and efficient. However, the processable 
precursors described in the literature are typically limited by the availability of salts 
of different metals and their solubilities in common solvents (10). To our knowledge, 
simple, inexpensive, general synthetic routes to processable multimetallic 
aluminosilicate precursors were unknown, until recently. 

We recently reported the discovery of a general, low cost route to alkoxide 
precursors to aluminosilicates (spinel, mullite and cordierite), by direct reaction of 
any stoichiometric mixture of Si0 2 , Al(OH) 3 and group I/II metal hydroxides with 
triethanolamine (TEA) in ethylene glycol (EG) solvent (77). This process, termed 
the 'oxide one pot synthesis' (OOPS) process provides stable, processable 
precursors to phase pure ceramic materials. A general reaction for the synthesis of 
OOPS derived precursors is given by: 

xMOH + y S i 0 2 + zAl(OH) 3 + (x+y+z)TEA 200°C/x > sEG/5 - lQh / -H 2 O > 

M x S i y A l z ( T E A ) x + y + z ( 1 ) 

Herein we describe the extension of this process to the synthesis of a 
trimetallic potassium aluminosilicate precursor and the delineation of the proposed 
precursor structure. 

Experimental 

Thermogravimetric Analyses (TGA). TGA of samples were performed using a 
2950 Thermal Analysis Instrument (TA instruments, Inc., New Castle, DE). 
Samples (10-20 mg) were placed in a platinum pan and heated in flowing, dry air (60 
cm3/min), in "Hi-Res 4.0 mode" at 50° C/min. to 1000° C. 

Nuclear Magnetic Resonance (NMR) Spectroscopy. N M R spectra were recorded 
using a Bruker Aspect 3000, AM-360 MHz spectrometer (Bruker Instruments Inc., 
Manning Park, Billerica, MA) . ^ S i ^ H } N M R spectra were obtained with the 
spectrometer operating at 59.6 MHz and using a 32000 Hz spectral width, a 
relaxation delay of 15 s, a pulse width of 58°, and 32 Κ data points. The samples 
were dissolved in EG. C 6 D 6 and tetramethylsilane, in a sealed inner tube, served as 
lock and reference materials respectively. 2 7 A l N M R spectra were obtained with the 
spectrometer operating at 93.8 MHz and using a 41000 Hz spectral width, a 
relaxation delay of 0.2 s and a pulse width of 13°. The samples were dissolved in 
EG- D^O in a sealed inner tube served as the lock solvent and a 1M solution of 
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136 SYNTHESIS AND CHARACTERIZATION OF ADVANCED MATERIALS 

AICI3 in D 2 0 : H 2 0 (1:1) served as the external reference. *H and 1 3 C spectra were 
taken with the samples dissolved in CDCI3. 

Solid-state spectra were recorded at Laboratoire de la Matière Condensée on 
an MSL 400 Bruker spectrometer operating at 79.5 MHz for 2 9 S i . The spinning rate 
was 4 kHz. For 2 9 S i CPMAS experiments, contact times of 2 ms were used and 80 
scans accumulated. A line broadening of 10 Hz was applied before Fourier 
transformation. 

Mass Spectroscopy. Mass spectra of the samples were recorded at the University 
of Michigan, Department of Chemistry. FAB studies were conducted using a V G 
70-70-E, a magnetic sector, double-focusing mass spectrometer made by V G 
Analytical, and the spectrometer is operated using the 11-250-J data collection 
software system supplied with the instrument. 

The spectrometer was scanned from m/z 2800 to m/z 75, using an 
exponential-down magnet scan, and an external calibration against Csl salt clusters. 
The sample is dissolved in 3-nitrobenzylalcohol and deposited on the target, on the 
probe tip. Prominent matrix (3-nitrobenzylalcohol) peaks are subtracted out. Low 
intensity peaks were an average of 10 or more scans, averaged as continuum data. 
The continuum data is then smoothed and centroided by the data system. The F A B 
gun uses xenon gas, and is run at 1 mA current and 10 kV. 

Syntheses. Silatrane glycol was synthesized as described in reference 11. 
Alumatrane was synthesized as described in reference 12. The OOPS synthesis of 
the K A S precursor was described in reference 13. The stepwise synthesis of the 
K A S precursor is described below. 

Synthesis of KAS Precursor (stepwise). In a 500 mL Schlenk flask, 
silatrane glycol (7.22 g, 30.7 mmol), potassium hydroxide (2.00 g, 30.4 mmol) and « 
200 mL of E G were added and the mixture heated to distill off EG. The solution 
cleared on heating and was cooled after distilling off « 30 mL of E G in « 30 min. To 
that clear solution, alumatrane (4.47 g, 25.8 mmol) dissolved in « 50 mL of EG was 
added. The resultant mixture was heated to distill off E G to concentrate the solution 
to ~ 75 mL. The solution was then vacuum dried at 110° C for 6 h, and at 150° C for 
10 h to yield a light brown solid. Yield: 12.8 g (93.8%). The TGA ceramic yield of 
the solid was 35.4 wt% (Theoretical ceramic yield calculated for the formation of 
KAIS1O4 from the proposed precursor is 35.5 wt%). 

Safety Considerations. Silatrane glycol, alumatrane and potassium hydroxide are 
corrosive solids and the solvent EG is an irritant. Therefore protective eyewear, 
clothing and gloves are recommended while handling these chemicals. 

Results and Discussion 

Reaction (2, path a) depicts the OOPS synthesis of the KAIS1O4, (KAS) precursor. 
The precursor structure shown is the simplest conceivable, based on starting 
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13. NARAYANAN & LAINE Synthesis of a Precursor to KAlSi04 137 

materials, solvents and previous studies (72). Upon heating in air to 1100° C., this 
precursor transforms to phase pure, fully crystalline KAIS1O4, as described 
elsewhere (13). The exact structure of this precursor remains to be completely 
elucidated. Steps taken towards that goal are described here. 

Al(OH) 3 + S i 0 2 + M O H + 2 N(CH 2 CH 2 OH) 3 

\ X's H O C H 2 C H 2 O H 
D A 200°C Path a \ 

(2) 

To carefully delineate the exact components of the precursor, it was dissected 
into two constituent parts: silatrane glycol and alumatrane, which were synthesized 
as shown [Reactions (3) and (4)] in one step from S i 0 2 and Al(OH) 3 respectively 
(11,12). 

The products of reactions (3) and (4) were characterized by *H, 1 3 C , and 2 9 S i 
NMR, high resolution mass spectroscopy and elemental analysis (11,12). Reaction 
(2, path b) depicts the stepwise synthesis of the K A S precursor. Solutions of 
silatrane glycol and alumatrane in EG were combined along with K O H , and the 
mixture heated to distill off EG, resulting in K A S precursor in high yields. The order 
of addition of the three reactants does not have any effect on the product of the 
reaction. 

Thermogravimetric Analyses. The TGA decomposition profile (Figure 1) of the 
K A S precursor prepared via reaction (2, path b), exhibits three mass loss regions. 
The first major mass loss occurs below 400° C and corresponds to ligand 
decomposition, the second (400° to 600° C) corresponds to oxidation of organic char 
produced during ligand decomposition, and the third one (800° to 950° C) to 
carbonate decomposition. Evidence for these proposed decomposition pathways are 
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discussed elsewhere (73). It is also significant that the ceramic yield obtained for the 
reaction 2, path b precursor, exactly match that calculated. Note that the elemental 
analyses are rarely more accurate than ± 0.2 wt %. Thus the TGA supports the 
proposed precursor structure. However N M R and mass spectral data are less 
conclusive. 

Temperature (° C) T G A V S . I A DuPbnt 2200 

Figure 1: TGA of K A S precursor 
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NMR analyses 
ιΈί and 1 3 C NMR. Table I provides the results for the K A S precursor. The 

peaks are too broad, because of coupling with quadrupolar 2 7 A l and 1 4 N nuclei, to 
permit detailed analysis of multiplicities in the *H NMR, and the intensities in the 
13 

C NMR. But chemical shifts and number of peaks are as expected for the 
proposed structure based on our studies on the spinel precursor structure (72). 

2 7 A1 NMR. The 2 7 A1 N M R (Table I) is simple to interpret as it has only one 
peak at 69.2 ppm which indicates a tetracoordinate A l center, as expected for the 
proposed precursor structure (14-16). There is a definite change in 2 7 A l N M R 
signals on going from alumatrane to the precursor (Figure 2). Alumatrane has two 
very broad peaks, centered at 61.5 and 5.4 ppm, indicating tetracoordinate and 
hexacoordinate A l centers respectively, as expected for an asymmetric dimer in 
solution. The K A S precursor has only one narrow peak at 69.2 ppm, indicating a 
more symmetric, tetracoordinate A l center. 

To study the events associated with precursor formation, reaction pathway 
4 a' in Scheme 1 was run and 2 7 A l NMRs were taken for the intermediate and the 
product. 

Table I. NMR data for KAS precursor 
Nucleus Chemical shifts (ppm) 

1 
Η 

2.6 (broad), 2.9 (m), 3.6 (broad), 3.8 (t) 
13 

C 
51.2, 53.2, 57.5,63.6 

2 9 S i -96.7 and-104.7 
2 7 A1 69.2 

2 9 S i CPMAS -95.9 

The two broad peaks in alumatrane (A) change to one narrower peak at 61.7 
ppm (B), after addition of potassium ethylene glycolate, indicating the formation of a 
symmetrical tetracoordinate A l center, which remains tetracoordinate (albeit with a 
different environment) after the addition of silatrane glycol (69.2 ppm) (C). It should 
be noted that the order of addition shown in Scheme 1, path 'a' is different from that 
in experimental section. But as mentioned above, the precursors formed either way 
are identical according to mass spectral and TGA analyses. 

29 
Si NMR. Table I and Figure 3, show that the 2 9 S i N M R of the K A S 

precursor exhibits two peaks: a large one at -96.7 and a smaller one at -104.7 ppm, 
corresponding to different pentacoordinate Si centers. The peak at -96.7 is that 
typical of silatranes (77) where the fifth ligand is the TEA nitrogen. In contrast, the 
peak at -104.7 ppm is typical of pentacoordinate, anionic silicates (77). 

To rationalize the presence of pentacoordinate anionic Si, and to follow the 
events during precursor formation by 2 9 S i NMR, the reaction shown in Scheme 1, 
path "b" was run, and 2 9 S i NMRs of the intermediate and the product were taken. 
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Figure 2. Change in A l environment during precursor formation 
a) Alumatrane b) Species Β in Scheme 1 c) K A S precursor 
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A1<T?_ \ \ © q . 

O L / 

H O ' 

Β 

Θ 

Path a 
O O s i - O ^ N O H 

Ο 

ό Κ 
c 

Θ 
κ 

Pathb 

Ν 

Θ 

+ K O H 

E G , R T 

Ο 

O H 

D 

Species 
A 
Β 

C 

2 7 AJ NMR c 

Chemical shifts (ppm) Species 
D 61.5 and 5.4 

61.7 

69.2 

Ε 

.β 

2 9 S i NMR 
Chemical shifts (ppm) 

-95.6 

-105.5 
C -96.7 and -i04.7(solution) 

-95.9 (solid state) 

Scheme 1. Precursor formation -proposed pathways 
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The potassium salt of silatrane glycol exhibits a peak at -105.5 ppm, 
indicating a pentacoordinate anionic Si (E in Scheme 1) as opposed to the -95.6 ppm 
peak of silatrane glycol (77). The K A S precursor formed by the subsequent addition 
of alumatrane to the salt, exhibits two peaks (C in Scheme 1). However, the solid 

29 
state Si N M R of the K A S precursor, shows only one peak, at -95.9 ppm, in 
accordance with the proposed precursor structure. Therefore, the two peaks seen in 
solution NMR, arise probably as a result of equilibration via path 'b'. The 
intermediates in Scheme 1 (species Β and E) were characterized both by multinuclear 
N M R and FAB mass spectroscopy. The proposed equilibration process is 
corroborated by FAB mass analysis as follows. 

Mass Spectral Analysis of KAS Precursor. Fast atom bombardment (FAB) is the 
only technique that can be used for salts like the K A S precursor. F A B requires that 
the sample be dispersed in a non-interactive matrix for analysis. Unfortunately, all 
three typical matrix materials, viz. TEA, p-nitrobenzylalcohol (NBA) and glycerol, 
interact/react with the sample. This problem was encountered during analysis of the 
spinel precursor (72). N B A was found to interact least with the spinel precursor and 
was used as the matrix in those studies (72). On this basis, an N B A matrix was used 
with the K A S precursor. EG can also be used as matrix but its high vapor pressure 
compared to other matrix materials, leads to much lower intensities for ion fragments. 
Results of FAB analyses done in both EG and N B A are shown in Table II. At the 
outset, nominal mass analysis by positive ion FAB were in accord with expectations. 
The molecular ion peak expected from the proposed precursor structure was seen, 
along with peaks resulting from interaction with the N B A matrix (Table II). 

Table II. FAB mass spectral analysis of KAS precursor 
Fragmentassigned m/z Int. in N B A matrix Int. in E G matrix 
TEA-A1 + H + 174 37.5 1.7 
K + " O - C H - C Η-NO + H + 192 78.1 

2 6 4 2 
TEA-Al-EG-Si-TEA K + H + 447 100.0 5.7 

Corresponding negative ion FABs do not provide any useful information as 
matrix interactions predominate obscuring all other peaks. Unfortunately, high 
resolution mass spectral analysis did not confirm the proposed structure. As shown 
in Table III, the exact mass analysis of the molecular ion peak corresponds to that of 
the disilicate structure with a potassium counterion, rather than the proposed 
protonated trimetallic double alkoxide structure. 

The disilicate species cannot form given the stoichiometry of the precursor 
(confirmed by TGA) and it is also significant that the corresponding dialuminate 
species was not seen in the mass spectrum. FAB mass spectral analyses in EG, of 
intermediate Ε in Scheme 1, path 4b', substantiates the proposed structure of the 
intermediate, and does not exhibit a fragment corresponding to the disilicate species, 
thus precluding the formation of the latter as part of the equilibration process—it 
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Table III. High resolution mass spectral analysis of molecular ion peak of 
KAS precursor by positive ion FAB in NBA matrix 

Fragment Mol. Weight (g/mol) calculated 
TEA-Al-EG-Si-TEA Κ + H + 447.1146 
TEA-Si-EG-Si-TEA Κ 447.1021 
High Res. Mass Spectral analysis of Precursor 447.1021 

must arise from the proposed K A S structure. FAB mass spectrum of intermediate Β 
in Scheme 1, path "a" also confirms the proposed structure and has a similar 
fragmentation pattern to that of the K A S precursor. It is likely that the matrix 
interaction is predominant and promotes the disproportionation equilibria suggested 
in Scheme 1, thereby giving anomalous mass spectral results. While it is clear that 
the mass spectroscopy shows the presence of disilicate species, the source of that 
species is questionable. It probably arises from disproportionation in solution and/or 
the matrix interaction with N B A . 

Conclusions 

The OOPS process appears to offer access to well defined chemical intermediates 
that provide the atomic mixing desirable in precursor processing of ceramics. It also 
appears to provide a viable alternative to sol-gel and existent chemical methods for 
processing multimetallic oxides. The as- synthesized K A S precursor can be handled 
in air for practical purposes and is soluble in common organic solvents, which makes 
it a suitable candidate for processing into desired shapes and sizes. The 
corresponding L i and Na aluminosilicate precursors were also synthesized and they 
behave similarly to the K A S precursor (Narayanan, R., Laine, R .M. , unpublished 
results). Thus phase pure lithium and sodium aluminosilicates can also be obtained. 
The structural characterization is complicated by the probable disproportionation in 
solution and we are currently pursuing methods (solid state NMR, non/less 
interactive matrix) that would prove the trimetallic double alkoxide structure of the 
precursor unambiguously. 
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Chapter 14 

Synthesis of β"-Alumina Polymer Precursor 
and Ultrafine β"-Alumina Composition Powders 

David R. Treadwell1, Anthony C. Sutorik1, Siew Siang Neo1, 
Richard M. Laine1, and Robert C. Svedberg2 

1Departments of Chemistry and Materials Science and Engineering, 
University of Michigan, 2300 Hayward Avenue, Ann Arbor, MI 48109-2136 

2Advanced Modular Power Systems, Inc., 4667 Freedom Avenue, 
Ann Arbor, MI 48108 

β"-Alumina, an important high-temperature solid electrolyte, was 
synthesized from inexpensive starting materials via a polymeric, 
metalloorganic precursor. The precursor, made by reacting NaOH, 
LiOH, Al(OH)3, and triethanolamine (TEA) in ethylene glycol (EG) 
while distilling off product water, is a glassy thermoplastic at room 
temperature, and dissolves in polar solvents, e.g. ethanol. 
Spheroidal, particles of <100 nm diameter were formed by flame
-spray pyrolysis of ethanolic solutions of the precursor. X-ray 
powder diffraction showed the as-formed powders to be an 
intermediate phase, possibly m-alumina, which transforms to β"-
alumina on heating above 1200 °C. 

Alkali metal thermo-electric converters (AMTEC) are high-efficiency (>3 5%) cells 
for the production of electricity from heat(7). A key component of this cell, as well 
as of Na/S batteries, is a nonporous, β''-alumina ceramic electrolyte that conducts 
N a + ions when either system is operating (~ 800 °C for A M T E C , ~ 400 °C for 
Na/S). Despite the high performance ratings for both power sources, their 
widespread use is limited by a very high cost of production. The manufacture of 
high quality β''-alumina tubes contributes to this high cost. 

We recently described two discoveries that offer solutions to this problem. 
First, a new, simple synthesis of polymeric precursors to β''-alumina made directly 
from NaOH, alumina and triethanolamine, TEA (2). Second, we learned to form a 
wide variety of ultrafine aluminosilicate ceramic powders by flame spray pyrolysis 
processing of these polymers. The goal of the current research program is to 
demonstrate that it is possible to produce reasonable quality β''-alumina shapes 
using these low cost precursors and powders. 

146 © 1998 American Chemical Society 
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14. T R E A D W E L L E T A L . Synthesis of a β"-Α1203 Polymer Precursor 

Precursor Design 

We recently discovered (2-10) several very simple, synthetic routes to alkoxysilanes 
and alanes directly from S i0 2 and Al(OH) 3 . This work is summarized below, the 
references, especially reference 2, provide complete details. 

Alkoxysilanes. S i 0 2 in a variety of forms will react on heating in excess 
ethylene glycol (EG) with a base (Group I/II metal oxide or hydroxide), to give 
anionic, pentacoordinated monomers or dimers with group I metals (3-5): 

2 S I 0 2 + 2KOH + 5 H O C H 2 C H 2 O H 

- 4 H 2 0 

1 30°C/vacuum 

With group II metals, depending on the initial M : S i 0 2 stoichiometry, either 
hexacoordinate, dianionic silicates (5-7) or monoanionic, pentacoordinated silicates 
can be isolated (11). 

Neutral Alkoxysilanes from Si02.. Replacing K O H with catalytic 
amounts (e.g. 2-10 mol %) of triethylenetetramine [NH2 (CH 2 CH 2 NH)3H, TETA, bp 
«270 °C] promotes reaction to form a clear solution with one 2 9 S i N M R peak at -82 
ppm, indicative of a neutral monomer or simple oligomer: 

(1) 

Further heating leads to a crosslinked polymer, Si(eg)2, which will redissolve 
in E G to give a tractable oligomer that can be processed into thin films, fibers and 
cast shapes. Si(eg)2 is a precursor to many other materials through ligand exchange 
processes (4). 

Neutral Alkoxyaluminanes. Attempts to dissolve Al(OH) 3 in E G with catalytic 
amounts of TETA were unsuccessful; however reaction with TEA gives a well 
defined material, (TEAA1)4: 

200°C/EG/-H,O 
AI(OH)3 + N(CH2CH2OH)3 *— 
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The solid compound is tetrameric and has been well characterized (14). 
(TEA-A1) 4 is highly soluble in common organic solvents. It is also relatively 
moisture stable. Most importantly, (TEAA1)4 can be made directly from the 
common aluminum ore, bauxite [Al(OH) 3, mostly gibbsite]. Bauxite (9 m2/g), reacts 
(200 °C., 24 h) to give 40 wt. % dissolution. 

Based on the above discoveries, we explored the possibility of preparing a 
variety of aluminosilicate polymer precursors. 

OOPS Alkoxyaluminosilicates. We find that by combining the simple reactions 
shown above, it is possible to prepare numerous aluminosilicate alkoxide precursors 
by direct reaction of any mixture of Si0 2 , Al(OH) 3 and group I/II metal 
hydroxides/oxides with EG and triethanolamine (TEA) (4). These precursors offer 
good-to-excellent hydrolytic stability. This process is termed the "oxide one pot 
synthesis" (OOPS) process. 

Using OOPS processing, precursors to spinel, mullite, and cordierite are 
easily made. One kg of spinel precursor can be made (6 h) by reacting MgO, 
Al(OH) 3 with TEA in EG. The structure is a double alkoxide with a 
HMgAl 2 (TEA) 3 stoichiometry (12-16). A mullite precursor can be prepared by 
reaction of a 2:6 mixture of S i 0 2 and Al(OH) 3 (14-17). A cordierite precursor was 
also synthesized by direct reaction of MgO, S i 0 2 and A1 2 0 3 (77). Based on the 
OOPS method, a low cost synthesis of β''-alumina was developed as described 
below. 

Synthesis of a β''-alumina precursor. The target precursor system 
required, is an 11:1 ratio of Na:Al. An OOPS precursor formulated as: 

was synthesized. This was found to be a successful precursor and thus, new 
precursors were prepared that incorporate L i and Mg ions as stabilizers. 

Experimental 

Synthetic Procedures: Reagents. A l l materials were used as received from 
standard commercial sources, β''-alumina precursor powder and an authentic β''-
alumina sample were obtained from Ceramatec. A l l materials are handled in air 
except where noted. Ethylene glycol was recycled by redistilling twice, and so the 
supply used was either redistilled or freshly received. 

Synthesis of Polymeric Precursor NaL67Al10.67Lio.33 (TEA)i0.6r x(EG). In 
a 2 L round bottom flask, 199.9 g (2197 mmol) of Α1(ΟΗ)3·0.72Η2Ο, 326.7 g (2190 

1 Ν 
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mmol) triethanolamine (TEA) and 1 L ethylene glycol (EG) are mixed with constant 
stirring (magnetic). The reaction is heated to « 200 °C to distill off some E G and 
byproduct water. After approximately 2 h, the reaction turns clear, indicating that 
the reaction to from the [(TEA)(A1)]4 complex is complete. Then, 13.71 g (343 

mmol) of NaOH and 2.84 g (68 mmol) of L i O H H 2 0 are added to the solution, and 
the reaction is refluxed for 1 h. The reaction is then distilled under N 2 , first to 
remove by-product water, then excess EG, until the magnetic stir bar stops stirring. 
Care was taken to prevent over-heating of the product. If the product is intended 
for preparation of ultra-fine powders in the next step, ethanol is cautiously and 
slowly added to prepare the flame-spray solution. Otherwise, the remaining E G is 
removed by vacuum distillation at 180 °C for 4 h. On cooling, a glassy yellow solid 
is recovered from the flask, and may be stored in air. The ratio of Na/Al/Li = 
1.67/10.67/0.33 was chosen as it is the composition of commercially available 
Ceramatec β''-alumina ceramic tubes. Yields are essentially quantitative. 

Synthesis of Flame Spray Pyrolyzed Nanopowder, Na1.67Al10.67Lio.33On 

A more detailed description of the general procedure for nanopowder synthesis was 
published (18). The apparatus used is illustrated in Figure 1. Care has been taken to 
add engineering safety controls to prevent explosion, owing to the obvious concerns 
of creating an atomized mixture of fuel in oxygen. Smoke, heat and CO detectors and 
manual kill switches will instantly shut off the feeds, and appropriate shielding adds 
a measure of safety. A 10-20 wt. % ceramic (as precursor)-ethanol solution of the 
precursor is fed into the device's ignition chamber. The solution is atomized to an 
aerosol and ignited via natural gas/oxygen pilot torches. Combustion occurs at 
temperatures ~ 2000 °C. The precursor is instantly combusted to an ultrafine oxide 

Figure 1. Schematic of the flame spray pyrolysis apparatus. 
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powder. The powders are collected down stream in a series of well-insulated and 
shielded electrostatic precipitation (ESP) tube-wire collectors held at 10 kV. 

Instrumental Methods: TGA, DTA, X R D and DRIFTS were performed 
using standard methods, as described elsewhere (4). 

Results and Discussion 

The efforts to date can be divided into progress on Precursor Synthesis and 
Characterization, and on powder processing as presented below. 

Precursor Synthesis and Characterization: The OOPS process permits tailoring 
of compositions just by choosing initial metal ratios. Thus, the initial metal ratio of 
Na/Al/Li = 1.67/10.67/0.33 is expected to be retained in the resulting ceramic 
product. TEA is high boiling (b.p. = 335 °C) and coordinates strongly to A l 3 + ; thus, 
barring thermal decomposition during the reaction, the stoichiometry of the final 
solution should remain constant. Consequently, a working formula of 
Na1.57Al10.67Lio.33 (TEA)io.67(EG) was assumed initially. 

The polymer TGA profile is shown in Figure 2. The first major mass loss 
begins at ca. 310 °C with the steepest change occurring at 365 °C. This mass loss is 
associated with organic ligand decomposition. The major fraction of the 
decomposition products are gaseous and are lost. Some smaller fraction chars. 
Hence, a second major mass loss is seen between ~ 365 °C and 600 °C., as this char 
oxidizes. A final ceramic yield of 29.3 % is observed. If the initial formulation of 
the precursor's composition were correct, a ceramic yield of 30.8 % would be 
expected. The observed lower yield indicates the presence of excess EG, and a final 
formulation of Nai 67Alio.67Lio.33(TEA)i0.67(EG)-1.6 EG can be calculated. 

120 

1001 310 °C 

365 °C 70.74 % 
(19.84 rag) 

401 

20 0 200 400 600 800 1000 

Temperature/0 C 
ο 

Figure 2. TGA of the precursor Nai.67Alio.67Lio.33(TEA)io.67(EG)-1.6 EG. 
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The IR spectrum of the polymer is shown in Figure 3. Present are several 
peaks characteristic of the organic component: vC-H bond stretching at 2862 cm"1 

and a collection ofvC-0 and vC-N bands at 899, 1110, 1271, 1364, and 1451 cm - 1 . 
The strong peak at « 671 cm"1 is likely due to vAl -0 bond vibrations. The band 
centered at 3550 cm"1 is associated with hydrogen bonded vO-H. 

1—r~i—ι ι ι—ι—ι—ι—ι—ι—ι ι ι ι—|—ι ι ι ι—|—r—i—ι—τ—| ι ι ι ι—[ ι ι ι—ι—1 

3500 3000 2500 2000 1500 1000 

Wavenumbers / cm*1 

Figure 3: DRIFT spectrum of Na1.67Al1o.67Lio.33(TEA)1o.67(EG)-1.6 E G vacuum 
dried (180 °C/4h). 

Nanopowder Characterization: For combustion in the flame spray apparatus, the 
polymer was dissolved in anhydrous ethanol. Typically, a 20 wt. % solution is 
prepared as it gives the appropriate viscosity for use in the apparatus. The polymer 
is stable in ethanol for limited periods only, and a gel precipitates out i f the solution 
stands too long. In 1 h of operation, 2 L of solution can be combusted, providing 
50-100 g of collected nanopowder. 

The X R D powder pattern of the as-synthesized nanopowder (Figure 4a) 
exhibits significant crystallinity. Most of the peaks can be assigned to β''-alumina. 
The peaks at 18.7° (4.75 À), 45.9° (1.98 A), and 66.9° 20 (1.40 A) are dispropor
tionately intense relative to the other β" peaks and may indicate the presence of γ-

AI2O3 or other transition alumina phases which share these particular reflections. 
No peaks for other likely phases, e.g. Na 2 0, L i 2 0 , were found. 

Some phase separation is implied, although it is also possible that, because of 
the unique synthetic approach employed in forming the nanopowder, a metastable 
phase, m-alumina, related to β''-alumina was synthesized. No peaks are present that 
suggest the presence of the β phase, which has distinguishing diffraction peaks at 
20.0° (4.45 A), 21.8° (4.07 A), and 33.5° 20 (2.68 A). Because flame spray 
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pyrolysis involves rapid heating and cooling, it appears that m-alumina is the 
kinetically stable product. Much of the previous synthetic exploration in this 
system relied heavily on traditional solid state syntheses (20). Clearly, the flame 
spray approach provides a unique alternative for forming kinetically stable phases. 

ι IJlikL (g) 

(0 

(e) 

ι iTV ' i I l i r 

10 
'^'/rr^Tt^i i . \ ι ι Γ f ι ι ι b n x r 

20 30 
~T 
40 

°2Θ 

η 
50 60 70 80 

Figure 4: X R D of the nanopowder after various heat treatments: (a) as-
prepared, (b) 800 °C for 1 h, (c) 1000 °C for 1 h, (d) 1200 °C for 1 h, (e) 1400 °C 
for 1 h, (f) 1600 °C followed immediately by cool down. Spectrum (g) is that of 
100% β''-alumina crushed from a Ceramatec sample. The position of the 
characteristic peak from β (33.5e) and β" (34.5°) are highlighted. 

The XRDs of the powder samples remain unchanged after heating at 800 ° or 
1000 °C (1 h). Only after 1 h at 1200 °C does a change in the pattern occur as a 
traditional β" pattern appears (e.g. Figure 4g, β" sample from Ceramatec). A l l 
unassigned peaks disappear. Thus, the observed pattern can unambiguously be 
assigned to phase pure β''-alumina. The absence of extraneous peaks at any point 
along the heating curve suggests that the "as-processed" powder may indeed be a 
novel metastable form of β". 

A T E M micrograph of the as-prepared nanopowders is given in Figure 5. As 
seen in the synthesis of other oxides (2(5), the particle size ranges from 10 to 150 
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nm. The particle shapes are spherical and with limited faceting. The structure of the 
β/β''-aluminas is layered (29), and if left to grow naturally, crystallites of these 
phases would likely have plate-like morphologies. 

Figure 5: T E M micrograph of the as-prepared nanopowder. Top edge of scale 
box is 170 nm. 

TGA (Figure 6) and DTA studies of the nanopowder were run to develop a 
picture of its response to thermal processing. In Figure 6 a very small total mass loss 
(2.4 wt. %) is observed. Two mass loss events occur; the first centered at 100 °C., 
where removal of surface bound moisture would be expected, and the second at 
800°C is typical for the loss of C 0 2 . 5 A DTA experiment was performed as well, 
but no thermal events were observed from 25-1400 °C. Given that crystallization is 
observed > 1200 °C in the bulk heating experiments, the absence of thermal events in 
the DTA indicates either a transformation of very low energy or one which is driven 
by the high surface energy already present in the nanopowders. 

IR spectra of the nanopowder were taken of the as-formed material and after 
treatment at 1200 °C (Figure 7b and 7d, respectively). The untreated powders 
possess a broad and overlapping manifold of strong peaks from 500 to 1050 cm"1. 
After heating to 1200 °C., where crystallization of β" is clear, the IR now reveals 
more well-defined peaks at 620, 670, 740, and 800 cm"1. These compare favorably 
(although not exactly) with those observed when the Ceramatec precursor powder is 
heated to 1200 °C (Figure 7c). 
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97.5 

1.6% : Physi-& 
Chemisorbed H2O 

0.76 % 
Carbonate Decèmp, 

T000 

Temperature/ °C 

Figure 6: TGA plot of the as-prepared nanopowder. 

Nanopowder Stability. The question of nanopowder stability with respect 
to reproducible formation of β''-alumina is important. Many of the processing steps 
explored so far have not been executed with rigorous regard to purity, i.e. 
preparations are done in air with undistilled solvents. Still, the highly pure β" is 
consistently reproduced. Nanopowders have even been left exposed to the 
atmosphere for days at a time, prior to sintering, with no change in the results. 

"35 
c 
φ 

3θΌθ " " 2Î00 " 2θΌΟ " " "l&o" 

Wavenumbers / cm" 1 

Figure 7: DRIFTs-IR spectra of (a) β''-alumina precursor powder as received 
from Ceramatec, (b) as-prepared nanopowder, (c) Ceramatec powder heated to 
1200 °C., and (d) nanopowder heated to 1200 °C. 
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Conclusions 

We have demonstrated that we could synthesize a bimetallic metalloorganic 
precursor to β''-alumina from NaOH, LiOH, Al(OH) 3 and triethanolamine. On 
flame spray pyrolysis, it gave ultrafme powders, <100 nm, of a metastable form of 
alumina, that on heating to >1200 °C converts to pure β''-alumina. 
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Chapter 15 

High-Rate Production of High-Purity, 
Nonagglomerated Oxide Nanopowders in Flames 

Y.-J. Chen1, N. G. Glumac1, G. Skandan2, and Β. H. Kear1 

1College of Engineering, Rutgers University, Piscataway, NJ 08855-0909 
2Nanopowder Enterprises Inc., A Division of SMI, Piscataway, NJ 08854-3908 

High rate (~50 g/hr) synthesis of nanoparticles of oxides such as SiO2, 
TiO2 and Al2O3 has been demonstrated in a reduced pressure flat 
flame reactor. The new process, called Combustion Flame - Chem
ical Vapor Condensation (CF-CVC), is a modification of the origi
nal C V C process which involves pyrolysis of chemical precursors in 
the gas phase. Careful selection of flow parameters has resulted in 
powders which are only loosely agglomerated, significantly enhancing 
their usefulness in commercial applications. The nanopowders have a 
narrow particle size distribution with a mean particle size controllable 
between 5 and 50 nm. The powder characteristics, post treatments 
and commercial applications of these powders will be discussed. Fur
thermore, chemical modeling and laser diagnostics have been applied 
to these flames, and the ability to measure flame features, includ
ing temperature profiles and radical species concentrations, has been 
demonstrated, and will be discussed in terms of model development. 

Nanostructured materials have recently received much attention due to the dra
matic changes in material properties as grain or particle sizes approach the 
nanometer scale, effectively placing a greater fraction of molecules at or near 
grain boundaries (1). Physical, optical, and magnetic properties can all be en
hanced in such materials. For example increases in hardness in nanostructured 
WC-Co materials, as compared to conventional micrograined WC-Co, have been 
demonstrated (2). In addition, nanostructured powders of metal oxides have been 
compacted into optically transparent disks (3). The applications areas for nano-
materials are widespread and include: catalysts and catalyst-supports, thermal 
barrier coatings, abrasives, phosphors for displays, filters, batteries, and many 
others. 

In most of these applications, powder with particle sizes in the nanometer 
range serves as the starting material. This powder is either compacted into the 
desired shape and sintered, dispersed in solution, or sprayed onto a surface as a 

158 © 1998 American Chemical Society 
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film. In all cases, the exploitation of these applications opportunities requires a 
source for large quantities of non-agglomerated nanopowders. Non-agglomeration 
is essential in advanced materials applications for several reasons. For example, 
the sintering temperature required to achieve maximum densification is reduced 
as the degree of agglomeration decreases. This lowered sintering temperature then 
prevents the decomposition of constituents in the powder. Also, for materials 
which are processed by a colloidal suspension method, non-agglomeration helps 
to insure that the powders will be dispersed uniformly in solution. 

Currently all techniques used to produce non-agglomerated nanopowders 
have severe limitations. Liquid phase synthesis has been used to create a variety 
of nanopowders with small particle sizes and negligible agglomeration. However, 
the particles are often coated with residue from the synthesis process, and thus 
high purity is difficult to attain, most often requiring extensive post-processing 
of the powders. Both Inert Gas Condensation (IGC) and Chemical Vapor Con
densation (CVC) (4) have been used to produce non-agglomerated nanopowders 
in small batch quantities. In IGC, an evaporative source produces a metal vapor 
in a low pressure, inert gas environment. The vapor is quenched in the gas phase, 
causing condensation of the metal into nanoparticles. In C V C , the evaporative 
source is replaced by a hot wall tubular reactor through which a precursor species 
flows. The precursor pyrolyzes in the tube, and the desired powder species con
denses upon exiting the tube. In both cases, synthesized powders are deposited 
thermophoretically onto a cold surface. However, the scalability of either tech
nique to an industrial sized reactor is questionable. 

Building on our experience with IGC and C V C , we have replaced the heat 
source by a flame in the Combustion Flame - Chemical Vapor Condensation (CF-
CVC) technique. This technique offers several advantages over previous methods 
and has the potential to continuously generate non-agglomerated powders at high 
rates typical for industrial processes. These advantages have been exploited in 
other research and commercial flame synthesis processes for the production of 
diamond, carbon black, other particulates, and a variety of thin films, but not to 
date for the large scale production of nanoscale powders. 

The setup for C F - C V C is similar to that used for large area low pressure 
combustion synthesis of diamond (5). A schematic of the flame geometry is 
shown in Figure 1. A flat flame burner stabilizes a disk shaped flame at low 
pressure above a substrate held at constant temperature. The burner design 
insures a uniform flow velocity and temperature at the burner face. Under these 
conditions, provided the gap distance is small compared to the burner diameter, 
the flow admits a one-dimensional similarity solution (6) which dictates that the 
thermodynamic variables and chemical species concentrations will only vary in 
the axial direction, i.e. perpendicular to the burner and substrate. Thus, there 
is a high degree of radial uniformity within the flame, insuring that conditions 
for surface deposition and/or particle production will be similar throughout the 
gap region. 

A precursor vapor is mixed in with the premixed flame gases. The precursor 
species pyrolyzes in the flame as the temperature rises in the preheat zone. After 
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complete pyrolysis, the appropriate monomers are formed in the gas-phase, and 
these condense to form clusters as the temperature cools closer to the substrate. 
Clusters grow and agglomerate to form nanoparticles further downstream, and 
these particles are collected on a cooled substrate. The low pressure insures 
a minimum of particle-particle collisions which can lead to agglomeration. In 
addition, the inherent chemical and thermal uniformity of the flow environment 
leads to powders with a very narrow size distribution. 

Also enhancing the usefulness of the combustion environment is the fact that 
flames have been the subject of many detailed studies, and much is known about 
the chemical structure. Indeed, fairly accurate models incorporating detailed 
gas-phase chemistry are directly applicable to the deposition environment to pre
dict local flame chemistry. In addition, many diagnostic probes are available for 
characterizing flames to validate model predictions. 

The scalability of flame synthesis has been demonstrated in other reactors. 
In general, the process is scaled up by simply increasing the burner and substrate 
diameters and the corresponding flow rates, or by using burner arrays. The CF-
C V C process is currently being scaled for use by Nanopowder Enterprises, Inc. 
(Piscataway, NJ). 

Experimental 

A schematic of the experimental setup is shown in Figure 2. The flat flame burner 
and substrate reside inside a water-cooled vacuum chamber which is maintained 
at low pressure (5-50 mbar) by a vacuum pump and throttle valve. Gases are fed 
from bottles through calibrated rotameters and fully mixed before entering the 
chamber. A precursor species such as hexamethyldisilazane (HMDS) is placed in 
a bubbler through which a small amount of carrier gas (e.g. helium or nitrogen) 
is passed, entraining precursor vapor. The vapor and carrier gas are then mixed 
with the premixed flame gases before entering the burner. 

Samples are collected from the substrate and analyzed for size and size distri
bution using the T E M and S E M , and for impurity content using an Inductively-
Coupled Plasma (ICP) technique. 

The vacuum chamber sits on an optical table and has 4 ports for optical ac
cess. A Nd:YAG-pumped dye laser is available for probing the deposition flames. 
The setup for diagnostics measurements is shown in Figure 3. The arrangement 
is optimized for collection of either absorbed or scattered signal, allowing for a 
variety of diagnostics to be performed including fluorescence, absorption, emis
sion, Rayleigh scattering, and particle scattering. Since the probed environment 
involves deposition, maintaining clean optical surfaces is essential. This is accom
plished by purging the laser inlet and collection windows with a flow of nitrogen. 

Safety 

The primary safety concerns in C F - C V C are explosion and powder handling. 
Explosion hazards are minimized by a reactor design with blow-out ports and 
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Burner Face 

Temperature 

Heated or Cooled Substrate 

Figure 1. A schematic of the C F - C V C process. 
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Figure 2. The experimental setup for the synthesis experiments. 
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closed-loop pressure control which keeps the chamber pressure at a level suf
ficiently low such that the post-explosion pressure is still below atmospheric. 
Ignition of the flame is performed in an inert atmosphere, and, if ignition does 
not occur within 10 seconds after the fuel and oxidizer flows have been started, 
flow to the chamber is stopped, and the chamber pumped down and refilled with 
nitrogen. 

Oxide nanopowders can cause skin irritations upon contact. Thus, all han
dling of powders is performed with gloved hands, and all personnel wear goggles 
and breathing filters during powder collection and cleanup. 

Results: Synthesis and Characterization 

We have scaled the C V C process to produce test quantities (up to 50 g/hr) of 
nanophase oxide powders with particles on average less than 20 nm in diame
ter. This ten-fold increase in production rate was made possible by substituting 
the hot wall reactor by the flat flame combustor. A short and uniform resi
dence time across the entire surface of the burner at a high temperature, ensures 
the formation of uniformly sized particles. Since the pyrolysis and subsequent 
condensation into nanoparticles occurs in a reduced pressure environment, the 
powder is typically non-agglomerated. 

Figure 4 shows production rate (g/hr) of S1O2 as a function of precursor flow 
rate (moles/min) for the 6 cm diameter burner. Optimizing the flame parameters, 
combined with increasing the burner diameter, should lead to higher production 
rates. 

Figure 5 shows a T E M micrograph of as-synthesized S1O2 powder. As shown 
in the micrograph, the particles touch each other, and occasionally form necks, 
but they are not cemented aggregates. The non-agglomeration is borne out by the 
fact that these powders form stable suspensions in water or alcohol. The surface 
area of S1O2 powders, measured by single point nitrogen adsorption using the 
Brunauer, Emmett, and Teller (BET) method, was found to be in the range 275 
- 320 m 2 /g . Table I shows the impurity content in the powder, determined by an 
ICP technique. For elements present in amounts too small to detect, the detection 
limit of the instrument is given in the amount column. It should be noted that 
even though the burner is made of copper, the concentration of the copper was 
very low. This was possible because of the unique design of the burner which 
allows it to be cooled to the desired temperature. If the burner is too cold, the 
precursor will condense, and if the burner is too hot, the precursor will react with 
copper and the reactants could get entrained in the vapor phase. From the data, 
it can be concluded that we do not introduce any process related contaminants. 
The high purity of the powder makes it suitable for use in applications such as 
chemical mechanical pohshing of semiconductor wafers. 

The same process was also used to synthesize gram quantities of titania and 
alumina. Figure 6 shows T E M micrograph of as-synthesized T i 0 2 powder and 
Figure 7 shows a photograph of a transparent as-compacted A 1 2 0 3 pellet. The 
high degree of transparency shows that the pores are too small (< 1/20 th the 
wavelength of light) to scatter light. In contrast, agglomerated nanopowders are 
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Figure 3. The experimental setup for the diagnostic experiments. 

Figure 4. Production rate of S1O2 as a function of precursor concentration. 
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SYNTHESIS AND CHARACTERIZATION OF ADVANCED MATERIALS 

Figure 5. T E M micrograph of as-synthesized S1O2 powder. 

Figure 6. T E M micrograph of as-synthesized T1O2 powder. 
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Table I: Chemical Composition of the As-synthesized powder 
Element Amount (ppm) Element Amount (ppm) 
Calcium <10 Manganese < 1 

Cadmium <1 Molybdenum < 10 
Chromium <2 Nickel <2 

Cobalt <2 Potassium 63 
Copper 11 Sodium <10 

Iron 4.9 Vanadium <10 
Lead <5 Zinc <2 

Magnesium <10 Zirconium <16 

opaque since the interagglomerate pores are too large and scatter light. The as-
synthesized T1O2 powder consists of a phase mixture of rutile and anatase, which 
on annealing at temperature above 800° C., transforms to rutile. This sequence of 
phase transformation is shown for a series of x-ray diffraction measurements in 
Figure 8. 

Results: Modeling and Diagnostics 

One goal of the present study is to develop a process model which can predict par
ticle sizes, size distributions, and production rates for a specified precursor given 
the process parameter inputs (e.g. pressure, fuel equivalence ratio, flow rates, 
etc.). Such a model would inevitably involve complex gas phase chemistry which 
would be capable of predicting the chemical and thermal environment through 
which the precursor gas passes. Considerable progress has been made with com
bustion chemical mechanisms, especially for methane and hydrogen fuels. These 
full mechanisms can readily be applied to one-dimensional flows such as those in 
our study, and the numerical solution remains computationally tractable. 

Two problems arise, however, when applying these models to the deposition 
environment. In general, the 1-D models cannot predict the temperature profile 
with a high degree of accuracy in unstrained flames. This is typically because 
the models do not account for radiative losses or radial conduction. In addition, 
temperature predictions in hydrogen/oxygen flames are especially poor due to 
the rapid radial diffusion of H and H2. In stagnation-point flames with high 
burner diameter to gap ratios, the models have been demonstrated to predict 
temperatures much better since axial conduction and chemical heat release are 
the dominant terms which control the temperature profile. Inability to predict 
the temperature profile will lead to inaccurate chemical species concentrations 
even if the kinetics in the model are correct. In these flames, the diameter to 
gap ratio is only about 1.5, and so there is much concern as to whether the 
temperature profile is predictable, especially when hydrogen is used as a fuel. 

The second problem concerns the effect of the precursor addition on the 
flame chemical structure. Past studies have shown that in some environments, 
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Figure 7. Photograph of a transparent A I 2 O 3 compact placed over the letters 
N,L and U . As-synthesized powders were compacted into a pellet at a pressure 
of 500 MPa. 

X3 

τ ι ο 2 
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Figure 8. Evolution of the rutile phase during annealing. The as synthesized 
powder is a 30:70 mixture of anatase to rutile. The met astable anatase phase 
is stablized at small grain/particle sizes. On annealing the grain/particle size 
increases accompanied by transformation to the stable rutile phase. 
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the addition of HMDS does not affect the OH number density profile in the 
flame, and thus probably does not alter the fundamental chemical structure of 
the flame. This enables the process model to decouple the flame kinetics from 
the precursor pyrolysis/condensation kinetics, which is a valuable simplification 
since the kinetics of species like HMDS in a reactive environment are not well 
known. The decoupling allows the flame structure to first be calculated without 
the precursor, then the time/temperature/chemical environment history of an 
'inert' mass of fluid can be inferred. It is this history that is then applied to a 
simplified precursor kinetic model to predict particle sizes and production rates. 
Establishing whether or not this decoupling is allowable was a goal of the initial 
diagnostics effort. 

To probe the chemical and thermal environment of these deposition flames, 
we chose to use fluorescence of OH which provides a strong signal in most lean 
flames and can be used to determine temperature. To eliminate problems due to 
a strong particle scattering signal, we pumped the (1-0) band of the ΑΣ <— XU 
transition near 282 nm and collected fluorescence in the (1-1) band near 315 
nm. Since the deposition runs are short, signal strengths must be large in order 
to collect the requisite data with a minimum of signal averaging. Therefore, 
we operate in the partially saturated regime for fluorescence. This allows us to 
readily obtain relative OH number density profiles, though conversion to absolute 
number densities is made more difficult. For the temperature measurements, we 
collect fluorescence from 2-4 lines to create a Boltzmann plot from which we 
estimate the local temperature. We choose lines with very similar Β coefficients 
in order to minimize the effects of partial saturation. Thus, the data can be 
processed assuming linear or fully saturated conditions, and the difference is less 
than 20 K . Typical 2σ uncertainties for the flame temperature measurements 
range from 50-150 K . For the OH number density profiles, we choose to excite 
ground states which have population fractions which do not vary much over the 
expected ranges of temperatures in the flames. This minimizes the temperature 
corrections required to the obtained profiles. 

Figure 9 shows a temperature profile obtained in a hydrogen/oxygen flame, 
and the predictions of the 1-D model. The 1-D model is as much as 200 Κ 
too high at the centerline, though the shape of the profile is very similar. In 
methane/oxygen flames the agreement has been slightly better, but still of the 
order of 100 Κ off the predictions. This suggests that a more comprehensive mod
eling approach must be taken in order to accurately predict the flame temperature 
profile. 

The effect of the precursor appears to depend, as expected, on the precursor 
flow rate. Figures 10 and 11 show OH number density profiles before (circles) 
and after (triangles) precursor addition for two different flames, an H2/O2 flame 
with a very low precursor flow rate and a C H 4 / O 2 flame with a precursor flow 
rate typical of production conditions. The low flow condition shows a very small 
difference between the profiles with and without precursor addition, while the 
average flow case shows a much more dramatic difference both in shape and 
magnitude of the OH profile. Thus, the precursor under normal operating con-
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Axial Distance from Burner (cm) 

Figure 9. The experimental and 1-D model predictions of the temperature 
profile in a hydrogen/oxygen flame. The substrate is at 2.22 cm. 

Distance from Burner (cm) 

Figure 10. The relative OH number density profiles in a hydrogen/oxygen 
flame with (triangles) and without (circles) precursor addition for the case of 
a very low precursor flow rate. The line is the prediction of the 1-D model, 
normalized at the peak N Q H value. 
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Figure 11. The relative OH number density profiles in a methane/oxygen 
flame with (triangles) and without (circles) precursor addition for the case 
of a typical precursor flow rate used in production conditions. 

ditions, is significantly affecting the flame structure, and cannot be neglected in 
the chemical calculations. 

Conclusions 

We have demonstrated high rate synthesis of several oxide nanopowders using 
C F - C V C . The powders exhibit virtually no agglomeration and are of high pu
rity. The technique is readily scalable to production of non-agglomerated oxide 
nanopowders in commercial quantities. Initial studies aimed at characterizing 
the synthesis environment have demonstrated the ability to measure tempera
ture and radical concentrations in these deposition environments. However, the 
simplified model predictions are currently only qualitatively correct. There is 
evidence for substantial coupling of the precursor decomposition chemistry and 
the flame chemistry at higher precursor flow rates, which must be addressed in 
future modeling efforts. 
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Chapter 16 

In-Situ Particle Size and Shape Analysis During 
Flame Synthesis of Nanosize Powders 

S. Farquharson1, S. Charpenay1, M. B. DiTaranto1, P. A. Rosenthal1, 
W. Zhu2, and S. E. Pratsinis2 

1Advanced Fuel Research, Inc., 87 Church Street, East Hartford, C T 06108 
2Department of Chemical Engineering, University of Cincinnati, 

Cincinnati, O H 45221-0171 

The unique chemical, electromagnetic and mechanical properties of 
nanosize particles have generated a demand for a supply of uniform 
and well characterized particles to develop new applications. 
Although flame synthesis has been successfully scaled up to 
commercial production of micron and sub-micron particulates, 
control of nano-particle size, shape, phase composition, and 
aggregate size is difficult because flame temperature, residence time 
and precursor loading all influence these parameters. A Fourier 
transform infrared spectrometer was interfaced to a diffusion flame 
reactor to measure these parameters during the production of TiO2 

and SiO2 by oxidation of TiCl4 and SiCl4, respectively. Rayleigh 
scattering theory was used to generate spectra to match measured 
infrared absorbance spectra based on particle size, shape and number 
density. The approach successfully monitored changes in particle 
size and shape as a function of process conditions. Theoretical 
spectra matched to in-situ measurements identified shapes, ranging 
from spheres to needles. These shapes were confirmed by post
-process transmission electron microscopy. 

Recently, nanosize particles (diameters below 100 nm) have demonstrated 
enhanced properties in a number of applications. For example, ceramic layers 
formed from nano-particles demonstrate improved adhesion, ductility, and 
mechanical strength (7). Changes in chemical, physical and mechanical properties 
compared to bulk materials, such as a lower melting point, are attributed to the 
relative number of atoms or molecules on the surface of the particle becoming 
comparable to that inside the particle (7). The predominant methods of preparing 
these particles are based on aerosol processes, such as flames (2), tube furnaces (3), 
gas-condensations (¥), thermal plasmas (5), etc., designed to provide sufficient 
temperature to promote gas-to-particle conversion. However, until now, only flame 

170 © 1998 American Chemical Society 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
O

ct
ob

er
 4

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 D
ec

em
be

r 
15

, 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
1.

ch
01

6

In Synthesis and Characterization of Advanced Materials; Serio, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1997. 



16. FARQUHARSON E T A L . Flame Synthesis of Nanosize Powders 171 

processes have been scaled up to produce commercial quantities of ceramic 
particulates, such as titania (Ti0 2) and silica (Si0 2), albeit with typical particle 
diameters of 200 nm and above. The challenge is to design aerosol flame reactors 
capable of producing particles well below this size, indeed less than 100 nm in 
diameter. Furthermore, control of the particle shape, size distribution and, in some 
cases, crystalline phase is often important for various applications. For example, 
rutile T i 0 2 has a significantly higher index of refraction than anatase T i0 2 , and is 
preferred in pigments where high opacity is desired (a $2 billion/year business 
worldwide (6)). Although extensive studies have shown that flame temperature, 
residence time and precursor loading are key variables in determining the final 
particle size and phase composition (7-13), control of the particle properties 
remains difficult. This is exemplified in Figure 1, where different reactant mixing 
configurations were used to promote different size T i 0 2 particles, but also 
profoundly influenced the shape and possibly the phase composition of the 
particles. 

Figure 1. Transmission electron micrographs of titania formed by different reactant 
mixing configurations, A and B. See Reference 14 for details. 

We have been investigating the influence of various reactor design 
parameters in the flame synthesis of titania and silica produced from the oxidation 
of T iCl 4 and SiCl 4 , respectively (14,15). A diffusion flame reactor design is used 
since it provides a stable flame over a wide range of operating conditions (16). 
Nucleation sites form directly from the chemical product, e.g., T i0 2 , and grow by 
Brownian coagulation and sintering (17). In the present study, we describe the 
development and use of infrared spectroscopy to perform in-situ measurements of 
particle size, shape and distribution within the aerosol flame. The goal is to better 
understand particle formation and growth, and ultimately control the flame reactor 
and produce nanoscale particles with the desired properties. 

Previously, we demonstrated the ability of infrared spectroscopy to measure 
particle size in streams of ash, coal, and silica (18). The size determinations are 
based on Mie theory, which provides a general relationship between particle size 
and the wavelength dependence of infrared light scattering. Here we focus on the 
determination of particle shape, in addition to size, and report in-situ measurements 
of both titania and silica particles formed in a diffusion flame reactor. 
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Infrared Light Scattering by Particles 

The analytical approach is based on the general relationship between the measured 
infrared absorbance (A v) and the absorption of gases and extinction of particles, 
which is given by (19): 

where τ is the transmittance, k v is the absorptivity for the gas (cm2/mole) at infrared 
frequency ν (cm*1), C o n c is the concentration of the gas (mol/cm3), N { is the number 
density of the i t h particle (number/cm3), A { is the projected area of the i t h particle 
(cm2), F e x t j is the extinction efficiency of the i t h particle at a given collection angle 
(dimensionless), and L is the pathlength through the sample stream. The first term 
represents gas absorption while the second term represents particle absorption and 
scattering. The parameters k v and F e x t i v are usually independent of C o n c and Nj 
respectively, except when C o n c and Nj are very large. The major difference between 
the two terms is that gas absorption bands are a few hundred wavenumbers wide 
and, when sufficient spectral resolution is used, are often accompanied by sharp 
bands due to the distribution of the absorption to rotational energy levels. In 
contrast, particle absorption bands do not contain rotational fine structure and the 
scattering term results in a broad feature that varies smoothly across the whole 
spectrum. The combination of the gases and particles produces a spectrum with gas 
and particle absorption peaks superimposed upon a baseline shift due to particle 
scattering. For example, Figure 2 shows gas phase infrared absorptions due to H 2 0 , 
CO, C 0 2 , and C H 4 on top of a tilted baseline due to T i 0 2 infrared particle extinction 
(note: absorption by T i 0 2 solid phase particles at 765 cm*1). The absorption and 
scattering features are easily separated. 

A v = -log τ = ])^C^ + J^^^)V2303 0) 

} I 1 ι ι 1 I t ι ι ι ι ι ι 1 ι 1 i 
500 1000 2000 3000 4000 

Wavenumbers 
5000 

Figure 2. Infrared spectrum of T i 0 2 in an aerosol flame. 
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Mie theory gives a general description of light scattering by particles, and 
allows prediction of the extinction spectrum for a collection of particles given the 
particle sizes and their optical constants (20). Assuming no gaseous species are 
present (i.e. C o n c = 0), Equation 1 can be rewritten in terms of the extinction cross-
section, C e x ( j (the extinction efficiency per cm2 of particle surface area) and η , the 
number of particles per cm2 of infrared beam. 

The equation for Mie scattering comes directly from solutions to Maxwell's 
equations applied to a spherical particle and the medium surrounding it (20). The 
extinction cross-section can further be defined as a combination of absorption and 
scattering, such that: 

The contribution of the two effects is apparent in the infrared spectrum of 
T i 0 2 particles (Figure 3), where the low frequency (< 1000 cm"1) is dominated by 
the infrared absorption at ~ 760 cm*1, and the high frequency is dominated by 
scattering resulting in a sloping baseline. 

Although Mie theory provides an excellent description of the scattering 
(high wavenumber) term, the description of the absorption term is limited to 
spheres. This is unfortunate, since it is clear from Figure 1 that nanoscale T i 0 2 

particles may be better described as ellipsoids. Furthermore, for particles smaller 
than the incident infrared radiation wavelength, the electric field component of the 
infrared radiation induces a polarization charge at the surface of the particle. These 
surface modes result in a strong shape dependency in the infrared absorption (21). 
This shape dependency of the absorption can be addressed by Rayleigh scattering 
theory, which is a limited subset of Mie theory and applies when the particles are 
much smaller than the infrared wavelength, specifically when |mv|27trv < 1, where 
m - η + ik9 m is the complex index of refraction, η is the refractive index, k is the 
absorptive index, r is the particle radius, and ν is spectral frequency. This condition 
is met for the T i 0 2 particles examined here, i.e., ν < 1000 cm"1 (λ > 10 μπι, and 2πτ 
< 10 μιη). 

Rayleigh theory defines the extinction of light for spherical particles in 
terms of their polarizability, av(20): 

(2) 

'sea (3) 

C a b s = 6 7 t v M m V l m a v (4) 

C s c a = 24π 3 (ν«„) 4 ν 2 | α ν | 2 (5) 

where α ν = (ε ν - ε„)/(ε ν + 2sm) (6) 

and ε = m2 = (n + ik)1 (7) 
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nm is the refractive index for the matrix, V is the particle volume (4/3πΓ3), α ν is the 
polarizability of a sphere, and ε ν and sm are the dielectric constants for the particle 
and the matrix, respectively. Im signifies the imaginary component of the complex 
expression. 

The crystalline structure of rutile T i 0 2 is tetragonal and is optically 
anisotropic, and consequently two sets of optical constants are required, one 
parallel (wp a r a) and one perpendicular (mperp) to the crystal c-axis. The literature 
values of η and k are used to compute the dielectric function as 1/3 w p a r a and 2/3 
m p e r p for T i 0 2 in accordance with Equation 7 (22). Once calculated, the spectra 
along with the dielectric function of the medium (em = 1 for air, sm = n^2 = 2.33 for 
KBr) are entered into the above equations as needed. 

Figure 3 shows the calculated extinction spectra for several sizes of T i 0 2 

particles. The absorptive index, k is represented by an absorbance band at 730 cm"1, 
since it is proportional to the concentration of T i 0 2 present in the infrared beam 
according to k = kj(4nv) and Equation 1. While the refractive index, η yields a 
broad scattering contribution throughout the mid and near infrared. The principal 
difference between Rayleigh and Mie scattering theory, is that the latter accounts 
for internal optical reflections, which become apparent as the particle size 
approaches infrared wavelengths (see Figure 3B). This results in intensity maxima 
and minima due to constructive and destructive reflective interferences. 

1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000 
Wavenumbers 

Figure 3. Calculated extinction spectra for 200, 500 and 1000 nm (1 μιη) diameter 
T i 0 2 particles using A) Rayleigh and B) Mie scattering theory. 
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Rayleigh theory may be extended to encompass ellipsoids (including 
spheres, discs, and needles), cubes, or a continuous distribution of ellipsoids. The 
average polarizability can be rewritten to include a geometric shape parameter, Lj 

<avj> = l/3Zj [(εν - eJ/( sm + - ej)] (8) 

where L, = abc/2 J [(a2 + q)f(q)]-fdq, (b2 for L 2 , b3 for L 3 ) (9) 

and f(q) = [(q + a2)(q + b2)(q + c 2)] 1 / 2 (10) 

The principal dimensions of the ellipsoid are a, b, and c, and the integral of q is 
from zero to infinity. Lj can have values from 0 to 1, with the constraint, ELj = 1. 
For example, for a sphere, a = b = c, and Lx = L 2 = L 3 = 1/3, for a disk, a = b » c , 
and L, = L 2 (as c => 0, L„ L 2 => 0, L 3 =>1), and for a needle, a » b = c, and L 2 = L 3 

(as b, c 0, L, =>0, L 2 , L 3 => 1/2). A detailed discussion of the geometric factor is 
provided in reference 20. The effect of particle shape on the T i 0 2 absorption band 
is shown in Figure 4A, in which the infrared absorption (Equation 2) is calculated 
using 100 nm particles in Equation 3 and assuming C a b s » C s c a . Although an 
aerosol flame would ideally generate particles that consist of identical spheres or 
ellipsoids, a distribution of shapes is more likely. For this reason, a continuous 
distribution of ellipsoids is introduced for Lj in Equation 8 composed of a Gaussian 
distribution about Lj with a standard deviation σ. Figure 4B shows absorption 
spectra for a normal distribution of ellipsoids about 100 nm radius T i 0 2 spheres 
with a standard deviation in geometric shape of 0.02, 0.05, 0.1 and 0.2. 

I 1 1 1 1 1 I 1 1 1 1 1 
500 600 700 800 900 1000 500 600 700 800 900 1000 

Wavenumbers 

Figure 4. T i 0 2 absorption band for 100 nm spheres and ellipsoids. A) Distinct 
values of Lj yield three distinct absorption maxima. B) Increasing the standard 
deviation, σ = 0.02, 0.05, 0.1 and 0.2. broadens the absorption and shifts it to lower 
wavenumbers. Scattering = 0 in this spectral region. 
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Experimental 

Salt Pellets. Initial testing of these software programs were conducted by 
casting KBr salt pellets containing either T i 0 2 or S i0 2 particles of known size. The 
average grain size, d p, was determined from the particle density, p p and the powder 
specific surface area, A , measured by nitrogen adsorption (Gemini 2360, 
Micrometrics) according to d p = 6/(ppA), the BET equation (Brunauer, Emmett, and 
Teller) (25). The average density of anatase (3.84 g/cm3) and rutile (4.174 g/cm3) 
was used for the T i 0 2 calculations, whereas 2.2 g/cm3 was used for Si0 2 . In both 
cases, the error is approximately 10% of the calculated diameter. The particle 
diameters or d p were: 1) 19 nm Ti0 2 , 2) 144 nm Ti0 2 , 3) 13 nm Si0 2 and 4) 85 nm 
Si0 2 . The pellets concentrations typically were 1 mg of sample per 300 mg of KBr. 
Transmission electron micrographs (TEM) were obtained on a Philips E M 400 
microscope operating at 100 kV or a C M 20 operating at 200 kV. 

Diffusion Flame Reactor. The diffusion flame reactor used to study the 
formation of titania and silica particles consists of a series of three concentric 
quartz tubes, similar to that described by Allendorf et al (24) (see Figure 5(a)). A 
detailed description of the apparatus is given by Pratsinis et al (15). The central 
tube was 5 mm in diameter and the spacing between successive tubes was 1 mm. 
The vertically positioned furnace can be heated to 1450 °C. Methane (Wright 
Brothers, 99%) was used as fuel to produce a "hydrocarbon assisted" flame, while 
air or pure oxygen (Wright, 99.9%) was used as oxidant. The chemical vapor 
precursor used was generated by passing argon through a bubbler (b) containing 
either liquid T iCl 4 or SiCl 4 (Aldrich, 99.9%). The argon (Wright Brothers, 99.8%) 
and all reactant flow rates were metered by rotameters (c) (Linde), and the 
temperatures were measured by thermocouples T2 and T3 (Omega) or thermometer 
T l (d). The maximum temperature of each flame was measured by placing a 
0.015" Pt-Rh R-type thermocouple (Omega) in the flame tip in the absence of the 
precursor. The precursor loading was controlled by carefully controlling the 
bubbler temperature using an electrically heated mantel. For example, at 65 °C., an 
argon flow rate of 0.25 L/min resulted in lxl0" 3 mole/min T i0 2 . 

Numerous flame configurations can be obtained by selecting which gas 
(fuel, oxidant or precursor) or gas combination passes through which quartz tube. 
For the present study two flame configurations were used. For T i 0 2 production, the 
Ar, T iCl 4 precursor vapor, and C H 4 fuel passed through the central tube of the 
burner (a), and air as oxidant passed through the outer tube (flame configuration 1). 
For S i0 2 production, the Ar and SiCl 4 precursor vapor passed through the central 
tube of the burner (a), the C H 4 fuel passed through the middle tube, and the oxidant 
(air or 0 2) passed through the outer tube (flame configuration 2). The fuel-to-
oxidant ratio was varied from lean to rich by holding the fuel flow rate constant at 
0.4 L/min and changing the air (or 0 2 ) flow rate to 2.5, 3.8 or 5.5 L/min. The 
precursor mantel temperature was set to 65 °C for T i 0 2 and 25 °C for S i 0 2 to 
regulate the precursor loading. The argon flow rate was maintained at 0.25 L/min. 
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The temperature of the burner and the manifold are kept 200 °C above the bubbler 
temperature to prevent condensation of the precursor in the lines. 

Particles synthesized in the flame were collected on glass fiber filters with 
the pore size of 0.2 μπι (Gelman Scientific; 143 mm) placed inside a stainless steel 
open-faced filter holder (e). The particle collection unit was placed 120 mm above 
the tip of the burner in all experiments. Since the luminous part of the flame was in 
the range of 20-90 mm, a distance of 120 mm between the collector and the flame 
sufficed to quench particle sintering since the temperature drops very quickly 
downstream of the flame front. For example, the measured temperature at the filter 
is less than 300 °C., while at the flame front it can be as high as 1600 °C. Sampling 
was facilitated by a vacuum pump (g) and, for safe operation, the corrosive by
products such as C l 2 and HC1 were removed from the exhaust by passing them 
through a 1M NaOH aqueous solution (f) before being released to the fume hood. 

To Hood 

NaOH 

Optical 
Base-Plate 

• IR Beam 

70 
mm 

Fourier Transform 
Infrared 

Spectrometer 

105 
mm 

DTGS 
Detector 

(d )@ 

C H d 

(a) 

Oxidant 

Ar/TiCl 4 

C H 4 

Flame Configuration 2 

Oxidant 
rAr/TiCl 4 

l C H 4 

Flame Configuration 1 

TiCl 

Figure 5. Schematic of diffusion flame reactor, flame configurations 1 and 2, and 
FT-IR interface. 

FT-IR Optical Interface. The optical interface employed an aluminum 
base-plate attached to a Bomem MB-155 interferometer (see Figure 5). The base
plate extended over the burner and supported a deuterated triglycine sulfate 
(DTGS) detector. A hole was located in the middle of the base-plate to pass the 
flame. Two mirrors were mounted on pitch and yaw stages to transmit the infrared 
beam from the interferometer through the flame to an off-axis parabolic mirror, 
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which focused the beam on the detector. The top of the burner was 1 " below the 
base-plate to position the bottom of the 1.25" diameter infrared beam at the tip of 
the flame. Previous studies indicated that the chemical reaction and particle growth 
by sintering were complete at this position, however, the extent of agglomeration 
was unknown. 

An experimental set (usually 10 spectra) consisted of 200 averaged scans 
per spectrum at 4 cm"1. The absorptions, based on peak height, were used to 
compare changes in relative concentration due to experimental conditions (e.g. ratio 
of fuel to oxidant). Since methane is overlapped by HC1, the HC1 band at 
2727 cm"1 (equivalent in intensity to the HC1 band at 3015 cm"1) was subtracted 
from the methane band at 3015 cm"1. T i 0 2 and S i0 2 absorptions were measured at 
765 and 1130 cm"1, respectively. 

Results and Discussion 

Salt Pellet Measurements. Initial method validation was performed by 
casting KBr pellets containing particles of known size and recording infrared 
transmission spectra. Figure 6 shows the measured infrared spectrum for T i 0 2 

particles in KBr. The figure includes the best match to the height of the T i 0 2 

absorption and the curvature of the base-line calculated according to Rayleigh 
theory. The full spectrum match defines both a unique particle diameter and a 
unique concentration factor. Indeed, the program predicts a diameter of 154 nm for 
the T i 0 2 sample, a close match to the measured diameter of 144 nm by nitrogen 
adsorption. The accuracy is demonstrated in an expanded view of the high 
wavenumber range, which includes spectra predicted for ± 6 nm. The program also 
fit the T i 0 2 absorption with a narrow distribution of nearly spherical ellipsoids (L,, 
L 2 , L 3 = 1/3, σ = 0.075). The mismatch between the measured and calculated band 
intensity maxima at 660 cm"1 is due to complete absorption of the infrared radiation 
at this wavenumber by the sample (saturation), while the calculated intensity is 
scaled by the concentration factor. This factor represents the number of particles in 
the infrared beam n i 9 and can be used along with the calculated particle radius and 
the density of T i 0 2 to determine the mass of T i 0 2 in the beam. Fitting the 
measured absorption band along the sides yields the diameter given and a mass of 
0.34 mg based on m = (4/3)πΓ 3ρ ρη ί, with η equal to 4.46x1010 particles in the beam. 
The expected mass is 0.58 mg based on the amount of material used to prepare the 
sample. The difference is likely due to the error in fitting the attenuated T i 0 2 

infrared band. 

In-Situ Flame Measurements. The reactor is designed such that a number 
of parameters can be changed and investigated. This includes flame configuration, 
oxidant type, oxidant-to-fuel ratio, relative precursor concentration, and overall 
flow rates. Here we investigate oxidant type, air or pure oxygen, and oxidant-to-
fuel ratio as a function of increasing oxidant flow rate. The latter is known to affect 
particle size, while the former is known to affect particle shape (14,15). Figure 7 
shows infrared spectra recorded during the production of T i 0 2 particles in which 
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h 0.8 

1 1 r 
1000 2000 3000 4000 

Wavenumbers 

h 0.2 

5000 6000 

Figure 6. Measured and calculated infrared absorbance spectra for T i 0 2 particles in 
KBr pellet. Diameter measured: 144 nm, calculated: 154 (±6 nm, expanded view). 

5.5 L/min 

3.8 L/min 

2.5 L/min 

1000 2000 3000 
Wavenumbers 

4000 5000 

Figure 7. Measured infrared absorbance spectra for T i 0 2 particles in a diffusion 
flame reactor for air flow of 5.5, 3.8, and 2.5 L/min. (See Figure 8 for y scale.) 

the oxidant (air) flow rate was increased, while the fuel (methane) flow rate was 
held constant. The spectra are referenced to the flame burning fuel in the absence 
of T iC l 4 (air: 5.5, methane 0.4 L/min). This results in both positive and negative 
peaks, indicative of more or less of a chemical compound with respect to the 
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reference flame. This is understood in terms of the oxidation and hydrolysis 
reactions of TiCl 4 (25). In the absence of TiCl 4 , the hydrocarbon combustion 
reaction is: 

C H 4 + 20 2 -> 2H 2 0 + C 0 2 [1] 

resulting in H 2 0 and C 0 2 bands in the reference spectrum, as well as any unburned 
C H 4 . In the presence of TiCl 4 , the oxidation reaction is: 

T iCl 4 + 0 2 -> T i 0 2 + 2C12 [2] 

and the hydrolysis reaction is (where H 2 0 is provided by Reaction 1): 

T iCl 4 + 2H 2 0 -> T i 0 2 + 4HC1 [3] 

These reactions result in positive T i 0 2 and HC1 (fine structure between 2500 and 
3000 cm"1) spectral bands, but negative C H 4 bands (band at 3015 cm"1, consumed in 
Reaction 1). For the present set of flow conditions, increasing the oxidant flow rate 
has virtually no effect on these concentrations, while the C 0 2 concentration slightly 
increases (excess produced in Reaction 1) and the H 2 0 concentration slightly 
decreases (consumed in Reaction 3). These data suggest that this flame 
configuration, which premixes the C H 4 and TiCl 4 , tends to regulate the oxidation 
and hydrolysis chemistry. 

Again, the measured spectra were matched with theoretical spectra based on 
Rayleigh scattering theory using a unique particle diameter, concentration and 
shape factor. The base-line was fit at spectral regions where the gas phase 
absorbencies are absent, i.e. at 2000 cm"1 and above 4200 cm"1. For example, 
Figure 8 shows the best fit for an oxidant flow rate of 3.8 L/min. The predicted 
particle diameter is 152 nm, with a significant distribution about spheres (σ = 0.2, 
see Inset of Figure 8). Although the specific surface area was not measured for 
particles produced at this precursor temperature of 65 °C., particle diameters of 110 
and 150 nm have been determined for precursor temperatures of 50 and 80 °C., 
respectively. A l l other conditions were identical. A T E M of particles produced at 
the precursor temperature of 50 °C., yielded an average diameter of 100 nm 
(statistical average of 40 measured particles, see Figure 8B). Both post-process size 
measurements indicate that the diameters calculated from in-situ infrared 
measurements are reasonably accurate, especially considering the departure from 
perfect spheres. 

The infrared data indicate that the particle diameter above the flame 
decreases with increasing oxidant flow, while the number of particles increase, and 
overall mass increases slightly. This data is consistent with particle size 
determinations by specific surface area for an identical set of flow rates using flame 
configuration 1 (see Table I). Both data sets suggest that the increase in flow rate 
reduces the extent of sintering and consequently smaller particles are produced. 
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Figure 8. A) Theoretical fit to middle spectrum in Figure 7 corresponding to 
2.9xl0 7 particles/cm2 of 152 ± 8 nm diameter, with L„ L 2 , L 3 = 1/3, and σ = 0.2 
±0.02. Β) T E M of particles produced using the same flame configuration and flow 
rates, but a 50 °C precursor temperature. 

Table I. Parameters Determined for Three Oxidant Flow Conditions for Ti0 2 

Air Flow Rate 
(L/min) 

Particle Diameter 
(nm) 

BET* Infrared 

Number of Particles 
η,· 

(xlO7) 

Particle Mass 
(mg/cm2) 

(xlO'6) 

2.5 136 200 1.1 1.92 
3.8 88 152 2.9 2.23 
5.5 75 138 4.3 2.47 

* BET data for flame configuration 2. 

The wavenumber at which the T i 0 2 absorption band occurs in the measured 
infrared spectra (see Figure 7) is shifted from the wavenumber predicted by theory. 
The absorption maximum, which is usually coincident with the Frohlich frequency 
(vF, the lowest-order surface mode) (20), can be calculated from the transverse 
optical mode of the material ( ν γ ο ) , as long as the dielectric function is known for 
the material at zero (ε0) and infinite frequency (einf), and the dielectric function for 
the matrix ( s j , according to (20): 

v F
2 = V T O

2 [ ( 8 0 + 2 8 j / ( 8 i n f + 2 6 j ] (11) 
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For T i0 2 , ν γ ο = 214 cm 1 , ε 0 = 102 at 10 cm"1, e inf = (2.566)2 at 10,000 cm-1, and em = 
1.0 for air. This predicts an absorption at 732 cm"1 for air, and 660 cm"1 for KBr (sm 

= 2.33). Although we observe the absorption band at the correct frequency for 
T i 0 2 in KBr (see Figure 6), the absorption occurs at 765 cm'1 for T i 0 2 in the flame 
reactor. Several possible changes in the properties of the particle could explain this 
discrepancy. We believe two explanations are reasonable. First, the high 
temperature of the particles within the flame may result in a change in the optical 
constants. Indeed research by Farquharson et al. has shown significant changes in 
the reflectance spectra of a thin layer of S i0 2 on Si at similar elevated temperatures 
(26). Here the T i 0 2 particles are at temperatures greater than 1200 °C. 
Unfortunately, temperature data at present are unavailable. A second possibility is 
that, in the flame, the T i 0 2 particles are not pure rutile, but may also contain a 
significant percent of the anatase crystalline form. Indeed, x-ray diffraction 
measurements (Siemens, D500) of T i 0 2 formed under identical conditions yield 
approximately 85% anatase by weight (14)\ The optical constants for anatase are 
also unavailable. However, it is known that anatase has a more open structure and 
has a refractive index less than rutile in the visible (27). A value of ε ί η Γ = (2.37)2 

yields the desired wavenumber shift. In this regard, a change in optical constants 
due to either temperature or crystalline form could explain the observed spectral 
shift in the T i 0 2 absorption band. Other possible changes in particle properties, 
such as porosity (18) and TiO x Cl y intermediate formation (28, 29), were considered, 
but these properties predict a shift in the T i 0 2 band to lower, not higher, 
wavenumbers. 

Figure 9 shows infrared spectra recorded during the production of S i0 2 in 
which pure oxygen or air was used as oxidant. Again the spectra are referenced to 
the flame burning fuel in the absence of SiCl 4 (oxygen or air: 3.8, methane 0.4 
L/min). The spectrum obtained for pure oxygen was fit with a spectrum calculated 
for S i0 2 particles with a diameter of 185 + 5 nm with a narrow distribution about 
spheres (L„ L 2 , L 3 = 1/3, σ = 0.16 ± 0.02), and a concentration factor, η 
corresponding to 2.9x107 particles per cm 2 of infrared beam. 

The most significant change was observed when the oxidant was changed 
from oxygen to air. The use of air produces a doublet for the S i0 2 absorption peak. 
Similar to the T i0 2 , this doublet may be due to a change in the optical constants as 
a function of temperature or crystal structure. (X-ray diffraction measurements 
indicate a highly amorphous content (14)). Surprisingly, the doublet can be fit i f a 
unique needle shape is assumed for the particles (L 2 , L 3 = 0.495, and σ = 0.07). 
The uniqueness of the shape is demonstrated by the detailed comparison of 
variations in L and σ, shown in Figure 10. A simple relationship between the 
geometric factor and the principle dimensions of the needle can be derived from 
Equations 9 and 10, in terms of the eccentricity, e (20): 

L, = [(l-e2)/e2][(l/2e)ln[(l+e)/(l-e)] -1], where e2 = 1- b2/a2 (12) 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
O

ct
ob

er
 4

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 D
ec

em
be

r 
15

, 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
1.

ch
01

6

In Synthesis and Characterization of Advanced Materials; Serio, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1997. 
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The fit in Figure 10 corresponds to L, = 0.01, and Equation 12 yields a = 20b = 20c 
(a cigar shape), which gives a = 1253, and b = c = 63 ± 4 nm, and a concentration 
factor of4.8x!0 6. 

Figure 9. Measured and calculated infrared absorbance spectra for S i0 2 particles in 
a diffusion flame reactor using A) oxygen or B) air as oxidant. Rayleigh theory 
successfully fits both measured spectra using A) spheres for oxygen and B) needles 
for air as oxidant. 

0.03 

Wavenumbers 

Figure 10. Comparison of calculated values for Α) σ (s) and Β) L with measured 
spectra. 
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The cigar shape is reasonable in view of TEMs measured for T i 0 2 particles 
produced in air versus oxygen as the oxidant, as seen in Figure 11 (14). The TEMs 
suggest that air yields faceted particles that are fused together forming strings or 
ribbons, while oxygen produces larger, spherical particles. This is likely due to the 
higher flame temperature (by approximately 500 °C) obtained with pure oxygen, 
which promotes greater sintering and less agglomeration. 

A 

Figure 11. Transmission electron micrographs for T i 0 2 produced using A) oxygen 
and B) air as oxidant. Reproduced with permission from Reference 14. Copyright 
1996 ACS. 

Conclusions 

The ability of infrared spectroscopy to measure particle size and shape in a 
diffusion flame reactor was successfully demonstrated. Rayleigh scattering theory 
provided precise size and shape predictions for T i 0 2 and Si0 2 particles as long as 
the particles were below 500 nm in diameter and reasonably mono-dispersed. 
These conditions are relevant for production of nanoscale particles. Accurate size 
determinations were obtained for particles contained in KBr pellets. In-situ infrared 
particle size determinations also compared favorably to post-process nitrogen 
adsorption and transmission electron microscopy size determinations, especially 
when shape is considered. A splitting of the S i0 2 absorption peak occurs when the 
oxidant is changed from pure oxygen to air, which is indicative of a change in 
particle shape from spheres to needles. T E M measurements support this 
conclusion. An anomalous shift in the T i 0 2 absorption band from 732 to 765 cm"1 

was observed in the infrared spectra measured in the flame. It is likely that this 
shift is due to a change in the optical constants for T i 0 2 as a function of 
temperature or crystalline composition. X-ray diffraction measurements of 
particles produced under identical conditions showed that these particles are 
primarily anatase. 

It can be concluded that infrared spectroscopy provides valuable 
information on the following properties: 1) particle size and shape; 2) reaction 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
O

ct
ob

er
 4

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 D
ec

em
be

r 
15

, 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
1.

ch
01

6

In Synthesis and Characterization of Advanced Materials; Serio, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1997. 



16. FARQUHARSON E T A L . Flame Synthesis ofNanosize Powders 185 

efficiency, as determined from infrared absorption bands corresponding to reactant 
and product concentrations; and 3) temperature (gas and solid phase). The latter 
measurements are the subject of a separate report (30). Thus, infrared spectroscopy 
could help elucidate the formation of nanosize particles, as well as provide a 
method for process monitoring and control. This technique could prove 
particularly useful to investigations on the effect of dopants, such as S i 4 + and A l 3 + , 
designed to enhance the phase transformation of anatase to rutile (31), or electric 
fields applied in the flame to control particle size (32,33). 
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Chapter 17 

Reactants Transport in Combustion Synthesis 
of Ceramics 

Ο. E. Kashireninov 

Institute of Structural Macrokinetics, Russian Academy of Sciences, 
142432 Chernogolovka, Moscow Region, Russia 

Diffusion in solids does not ensure the experimentally observed velocity 
of combustion wave propagation in the systems which are traditionally 
considered as gasless and burned in the mode of solid flames (gasless 
solid-state combustion). The phenomenology of indirect interactions, the 
thermochemistry and dynamics of the gas-phase carriers formation, as 
well as their participation in the reactants transport are studied in the 
systems Mo-B and Ta-C. The distributions of the main species in the gas 
phase of the combustion wave are measured in situ with the use of a dy
namic mass-spectrometry (DMS) technique which allows for high tem
poral and spatial resolution. The detailed chemical pathways of the proc
esses were established. It was shown that the actual mechanism of com
bustion in the systems under study is neither solid state nor gasless and 
the reactions are fully accomplished in a narrow front. 

For the last 30 years, the combustion synthesis of oxygenless ceramics has been drawing 
attention, first and foremost because of its evident technological advantages, i.e., sim
plicity of the equipment, high productivity and low consumption of energy. In many 
cases, the combustion synthesis results in compounds, phases and materials that are im
possible to be synthesized by other methods. These investigations were pioneered by A. 
Merzhanov and I. Borovinskaya (7). In later work they, together with their co-workers, 
created the essentials of the thermal theory of powder mixtures combustion and devel
oped a well known method and various modifications of self-propagating high-
temperature synthesis (SHS). 

SHS is based on layer-by-layer combustion of a metal powder mixture with an
other reactant (reactants). Metal-reactant compositions can vary but have to meet the 
condition of adequate heat release to sustain the overall process. It has to be noted that 
processes of this kind have been known for many years (2), but up to the end of the 
I960's they were not used to synthesize materials of complex chemical composition. 

It is evident that SHS, by its chemical nature, is an exothermic redox reaction oc
curring in the frontal mode. Metals (Ti, Zr, Cr, Mo, W and many others) are reductants, 
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188 SYNTHESIS AND CHARACTERIZATION OF ADVANCED MATERIALS 

and carbon (soot, graphite), nitrogen, halogens and others - oxidants. The elements with 
amphoteric properties (B, A l , Si) depending on the second reactant can be reductants 
(nitrides, carbides) as well as oxidants (borides, aluminides, suicides). Various theoreti
cal and experimental aspects (including technological ones) of SHS have been consid
ered in many summarizing publications (see, for example (3,4) where references were 
made on all main reviews published before). The subsequent works have considerably 
extended the number of system types and resulted in the more appropriate classification 
as a type of combustion synthesis. 

It is not essential that, for combustion synthesis, the reactants are elements and 
initially solid (at least one of them). Refractory carbides and nitrides with complex 
chemical compositions (metal halogenides, organometallics, etc.) are also formed in 
combustion of gaseous systems. The special features of combustion synthesis in the gas 
phase were analyzed in the recent review by Brezinsky (5). The synthesis in a gaseous 
system proceeds at a stationary combustion front with moving flows of reactants and 
product. Consequently, these processes differ in essence from combustion of condensed 
systems by the conditions of nucleation and growth of the new phase, which manifest 
themselves in the product morphologies. 

The products of combustion synthesis can be sinters, melts or powders (ultrafine 
included) of carbides, nitrides, borides, suicides, halogenides and other compounds, solid 
solutions or mixed phases, depending on the parameters and conditions of the process. 
There are many preparative and technological procedures for producing various com
pounds, materials and items in the combustion mode. These are described in the scien
tific and patent literature and their consideration goes beyond the framework of the pres
ent paper. The same has to be said about the numerous theoretical and experimental re
sults concerning various aspects of combustion, that are also considered in the above-
mentioned reviews. 

Process Types in Combustion Synthesis 

The processes of combustion synthesis differ considerably in the state of the substance in 
the reaction front (solids, melts, gases). Correspondingly, the transport processes respon
sible for chemical transformations in the combustion front are different as well. On the 
basis of the classifications presented in (3), four main types of processes can be recog
nized. 

In combustion synthesis in gas systems (gas+gas), the reactions occur in counter-
flow or co-flow diffusion flames (SiH 4+NH 3 ->Si 3N 4 (6), Si(CH 3)+C 2H 4+0 2 ->SiC (7), 
TiCl 4+N 2+Na-»TiN (8), etc.). Here, the process is controlled by the diffusion in gases. If 
the characteristic time of diffusion, TD, is lower than the characteristic time of chemical 
reaction, TR, then a process occurs in the kinetic mode. The conversion (η) for gas+gas 
systems may be as great as 100%. 

The interaction of gases with porous samples formed of metal powders (Ta+N2 

-»TaN (9), Ti+N2 ->TiN (10), etc.) is often limited by the diffusion of the gases in pores. 
As a rule, for the system gas+solid TD>TR. In combination with thermal dissociation of 
the products, this can lead to conversion lowering, with η = 20-70%. 
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17. KASHIRENINOV Combustion Synthesis of Ceramics 189 

When the combustion temperature, Τβ for a mixture of initially solid powders is 
higher than the melting point, 7^ for at least one of the reactants or intermediate phase 
(eutectics) formed in the reaction, the interaction in the system liquids solid takes place 
(e.g., Ti+C-»TiC (77), Ti+B-»TiB (72), etc.). The process is controlled by diffusion in 
the melt in this case (TD>TR). Estimates show that, for these systems, at the front width 
Z,~lmm and a combustion velocity w= 1-10 mm/s, the reactant residence time in the 
front (rr ) at Τβ = 1500-3000 Κ is several orders of magnitude higher than To, resulting in 
close to complete conversion. 

If, for the set of reactants and intermediate products (substances and phases), Tm > 
Τβ and the partial pressure of reactants and products (Pj) at Τβ is much lower than the 
ambient pressure (PQ), it is believed that solid-state combustion takes place and the so 
called "solid flame" is observed. Following common logic, one can suppose that com
bustion synthesis in the system solid+solid has to proceed in the mode of reactive diffu
sion. However, the TD value (at the diffusion coefficient in solids Ds ~10"9 cm2/s and the 
distance equal to the particle size of the metal powder r -10 μηι) can be estimated as 
TD = r2/ Ds ~103 s. This value considerably exceeds the maximum residence time for par
ticles in the front, rr = L I u -10"' s and seems to be in conflict with the conversions 
η > 70% usually observed for these systems. Estimation of the minimum effective diffu
sion coefficient (Dej$ required for the process occurring in a combustion mode (75) gives 
Dejf= u2r2l6y αβββ ~ 10'MO"6 cm2/s at the combustion rate u = 0.1 cm/s, coefficient of 
thermal auto-acceleration of the reaction γ ~ 0.1 and effective thermal diffusivity α6ββ& 
0.55. Judging from these evaluations, the process cannot be frontal in the reactive diffu
sion mode. The possibilities of defect generation with over-equilibrium concentrations 
due to very fast heating and acceleration of diffusion along the grain boundaries do not 
remedy this contradiction that is repeatedly mentioned elsewhere (see, e.g. (3,4)). 

In order to explain and theoretically prove the phenomenon of solid flames, the 
model for wide combustion zones was formulated (14,15). According to this model, the 
degree of chemical conversion in the front was supposed to be insignificant (as opposed 
to the classic theory by Zel'dovich and Frank-Kamenetsky) and the final product forma
tion was assumed to occur in a wide zone behind the front through reactive diffusion. 
Alternative mechanisms of chemical reactions were not considered. 

In this connection, it should be noted that, taking into account the basics of trans
port phenomena, chemistry and the results of a large body of research in this area, the 
above mentioned criterion of gasless combustion Pi (T) «PQ (16) calls for serious ar
gumentation. However, despite having the data on the physics of combustion, phase for
mation and the preparative-structural aspects of the combustion synthesis (interrelation 
of product characteristics with conditions of combustion), information about its detailed 
chemical mechanism(s) is still lacking. At the same time, the chemical mechanism de
fines in many respects other process characteristics and it is hardly (if ever) possible to 
control the synthesis without this understanding. The situation is made more complicated 
due to the fact that the synthesis and phase formation quite often coincide spatially and 
temporally η the combustion wave. Therefore, the sequence of phase transformations is 
usually termed as the chemical mechanism and the question how this or that phase of the 
reaction product was formed remains open. The direct dependence of the chemical 
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mechanism on the system composition and conditions of the reaction (combustion) as 
well as the variety of these mechanisms are evident. In order to determine the chemical 
mechanisms for the systems solid+solid, one must, first of all, define the types and pa
rameters of the key process, i.e., reactant transport. 

The study of the detailed chemical mechanism of solid-state combustion, also 
called gasless combustion (7 7) and solid flames (18), was the goal of present work. The 
combustion processes of the systems Mo-B and Ta-C are considered to be classic exam
ples of this phenomenon and were chosen as the subjects of this study. 

Experimental 

Reactants. The size classified powders of Mo (1-6 μηι particle size), Ta (1-4 μιη), Β 
(amorphous, < 0.1-2.0 μιη) and carbon black were used in the experiments. The admixed 
oxygen contents were 5, 6, 1, and = 1 at.%, respectively. The relative densities of the 
pressed samples were 0.6-0.7. 

Contactless Interaction. As far as diffusion in solids does not obviously provide the 
necessary reactant transport in the combustion wave, it was interesting to study the be
havior of the Mo-B and Ta-C systems in the absence of direct metal-reactant contact. For 
this purpose, metal wires with diameter 1 mm and length 2-3 cm were placed into the 
channel in the pressed reactant (boron) or into the tube (graphite) with internal diameters 
of 2-5 mm, so that the clearance between the metal and reactant surfaces was not less 
than 0.5 mm. The fastening of the wire ends also excluded metal-reactant contact. The 
cross-section of the assembly with a tantalum wire inside a graphite tube is shown in 
Figure 1. The assemblies were heated in a vacuum or a controlled atmosphere in a vac
uum furnace (Mo-B) or by Joule heat released on the wire as a filament of the electro-
thermograph (Ta-C). The temperature in the furnace was controlled with an accuracy of 
±10 K. Time was measured from the moment of insertion of the tube into the furnace (or 
the current in the wire was turned on) until it was removed from it (or the electrothermo-
graph was turned off). 

Gas Phase Composition. The dynamic mass-spectrometry technique (DMS) with mo
lecular beam sampling was used to study directly the high-temperature gases formed in 
the combustion front (19). The installation diagram and location of the sampling cone in 
relation to the burning sample are shown in Figures 2a and 2b. The ion currents were re
corded with a time interval of 1-5 ms at a spatial resolution of the combustion wave not 
worse than 0.2 mm (usually 0.1 mm). The pressure sensitivity in the sampling point was 
not less than 0.1 Pa. The evaporation of zinc was used to define the position of the com
bustion wave in relation to the sampling cone. Zn powder (99 mass %) with particle size 
<80 jim in the amount of 0.02-0.03 mass % was added to the samples when prepared. 
According to the data available (20), the temperature in the combustion wave on the 
sample surface differs from that in the volume by not more than 100 K. Therefore, the 
composition of gases on the surface and in the sample body can be considered to be 
identical. The time dependence of ion currents allows one to obtain the spatial structure 
of gas release from the combustion wave propagated with constant velocity w, assuming 
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KASHIRENINOV Combustion Synthesis of Ceramics 

Figure 1. Cross-section of an assembly for the study of contactless interaction 
in a metal- reactant system: a - metallic wire, b - reactant, c - clearance. 

[p> CRS QMS 
Z\ LN 2-C00LED 

AC 
C0LLIMAT1NG 

SLIT 
CC 

SKIMMER 
S C -

PROBE CONE 

RC 

TRAP 

TO SPUTTER-ION 
PUMPS 

TO AXIAL PUMP 

Figure 2a). DMS installation diagram: CRS - controlling and recording sys
tem, QMS - quadrupole mass-filter MS-7303, C R M - combustion rate meas
urement, GS - gas supply and exhaust system, A C - analyzer chamber, CC -
collimator chamber, SC - skimmer chamber, RC - reaction chamber, 1-
burning tablet, 2-adjustment system, 3-beam chopper, 4-QMS ion source. 
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Figure 2b). Gas sampling from the surface of the burning tablet: 1-aluminum 
probe cone; 2-alumina cone tip, 30-70 μιη; 3-sampling spot, 0.1-0.2 mm. 

Figure 3. Mo 2 B layer on molybdenum (Γ= 1600 Κ, Ρ = 20 kPa (Ar), 
ί = 150 s). 
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that λ = u-At, where λ is the distance along the front propagation and At is the time inter
val from the beginning of the process (At = tt -to). 

In order to obtain reliable data for the Ta-C system, some of its peculiarities need 
to be taken into account. Usually, the combustion of this system is accompanied by a 
very intensive gas release and strong flying apart of the sample particles. This resulted in 
uncontrollable clogging of the probe cone orifice. To avoid this, the samples were pre
heated in argon at 870 Κ for 20 min. The ion current of carbon monoxide was recorded 
for , 2 C 1 8 0 + with m/e = 30 in order to eliminate the influence of the background mass N 2 

(m/e = 28). Hence, the natural isotopes ratio , 8 0 / , 6 0 = 2xl0"3 (21) has to be taken into 
account in the evaluation of the concentration ratio for CO and C 0 2 in the gas phase of 
the combustion front. 

Results and Discussion 

The study of the Mo-B and Ta-C systems without direct contact of reactants shows that 
formation of MoB and TaC is under way both in vacuum and in argon at high tempera
tures close to that for the combustion front (Figures 3-5). During prolonged runs (5 min 
and more) some sections of the molybdenum wire react almost completely, whereas oth
ers remain unreacted. MoB is formed only on the metal surface, and TaC only on the 
carbon surface. The gas-phase transfer is the only mode of reactants transport in these 
experiments. Moreover, one can suppose that the transport is unidirectional in the Mo-B 
system and that a two-way process occurs in the Ta-C system. 

It should be noted that the possibility of the formation of an active gas phase 
during combustion of the Mo-B and Ta-C systems was pointed out earlier (22,23). How
ever, the gas release in these systems was considered as a secondary process that "has 
nothing in common with the fundamentals of chemical interaction between the reactants" 
(24). 

If gas-phase transport is assumed possible in the systems under study, the volatile 
oxides are the most probable carriers. The role of carbon oxides in graphite evaporation 
is well known, as well as the role of B 2 0 3 vapors in boron gasification (see, e.g. (25)). 
The partial pressure over molybdenum and tantalum oxides at these temperatures is 
rather distinct and reaches, for example, 2.5 Pa for M o 0 3 at 1800 Κ and 80 Pa for Ta0 2 

at 2700 Κ (26). Thus, the formation of oxide vapors in the combustion wave is not in 
doubt. At the same time, the problem of its composition and participation in the forma
tion of the final product still needs to be solved. 

Gas Phase in the System Mo-B. The temporal and spatial changes of ion currents for 
the gas-phase species in the combustion front of the system Mo-B are shown in Figure 6. 
It should be noted that only B + , BO + , B 0 2

+ , B 2 0 2

+ , and B 2 0 3

+ ions are observed in the 
mass-spectrum for this system. The ion currents of molybdenum oxides are not detected 
even with the sensitive limits. It was shown (27) that the processes of dissociative ioni
zation play a considerable role in B + and BO + formation in a mass-spectrometric study of 
the equilibrium vapor over the system B - B 2 0 3 , but the parameters of these processes re
main unknown. Therefore, only the analyses of B 0 2 , B 2 0 2 , and B 2 0 3 behaviors, which 
are the only precursors of corresponding ions, should be considered as correct. 
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Figure 4. Ta2C crystals on tantalum (T= 3200 K, i M O ' 2 Pa, t = 300 s). 

Figure 5. TaC crystals on graphite (T= 3200 Κ, ΖΜ0"2 Pa, / = 300 s). 
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Before the indication of the combustion front, which moves with a velocity u = 6 
mm/s to the probe (t « to), only the background masses are observed. On the distance 
about 1 mm ahead of the combustion front, H 2 and N 2 and/or CO (m/e = 28) are released 
from the sample. As far as the front moves, boron oxide lines appear. Further changes of 
these lines can be attributed to the well known spatial zones of the combustion wave. 

The region to - tj can be identified as a pre-heating zone. The temperature here 
increases within the range 900-1200 Κ (79) and, though it is considerably lower than the 
maximum Tf = 1800 Κ (20), it is already high enough for evaporation of boron oxides 
(for B 2 0 3 Tm = 723±2 Κ (27)). The intensity of the B 2 0 2

+ ion current within this region is 
significantly higher than that of B 2 0 3

+ . In Figure 7, the calculated (26) equilibrium ratios 
of oxide partial pressures over the system B(s)-B 20 3 (1) show that B 2 0 2 is the dominating 
component of equilibrium vapor in the range 1200-1800 K. A kinetic analysis of the 
B 2 0 2

+ ion current dependence on time was made, neglecting the effects of the combus
tion wave moving a short distance of the peak half-width (<0.3 mm), which shows (19) 
that B 2 0 2 forms in the first order heterogeneous endothermic reaction 

B(s) + B 20 3(g) -» B 20 2(g) + 147 kJmoï ' (1) 

with a rate coefficient kj = 14 s"1 and activation energy Ε = 140±15 kJ-mol"1. 
The region tj -12 is distinguished by a sharp decrease in the B 2 0 2 partial pressure 

with the increased temperature of the combustion front, judging by the ion current of 
Zn + , which increases to a maximum. This unexpected effect can occur only due to B 2 0 2 

consumption in the reaction for molybdenum boride formation: 

B 20 2(g) + Mo(s) MoxB(s) + . . . χ = 1,2 (2) 

This process proceeds with the effective rate coefficient &2 ~10"8 s"1 and activation energy 
Ε = 0 (19). The latter indicates that the rate of molybdenum borides formation is limited 
by either formation of B 20 2(g) or its diffusion to the metal surface but not by reactive 
diffusion in the solid. 

In the region t2 - ts, the ion currents of B 2 0 2

+ and B 2 0 3

+ increase again. The par
tial pressure of B 2 0 3 becomes higher than that of B 2 0 2 , which corresponds to the equilib
rium vapor over B203(1) (see Figure 7). In other words, there is no elemental boron in this 
region and evaporation of residual B203(1) takes place. So, the region tj - ^ is the zone of 
chemical reaction and the region - ts is the post-combustion zone. The decrease of the 
boron oxide partial pressures at / > ts is due to the sample cooling. 

Gas Phase in the System Ta-C. Only carbon oxides are detected in the gas phase of the 
combustion wave in the system Ta-C (u = 1.7 mm/s). The dynamics of the , 2 C , 8 0 + and 
C 0 2

+ ion current profiles in the combustion wave are shown in Figure 8. A thermody
namic evaluation (Figure 9) shows that, for the C(s)-02 system at 1500-3000 K, the par
tial pressure of CO is approximately 5-7 orders of magnitude higher than that for C 0 2 . 
Hence, one can assume that tantalum carbides are formed in the reaction 

CO(g) + Ta(s) -> TaxC(s) + . x = l , 2 (3) 
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Figure 6. Boron oxides in the combustion wave of the Mo-B system 
(u = 6.0 mm/s). 
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Figure 7. Calculated partial pressure ratios of B 2 0 2 and B 2 0 3 at equilibrium 
for the subsystem B(s)-B 20 3(l) ( • ) and over B203(1) (Δ). 
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-10-
1000 1500 2000 2500 3000 

Temperature, Κ 
Figure 9. The calculated partial pressure ratios of CO and C 0 2 in the subsys
tem C(s)-02 ( • ) and at the thermal dissociation of C 0 2 (Δ). 
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When the data of Figure 8 are compared with those of Figure 6, it is apparent that 
the character of the concentration changes for the oxides in the combustion front is the 
same for both systems. For the Ta-C system, the region where the CO concentration falls 
almost to zero is also observed. This region corresponds to the maximum of temperature 
in the combustion front, as for the Mo-B system. At the same time, the combustion wave 
in the Ta-C system is much wider and the dimensions of the pre-heating (to - tj), reaction 
(tj - tj) and post-combustion - tj) zones are different than those in the Mo-B system. It 
should be also noted that, in the Ta-C system, unlike the Mo-B system, the maximum of 
the ion current for the highest oxide (C0 2) is shifted in relation to maximum for the sub
oxide (CO) towards the zone of chemical reaction. This could be due to the higher con
centration of CO in comparison with B 2 0 2 (see Figures 7 and 9) in the pre-heating zone. 
The considerable increase in the width of the pre-heating (3 times) and reaction (2.5 
times) zones, combined with the significant temperature gradients, makes it impossible 
to estimate kinetic parameters for the reactions in the combustion wave of the Ta-C 
system. 

Width of the Reaction Zone. The dimensions of the zones in the combustion waves of 
the Mo-B and Ta-C systems defined from the plots in Figures 6 and 8 are presented in 
Table I. The values of the reaction zone width in the system Mo-B are in good agreement 
with the data obtained earlier (20). 

Table I - Dimensions of Combustion Wave Zones (in mm) 

System Wave width Pre-heating Reaction zone Post-combustion System 
zone zone 

Mo-B 3.1 0.6 1.2 1.3 

Ta-C 5.3 1.7 2.8 0.8 

A comparison of the calculated relationships between the partial pressures of the 
highest oxides (B 2 0 3 , C 0 2 ) and suboxides ( B 2 0 2 , CO) in the presence and absence of 
elemental boron and carbon (Figures 7, 9) with the distribution of boron and carbon ox
ides along the combustion wave (Figures 6, 8) indicates that a zone of minor post-
combustion probably exists for the Mo-B system, but post-combustion is entirely absent 
in Ta-C system. It is also obvious from this comparison that, by the time ^ , i.e., by the 
end of the reaction zone, the interactions in the systems are completed and boron in Mo-
B system as well as carbon in Ta-C system are completely reacted. Thus, the model of 
wide zones (14,15) which assumes the interaction of the overwhelming bulk of the reac-
tants far behind the front in a reactive diffusion mode, is not realized in the combustion 
of the systems under study. 

Thermochemistry of the Combustion Wave. In order to clarify the mechanism of the 
gas-phase reactants transport in the Mo-B and Ta-C systems and to obtain the data for 
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estimation of its efficiency, the calculations of condensed and gas phase equilibrium 
compositions were performed depending on the amount of transferred reactants. The 
adiabatic combustion temperatures (Taci ) and compositions of the products were calcu
lated using the package of programs THERMO created by Dr. A. A. Shiryaev at the In
stitute of Structural Macrokinetics, RAS (28). The following assumptions were made in 
the model construction: 

1) oxygen was considered as the third initial component of the systems and its 
amount is assumed to be corresponding to the admixed oxygen content; 

2) the reacting system was considered as consisting of metal-oxygen and reac-
tant-oxygen subsystems, the gas phases of which are spatially separated and 
occupy half of the free volume in the system; 

3) it was assumed that reactants are transported between the subsystems only 
through diffusion of gases and the To exceeds the time for establishment of 
any equilibrium; 

4) the system was assumed to be isothermal at (Ta(j). 

A l l possible equilibria in the systems were considered. The simulations were made for a 
constant pressure equal to 101 kPa that corresponds to a system with open pores, and/or 
for the case of constant volume that corresponds to closed pores. Argon was chosen as 
the bath gas. The free volume of the initial system was calculated for an average particle 
size and a relative density of 0.6. 

System Mo-B. Calculations show that at Tad = 1800 K, the changes of the equi
librium composition of the Mo-B system with boron transport are the same for Ρ = const 
and V= const. The transformation of condensed phases in the system is shown in Figure 
10. The composition of the equilibrium gas phase (Figure 11) is uniquely determined by 
temperature according to the Gibbs phase rule. Using the results of Figure 10, the process 
of MoB(s) formation can be divided into four stages. 

At stage 1 (up to 2 at.% of transported B), some insignificant changes of con
densed phases occur mainly due to Mo 20(s) disappearance and the beginning of B203(1) 
formation in the Mo-subsystem 

At stage 2 (up to 5 at.% of B), formation of Mo2B(s) starts in the molybdenum 
subsystem according to the reaction 

and accumulation of B203(1) is accomplished. The composition of the gas phase indicated 
for stage 2 does not change until the end of stage 3. The removal of B203(1) from the sur
face is accomplished in the B-subsystem. 

At stage 3 (up to 55 at.% of B), Mo(s) is completely transformed into Mo2B(s) 
according to the reaction (4). The disappearance of the B203(1) in the B-subsystem in the 
previous stage leads to a decrease of the B 20 3(g) partial pressure and opens the way to its 
transport from the Mo-subsystem and B 20 2(g) regeneration by the reaction 

Mo(s) + B 20 2(g) -> Mo2B(s) + B 20 3(g) (4) 

B(s) + B 2 0 3 (g)->B 2 0 2 (g) (5) 
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20 40 60 80 100 
T r a n s p o r t e d B , at.% 

Figure 10. Calculated composition of the condensed phases of the Mo-B sys
tem as a dependence on the amount of transported boron at P(V) = const. 
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Figure 11. Calculated composition of the gas phase in subsystems of the Mo-
B system as a dependence on the amount of transported boron at 
P(V) = const: 1) Mo-0 subsystem, 2) B-0 subsystem. 
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The partial pressures reached in the B-subsystem in the beginning of stage 3 stay practi
cally constant until the end of the process. 

At stage 4, the formation of MoB(s) is accomplished according to the reaction 

Mo2B(s) + B 20 2(g) MoB(s) + B 2 0 3 ( g ) (6) 

One can see from the results of Figure 11 that the relationships between the par
tial pressures in the subsystems at stages 3 and 4 are consistent the diffusion flows of 
B 2 0 2 from boron to molybdenum, with B 2 0 3 going in the opposite direction. The key re
actions which form the closed cycle of gas-phase transport in the Mo-B system are pre
sented in Figure 12. 

System Ta-C. The dependence of the process mechanism at Tad = 2700 Κ on 
external conditions is a significant peculiarity of the Ta-C system. The changes of the 
condensed and gas phases compositions as a function of the transported carbon amount 
are shown in Figures 13 and 14, respectively, for Ρ = const and V= const. 

At stage 1, started after about IxlO'4 at.% of carbon as CO is transported from the 
C-subsystem, the oxidation of CO to C 0 2 and the formation of Ta2C(s) and Ta 20 5(l) 
takes place on tantalum. The transfer of C 0 2 as well as TaO and Ta0 2 into the C-
subsystem starts. In the systems with open pores (P = const) the filtration of excess CO 
occurs at this stage. 

The main process at stage 2, started after the attainment of balance for CO and 
C 0 2 counterflows, is Ta2C(s) formation. The composition of the gas phase is not changed 
therewith. In the C-subsystem, C 0 2 is reduced to CO and TaC(s) is formed due to the 
tantalum oxides transfer. Stage 2 persists up to full consumption of Ta(s). Simultane
ously, the growth of TaC(s) on carbon stops. 

Subsequently, in the systems with closed pores (V= const), the CO and C 0 2 par
tial pressures in the Ta- and C-subsystems increase sharply and the transition 
Ta2C(s)-»TaC(s) (stage 3) starts. In the systems with open pores (P = const), the growth 
of the carbon oxides pressure at the end of stage 2 is substantially lower because of gas 
expansion (filtration). In such systems, the beginning of stage 3 is preceded by removal 
of Ta 20 5(l) from the tantalum surface and completion of Ta2C(s) accumulation. This 
transition stage ends at P=const with the complete Ta 20 5(l) disappearance. As this takes 
place, the partial pressures of CO in the Ta- and C-subsystems, as well as C 0 2 in the C-
subsystem, remain constant up to the end of the process. The partial pressure of C 0 2 in 
the Ta-subsystem falls to the previous level. 

The closing stage 3 occurs mainly in the same manner at Ρ = const and V= const. 
In both cases, the formation of TaC(s) from Ta2C(s) dominates at this stage. The lack of 
Ta 20 5(l) is a special feature of the closing stage at Ρ = const. In a kinetic sense, this can 
mean that, in the systems with open pores, stage 3 proceeds faster than in the systems 
with the closed pores because of better accessibility of the Ta2C(s) surface. The combus
tion process in the Ta-C system, as well as in the Mo-B system, proceeds in the closed 
cycle mode, the key reactions of which are shown in Figure 15. 

In conclusion, it has to be said that the abundance of admixed oxygen in realistic 
green mixtures of Mo+B and Ta+C is not essential to establish the equilibria forming the 
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Figure 13. Calculated composition of the condensed phases of the Ta-C sys
tem as a dependence on the amount of transported carbon: a) V = const, b) 
Ρ = const. 
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Figure 14. Calculated composition of the gas phase in the subsystems of the 
Ta-C system as a dependence on the amount of transported carbon: a) 
V= const, b) Ρ = const; 1) Ta-0 subsystem, 2) C-0 subsystem. 
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closed reaction cycles with regeneration of gas carriers. A partial pressure of oxygen 
< 1.4xl0-8 Pa at Tad = 1800 Κ is optimum for Mo-B and < 0.61 Pa at Tad = 2700 Κ for 
the Ta-C system (29). An excess of oxygen with respect to these limiting values shifts 
many equilibria in the Mo-B system and all equilibria in Ta-C system towards the oxida
tion of the final products. One can suppose that this effect occurs in other systems as 
well. In this case, the conversion and product purity for combustion synthesis has to de
pend on the degree of "self-purification" (24) of the admixed oxygen excess that realistic 
systems reach at the initial stages of the process. Therefore, an acceleration of combus
tion by oxygen containing additives (4,30) (if possible) is hardly justified with respect to 
the purity of the final product. 

Efficiency of Gas-Phase Transport. The quantitative evaluations of gas-phase trans
port efficiency were made according to the model described elsewhere (31,32). The gas-
phase transport of the reactants occurs mainly at stages 3 and 4 in the Mo-B system and 
at stages 2 and 3 in the Ta-C system, when counterflows of oxide carriers between the 
subsystems are balanced by oxygen. The values of the partial pressure gradients for the 
basic gas-phase carriers at these stages (see Figures 11 and 14) were used for estimation 
of the diffusion flows. It is obvious that these values are substantially lower than the gra
dients at the beginning of the process. Since the temperature profiles of the combustion 
waves are unknown for the systems under consideration, it was assumed that the tem
perature changes linearly on the front width L from the ignition temperature. This as
sumption also leads to underestimation of the conversion, as it is qualitatively known 
(20) that the temperature in any point of a combustion wave is higher than that corre
sponding to a linear law. Consequently, the results obtained must be taken as a lower 
limit of the gas-phase transport efficiency. 

The estimations were made using the equation 

where η is the fractional conversion, ζ is the dimensionless coordinate along the com
bustion front width, is the specific surface area of the transfer, R is the gas constant, / 
is the average distance of the transfer, p is the initial concentration of the reactant, is 
the stoichiometric coefficient, /?z is the combination of temperature independent terms in 
the common equation for the diffusion coefficient (33), ci is the carrier concentration in 
the subsystem where the transfer occurs, α ι and bt are tabulated coefficients of the p(T) 
equation. 

The data obtained show that, in the Mo-B system, not less than 87% of the initial 
substances convert to the final product MoB(s) due to one-way gas-phase transport of 
boron (as B 2 0 2 ) to molybdenum. As mentioned above, the assumptions made in the 
model construction cause the value of η to decrease. Hence, one can assume that gas-
phase transport results in η =1 for this system. It was found that η < 1 for the Ta-C sys
tem with two-way transport: carbon (as CO) onto tantalum and tantalum (as TaO and 
Ta0 2) onto carbon. These results do not cast any doubt on the sufficiency of gas-phase 
transport and can mean that metal transport does not occur for the reasons which are not 

(7) 
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yet clear. Such an assumption fits with the absence of TaO and Ta0 2 in the gas phase of 
the combustion wave in the Ta-C system (see Figure 8). 

Conclusions 

The study of the detailed chemical mechanisms of combustion synthesis in the systems 
considered as classic examples of gasless solid-state combustion or the so called "solid 
flame" shows that, in fact, these processes are neither gasless, nor solid-state. 

It can be assumed that thermal ignition of solid+solid systems leads to formation 
of an active gas phase with sufficient partial pressures of the carriers. Oxides and subox
ides usually dominate in the vapors due to admixed and ambient oxygen. At high tem
peratures, the fast diffusion of these species at small distances between fine particles 
combined with the high rate of heterogeneous reaction(s) and the high exothermicity of 
solid products formation results in the strong local auto-heating. 

If the process is initiated by heating of the sample as a whole, the required partial 
pressure of gas carriers is reached simultaneously in the entire volume. A multitude of 
hot points appear and, in fact, the process occurs on the scale of one particle of the pow
der. Due to the low gradients of temperature and short reaction times for fine particles 
(-1-10 μπι) the differences in the rates of heat transfer and diffusion have no time to 
manifest themselves and auto-accelerated fast reactions take place in the whole volume. 
The processes of this type are well known in combustion and are described by the theory 
of thermal explosions. 

In the case of the point or surface heating of solid+solid systems, the gas carriers 
are formed only in the heating zone and the scale of the process changes. As a result of 
the marked temperature gradient and high heat conductivity of solid particles, the heat 
transfer proceeds faster than diffusion and regeneration of gas carriers. In that case, the 
zone of chemical reaction propagates in the frontal regime if known critical conditions 
are met. As this takes place, the local characteristics are averaged over the scale of front 
and the process is described by the thermal theory of combustion. The pulsating com
bustion of some solid+solid systems can be also explained in the kinetic terms of gas-
phase carriers formation and consumption. 

Unfortunately, in the few decades which have elapsed after publication of the first 
results, approaches to control the combustion synthesis in the condensed systems have 
not been found. There are reasons to think that the true preparative and technological 
potentialities of these processes still largely remain terra incognita because of that. The 
gas-phase transport concept formulated in the present work is being expanded to other 
solid+solid systems. At the same time, the role of the gas phase in combustion of other 
systems, for example liquid+solid, is far from evident. One would like to hope that the 
study of the real chemistry of these interesting and important high-temperature processes 
leads to effective control of the combustion synthesis. 
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Chapter 18 

Comparison of the Syntheses of Vanadium, Niobium, 
and Molybdenum Carbides and Nitrides 
by Temperature-Programmed Reaction 

R. Kapoor and S. T. Oyama1 

Department of Chemical Engineering, Virginia Polytechnic Institute and State 
University, Blacksburg, VA 24061-0211 

The carbides and nitrides of the early transition metals, vanadium, 
niobium, and molybdenum, are known to possess good catalytic 
properties. The compounds are synthesized by a temperature 
programmed reaction (TPR) method where a reactive gas is reacted with 
a precursor oxide as the temperature is uniformly increased. Results 
under similar reaction conditions are presented to compare the progress 
of the reaction, the formation of intermediate phases, and the 
development of surface areas. The increase in surface area is influenced 
by the phenomena of pseudomorphism and topotaxy. It is believed that 
pseudomorphism, found in all of the above syntheses, is associated with 
the development of internal pores, while topotaxy, found in some of the 
nitrides, maximizes this process to yield high surface area products. 

Studies in the past few decades have shown that carbides and nitrides of early 
transition metals, such as V , Ti, Mo, W, Nb, etc., possess useful electrical, magnetic, 
mechanical, and optical properties (7). Since then, newer applications other than their 
traditional use in structural materials and cutting tools have been investigated (2). One 
of these applications has been catalysis where numerous studies have shown activity 
resembling those exhibited by noble group elements (3). The catalytic activity of these 
compounds is believed to be due to modification of the crystalline and electronic 
structure of the parent metal by the presence of the non-metal component (2,4,5). 

Catalytic materials need high exposures or specific surface areas to be used 
economically. This has led to development of novel preparative methods, such as 
temperature programmed reaction (TPR) (6), laser pyrolysis (7), etc., to produce finely 
divided transition metal carbides and nitrides. Among these, TPR remains a practical 
method for making large batches with moderate to high surface area products. 

The TPR process-involves: (i) a suitable solid precursor, such as an oxide of the 
transition metal, (ii) a gaseous carburizing or nitriding medium, such as a hydrocarbon 
or ammonia, flowing over the precursor, and (iii) a heating program for raising the 

1Corresponding author 
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temperature of the sample to levels where reaction occurs. This last component gives 
rise to the name TPR. 

In these syntheses the surface area increases with the progress of the reaction 
via development of pores as the density of the precursor increases without much 
change in exterior volume. This phenomenon, where the overall size and shape of a 
material remains constant over the course of a solid state transformation, is called 
pseudomorphism (8). Another related phenomena that affects the development of 
surface area is topotaxy. Here the transformation proceeds in a manner such that the 
crystallographic planes of the final product bear a relationship with the planes of 
starting material throughout the bulk (8). 

This chapter presents a review of the synthesis of vanadium, niobium, and 
molybdenum carbides and nitrides by the TPR method. Factors responsible for 
development of surface area during transformation are discussed. 

Experimental 

A typical preparation of V , Nb, and Mo carbide or nitride by the TPR method consists 
of loading 0.4 g of their respective higher oxides, V 2 0 5 , N b 2 0 5 , and M 0 O 3 , in a 
microreactor and passing 0.68 μιηοΐ s - 1 (1000 cm 3 min - 1) of a carburizing mixture of 
20 % C H 4 / H 2 or a nitriding mixture of 20 % NH 3 /He over the samples while heating 
the reactor contents at a uniform heating rate. In this study a constant heating rate of 
0.083 K s " 1 is used for all three syntheses. In the case of M o 2 N and NbC (9) the 
samples are held isothermal at final temperatures of 1000 Κ for 0.5 h, and 1373 Κ for 
0.7 h, respectively. The system pressure is approximately one bar. 

A schematic of the synthesis unit is shown in Figure 1. The reactor is placed 
in a furnace controlled by a programmable temperature controller (Omega C N 9000) 
with its own dedicated thermocouple (chromel-alumel) placed at the furnace wall. 
Another thermocouple is placed in a well extending into the reactor bed to measure 
sample temperature. The effluent gas is analyzed by a mass spectrometer (Ametek M A 
100, quadrupole gas analyzer) through a variable leak valve (Granville Phillips, model 
203). The signals from the mass spectrometer and the reactor bed thermometer 
(Omega, Model 650) are monitored in real time by computer through an interface. The 
trace of the constituent components and their fragments in the effluent allows study of 
the progress of reaction. 

In nitride synthesis, the ammonia reduces the oxidic precursor to sub-oxides or 
oxynitrides before final nitridation. The process is manifested by features appearing on 
the MS traces of H 2 , N 2 , and H 2 0 . No features are observed for the N H 3 signal, 
tracked as mass 15, due to the high signal level of the parent mass 17. 

In carbide synthesis, the 20 % CR4ÎR2 mixture similarly reduces and carburizes 
the oxides, and the H 2 0 , CO and C 0 2 signals provide the information on the progress 
of the reaction. Again, no features are observed in the C H 4 and H 2 signals due to their 
presence in large excess. In all cases the reaction intermediates are quenched at 
intermediate points to identify the solid phases by X-ray diffraction (XRD). 
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Fig. 1 : Schematic of the synthesis unit. 

Results and Discussion 

In the synthesis of carbides or nitrides, the reduction and the associated carburization 
or nitridation follow the same general pattern. As expected, different metal oxides 
form different solid intermediate phases at different transformation temperatures. 

In this section the salient features of carbide and nitride synthesis will be 
presented first. The role of ammonia and methane/hydrogen as reductant in the devel
opment of surface area will be discussed next, with references to the significance of 
pseudomorphic and topotactic phenomena in these transformations. 

Nitrides. Figure 2 shows H 2 , H 2 0 , and N 2 mass spectroscopic signals as a 
function of temperature during nitridation of V 2 0 5 , ND2O5, and M 0 O 3 . In all cases at 
higher temperature the H 2 and the N 2 background signals rise due to ammonia 
decomposition. These occur at 770 Κ for V N and M o 2 N , and 960 Κ for NbN. 

The H 2 0 peak is the most revealing in all the three cases, tracking the reductive 
processes and the temperatures at which they take place during the reaction. In the 
case of V N four distinct peaks are observed at 625, 666, 742, and 864 K. The first 
three are reported to correspond to the following sequence V 2 0 5 -> V 6 0 1 3 -> 
V 2 0 4 / V 0 2 - > V 2 0 3 , while the last one to V 2 0 3 - > V O -> V N (10). The N 2 features 
for V N show the same three peaks before extensive ammonia decomposition takes 
place, and is due to the release of the excess nitrogen from ammonia during hydrogen 
consumption in the reductive process. Conversely, the peak in H 2 at 880 Κ is due to 
the release of excess hydrogen during the final nitridation step V O -> V N ^ 
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Of the three metal nitrides, M o 2 N synthesis has been studied the most 
extensively (11-18). The reaction is reported to occur via two parallel reactions: M0O3 
-> Μ ο Ν χ Ο ^ χ - » M o 2 N and Μ 0 Ο 3 - » M o 0 2 - » M o 2 N , with the latter occuring when 
the presence of water is significant (18). Prolonged exposures to ammonia at elevated 
temperatures can lead to the irreversible reduction of nitride to Mo-metal. In our 
synthesis, this is avoided by nitriding isothermally at 1000 Κ for 0.5 h, enough time to 
just allow the water signal to return to baseline. The H 2 0 trace shows two distinct 
peaks at 760 and 1000 Κ with an exotherm at 774 K. The exotherm is due to the high 
heat of reaction and the use of a relatively high heating rate. 

200 400 600 800 1000 1200 1400 
Temperature / Κ 

Fig. 2: Mass spectrometer trace of H 2 , H 2 0 , and N 2 during TPR synthesis of nitrides. 

The NbN synthesis occurs at relatively high temperature with no intermediate 
features (19). The H 2 0 peak at 1160 Κ represents a single step transformation of 

NWSi via an NbN x Oj_ x intermediate (20). No N b 0 2 phase has been 
detected. This is further confirmed by the lack of reaction between ammonia and 
N b 0 2 in a separate experiment (19,20). 

The rate of reduction to sub-oxides and final nitridation is known to be limited 
by bulk diffusion of oxygen (14). At the surface, the ammonia decomposition reaction 
is fast, irreversible, and non-limiting. In case of V O -> V N the activation energy, E a , 
progressively increases from 203 to 240 kJ mol"1 during the transformation (10). This 
range is same as that found for diffusion of oxygen in oxides (14). The progressive 
increase in E a is attributed to an increase in strength of metal-oxygen bonds due to 
increase in bond order with reduction. The oxygen diffusivities, calculated by 
modeling the TPR process as an activated diffusion process, also fall in the range 
expected for oxygen in oxides (21). 
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Carbides. Figure 3. shows the MS traces of H 2 0 and CO for carbides. As a 
general trend, the synthesis process involves reduction of the starting oxide to 
suboxides at low temperatures by H 2 (strong H 2 0 peaks) and carburization at high 
temperatures by C H 4 (strong CO peak). 

200 400 600 800 1000 1200 1400 
Temperature / Κ 

Fig. 3: Mass spectrometer trace of H2O and CO during TPR synthesis of carbides. 

The V C synthesis involves a two step process, V 2 0 5 -» V 2 0 3 indicated by an 
H 2 0 peak at 900 K, and V 2 0 3 - > V C indicated by a CO peak at 1206 Κ (22). The role 
of H 2 in the C H 4 / H 2 mixture in the first reduction step has been established by 
reducing V 2 0 5 by H 2 under the same reaction conditions (22). The TPR (not shown) 
in this case establishes that the reduction to V 2 0 3 occurs at the same temperature. 

The M o 2 C synthesis is reported (23) to proceed as M o 0 3 - » Mo0 2 -> M o 2 C 
with the first step brought about by H 2 and the second by C H 4 . Fig. 3 shows two H 2 0 
peaks at 910 and 960 Κ corresponding to the two reductive stages, and a single CO 
peak at 980 indicative of the carburization process. 

The NbC synthesis occurs at high temperatures as Nb 2 05 -> N b 0 2 -> NbC (9). 
The last stage is believed to proceed via an oxycarbide phase, NbO xCy (9). Fig. 3 
shows a water peak at 1106 Κ signaling the first stage, and a broad CO peak at 1321 Κ 
for the last stage. This last peak falls in the isothermal regime beyond 1373 K. 

Development of Surface Area 

The syntheses of V C and V N illustrate the typical differences in reaction of oxides 
with ammonia and methane-hydrogen mixtures. Because the ammonia decomposition 
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216 SYNTHESIS AND CHARACTERIZATION OF ADVANCED MATERIALS 

reaction occurs readily on these surfaces, and ammonia is a strong reducing agent both 
kinetically and thermodynamically (24) it reacts at lower temperatures than hydrogen 
or methane, and starts the reductive process early. This early reduction is moderate and 
the vanadium pentoxide undergoes transformation to numerous sub-oxides before final 
nitridation. In sharp contrast, hydrogen reacts at higher temperatures and produces 
very few sub-oxides. For example, the transformation V 2 0 5 -> V 2 0 3 is a three step 
reduction process under ammonia starting at 600 K, but a single step process under 
methane-hydrogen beginning at 800 K. The surface area developed during V 2 0 5 -> 
V 2 0 3 under ammonia and methane-hydrogen is about 40 and 10 m 2 g _ 1 , respectively 
(10,22)· Considering that this difference of 30 m2g-1 is the same as the final difference 
in surface area of the products V N (90 m2g"1) and V C (60 m2g"1), it may be argued 
that the early reduction by ammonia is responsible for the generation of excess surface 
area. 

This observation may be related to topotactic transformations that commonly 
occur in nitride synthesis, but are absent in carbide synthesis. For example, in V N 
synthesis, when a sample of V2O5 crystals with preferential orientation along [001] 
planes is nitrided, the product conserves the oriented nature, with a preferential 
orientation along [200] planes (8). However, when the same V2O5 crystals are 
carburized, the preferential orientation is lost, and the powder x-ray diffraction shows a 
randomly oriented sample (22). 

These topotactic reactions are believed to be structurally-constrained reactions. 
In case of transition metal oxides the diffusing anions leave anion vacancies that may 
coalesce along certain crystallographic directions to form plane defects. These plane 
defects may then collapse to compress the structure and form shear planes that can 
interact and reorder at high temperatures to an oriented crystal (25). 

The topotactic reactions are non-equilibrated and irreversible processes and can 
produce routes to the synthesis of metastable compounds (8). Thus in this case, the 
reducing strength of ammonia provides access to suboxide phases that maximizes 
development of pores, and hence, surface area. In the case of reduction by hydrogen, 
lack of reaction at temperatures where the sub-oxides are thermodynamically stable, 
forces bypassing of the extra stages of reduction. This probably causes inefficient 
development of pores. 

The development of surface area is also influenced by pseudomorphism, a 
phenomenon where the exterior morphology and dimensions do not vary appreciably 
despite a density change during transformation (8). The difference in volume 
manifests itself as internal cracks and pores. Scanning electron microscopy (SEM) 
studies on the exterior morphology of transition metal oxides and its carbides and 
nitrides establish the transformations to be pseudomorphic. It is to be noted that while 
the structurally constrained nature of topotaxy favors pseudomorphism, the former is 
not a necessary requirement for the latter. Indeed, carbide formation is pseudomorphic 
but not topotactic. Together, it may be postulated that while pseudomorphism is 
responsible for increases in surface area during carburization and nitridation of 
transition metal oxides, topotaxy maximizes the surface area development whenever it 
occurs. 

The same is observed for M o 2 N and M o 2 C synthesis from M o 0 3 (16,26), 
where the former is produced with a higher surface area. In fact, an interesting route 
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for making high surface area molybdenum carbide is by carburizing a nitride. This 
reaction is topotactic and involves substitution of nitrogen in the lattice with carbon 
(26). 

Determination of topotaxy in NbN synthesis has been limited by lack of 
availability of preferentially oriented crystals. However, its high synthesis temperature 
suggests a non-topotactic reaction. The NbC is expected to follow the trend of other 
carbides of not being topotactic. Under similar TPR conditions, both NbC and NbN 
are produced with similar surface areas (-21 m2g_ 1). 

Table I: Summary of intermediate phases, temperatures and surface areas in 
carbide and nitride syntheses 

Transformation with Peak Temperatures Final 
Temperature, Κ 

Surface Area 
m2g-1 (Ref.) 

Carbides 
M o 0 3 -> ( M o 0 2 , M o O x C y ) -> M o 2 C 

910 960 
1050 90 (23) 

V 2 0 5 - > V 2 0 3 - > V C 
900 1206 

1265 60 (22) 

N b 2 0 5 -> N b 0 2 - » NbO x C y -> NbC 
1106 1321 1373* 

1373* 21 (9) 

Nitrides 
M0O3 -> M o 0 2 , M o O x N y -> M o 2 N 

760 973* 
973* 116(77) 

V 2 0 5 - > V 6 0 1 3 - > V 2 0 4 / V 0 2 - ^ V 2 0 3 - > V O - ^ V N 
625 666 742 864 880 

940 90 (10) 

N b 2 0 5 -> N b O x N y -> NbN 
1160 1160* 

1160* 23 (19) 

*These samples were held isothermally at the peak temperature for 0.5 - 0.7 h. 

Conclusions 

The temperature programmed reaction synthesis of carbides and nitrides of V , Mo, and 
Nb, is presented under same reaction conditions and allows direct comparison of the 
temperatures at which various intermediates and products are formed. In general, the 
nitrides are formed at lower temperatures than the carbides for the same metal, because 
of the greater reducing-nitriding strength of ammonia over hydrogen-methane 
mixtures. The transformations of oxides to carbides or nitrides under TPR synthesis 
conditions are pseudomorphic, and in some cases of nitride synthesis are topotactic. 
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Pseudomorphism is responsible for the substantial increase in surface area of the 
starting material, while topotacticity is believed to maximize this process. 
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Chapter 19 

Frontal Polymerization: Self-Propagating 
High-Temperature Synthesis of Polymeric Materials 

John A. Pojman, Dionne Fortenberry, Akhtar Khan, and Victor Ilyashenko 

Department of Chemistry and Biochemistry, University of Southern Mississippi, 
Hattiesburg, MS 39406 

Frontal polymerization is a mode of converting monomer 
into polymer via a localized reaction zone that propagates. 
Such fronts can exist with free-radical polymerization or 
epoxy curing. The conditions for the existence of the 
free-radical frontal polymerization regime are considered. 
The factors affecting velocity, conversion, and molecular 
weight are considered. Special attention is paid to fronts 
with solid monomers and the effects of particle size and 
green density on the front velocity compared to SHS. The 
future directions of research with frontal polymerization are 
considered, especially regarding applications to materials 
synthesis. 

In 1967 at the Institute of Chemical Physics at Chernogolovka (Russia) Alexander G. 
Merzhanov and his colleagues discovered the process of Self-Propagating High-
temperature Synthesis (SHS) to prepare technologically useful ceramics and 
intermetallic compounds (1-3). A compressed pellet of reactants was ignited at one end 
that resulted in a self-propagating combustion wave. The method had the advantages 
that the initial stimulus was the only energy input required and that superior materials 
were produced. In 1972 Chechilo and Enikolopyan applied the same approach to the 
free-radical polymerization of vinyl monomers. Using a steel reactor under high 
pressure ( > 3000 atm) they studied descending fronts of methyl methacrylate with 
peroxide initiators (4, 5) In 1991 Pojman rediscovered this phenomenon using 
methacrylic acid at ambient pressure in standard test tubes (6 ). 

Although the two processes are similar because they both are thermal waves 
(Figure 1), they differ in the "High Temperature" aspect. In SHS the combustion 
waves propagate with velocities ranging from 0.1 to 1500 cm/min with front 
temperatures as high as 2000 °C (7 ). However, propagating polymerization fronts 
have velocities on the order of 1 cm/min with front temperatures of 200 °C. 
Nonetheless, they share many similarities because of their common mechanism of 
propagation. In this chapter we will consider basic aspects of frontal polymerization, 
types of systems that can be studied, interferences with stable propagation, the nature 
of the product produced and prospects for materials synthesis. We will first provide an 
overview of frontal polymerization of liquid monomers and examine in detail 
acrylamide polymerization fronts and compare them to results for SHS. 

220 © 1998 American Chemical Society 
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Basic Phenomena 

An experiment can be performed in a glass tube filled with reactants. For free-radical 
polymerization systems the reactants are a monomer and a few percent of a peroxide or 
nitrile initiator. Epoxy curing uses the resin and a stoichiometric amount of an amine 
curing agent and/or 20 - 40% of BCl3-amine complex. An external heat source, when 
applied at the top of the tube, starts a descending front that appears as a slowly moving 
(~lcm min - 1 ) region of polymer formation. Although most of the systems we 
will describe can be performed in a standard test tube, significant 
pressure can build up that can lead to explosions. Therefore, all 
experiments should always be performed behind a safety shield. 
Monomers whose boiling point is significantly lower than the front temperature must be 
polymerized under pressure. Figure 2 shows η-butyl acrylate polymerization (the 
reason for the silica gel will be explained later). In the absence of any kind of thermal or 
convective instabilities the front moves with a constant velocity determined by a plot of 
the front position as a function of time (Figure 3). As we will see discuss in a later 
section, there are a number of instabilities that can occur, especially with liquid 
systems, that prevent stable propagation. 

Frontal polymerization works with a wide variety of systems and has been 
demonstrated with neat liquid monomers such as methacrylic acid, (6, 8-10) n-butyl 
acrylate (10 ), styrene, methyl methacrylate, and triethylene glycol dimethacrylate (77). 
Fronts can also be performed with solid monomers such as acrylamide (with initiator) 
(72) or transition metal nitrate acrylamide complexes (without initiator) (73). Pojman et 
al. demonstrated frontal polymerization of acrylamide, methacrylic acid and acrylic 
acid, each in dimethyl sulfoxide or dimethyl formamide (14 ). Frontal curing of epoxy 
resins has been demonstrated with aliphatic curing agents (75 ). 

Unfortunately, we do not know the necessary and sufficient conditions for self-
sustaining fronts. However, we do know several factors that favor the frontal mode. 
The monomer must have a boiling point below the front temperature to prevent heat 
loss from vaporization and bubbles that can obstruct the front. (The boiling point can 
be raised by applying pressure.) The front temperature should be large. Thus, highly 
exothermic reactions are the most likely candidates for frontal polymerization because 
the heat production must exceed the heat losses, especially if a reinforced or filled 
composite is sought. The geometry of the system also plays a role. If the surface area 
to volume ratio is too large, even a reactive system will be quenched. For example, at 
room temperature the only system we have found that can propagate in a 3 mm glass 
tube is acrylamide - no liquid monomer is sufficiently reactive and exomennic. 

The reaction rate at the initial temperature must be vanishingly small but rapid at 
the front temperature. The front temperature is determined by the enthalpy of the 
reaction, heat capacity of the product and the amount of heat loss. Free-radical 
polymerization is ideal because for most peroxide and nitrile initiators the rate of 
polymerization at ambient temperature is low but high at elevated temperatures. Amine-
cured epoxies suffer from the problem of short pot life but cationic cured systems are 
very similar to free-radical systems (10). 

Temperature Profiles 

A polymerization front has a sharp temperature profile, (77) and profile measurements 
can provide much useful information. From Figure 4 it may appear that the chemical 
reaction is occurring in a zone about 0.5 cm in width. This is incorrect. If the chemical 
reaction has an infinitely high energy of activation, the chemical reaction will occur in 
an infinitely narrow region. In actuality, the 0.5 cm represents a pre-heat zone. The 
temperature below that at which significant chemical reaction occurs follows an 
exponential profile, which can be described with the following relationship in terms of 
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222 SYNTHESIS AND CHARACTERIZATION OF ADVANCED MATERIALS 

Figure 1. A schematic diagram of the SHS process (top) and frontal polymerization 
(bottom). 

Figure 2. A montage of an η-butyl acrylate front propagating under 50 atm pressure. 
[ATON] = 4% w/v. 
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2.5 

0 0.5 1 1.5 
Time (min) 

2 2.5 

Figure 3. The front velocity (1.09 cm/min) is determined from the slope of a plot of 
front position versus time for η-butyl acrylate polymerization under pressure. [AIBN]o 
= 0.00457 molal; initial temperature = 18.9 °C 

the front velocity (c), thermal diffusivity (κ) and temperature difference (ΔΤ): (16) 

Because heat is a catalyst in these reactions, conversion is directly proportional 
to the difference between the maximum and initial temperatures. A higher maximum 
temperature indicates higher conversion. More stable initiators give higher conversion, 
as can be seen in Figure 4 with benzoyl peroxide (BPO) and t-butyl peroxide (tBPO). 
The methacrylic acid front with tBPO was significantly slower in spite of having the 
highest reaction temperature. This means that the effective activation energy of a 
polymerization front is directly correlated to the activation energy of the initiator 
decomposition. 

Figure 4. The temperature profiles of methacrylic acid polymerization fronts with BPO 
alone, with benzoyl peroxide and t-butyl peroxide (tBPO) and with t-butyl peroxide 
alone. [BPO] = [tBPO] = 0.0825 mol/kg. Reactions were performed in 1.5 cm (i.d.) 
tubes. The temperatures indicated correspond to the maximum temperatures reached 
for each initiator. While the temperature at the monomer/polymer interface was not 
directly measured, it is believed to be ca. 100 °C 

(1) 

250, 

•c 
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Effect of Pressure 

We would not normally expect that moderate pressure would affect the rates of 
chemical reactions. Nonetheless, Pojman et al. found that the front velocity was a 
function of the applied pressure, even at low values of less than 30 atm (10). As the 
pressure was increased, the velocity decreased, exactly opposite the behavior observed 
by Chechilio and Enikolopyan at high pressures (5 )! At the low pressures employed in 
our experiments, rate constants were not affected but rather the size of bubbles. 

Bubbles can increase the velocity of fronts in standard closed test tubes initially 
at ambient pressure by as much as 30% compared to fronts free of bubbles under high 
pressure. The expansion of bubbles is part of the velocity by forcing unreacted 
monomer up and around the cooling polymer plug that is contracting; poly(methacrylic 
acid) is ca. 25% more dense than its monomer. This means that the pressure increases 
during the reaction because the tube is sealed, except for leakage around the initial 
polymer plug (10 ). 

There are three sources of bubbles. A l l the thermal initiators investigated 
(except sodium persulfate, which is insoluble in most monomers) produce volatile by
products, such as C O 2 , methane and acetone. It is an inherent problem with all 
commercially available peroxide or nitrile initiators. 

Another source of bubbles is dissolved gas and water in the monomer. Gases 
can be removed under vacuum but water is extremely difficult to remove from 
methacrylic acid and T G D M A . The only certain solution to all three sources is to 
perform reactions under pressure. We did so using a custom built reactor, shown in 
Figure 5 that allowed temperature and pressure control. 

To test pressure control in the reactor, we set the reactor pressure to 400 psi and 
measured pressure every 0.1 minutes. The pressure, on average, remained 400 psi as 
shown in Figure 6a. When the temperature of the reactor was set to 26 °C., it took less 
than two minutes for the system to equilibrate to the set temperature as shown in Figure 
6b. 

gas outflow 

Glass pressure chamber 

Cartridge heater cap 

Product 

- Thermocouple 

•Unreacted medium 

-Movable piston 

Nitrogen gas flow 

Figure 5. Reactor for the study of frontal polymerization under controlled pressure and 
temperature. 
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403 

402 

'Κ 401 I-

u 400 3 w 
ï 399 
A* 

398 

397 

:t pressure 

1 1.5 
Time (min) 

υ 
^ 27 
2 
2 
ν 

I * 
H 

Reactants (reaction vessel) 

·'·*···· 
46 t Ο 00 00 n ο #000*0 
Glass pressure chamber 

Time (min) 

Figure 6a. (Top) Graph depicting pressure control in the reactor. Figure 6b. (Bottom) 
Graph depicting temperature control in the reactor. 

s 
S 
Ε 

1/P (atm)-1 

Figure 7. The front velocity of butyl acrylate polymerization as a function of applied 
pressure. AIBN initiator (1.7 % w/w); Cabosil (5.7 % w/w); Τη = 24 °C. 
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Figure 7 shows the front velocity as a function of the inverse of the applied 
pressure. Since bubbles increase velocity and pressure suppresses bubbles, pressure 
decreases velocity. As the pressure is increased, the velocity decreases because the 
volume of the bubbles is decreased, following Boyle's law. Pressure is not affecting 
the rate of polymerization but the rate of front propagation because of the expansion of 
the medium. A similar phenomenon was observed by Merzhanov with SHS materials 
that created a porous product (17). 

We can write the velocity as: 

f / ν 7 const 
vel(p) = velQ + (2) 

where the constant will be a function of the number of moles of gas produced in the 
front. Therefore, the higher the initiator concentration, the higher is the applied 
pressure necessary to obtain the true front velocity, which is equal to the y-intercept in a 
plot of velocity versus 1/p. 

Front Velocity Dependence on Initiator Concentration 

Chechilo et al. studied frontal polymerization of methyl methacrylate with benzoyl 
peroxide as the initiator. By placing several thermocouples along the length of the 
metal reaction tube, they could infer the front velocity and found a 0.36 power 
dependence for the velocity on the benzoyl peroxide concentration (18). More detailed 
studies for several initiators showed 0.223 for t-butyl peroxide, 0.324 for BPO and 
0.339 for cyclohexylperoxide carbonate (4 ). Figure 8 shows the bubble-free velocities 
for η-butyl acrylate fronts as a function of initiator concentration, with power function 
dependencies similar to those of Chechilo et al. 

1.6 

1.4 
"c 
Ε •— 1.2 
Ε 
υ 

w ] 

>ϊ 

lo
ci

 

0.8 
α 
> 0.6 

0.4 

• x^O.31608) FU 0.99151 
χ*(0.42571) FU 0.99975 
x*{0.31793) R= 0.98296 

' x*<0.36744) R= 0.99337 
χΛ<0.41827) R= 0.99583 

0.2 0.4 0.6 0.8 1 1.2 

Molality (Moles/Kg) 

Figure 8. The η-butyl acrylate front velocity as a function of ΑΠ3Ν concentration for 
several initial temperatures. Pressure was maintained at 50 atm. 
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Pojman et al. studied binary systems with two non-interfering polymerization 
mechanisms (79). With a cationic/amine cured epoxy and a free-radical cured 
diacrylate, they observed there was a minimum in the front velocity as a function of the 
relative concentration of each component. No comparable study has been made with 
copolymerization fronts. 

Properties of Polymers 

Pojman et al. investigated the molecular weight distributions for poly(n-butyl acrylate) 
produced frontally and found the trend that one would expect from the classical steady-
state theory of free-radical polymerization (9). Poly(n-butyl acrylate) produced in 
fronts had unimodal molecular weight distributions with M w < 105 ( M w / M n = 1.7 -
2.0). The average molecular weight decreased with increasing initiator concentrations. 
Poly(methacrylic acid) produced frontally had bimodal distributions because of 
crosslinking via anhydride formation. 

Pojman et al. studied the conversion of methacrylic acid in fronts and found it 
could be as low as 70% with BPO as initiator and greater than 90% with tBPO (77). n-
Butyl acrylate fronts can yield conversion greater than 96% (20 ). 

Solid Monomers 

Studies had been done in SHS to observe the effect of various parameters on wave-
front velocity and product morphology. Among the parameters studied were the green 
(unreacted) density and particle sizes of the reactants. A l l the systems so far considered 
use liquid monomers or solid monomers in solution. Relatively little work has been 
done with solid monomers. Pojman et al. demonstrated frontal acrylamide 
polymerization with a variety of free-radical initiators (72 ). Savostyanov et al. studied 
transition metal complexes of acrylamide without initiator (13). No studies were 
performed on the effect of particle size and/or green density. We therefore investigated 
those two factors to compare to work done in intermetallic SHS systems. 

It was thought that the particle size trends in frontal free-radical polymerization 
would be similar to particle size trends in SHS. In Ti + C and Ti + Β systems in SHS, 
as particle size increases, velocity decreases (7 ). This trend is seen because in many 
SHS systems, one component must melt so that the other can diffuse into the melt and 
begin the reaction. The same trend was expected in frontal polymerization as seen in 
Figure 9. 

20.0 r 

5 15.0 " 
Ε 

100 " 
û 
G 
"Z 
> 50 " 

0.01 0.1 
Diameter (mm) 

Figure 9. Dependence of velocity on particle size of Ti + Β system as a function of 
titanium particle size. Adapted from reference (7) 
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Solid monomer-solid initiator systems were tried with a variety of monomers 
and initiators. Two types of monomer systems were used: 1) monomers whose 
melting points were lower than the adiabatic reaction temperature. Acrylamide worked 
well but n-octadecyl acrylate did not because it was not sufficiently reactive ; 2) High 
melting point monomers with a reactive diluent in which the monomer could dissolve at 
high temperature. Zinc dimethacrylate/acrylamide or zinc dimethacrylate/methacrylic 
acid both supported frontal propagation with BPO initiator. 

To achieve reproducible front velocities a mold was made, and a four-ton 
hydraulic press was used to pack the mixture. The resulting pellet was then sanded 
down to fit into a 16 χ 150 mm test tube. The sanding of the pellets had no effect on 
the green density which was to be determined later. Unfortunately, zinc dimethacrylate 
adhered to the mold. Acrylamide was used then as the sole monomer. 

Another change made was the switch from benzoyl peroxide to potassium 
persulfate as the initiator. Fronts run with potassium persulfate did not release the large 
amounts of gas that fronts run with benzoyl peroxide and AIBN did. The reason was 
that when potassium persulfate decomposed, the resulting product (bisulfate) was not 
volatile as was the case with benzoyl peroxide (CO2) and AIBN (N2) (27 ). 

For the study of particle size trends in acrylamide fronts, particle size ranges 
were 710-500, 500-408,408-297, 297-210, 210-149 μπι. The initiator was kept in the 
210-149 μπι range. The procedure was as follows: acrylamide and 4% (w/w) 
potassium persulfate were mixed in a tumbler for thirty minutes. The mixture was then 
placed in the mold and sufficient force applied until the density of the pellet reached the 
desired value. The pellet was then fit into a 16 χ 150 mm test tube. The front was 
ignited with a soldering iron. To obtain reproducible front velocities, a constant green 
density had to be maintained. The green density was kept to 1.14 to 1.15 g/cm3, and 
the particle size was varied. There was no dependence on particle size as can be seen in 
Figure 10. 

2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 800 

particle size (μπι) 

Figure 10. Graph depicting the dependence of velocity on particle size at constant 
green density. 

The velocity dependence on the particle size was not the same as observed in 
SHS. This result is due to a basic difference in frontal polymerization and SHS 
reactions. SHS reactions are stoichiometric. In order for reaction to occur, one 
molecule of a species has to react with another molecule. In frontal polymerization, as 
in all addition polymerization, once a molecule of initiator is decomposed, it can begin 
the polymerization for hundreds of monomers. Acrylamide melts at 84 °C. Once 
melting has occurred, the initiator particles are surrounded by a sea of monomer and 
reaction can proceed; particle size is unimportant. 
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°1 \ "> 4 4 \ -1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 
Position (cm) 

Figure 11. (Left) Temperature profiles of acrylamide polymerization with potassium 
persulfate initiator at two green densities. (Right) Fits of equation 1 to preheat zones. 
Thicker lines are curve fits to data points (thinner lines). 

We studied the effect of green density on the front temperature profile to 
determine the effective thermal diffusivity. Figure 11 compares the profiles at two 
different densities. It was thought that as green density was increased, velocity would 
also increase because the sample is packed closer, and heat diffusion is facilitated. 
Temperature profiles of acrylamide fronts packed to different green densities show that 
heat diffusion in samples of greater green densities is greater than heat diffusion in 
samples of lesser green densities. The front temperature in a sample of lower green 
density was only 185 °C. Whereas the front temperature in a sample of greater green 
density was 235 °C. Trapped air in the sample of lesser green density insulated the 
sample and obstructed heat diffusion. However, why the temperature maxima differ is 
not clear. Conversion may be affected by porosity but we are not able to propose a 
mechanism. Also, a slower front may allow more heat loss to the surroundings. 

A temperature profile of acrylamide polymerized in liquid nitrogen had been 
done as well (Figure 12). It showed a 400 °C degree temperature increase. We were 
puzzled as to why our acrylamide system only showed a temperature increase of only 
about 200 °C. Upon doing a TGA of our sample, we found that at 400 °C., only 20% 
of the sample remains (Figure 12). The rest is decomposed which is why our systems 
do not have a 400 °C temperature increase. 

Increased green density should lead to increased heat diffusion, which should 
lead to increased velocity. This result was observed (Figure 13) when the velocity was 
corrected for the greater length present in less dense samples. (A lower density means 
a longer pellet, so that a front "covers more ground" but only because the reactants are 
spread over a longer distance.) 

The velocity is a linear function of persulfate concentration (Figure 13). This 
differs from previous results of Pojman et al. who found a logarithmic velocity 
dependence with AIBN initiator and a power function dependence with persulfate (72 ). 
Those experiments were done without careful control of the green density, which we 
now see is a crucial parameter. 

The polymer produced is filled with large pores, on the order of 100 μπι 
(Figure 14). Conversion is around 50%, which we estimate from the ΔΤ of the front. 
It is half the value found when the front is run with the tube immersed in liquid nitrogen 
V0). 
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hweight loss of 1 % at 80 'C 
'••ne^eight loss of 5.5% at 172 *C 

\ 

I I 1 I ' " ^ l 
200 400 «00 800 1000 1200 

Temperature (*C) 

Figure 12. (Top) Temperature profile of acrylamide with lauroyl peroxide done in 
liquid nitrogen showing a 400 °C temperature increase. (Bottom) TGA of acrylamide 
with potassium persulfate showing decomposition at 400 °C 

ββ 60 

Figure 13. (Left) Graph depicting velocity dependence on green density. Multiple 
experiments are plotted to indicate the range of reproducibility. (Right) Velocity 
dependence on initiator concentration at fixed green density of 1.1 g c m - 3 
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Figure 14. The morphology of poly(acrylamide) produced frontally, as seen by SEM. 
Green density 1.14 g c m - 3 4% K2S2O8 

Unstable Propagation 

Systems with liquid monomers are susceptible to buoyancy-driven convection. If a 
front were to propagate upward then the hot polymer-monomer solution in the reaction 
zone could rise because of buoyancy, removing enough heat at the polymer monomer 
interface to quench the front. Whether an ascending front is stable depends on the 
initial viscosity, front temperature and velocity (22 ). The greater the front velocity, the 
lower the initial viscosity that will allow convection-free propagation. 

Figure 15. Descending "fingers" from a front of poly(methacrylic acid) 
polymerization. 

Descending fronts with monomers such as methacrylic acid that produce solid 
but uncrosslinked product can exhibit "fingering" in which partially polymerized 
material sinks from the front (Figure 15). Nagy and Pojman showed that this 
instability could be suppressed by rotating the tube around the axis of propagation (23). 
The rotation increased the front velocity and caused a curved front. 
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Figure 16. Rayleigh-Taylor instability in a descending front of η-butyl acrylate 
polymerization. 

The most pernicious convective instability occurs with monomers that produce a 
molten polymer at the front, such as η-butyl acrylate, styrene and methyl methacrylate. 
A Rayleigh-Taylor instability (24, 25 ), which also appears as "fingers" as the more 
dense molten polymer streams down from the reaction zone and destroys the front 
(Figure 16). The only currently available methods to study frontal polymerization with 
thermoplastics are to add a crosslinking monomer to produce a thermoset or to increase 
the viscosity with a viscosifier such as ultrafine silica gel (CAB-O-SBL). To prepare 
pure poly(n-butyl acrylate) frontally, Pojman et al resorted to performing the reaction 
under weightless conditions of a sounding rocket (26 ). 

Systems with solid monomers are immune to those convective instabilities, but 
other instabilities can arise that are generic to any thermally propagating front. For 
frontal polymerization of methacrylic acid or the frontal curing of cationically-cured 
epoxies, lowering the initial temperature or increasing the amount of heat loss can cause 
the onset of periodic "spinning" modes of propagation (10, 27 ). (In general, amine 
cured epoxies are not susceptible because of their low energies of activation.) Figure 
17 shows infrared images of a front of methacrylic acid polymerization in which the 
monomer solution was initially at 0 e C . A "hot spot" or spin mode can be seen 
propagating around the surface of the descending front. The product has clearly visible 
spiral patterns. 

Maintaining the initial system above the critical temperature for the onset of the 
instability and reducing heat losses can prevent such instabilities, although it is usually 
not possible to know the critical temperature a priori. We do know three factors that 
favor periodic modes: high front temperature, high energy of activation and low initial 
temperature. These factors are summarized by the Zeldovich number (16 ). 

For adiabatic systems with one step reaction kinetics, for all values of Ζ less than 8.4, 
planar fronts occur, but Solovyov et al. have found that models with realistic 
polymerization kinetics are more stable than predicted by equation 3 (28 ). 

SHS systems exhibit similar behavior (29, 30 ). Because of the extremely high 
front temperatures, diluting the initial reactant mixture tends to lead to the instability. 
(The Zeldovich number does not increase monotonically with T m . ) 
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Figure 17. A montage of infrared images of methacrylic acid frontal polymerization 
under unstable conditions. 

Material Synthesis 

We expect that this approach will ultimately have three benefits over traditional methods 
of polymer synthesis: 1) reduced energy costs, 2) reduced waste production, and 3) 
unique morphologies. A desirable feature of frontal polymerization is the rapid and 
uniform conversion of monomer to polymer. Performing an adiabatic polymerization 
of a neat monomer is difficult at best and dangerous at worst, but it can be 
advantageous because the heat of the reaction is used to increase the rate of reaction. 
Also, the absence of solvent eliminates the need to separate the polymer from the 
solvent and residual monomer, which requires energy and can have environmental 
ramifications. 

Thermosets and Composites 

The curing of thick sections of large composites with the existing methods such as 
autoclaving, pultrusion, etc., is difficult because the internal temperature lags behind 
the surface temperature. If the surface cures faster than the interior regions, resin can 
be trapped in the interior, which leads to non-uniform composition and voids. Another 
problem is thermal spiking, during which the heat produced in the interior can not 
escape and builds up. The autocatalytic nature of the curing process can lead to a 
thermal runaway and non-uniform composition. Very slow heating rates can solve this 
problem but at the cost of increased processing time. 

The continuous production of composites is a promising technological 
application of frontal polymerization. The approach reduces imperfections and 
production costs for a high value-added products. White developed two continuous 
curing processes for producing graphite fiber composites (31, 32 ). The first is used 
for large rectangular shaped objects. Layers of prepreg (graphite fiber material 
impregnated with the epoxy thermoset resin) are placed into a mold that is heated from 
below. Pressure (25 psi) is applied until the front reaches near the top of the mold at 
which point the pressure is released and another layer of prepreg is inserted; the process 
is repeated until the desired thickness. White has shown that the process produces 
product with fewer voids in less time. 

The second approach is for the production of cylindrical objects, such as 
energy-storing fly wheels. A filament winding procedure has been developed in which 
resin-impregnated fibers are wound onto a heated mandrel at a rate that matches that of 
the expanding cure front. 

Thermal curing encourages high conversion by maintaining low viscosity at the 
elevated front temperature. Unfortunately, the low viscosity causes sedimentation of 
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the filler particles that can result in nonuniform composition. Nagy and Pojman 
demonstrated that frontal polymerization could be used to overcome this problem. 
They prepared a novel material, a thermochromic composite that gradually changes 
color from 80 °C to 140 °C (33, 34 ). Batch reactions produced a product that could 
not be machined and was nonuniform in composition because of phase separation and 
sedimentation during polymerization. A composite produced by a front was uniform 
because the very fast reaction in the front locked the components together before 
sedimentation could occur. This was the first example of material produced frontally 
that is superior to that produced in a traditional batch reaction. 

We envision a different approach to the manufacture of large composite parts. 
At room temperature, the resin would be forced into the fiber/particle matrix. A cure 
front would be ignited that would spread throughout the lay-up. The composites have 
to be limited to simple geometrical shapes with thick sections such that the heat losses 
are minimized to sustain self-propagation. A great deal of work must be done on the 
relationship between the mechanical properties of the composite and the conditions of 
frontal curing. Specifically, high energy of activation curing agents with long pot lives 
need to be developed. 

Conclusions 

Frontal polymerization shares many of the characteristics of SHS for ceramic 
production ~ rapid conversion to unique products without the continual input or 
removal of heat. Some of the same problems occur such as periodic modes of 
propagation but with liquid monomers frontal polymerization is also greatly affected by 
buoyancy-driven convection. 

The major difference between SHS and free-radical frontal polymerization of a 
solid monomer is that the latter is not a stoichiometric process. As a result, acrylamide 
frontal velocities are not affected by the monomer particle size. The most important 
factor affecting the front velocity and the front temperature is the green density. 
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Chapter 20 

Synthesis and Characterization of Linear 
Tetraphenyl-Tetramethyldisiloxane 

Diacetylene Copolymers 

Eric J. Houser and Teddy M. Keller1 

Chemistry Division, Materials Chemistry Branch, Naval Research Laboratory, 
Code 6120, 4555 Overlook Avenue, SW, Washington, DC 20375-5320 

New phenyl substituted siloxyl diacetylene polymers have been prepared 
in high yields. The syntheses are one-pot, two step procedures involving 
the reaction of dilithiobutadiyne with various dichlorodisiloxanes. 
Spectroscopic and microanalytical data support the proposed structures. 
The polymers are thermally crosslinked to give hard, void-free thermosets 
which can be further heated to give ceramic products with high weight 
retention. 

Materials possessing high thermal and oxidative stabilities are in high demand for 
applications in the aerospace and related industries. Polymeric fiber-reinforced carbon-
carbon composites are frequently used in many of these applications due to their high 
thermal stability and strength to weight ratio, but these materials suffer from a relatively 
low oxidative stability (7, 2). Research has shown that the oxidative stability of carbon-
based materials can be greatly increased by the introduction of inorganic elements such 
as silicon or boron (2). 

Preceramic polymers have been used successfully in the synthesis of a variety of 
useful ceramics such as SiC, S i 3 N 4 and B N (3-5). The use of polymers in the formation 
of ceramic materials has potential processing advantages such as in forming complex 
shapes and giving homogeneous final ceramic products. However, obtaining pure 
materials, such as SiC, from polymer precursors can prove difficult in that small amounts 
of carbon and silicon oxide are frequently present in the final product (3). The pyrolysis 
of several silylene or siloxyl diacetylene polymers to SiC-containing ceramics has been 
reported (6). 

In the field of composite materials, inorganic-organic hybrid polymers offer great 
promise as precursors to ceramic matrix materials. In these applications, high purity 
ceramics are often not necessary and preceramic polymers allow the introduction of 
inorganic elements such as silicon and boron in quantities which can be directed by 
polymer structure and stoichiometry. 

Our research efforts have focused on the synthesis of hybrid inorganic-organic 
diacetylenic polymers as precursors to materials with high thermal and oxidative 

1Corresponding author 

236 This chapter not subject to copyright. Published 1998 American Chemical Society 
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stabilities (7,8). The diacetylene units act as crosslinking agents which is necessary for 
high weight retention upon pyrolysis (9). Heat treatment of these polymers to 300 °C 
gives hard, void-free thermosets. The thermosets can be further pyrolyzed up to 1500 °C 
affording ceramics which exhibit excellent thermal and oxidative stabilities. We recently 
reported on the properties of the diacetylene polymer 
poly(tetramethyldisiloxyldiacetylene) (8). We were interested in the effects of phenyl 
substitution on the thermal and oxidative stability in this type of polymer. To this end 
we have synthesized several new polymers and copolymers via the reaction of 1,3-
dichloro-l,3-dimethyl-l,3-diphenyldisiloxane, 1, or 1,3-dichlorotetraphenyldisiloxane, 
2, and 1,3-dichlorotetramethyldisiloxane, 3, with 1,4-dilithiobutadiyne, 4. The molar 
ratios of 2 and 3 were varied in order to tailor the structure of the copolymers. Related 
copolymers, formed from 4 and l,7-bis(chlorotetramethyldisiloxyl)-m-carborane, 6, were 
also prepared. We hereby present preliminary work describing the syntheses, 
characterization, and thermal evaluation of these new hybrid polymers. 

Experimental 

A l l reactions were carried out under an inert atmosphere using standard Schlenk 
techniques unless otherwise noted. Tetrahydrofuran (THF) was distilled from 
sodium/benzophenone under inert atmosphere immediately prior to use. 
Hexachlorobutadiene was obtained from Aldrich Chemical Co. and purified by 
distillation. n-Butyllithium (2.5M in hexanes) was obtained from Aldrich Chemical 
Company and used as received. 1,3-Dichloro-l ,3-dimethyl-l ,3-diphenyldisiloxane was 
purchased from Huls Chemical Company and purified by distillation under N 2 from Mg 
chips. 1,3-Dichlorotetramethyldisiloxane and 1,3-dichlorotetraphenyldisiloxane were 
obtained from Gelest, Inc. and were purified by distillation under N 2 from Mg chips. 1,7-
Bis(chlorotetramethyldisiloxyl)-m-carborane was obtained from Dexsil Corp. and used 
as received. 1,4-Dilithiobutadiyne was prepared according to literature procedures (6a). 
Caution: The synthesis of 1,4-dilithiobutadiyne as described involves the use of n-BuLi 
which is pyrophoric and should thus be used only with the necessary precautions. 
Thermogravimetric analyses (TGA) were performed on a TA Instruments SDT 2960 
DTA-TGA thermogravimetric analyzer. Aging studies were carried out on a DuPont 951 
thermogravimetric analyzer in air (60 mL/min.). Differential scanning calorimetry 
analyses (DSC) were performed on a DuPont 910 instrument. A l l thermal measurements 
were carried out at a heating rate of 10 °C/min and a nitrogen flow rate of 60 mL/min. 
unless otherwise noted. Gel permeation chromatography (GPC) data were collected 
using a Hewlett-Packard Series 1050 pump and two Altex μ-spherogel columns (size 103 

and 104 Â, respectively) connected in series. GPC values were referenced to polystyrene 
standards. Infrared spectra were obtained using a Nicolet Magna 750 FTIR spectrometer. 
]H and 1 3 C N M R spectra were recorded on a Bruker AC-300 N M R spectrometer in 
CDC13. Elemental analyses were performed by Ε and R Microanalytical Labs. Corona, 
N.Y. 

Preparation of poly(l,3-dimethyl-l,3-diphenyldisiloxyIdiacetylene), 7. A mixture of 
1,4-dilithiobutadiyne (6.3 mmol) in THF(10 mL)/hexane (10 mL) was cooled in an ice 
bath. To this slurry, was added a solution of 1,3-chloro-1,3-dimethyl-1,3-
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diphenyldisiloxane (2.0 g, 6.3 mmol) in THF (5 mL). The ice bath was removed and the 
resulting solution was stirred for 90 minutes at room temperature at which time the 
reaction was judged to be complete by the disappearance of a band at 2140 cm'1 in the 
infrared spectrum (10). The solution was then diluted with 30 mL of diethyl ether and 
50 mL of ice water. The aqueous layer was separated and extracted twice with diethyl 
ether (20 mL). The organic extracts were combined, dried over MgS0 4 , and filtered 
through a Celite pad. Removal of volatiles under reduced pressure gave a viscous brown 
material. Further heating of the polymeric mixture to 75 °C at 0.1 Torr for six hours 
afforded a brown solid (1.67 g, 87 %). Elem. Anal. (C 1 8 H 1 6 Si 2 0) Calcd: C., 71.00; H, 
5.30; Si, 18.45. Found: C., 71.03; H, 5.37; Si, 18.57. 

Preparation of poly(tetraphenyldisiloxyldiacetylene), 5a. The procedure that was 
used in the preparation of 7 was adapted for the synthesis of 5a. The reaction of 1,4-
dilithiobutadiyne (6.3 mmol) with 1,3-dichlorotetraphenyldisiloxane (2.88 g, 6.3 mmol) 
gave a brown solution of crude polymer. Work-up gave a solid, brown product (2.3 lg, 
85 %). Elem. Anal. (C 2 8H 2 0Si 2O) Calcd: C., 78.46; H, 4.70; Si, 13.10. Found: C., 76.71; 
H, 5.21; Si, 12.40. 

Preparation of tetraphenyl/tetramethyldisiloxyldiacetylene copolymers, 5b-d. A 
similar procedure to that used in the preparation of 7 was used to prepare copolymers 5b-
d by reacting 1,4-dilithiobutadiyne with appropriate amounts of both 1,3-
dichlorotetraphenyldisiloxane and 1,3-dichlorotetramethyldisiloxane. 

75/25 tetraphenyldisiloxyl/tetramethyldisiloxyl units, 5b. The reaction of 1,4-
dilithiobutadiyne (6.38 mmol) with 1,3-dichlorotetraphenyldisiloxane (2.16 g, 4.8 mmol) 
and 1,3-dichlorotetramethyldisiloxane (0.33 g, 1.6 mmol) gave a brown solution. Work
up gave a solid, brown product (1.83 g, 78 %). Elem. Anal. (C 2 3 H, 8 Si 2 0) Calcd: C., 
75.36; H, 4.95; Si, 15.32. Found: C., 75.13; H, 5.14; Si, 15.08. 

50/50 tetraphenyl/tetramethyldisiloxyl, 5c. The reaction of 1,4-
dilithiobutadiyne (6.38 mmol) with 1,3-dichlorotetraphenyldisiloxane (1.44 g, 3.2 mmol) 
and 1,3-dichlorotetramethyldisiloxane (0.65 g, 3.2 mmol) gave a brown solution. Work
up gave a solid, brown product (1.58 g, 81 %). Elem. Anal. (C 1 8 H 1 6 Si 2 0) Calcd: C., 
71.00; H, 5.30; Si, 18.45. Found: C., 71.15; H, 5.46; Si, 18.74. 

25/75 tetraphenyl/tetramethyldisiloxyl, 5d. The reaction of 1,4-
dilithiobutadiyne (6.38 mmol) with 1,3-dichlorotetraphenyldisiloxane (0.72 g, 1.6 mmol) 
and 1,3-dichlorotetramethyldisiloxane (0.97 g, 4.8 mmol) gave a brown solution. Work
up gave a solid, brown product (1.31 g, 84 %). Elem. Anal. (C 1 3 H, 4 Si 2 0) Calcd: C., 
64.41; H, 5.82; Si, 23.17. Found: C., 64.15; H, 6.23; Si, 23.27. 

Preparation of tetraphenyIdisiloxy 1/1,7-bis(tetramethyldisiloxyl)-m-carborane 
copolymers, 5e-f. 

90/10 tetraphenyldisiloxyl/l,7-bis(tetramethyldisiloxyl)-m-carborane, 5e. A 
similar procedure to that used in the preparation of 7 was used in the reaction of 1,4-
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dilithiobutadiyne (6.38 mmol) with 1,3-dichlorotetraphenyldisiloxane (2.59 g, 5.74 
mmol) and l,7-bis(tetramethyldisiloxyl)-m-carborane (0.30 g, 0.63 mmol). Work-up 
gave a solid, brown product (2.34 g, 85 %). Elem. Anal. ( C 2 6 6 H 2 1 4 8 1 3 2 0 , ,B) Calcd: C., 
74.08; H, 5.00; Si, 14.33; B, 2.51. Found: C., 73.71; H, 5.26; Si, 14.68; B, 2.33. 

60/40 tetraphenyldisiloxyl/l,7-bis(tetramethyldisiloxyl)-m-carborane, 5f. A 
similar procedure to that used in the preparation of 7 was used in the reaction of 1,4-
dilithiobutadiyne (6.38 mmol) with 1,3-dichlorotetraphenyldisiloxane (1.73 g, 3.83 
mmol) and l,7-bis(tetramethyldisiloxyl)-m-carborane (1.22 g, 2.55 mmol). Work-up 
gave a solid, brown product (2.35 g, 84 %). Elem. Anal. (C 2 2 4 H 2 5 6 S i 2 8 0 , 4 B 4 ) Calcd: C., 
61.27; H, 5.88; Si, 17.91; B, 9.85. Found: C., 60.98; H, 6.13; Si, 17.94; B, 9.87. 

Results and Discussion 

Synthesis. The synthesis of the tetraphenyl/tetramethyldisiloxyldiacetylene polymers 
and copolymers is shown in Scheme 1. The polymeric materials 5a-f were isolated as 
brown solids with yields in the 78-85 % range. These materials were prepared having 
molar ratios of 4 to 3 incorporated into the main chain as follows: 100:0, 5a; 75:25, 5b; 
50:50, 5c; and 25:75, 5d. Copolymers 5e and 5f were prepared having 2 and 6 
incorporated into the main chain in molar ratios of 90:10 and 60:40, respectively. The 
synthetic strategy used is a one-pot, two step reaction sequence adapted from previously 
published procedures (7,8). The reaction of 4 with appropriate ratios of 2 and either 3 
or 6 resulted in the formation of 5a-f with concomitant formation of L iCl . Poly(l,3-
dimethyl-l,3-diphenyldisiloxyl diacetylene), 7, was prepared similarly from the reaction 
of 4 with l,3-dichloro-l,3-dimethyl-l,3-diphenyldisiloxane. 

The polymers and copolymers 5a-f were characterized by FTIR spectroscopy. 
A strong absorption around 2068 cm"1 confirms the presence of the internal butadiyne 
groups. The structure of polymer 5a was supported by absorptions at 3048 cm"1 (Ar-H), 
1123 cm"1 (Si-Ph), and 1053 cm"1 (Si-O-Si). Copolymers 5b-d showed additional 
stretches at 1261 and 850-790 cm"1 (Si-CH 3) consistent with the proposed copolymer 
composition. Copolymers 5e-f showed an additional absorption at 2595 cm"1 (B-H) 
verifying the presence of the carborane moiety. 

Ή N M R spectroscopy supports the proposed structures of 5a-f with resonances 
in the 7.7-7.2 ppm region for the phenyl groups and 0.2-0.6 ppm for the silicon methyl 
protons with intensities consistent with the expected copolymer composition. 1 3 0{'Η} 
N M R showed two resonances in the 83-90 ppm region for the diacetylenic carbons. The 
resonances for the phenyl and methyl carbons occurred in the 132-138 and 0.3-2.0 ppm 
regions, respectively. For 5e-f the carborane cage carbons appeared at 68 ppm. 

Poly(l,3-dimethyl-l,3-diphenyldisiloxyldiacetylene), 7, was also characterized 
using gel permeation chromatography (GPC). GPC analysis showed a broad molecular 
weight distribution with a peak maximum at approximately 10,000 (relative to 
polystyrene) molecular weight. This polymer was chosen as a representative material 
and the GPC results are consistent with previous observations (77). 

Thermal curing of 7 was studied by DSC. When heated to 450 °C., polymer 7 
showed a prominent exotherm with a peak maximum at 314 °C. Upon cooling and 
rerunning the sample, an essentially featureless DSC trace was observed (Figure 1). This 
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R R 

- C ^ C - C ^ C — S i — O — S i -

Ph Ph 

R=Ph (5a) 
R=Me (7) 

Ph Ph 
-C = C - C = C - S i - 0 - S i -

Ph Ph 

ÇH 3 C H 3 

. c = C - C = C - S i - o - S i - -

C H 3 C H 3 

x/y = 75/25 (5b), 50/50 (5c), 25/75 (5d) 

C H 3 C H 3 Ç H3 ÇH 3 

- C = C - C = C - S i - O - S i - C B 1 0 H 1 ( ) C S i - O - S i — 

C H 3 C H 3 C H 3 C H 3 

Ph Ph 
C = c - C ^ C - S i - 0 - S i -

Ph Ph 

x/y =10/90 (5e), 40/60 (5f) 

R R Ç H 3 ÇH 3 ÇH 3 C H 3 

C I — S i — Ο — S i — C l C l - S i - O - S i - C B , 0 H 1 0 C - S i - O - S i - C l 

R R C H 3 C H 3 C H 3 C H 3 

R=l,3-Me,-1,3-Ph,(l) 6 
R=Ph4(2)~ 
R=Me 4 (3) 

Scheme 1. Preparation of Linear Inorganic-Organic Hybrid Diacetylene 
Polymers. 
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exotherm is attributed to the thermally induced crosslinking of the internal diacetylene 
groups. This assignment is supported by infrared studies which showed the 
disappearance of the butadiyne stretch (2160 cm"1) upon heating a sample of 7 to 450 °C 
(Figure 2). DSC studies on copolymers 5b-f showed similar behavior with exotherm 
peak maxima occurring at 311 °C (5b), 300 °C (5c), 298 °C (5d), 315 °C (5e), and 311 
°C (5f). 

Thermogravimetric analysis of 5a-f showed these materials have high thermal 
stabilities. When heated to 1500 °C (10 °C/min) under a nitrogen atmosphere these 
polymers gave char yields of 68 % (5a), 71 % (5b), 77 % (5c), 76 % (5d), 72 % (5e), and 
74 % (5f). Oxidative stabilities of the chars obtained from heat treatment of the polymers 
to 1500 °C under N 2 were determined by cooling to the sample to room temperature and 
heating to 1500 °C under an air atmosphere. The chars obtained from 5a-d showed 
initial weight loss beginning around 650 °C with weight retentions at 1500 °C of 38 %, 
5a; 43 %, 5b; 63 %, 5c; and 84 %, 5d (Figure 3). The trend of lower oxidative stability 
in air with an increasing mole percent of phenyl groups in 5a-d is consistent with the 
formation of a char with a higher carbon content (12). It should be noted that precursor 
materials with high carbon content do not always give high carbon ceramic chars (75). 
Oxidative stabilities of the chars obtained from heat treatment of 5e-f to 1500 °C showed 
increased oxidative stability over the chars of 5a-d with similar phenyl group content. 
At 1500 °C in air the weight retentions for the chars of 5e and 5f were 52 % and 99 %, 
respectively (Figure 4). This latter result clearly demonstrates the increased oxidative 
stability obtained from incorporating both boron and silicon into the polymeric chain (7). 
Examination of 7 by TGA showed 78 % weight retention at 1500 °C under a nitrogen 
atmosphere. Heating a sample of the resulting char of 7 to 1500 °C in air gave a weight 
retention of 57 %. Thus, the thermooxidative properties of 7 are similar to those of 
copolymer 5c. 

Aging studies were performed on the thermoset and ceramic derived from 
poly( 1,3-dimethyl-1,3-diphenyldisiloxyldiacetylene), 7. The thermoset sample was 
prepared by heat treatment of the polymer to 450 °C (10 °C/min) under N 2 (98 % weight 
retention). Aging of the thermoset was studied by heating the sample in air for 5 hours 
sequentially at 250, 300, 350, and 400 °C followed by 15 hours at 450 °C (Figure 5). 
After 5 hours at 250 °C the thermoset showed a slight weight gain with 101 % weight 
retention. After 5 hours at 300 °C the thermoset showed a slight weight loss returning 
to 100 % weight retention. More substantial weight loss was observed during aging at 
higher temperatures with weight retentions of 97 and 91 % after 5 hours at 350 and 400 
°C., respectively. After 15 hours at 450 °C., the sample showed 44 % weight retention 
which had nearly reached a plateau. This behavior is similar to that of other crosslinked 
siloxane systems (14). 

Aging studies were also performed on the char obtained from heat treatment of 
7. The char sample was prepared by heating the polymer to 1000 °C (10 °C/min) under 
N 2 . Aging of the ceramic was studied by heating the sample in air sequentially at 400 °C., 
500 °C., 600 °C., and 700 °C for five hours at each temperature (Figure 6). The aging at 
400 °C resulted in a slight weight gain with 101 % weight retention after 5 hours. Higher 
temperatures resulted in significant weight loss with weight retentions of 83 and 50 % 
after 5 hours at 500 and 600 °C., respectively, with the weight retention stabilizing at 49 
% at 700 °C. 
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SYNTHESIS AND CHARACTERIZATION OF ADVANCED MATERIALS 

0 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 " I 
0 200 400 600 800 1000 1200 1400 1600 

Temperature (°C) 

Figure 3. Oxidative Stability of Chars from Copolymers 5a-d. 

Figure 4. TGA of 5f (N2) and Char of 5f (in air). 
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Conclusion 

Diacetylene disiloxyl polymers and copolymers containing phenyl and methyl 
substituents were synthesized and their structures characterized by FTIR, ] H and 1 3C{ ]H} 
N M R spectroscopies. Copolymers containing tetraphenyldisiloxyl and 1,7-
bis(tetramethyldisiloxyl)-m-carborane units in the polymer backbone were also studied. 
DSC and T G A analyses were used to evaluate the thermal and oxidative stabilities of 
these new materials and their conversion into thermosets and ceramics. The copolymer-
derived ceramic products exhibited good thermal stabilities up to 1500 °C under a 
nitrogen atmosphere. The oxidative stability of the chars of phenyl-substituted 
copolymers was shown to decrease with increasing percentage of phenyl groups. The 
oxidative stability of the char of the 60/40 tetraphenyl/l,7-bis(tetramethyldisiloxyl)-m-
carborane copolymer is excellent to 1500 °C., demonstrating the protecting effect of 
boron and silicon in these systems. Further work is currently underway to determine the 
thermal, oxidative, and mechanical properties of the thermosets and ceramics obtained 
from these copolymers. 
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Chapter 21 

Blending Studies of Poly(siloxane acetylene) 
and Poly(carborane siloxane acetylene) 

Teddy M. Keller and David Y. Son1 

Chemistry Division, Materials Chemistry Branch, Naval Research Laboratory, 
Code 6120, 4555 Overlook Avenue, SW, Washington, DC 20375-5320 

High temperature thermosets and ceramics have been synthesized by heat 
treatment of various blends of poly (siloxane-acetylene) and poly 
(carborane-siloxane-acetylene). The polymeric blends give high char yields 
on pyrolysis, and the resultant chars show excellent oxidative stability to 
at least 1500 °C. The thermosets and ceramic chars show similar oxidative 
stability to previously studied copolymers containing varying amounts of 
siloxane, carborane, and acetylene units within the backbone. It has been 
determined that only a small percentage of carborane is necessary to 
provide this oxidation protection. Thus, these precursor linear hybrid 
polymers are more cost-effective than previous polymers which contained 
carborane in each repeating unit. 

Our current interest in inorganic-organic linear hybrid polymers as precursors to high 
temperature thermosets and ceramics has led us to investigate the synthesis of novel 
materials containing silicon, carborane, and acetylenic segments. Several poly (carborane-
siloxane-acetylene^1,2 1 and 2 and poly (siloxane-acetylene)s3 3 have been synthesized 
(see Scheme 1) and are being evaluated as high temperature matrix materials for 
composites and as precursor materials to ceramics for applications under extreme 
environmental conditions. 

The major advantage of our approach is that the desirable features of inorganics 
and organics such as high thermal and oxidative stability and processability are 
incorporated into the same polymeric chain. The siloxane units provide thermal and chain 
flexibility to polymeric materials. Siloxane-acetylenic polymers have also been made but 
lack the thermal and oxidative stability that the carborane units possess. The chemistry 
involved in synthesizing poly(siloxane) and poly(carborane-siloxane) has been modified 
to accommodate the inclusion of an acetylenic unit in the backbone. The novel linear 

1Current address: Department of Chemistry, Southern Methodist University, Dallas, TX 75275 
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C H 3 C H 3 C H 3 C H 3 I I I I 
- C = C - C = C - S i - O - S i - C B 1 0 H 1 0 C - S i - O - S i — I I 10 10 j , 

C H 3 C H 3 C H 3 C H 3 

Ç H 3 Ç H 3 C H 3 C H 3 

- C = C - C = C - S i - O - S i - C B 1 0 H 1 0 C - S i - O - S i — I I 10 10 j ( 

C H 3 C H 3 C H 3 C H 3 

C H 3 C H 3 

• C = C — C = C - S i — O - S i — 
I I 

C H 3 C H 3 

2a-d 
a, x/y = 50/50 
b, x/y = 25/75 
c, x/y =10/90 
d, x/y = 5/95 

Ç H 3 f C H 3 

- C = C - C = C - S i ( -0—Si— 
I \ I 

C H 3 C H 3 

3a, n=1 
3b, n=2 

Ç H 3 Ç H 3 C H 3 C H 3 Ç H 3 , Ç H 3 , 

- S i - O - S i - C B 1 0 H 1 0 C - S i - O - S i - C I C l — S i i - O - S i f - C I 
I I I I I \ I / n 

C H 3 C H 3 C H 3 C H 3 C H 3 C H 3 

5a, n=1 
5b, n=2 

Scheme 1. Preparation of linear inorganic-organic hybrid polymers 
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polymers have the advantage of being extremely easy to process and convert into 
thermosets or ceramics since they are either liquids at room temperature or low melting 
solids and are soluble in most organic solvents. They are designed as thermoset polymeric 
precursors. The cross-linked density of the thermosets is easily controlled as a function 
of the quantity of reactants used in the synthesis. The acetylenic functionality provides 
many attractive advantages relative to other cross-linking centers. The acetylene group 
remains inactive during processing at lower temperatures and reacts either thermally or 
photochemically to form conjugated polymeric cross-links without the evolution of 
volatiles. 

Ç H 3 Ç H 3 ÇH3 ÇH3 

Si—O-Si—CB 1 0H 1 0C -Si-O-Si— 

CH3 CH3 CH3 CH3 

1 

Ç H 3 Ç H 3 Ç H 3 Ç H 3 

-Si-O-SiCB10H10C î-aSi-

C H 3 C H 3 C H 3 C H 3 

CH3CH 3 

I I 
-Si-OSi—• 

CH3CH3 

2a-d 
a, x/y = 50/50 
b, x/y = 25/75 
c, x/y = 10/90 
d, x/y = 5/95 

Ç H 3 

C H 3 

3a, n=1 
3b, n=2 

Ç H 3 

Si-
n 

CH3 

This paper is concerned with blending 1 and 3 in an attempt to arrive at similar 
thermoset and ceramic compositions as found for copolymer 2 upon thermal treatment. 
Thermal analysis studies were performed on thermosets 4 and ceramics 5 obtained from 
various blends of 1 and 3a. 
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Experimental 

The synthesis of 1,2, and 3 have been reported previously.13 A l l reactions were carried 
out in an inert atmosphere unless otherwise noted. Solvents were purified by established 
procedures. 1,3-Dichlorotetramethyldisiloxane and 1,5-dichlorohexamethyltrisiloxane 
were obtained from Silar Laboratories and used as received. w-Butyllithium (2.5 M in 
hexane) was obtained from Aldrich and used as received. 1,7-Bis(chlorotetra-
methyldisiloxyl)-m-carborane 1 was purchased from Dexsil Corporation. 
Hexachlorobutadiene was obtained from Aldrich and distilled before use. Cure and 
thermal analysis studies were performed on various mixtures of 1 and 3a in milligram 
quantities. Thermogravimetric analyses (TGA) were performed on a DuPont SDT 2960 
Simultaneous DTA-TGA analyzer. Differential scanning calorimetry analyses (DSC) 
were performed on a DuPont 910 instrument. Unless otherwise noted, all thermal 
experiments were carried out at a heating rate of 10 °C/min and a nitrogen flow rate of 50 
cc/min. 

Synthesis of poly (carborane-siloxane-acetylene) 1. In a typical synthesis, a 2.5M 
hexane solution of «-BuLi (34.2 ml, 85.5 mmol) in 12.0 ml of THF was cooled to -78 °C 
under an argon atmosphere. Hexachlorobutadiene (5.58 g, 21.4 mmol) in 2.0 ml THF was 
added dropwise by cannula. The reaction was allowed to warm to room temperature and 
stirred for 2 hours. The 1,4-dilithiobutadiyne in THF was then cooled to -78 °C. At this 
time, an equimolar amount of l,7-bis(chlorotetramethyldisiloxyl)-m-carborane (10.22 g, 
21.4 mmol) in 4.0 ml THF was added dropwise by cannula while stirring. The 
temperature of the reaction mixture was allowed to slowly rise to room temperature. 
While stirring the mixture for 1 hour, a copious amount of white solid (LiCl) was formed. 
The reaction mixture was poured into 100 ml of dilute hydrochloric acid resulting in 
dissolution of the salt and the separation of a viscous oil. The polymer 1 was extracted 
into ether. The ethereal layer was washed several times with water until the washing was 
neutral, separated, and dried over anhydrous sodium sulfate. The ether was evaporated at 
reduced pressure leaving a dark-brown viscous polymer 1. A 97% yield (9.50 g) was 
obtained after drying in vacuo. GPC analysis indicated the presence of low molecular 
weight species (-500) as well as higher average molecular weight polymers (Mw«4900, 
Mn«2400). Heating of 1 under vacuum at 150 °C removed lower molecular weight 
volatiles giving a 92% overall yield. Major FTIR peaks (cm"1): 2963 (C-H); 2600 (B-H); 
2175 (C^C); 1260 (Si-C); and 1080 (Si-O). 

Synthesis of poly (siloxane-acetylene) 3a. A mixture of 1,4-dilithiobutadiyne (6.3 
mmol) in THF/hexane was cooled in a dry ice/acetone bath. To this mixture, 1,3-
dichlorotetramethyldisiloxane (1.24 mL, 6.3 mmol) was added dropwise over 15 min. 
After addition, the cold bath was removed and the mixture was stirred at room 
temperature for two hours. The tan mixture was poured into 20 mL of ice-cooled 
saturated aqueous ammonium chloride solution with stirring. The mixture was filtered 
through a Celite pad and the layers were separated. The aqueous layer was extracted 
twice with Et 2 0 and the combined organic layers were washed twice with distilled water 
and once with saturated aqueous NaCl solution. The dark brown organic layer was dried 
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over anhydrous magnesium sulfate and filtered. Most of the volatiles were removed at 
reduced pressure and the residue was heated at 75 °C for three hours at 0.1 torr to give 3a 
as a thick, dark brown material (1.04 g, 92%). Polymer 3a slowly solidifies on standing 
at room temperature and liquefies at approximately 70 °C. *H N M R (ppm) 0.30 (s, 12H, 
-Si(CH3)); 1 3 C N M R (ppm) 1.7, 1.9 (-Si(CH 3 )), 84.9 (-Si-CC-), 86.9 (-Si-CC-). Anal. 
Calcd. for (C 8H 1 2OSi 2) n: C., 53.31; H, 6.66; Si, 31.16. Found: C., 55.81; H, 7.61; Si, 27.19. 

Preparation of Homogeneous Mixtures from 1 and 3a. Molar mixtures (50/50,25/75, 
and 10/90 weight amounts) of 1 and 3a were weighed into a vial, mixed by dissolution 
in THF, and concentrated at reduced pressure. These compositions were used for thermal 
analysis studies. 

Preparation of Thermoset 4. Various mixtures of 1 and 3a were weighed into a T G A 
pan and cured by heating at 200, 250, 350, and 450 °C for 4 hours at each temperature 
under an inert atmosphere. 

Conversion to Ceramic 5. Various mixtures of 1 and 3a or 4 were weighed into a TGA 
pan and heated to either 1000 °C or 1500°C under inert conditions. Upon cooling the 
ceramic chars were reheated to 1500 °C under a flow of air to determine the oxidative 
stability. 

Oxidative aging studies. Various mixtures of 1 and 3a were weighed into a TGA pan 
and either cured to a thermoset 4 or converted into a ceramic 5. Thermoset 4 was then 
heated in sequence in a flow of air (50 cc/min) at 200, 250, 300, 350, and 400 °C for 5 
hours at each temperature. Addtional heating at 450 °C was performed up to 15 hours. The 
ceramic compositions 5 were heated in sequence at 400, 500, and 600 °C for 5 hours. 
Further heat exposure at 700 °C was carried-out up to 15 hours. 

Results and Discussion 

Several molar mixtures (50/50,25/75, and 10/90) of 1 and 3a were prepared for cure and 
thermal analysis studies. Homogenous mixtures were obtained by dissolving the linear 
polymers 1 and 3a in THF. After thorough mixing, the solvent was removed by 
distillation at reduced pressure. The resulting mixtures as prepared were viscous 
compositions. However, gummy, semicrystalline compositions formed after several days. 
Upon heating to 100°C., the mixtures existed as viscous liquids. 

1 + 3 a Cure Thermoset PyrotysJS Ceramic 
4 5 

DSC Studies. DSC analyses of blends of 1 and 3a show a homogeneous reaction initially 
to a thermoset. The DSC scans to 400 °C of the blends exhibit only one cure exotherm for 
each of the compositions studied (see Figures 1 and 2). For example, mole percent 
mixtures (10/90, 25/75 and 50/50) of 1 and 3a display exotherms (polymerization 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
O

ct
ob

er
 1

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 D
ec

em
be

r 
15

, 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
1.

ch
02

1

In Synthesis and Characterization of Advanced Materials; Serio, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1997. 



21. K E L L E R & SON Blending of Acetylene Polymers 253 

TEMPERATURE (°C) 

Figure 1. DSC thermograms of 1 and 3a 

0.2 
5 ο 

8 o.o 

100 200 300 400 

Temperature (°C) 

Figure 2. DSC thermograms of various mixtures of l/3a: (A) 10/90, (B) 25/75, and 
(C)50/50 
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reaction) peaking at 296,298 and 328 °C., respectively. It is apparent from the observed 
cure temperature for the blends that 3a being more reactive initially forms radicals that 
are not selective in the chain propagation reaction with the acetylenic units of both land 
3a.4 Samples that have been heat treated to 400 e C do not exhibit characteristic exothermic 
transitions. Copolymer 2c shows a similar DSC thermogram with a strong exotherm at 
approximately 300 °C.5 

Thermal and Oxidative Stability. The thermal and oxidative stability of various 
mixtures of 1 and 3a was determined to 1500 °C by simultaneous TGA/DTA analysis. 
The scans were run at 10 °C/min at a gas flow of 50 cc/min in either nitrogen or air. When 
heated to 1000°C and 1500 °C under inert conditions, the various mixtures containing 1 
and 3a afforded char yields of 79-80 and 77-78%, respectively. During the heat 
treatment, similar exothermic transitions (DTA) as found during the DSC scans were 
observed. Moreover, above 1000 °C., an exothermic transition is observed which is 
attributed to the formation of crystalline ceramic components such as SiC and B 4 C. Upon 
cooling, the carbon/ceramic masses were reheated to 1500 °C in air. The oxidative 
stability of the charred mass was found to be a function of the amount of 1 present and 
the initial heat treatment. Charred samples obtained from heat treatment to 1000 °C and 
1500°C of 10/90,25/75, and 50/50 molar weight percent of 1 to 3a showed chars of 98, 
98, 99% and 90, 97, 98% respectively, when reheated in air (see Figures 3 and 4). 

The major difference observed was in the chars formed from the 10/90 mixtures. 
The crystallme-containing compositions (see Figure 4) lost most of their weight between 
700 and 800 °C. For the amorphous compositions (see Figure 3), weight losses occurred 
between 600 and 700 °C and above 1000 °C. As the temperature was further increased, 
an acceleration in the weight loss was observed. These results indicate that the oxidative 
stability of the carbon/ceramic mass depends on the morphology. 

Oxidative Aging Studies. Aging studies were performed on the thermosets derived from 
various blending compositions of 1 and 3a. The compositions were cured by heating at 
200,250, 350, and 450 °C for 4 hours at each temperature under a nitrogen atmosphere. 
Aging of the thermoset was studied by heating the sample in air for 5 hours in sequence 
at 250, 300, 350, and 400 °C followed by 15 hours at 450 °C. Copolymer 2c and the 
10/90 composition showed similar thermo-oxidative stability upon conversion into a 
thermoset (see Figure 5). The stabilizing effect of the carborane unit was apparent. A l l of 
the samples gained weight during the oxidative exposure up to 350 °C. Moreover, less 
oxidation occurred on the surface as the amount of 1 increased. More extreme heat 
treatment at 400 and 450 °C showed an enticement in oxidative stability with greater 
amounts of carborane (see Figure 6). The 50/50 mixture exhibited outstanding oxidative 
performance during the entire heat exposure. When 3a was cured and aged under identical 
conditions, the sample gained almost 7% during the heat exposures from 200 to 300 °C. 
While at 350 and 400 °C., the sample had lost about 14% weight. Upon exposure at 450<C 
for 5 hours, the sample lost another 25% weight. These results show the importance of 
boron at enhancing the oxidative stability of a polymeric material through the formation 
of a passive protective layer. 
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Figure 4. Oxidative stability of chars from heat treatment to 1500 °C of various 
mixtures of l/3a: (A) 10/90, (B) 25/75, and (Q50/50 
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500 

500 1000 1500 
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2000 2500 

Figure 5. Oxidative aging studies on thermosets from: (A) copolymer 2c and (B) 
10/90 composition 

110 500 

500 1000 1500 

TIME(min) 

2000 2500 

Figure 6. Oxidative aging study on thermoset from various mixtures of l/3a: (A) 
10/90, (B) 25/75, and (C)50/50 
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102 800 

800 

TIME(min) 

1200 

Figure 7. Oxidative aging study on char from 10/90 molar amount of l/3a 

Long-term oxidative studies were also performed on the chars obtained from 
blending compositions of 1 and 3a. A ceramic composition prepared from the 10/90 
mixture was initially processed to 1000 °C under a nitrogen atmosphere. Upon cooling, 
the char was aged in sequence at 400, 500,600, and 700 °C in a flow of air for 5 hours at 
each temperature (see Figure 7). While at 500 °C the char gained about 0.3% weight. 
During the entire heat treatment, the ceramic sample lost less than 1% weight. This 
weight loss occurred between 500 and 600 °C. At 700 °C no weight changes were 
observed. These observations indicate that a protective outer layer forms and insulates the 
interior against further oxidation. Similar results had been observed previously for the 
copolymer 2c.6 A charred sample that had been processed from 3a in an identical manner 
as the blended mixture showed a 28% weight loss after 15 hours in air at 500 °C. The 
outer surface of the sample was coated with a white flaky residue attributed to silicon 
oxide. The outer surface of the chars formed from the blended mixtures upon exposure 
to air at elevated temperatures remained black. This observation indicates that a different 
outer oxidized surface forms with structural integrity when boron is present. 

Conclusion 

Extreme aging conditions show the importance of silicon and boron in the protection of 
carbon-based systems against oxidation. Thermoset and ceramic compositions formed 
from mixtures of 1 and 3a show outstanding oxidative stability. Both compounds contain 
acetylenic units for thermal conversion to network polymers. The resistance to oxidation 
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was a function of the amount of 1 present in the polymeric mixtures. The studies show 
that carbon can be protected from oxidation at various temperatures by proper 
incorporation of silicon and boron units into a carbon precursor material. The ceramic 
compositions obtained from 2 itself and mixture of 1 and 3a show similar oxidative 
stabilities. Further studies are underway to evaluate and exploit the ceramic compositions 
as matrix materials for high temperature composites. 

Acknowledgment is made to the Office of Naval Research for financial support of this 
work. David Y . Son wishes to acknowledge The National Research Council for an N R C 
Postdoctoral Fellowship. 
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synthesis, 120-132 

Apparent recombination coefficient, 
definition, 72 

Aqueous processing, precursors for 
ferroelectric thin films, 95-104 

Autocompensated surface structure 
of GaN film on sapphire 

experimental description, 26-27 
experimental procedure 

classical ion trajectory simulations, 28 
GaN sample, 27 

first-layer species 
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INDEX 263 

Autocompensated surface structure 
of GaN film on sapphire 

experimental procedure—Continued 
hydrogen analysis, 28, 30-32 
identification, 28-30 

surface periodicities of H, N , and Ga 
atoms, 32-34, 35/ 

thermal decomposition of GaN, 34,36-37 

Ba(gluconate)2, preparation, 97-98 
Barium titanate 

nucleation and formation mechanisms, 
106-118 

synthetic methods, 106 
Barium titanate precursor, aqueous and 

liquid-based processing of ferroelectric 
thin films, 95-104 

BaTi(MEEA) 4 (CH 3 C0 2 ) 2 , preparation, 97 
Binary group ΙΠ nitride thin films, vapor-

phase epitaxy, 12-23 
Blending of poly(siloxane acetylene) and 

poly(carborane siloxane acetylene) 
advantages, 248, 250 
differential scanning calorimetry, 252-254 
experimental description, 250 
experimental procedure, 251-252 
future work, 258 
oxidative aging, 254, 256-257 
oxidative stability, 254, 255/ 
reaction, 252 
structures, 250 
thermal stability, 254 

C 6 0 cluster 
spontaneous creation concept, 6-8 
traditional structural image, 6 

Carbide(s), research, 4 
Carbide and nitride syntheses by 

temperature-programmed reaction 
applications, 211 
carbides, 215 
experimental description, 212 
experimental procedure, 212 
nitrides, 213-214 
process description, 211-212 
surface area development, 215-217 
synthesis unit, 212, 213/ 

Carbon nanotubes, discovery, 4 
Carbon onions, discovery, 4 
Carbon science, evolution, 3-4 
Ceramic(s) 
reactant transport in combustion 

synthesis, 187-208 
synthesis by liquid-phase processing, 95 

Ceramic particles, chemical principles in 
solution synthesis and processing, 82-92 

Ceramic powders 
preferred characteristics, 120 
production techniques, 120 

Characterization 
linear tetraphenyl/tetramethyl-

disiloxane-diacetylene copolymers, 
236-246 

trimetallic double alkoxide precursor to 
potassium aluminosilicate, 134-144 

Chemical modeling, combustion flame-
chemical vapor condensation, 158-169 

Chemical principles in solution synthesis 
and processing of ceramic and metal 
particles 

applications, 82-83 
previous studies, 83 
system development steps 
control state of agglomeration using 

colloid chemical principles, 89-91, 
92/ 

control yield of material by selection 
of starting materials and 
concentrations, 91,92i 

determine synthesis conditions to 
prepare desired phase, 85 

develop methods 
control of particle morphology, 88-89, 

90/ 
control of particle size, 85-88 

know the material, 83-85 
Chemical vapor deposition 
organic compounds over active carbon 

fiber 
active carbon fiber 
high activation 
catalytic activity on S0 2 removal, 67, 

68/ 
pyrolysis of pyridine, 65, 68/ 
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264 SYNTHESIS AND CHARACTERIZATION OF ADVANCED MATERIALS 

Chemical vapor deposition—Continued 
fiber—Continued 

active carbon fiber—Continued 
high activation—Continued 

temperature-programmed 
decomposition of adsorbed S0 2 , 
67, 69/ 

low activation 
adsorption profiles of C 0 2 and CH 4 , 

65, 66/ 
products of pyrolysis reaction, 

65, 66r 
pyrolysis of organic compounds, 

63-64 
catalytic activity, 70 
experimental description, 61 -̂62 
experimental procedure 

adsorption of C 0 2 and CH 4 , 62-63 
characterization, 63, 64r 
chemical vapor deposition, 62 
organic species identification, 62 
S0 2 removal, 63 
temperature-programmed 

decomposition, 63 
factors affecting pore width, 67 
nitrogen-surface area relationship, 70 

production of fullerenes and polymers, 
51-59 

Chemistry, advanced materials, 2-5 
Classical ion trajectory simulations, 

autocompensated surface structure 
of GaN film on sapphire, 26-37 

Coating materials, recombination 
of oxygen and nitrogen atoms, 71-79 

Cohesive energy, group III nitrides, 26 
Combustion flame-chemical vapor 

condensation 
advantages, 159 
diagnostics, 165, 167-169 
experimental procedure, 160, 161/ 163/ 
factors affecting production, 162, 163/ 
modeling, 165 
safety considerations, 160, 162 
scalability, 160 
setup, 159-160, 161/ 
transmission electron microscopy, 162, 

164-165, 166/ 

Combustion synthesis 
ceramics, 187-208 
oxygenless ceramics, 187 
process types, 188-190 

Composites, use of frontal 
polymerization, 233-234 

Degree of saturation in solution, 
definition, 86 

Diamond nucleation, relationship with 
fullerene formation, 51-59 

Differential scanning calorimetry 
blending of poly(siloxane acetylene) and 

poly(carborane siloxane acetylene), 
252-254 

linear tetraphenyl/tetramethyl-
disiloxane-diacetylene copolymers, 
239, 241-242, 243/ 

Double alkoxide precursor to potassium 
aluminosilicate, See Trimetallic double 
alkoxide precursor to potassium 
aluminosilicate 

Dynamic MS, reactant transport in 
combustion synthesis of ceramics, 
187-208 

Early transition metals, syntheses 
of carbides and nitrides by temperature-
programmed reaction, 211-217 

Elastic recoil detection, autocompensated 
surface structure of GaN film on 
sapphire, 26-37 

Epitaxy, vapor phase, See Vapor-phase 
epitaxy of binary and ternary group III 
nitride thin films 

Extended carbonaceous materials, 
production, 8, 36 

Ferroelectric thin films, precursors for 
aqueous and liquid-based processing, 
95-104 

Flame(s), high-rate production of high-
purity, nanoagglomerated oxide 
nanopowders, 158-169 

Flame synthesis of nanosize powders, in 
situ particle size and shape analysis, 
170-185 
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Flatness, graphite, 6-7 
Formation mechanism, hydrothermally 

derived barium titanate, 106-118 
Fourier-transform IR spectrometry, linear 

tetraphenyl/tetramethyl-disiloxane-
diacetylene copolymers, 239 

Frontal polymerization 
advantages, 233 
applications 
composites, 233-234 
thermosets, 233-234 

basic phenomena, 221-222, 223/ 
comparison to self-propagating high-

temperature synthesis, 220, 222/ 
discovery, 220 
frontal velocity vs. initiator 

concentration, 226-227 
polymer properties, 227 
pressure effect, 224-226 
solid monomers, 227-231 
temperature profiles, 222-223 
unstable propagation, 231-233 

Fullerene(s) 
discovery, 3-4 
production by chemical vapor deposition 

experimental description, 51 
experimental procedure 

hot filament chemical vapor 
deposition, 51-52, 53/ 

microwave-enhanced chemical vapor 
deposition, 52, 53/ 

MS, 52, 54 
hot filament chemical vapor deposition, 

54, 55/ 57 
microwave-enhanced chemical vapor 

deposition, 54, 56-59 
relationship with diamond nucleation, 

51-59 
synthetic approaches, 4 

Fullerene cage concept, carbon formation, 
6-8 

Gallium nitride 
cohesive energy, 26 
deposition methods, 12-13 
vapor-phase epitaxy, 16-18 

GaN film on sapphire, autocompensated 
surface structure, 26-37 

Gas-phase transport efficiency, 
estimation, 207-208 

Gel permeation chromatography, linear 
tetraphenyl/tetramethyldisiloxane-
diacetylene copolymers, 239 

Gluconate precursor for BaTi0 3 , 
synthesis, 98 

Gluconate salts, role in precursors for 
aqueous and liquid-based processing 
of ferroelectric thin films, 95-104 

Glycothermal synthesis of α-aluminum 
oxide 

experimental description, 123 
experimental procedure 

α-alumina particle preparation, 
124 

seed preparation, 123-124, 125/ 
glycothermal reaction, 126, 127/ 
morphological control, 126, 128/ 

130-132/ 
previous studies, 122 
rate-limiting mechanisms, 

122-123 
reaction, 122 
seeding effects on morphology, 126, 

127-128/ 
size control via seeding, 126, 129, 132/ 

Graphite, concept of flatness, 6-7 
Graphite sandwich single crystal, 

structure studies, 7 
Green density, role in frontal 

polymerization, 227-231 
Group III nitrides 

applications, 12 
cohesive energy, 26 
properties, 26 
reasons for interest, 12 
vapor-phase epitaxy, 12-23 

Ή-NMR spectrometry, linear 
tetraphenyl/tetramethyldisiloxane-
diacetylene copolymers, 239 

Heterogeneous nucleation, description, 
121-122 
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266 SYNTHESIS AND CHARACTERIZATION OF ADVANCED MATERIALS 

High-purity, nonagglomerated oxide 
nanopowders in flames, high-rate 
production, 158-169 

High-rate production, high-purity, 
nonagglomerated oxide nanopowders in 
flames, 158-169 

High-temperature coating materials, 
recombination of oxygen and nitrogen 
atoms, 71-79 

High-temperature synthesis of materials 
glycothermal synthesis of α-aluminum 

oxide, 120-132 
hydrothermally derived barium titanate, 

106-118 
Highly ordered pyrolytic graphite, 

production, 7-8 
Homogeneous nucleation, description, 

121 
Hot filament chemical vapor deposition, 

production of fullerenes and polymers, 
51-59 

Hydrocarbon polymers, production by 
chemical vapor deposition, 51-59 

Hydrothermal synthesis 
BaTi0 3 , 106-107 
definition, 106 

Hydrothermally derived barium titanate 
BaTiO, kinetic analysis 
anatase precursor reaction, 112, 

116-117,118/ 
as-received hydrous gel reaction, 112, 

113-115/ 
equation, 109 
fractional crystallinity, 109-112 

BaTi0 3 synthesis conditions, 109 
experimental description, 107 
experimental procedure 

BaTiO, kinetic analysis, 108 
BaTiO, synthesis conditions, 107-108 
titanium gel synthesis and 

characterization, 107 
Ti precursor characteristics, 108-109 

In situ monitoring of laser ablation 
plumes used in thin film deposition, 
mass beam sampling spectrometry, 
39-^9 

In situ particle size and shape analysis 
during flame synthesis of nanosize 
powders 

applications, 185 
experimental description, 171 
experimental procedure 

diffusion flame reactor, 176-177 
salt pellets, 176 

Fourier-transform IR optical interface, 
177-178 

in situ flame measurements 
validations, 180-184 
variables, 178-180 

influencing variables, 171 
IR light scattering by particles 

absorbance-scattering relationship, 172 
Mie theory, 173-174 
Raleigh theory, 173-175 

previous studies, 171 
salt pellet measurements 
accuracy, 178 
validation, 178, 179/ 

Inorganic-organic hybrid polymers, 
advantages as precursors to ceramic 
matrix materials, 236 

IR light scattering by particles, in situ 
particle size and shape analysis during 
flame synthesis of nanosize powders, 
172-175 

Laser ablation plumes used in thin film 
deposition, in situ monitoring using 
mass beam sampling spectrometry, 39-49 

Layered materials, structure and 
properties, 6-8 

Lijima, graphite structure studies, 7 
Linear tetraphenyl/tetramethyldisiloxane-

diacetylene copolymers 
aging studies, 242, 245/ 
differential scanning calorimetry, 239, 

241-242, 243/ 
experimental description, 236-237 
experimental materials, 237 
experimental procedure, 237-239 
Fourier-transform IR spectrometry, 239 
future research, 246 
gel permeation chromatography, 239 
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INDEX 267 

Linear tetraphenyl/tetramethyldisiloxane-
diacetylene copolymers—Continued 

Ή-NMR spectrometry, 239 
synthesis, 239-240 
thermal gravimetric analysis, 242, 244/ 

Liquid-based processing, precursors for 
ferroelectric thin films, 95-104 

Low-energy electron diffraction, 
autocompensated surface structure 
of GaN film on sapphire, 26-37 

Mass beam sampling spectrometry for in 
situ monitoring of laser ablation plumes 
used in thin film deposition 

apparatus 
laser-plume-target interaction 

geometry, 42-43 
spectrometer, 41 -42 

experimental description, 39 
final to initial state property conversion, 

46 
laser vaporization/ablation plumes, 40 
plume angular distribution, 47-49 
plume expansion, 40 
sampling fidelity, 45-46 
velocity distributions, 43^45 

Materials chemistry 
advanced, 2-5 
applications, 3-5 
function, 3 
high-temperature synthesis, 106-118, 

120-132 
layered, 6-8 

Metal methoxyacetate, role in precursors 
for aqueous and liquid-based processing 
of ferroelectric thin films, 95-104 

Metal particles, chemical principles in 
solution synthesis and processing, 
82-92 

Metalloorganic deposition 
description, 95-96 
previous studies, 96 

Microwave-enhanced chemical vapor 
deposition, production of fullerenes 
and polymers, 51—59 

Mie theory, description, 173-174 

Mo-B system, reactant transport in 
combustion synthesis, 187-208 

Molecular beam epitaxy, description, 12 
Molybdenum carbide and nitride 

syntheses by temperature-programmed 
reaction, See Carbide and nitride 
syntheses by temperature-programmed 
reaction 

Morphology, control in glycothermal 
synthesis of α-aluminum oxide, 126, 
128/ 130-132/ 

Multimetallic oxide synthesis 
oxide one-pot synthesis, 135 
precursor method, 135 
sol-gel method, 134-135 

Nanopowder, synthesis, 151-154 
Nanoscale materials, research, 4-5 
Nanosize particles 
enhanced properties in applications, 170 
preparation methods, 170-171 

Nanosize powders, in situ particle size 
and shape analysis during flame 
synthesis, 170-185 

Nanostructured materials 
advantages, 158 
applications, 158-159 
limitations of production techniques, 159 

Neodymium molybdate precursor, 
aqueous and liquid-based processing 
of ferroelectric thin films, 95-104 

Neodymium molybdenum gluconate, 
preparation, 98-99 

Neutral alkoxyaluminanes, precursor 
design, 147-148 

Neutral alkoxysilanes, precursor design, 
147 

Niobium carbide and nitride syntheses by 
temperature-programmed reaction, See 
Carbide and nitride syntheses by 
temperature-programmed reaction 

Nitride(s), research, 4 
Nitride syntheses by temperature-

programmed reaction, See Carbide and 
nitride syntheses by temperature-
programmed reaction 
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268 SYNTHESIS AND CHARACTERIZATION OF ADVANCED MATERIALS 

Nitrogen atoms, recombination of oxygen 
atoms on silica and high-temperature 
coating materials, 71-79 

Nonagglomerated oxide nanopowders in 
flames, high-rate production, 158-169 

Nucleation mechanism, hydrothermally 
derived barium titanate, 106-118 

Nucleation processes, types, 121-122 
Nucleation rate, definition, 121 

Organic compounds, chemical vapor 
deposition over active carbon fiber, 61-70 

Organometallic vapor phase epitaxy, 
description, 12 

Oxidative stability, blending of 
poly(siloxane acetylene) and 
poly (carborane siloxane acetylene), 
254, 255/ 

Oxide(s), research, 4 
Oxide nanopowders in flames, 

nonagglomerated high-rate production, 
158-169 

Oxide one-pot synthesis 
reaction, 135 
trimetallic double alkoxide precursor to 

potassium aluminosilicate, 134-144 
Oxide one-pot synthesis alkoxyalumino-

silicates, precursor design, 148 
Oxygen atoms, recombination with 

nitrogen atoms on silica and high-
temperature coating materials, 71-79 

Particle morphology, control using 
chemical principles, 88-89, 90/ 

Particle size, control using chemical 
principles, 85-88 

Particle size and shape analysis during 
flame synthesis of nanosize powders, 
See In situ particle size and shape 
analysis during flame synthesis of 
nanosize powders 

Phenyl-substituted siloxyl diacetylene 
polymers, synthesis and 
characterization, 236-246 

Plumes used in thin film deposition, in 
situ monitoring using mass beam 
sampling spectrometry, 39-49 

Poly(carborane siloxane acetylene) 
blending with poly(siloxane acetylene), 

248-258 
synthesis, 248-249, 251 

Poly( 1,3-dimethyl-1,3-diphenyldisiloxyl-
diacetylene), preparation, 237-238 

Polymer(s), production by chemical vapor 
deposition, 51-59 

Polymeric fiber-reinforced carbon-carbon 
composites, limitations for use in 
aerospace industry, 236 

Polymeric materials 
development, 5 
synthesis, 220-234 

Polymerization, frontal, See Frontal 
polymerization 

Poly(siloxane acetylene) 
blending with poly(carborane siloxane 

acetylene), 248-258 
synthesis, 248-249, 251-252 

Poly(tetraphenyldisiloxyldiacetylene), 
preparation, 238 

Porosity, control using chemical vapor 
deposition of organic compounds over 
active carbon fiber, 61-70 

Potassium aluminosilicate, synthesis and 
characterization of trimetallic double 
alkoxide precursor, 134-144 

Powders, nanosize, in situ particle size 
and shape analysis during flame 
synthesis, 170-185 

Preceramic polymers, limitations for use 
in aerospace industry, 236 

Precursors for aqueous and liquid-based 
processing of ferroelectric thin films 

barium titanate precursor 
barium acetate effect, 100 
coordinated acid evidence, 99-100 
gluconic acid effect, 100, 102-103 
preparation, 99 
thermal gravimetric analysis, 100,101/ 
X-ray diffraction, 100-101 

experimental description, 96 
experimental materials, 96 
experimental procedure, 96-99 
neodymium molybdate precursor 
preparation, 103 
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Precursors for aqueous and liquid-based 
processing of ferroelectric thin films— 
Continued 

neodymium molybdate precursor— 
Continued 

structure, 103 
thermal gravimetric analysis, 103-104 

strontium titanate precursor 
coordinated acid evidence, 99-100 
gluconic acid effect, 100-103 
preparation, 99 

Pressure, role in frontal polymerization, 
224-226 

Process types, combustion synthesis, 
188-190 

Processing, precursors for ferroelectric 
thin films, 95-104 

Product property control, challenges, 134 
Propagation, frontal polymerization, 

231-233 
Properties, layered materials, 6-8 
Pseudomorphism 

description, 212 
role in carbide and nitride syntheses 

by temperature-programmed reaction, 
215-217 

Pulsed laser deposition, advantages, 39 

Raleigh theory, description, 173-175 
Reactant transport in combustion 

synthesis of ceramics 
experimental materials, 190 
experimental procedure 
contactless interaction, 190, 191/ 
gas-phase composition, 190-193 

gas phase 
M o - B systems, 193, 195, 196/ 
Ta-C systems, 195-198 

gas-phase transport efficiency, 207-208 
Mo 2 B layer on molybdenum, 192/ 193 
previous studies, 187-188 
process types, 188-190 
reaction zone width, 198 
TaC crystals on graphite, 193, 194/ 
Ta,C crystals on tantalum, 193, 194/ 
thermochemistry combustion wave 

assumptions, 198-199 

Reactant transport in combustion 
synthesis of ceramics—Continued 

thermochemistry combustion wave— 
Continued 

M o - B system, 199-202, 203/ 
Ta-C systems, 202, 204-205 

Reaction cured glass 
description, 72 
recombination of oxygen and nitrogen 

atoms, 71-79 
Recombination of oxygen and nitrogen 

atoms on silica and high-temperature 
coating materials 

apparent recombination probability 
calculation, 73 
Ν vs. Ο effect, 73,75/ 
temperature dependence, 73, 74/ 

comparison with flight experiments, 
73,76 

experimental description, 72 
experimental materials, 73 
experimental procedure, 72-73 
mechanism, 76-79 
rate, 73 

Sapphire, autocompensated surface 
structure of GaN film, 26-37 

Scientific community, dilemma, 
2-3 

Seeding, role on morphology during 
glycothermal synthesis of α-aluminum 
oxide, 126, 127-128/ 

Self-propagating high-temperature 
synthesis 

advantages, 220 
comparison to frontal polymerization, 

220, 222/ 
description, 187 
discovery, 220 
reaction, 187-188 
solid monomers, 227-231 
unstable propagation, 232 

Silica, recombination of oxygen and 
nitrogen atoms, 71-79 

Siloxyldiacetylene polymers, synthesis 
and characterization, 236-246 

Si0 2 , high-rate production, 158-169 
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270 SYNTHESIS AND CHARACTERIZATION OF ADVANCED MATERIALS 

Size, control in glycothermal synthesis 
of a-aluminum oxide, 126, 129, 
132/ 

Sol-gel method, multimetallic oxide 
synthesis, 134-135 

Solid polymers, frontal polymerization, 
227-231 

Solution synthesis 
chemical principles for ceramic and 

metal particles, 82-92 
description, 120 
reaction variables affecting product 

properties, 120-121 
Space Shuttle Orbiter, design 

considerations, 71-72 
Space vehicles 
design considerations, 71-72 
repeated usage, 71 

Spinel, recombination of oxygen and 
nitrogen atoms, 71-79 

SrTiO(0 2CCH 2OMe) 4(H0 2CH 2OMe) 2-
(H 20) 3, preparation, 97 

SrTiO(0^)2(H20)4, preparation, 96-97 
Strontium titanate precursor, aqueous and 

liquid-based processing of ferroelectric 
thin films, 95-104 

Structure, layered materials, 6-8 
Supersaturation 
function, 121 
induction methods, 121 

Surface area development, carbide 
syntheses by temperature-programmed 
reaction, 211-217 

Surface function, control using chemical 
vapor deposition of organic compounds 
over active carbon fiber, 61-70 

Surface periodicities, H , N , and Ga atoms, 
32-34, 35/ 

Synthesis 
carbides and nitrides, 211-217 
combustion, See Reactant transport in 

combustion synthesis of ceramics 
glycothermal, α-aluminum oxide, 

120-132 
hydrothermally derived barium titanate, 

106-118 

Synthesis—Continued 
linear tetraphenyl/tetramethyl-

disiloxane-diacetylene copolymers, 
236-246 

materials, 120-132 
trimetallic double alkoxide precursor to 

potassium aluminosilicate, 134-144 
Synthetic methods, challenges, 134 

Ta-C systems, reactant transport in 
combustion synthesis, 187-208 

Technological innovation, role in 
economic growth and change, 2 

Temperature-programmed reaction, 
carbide and nitride syntheses, 211-217 

Ternary group ΙΠ nitride thin films, 
vapor-phase epitaxy, 12-23 

Tetraphenyl/tetramethyldisiloxane-
diacetylene copolymers, See Linear 
tetraphenyl/tetramethyldisiloxane-
diacetylene copolymers 

Tetraphenyldisiloxyl/1,7-
bis(tetramethyldisiloxyl)-m-carborane 
copolymers, preparation, 238-239 

Thermal decomposition, GaN, 34, 36-37 
Thermal decomposition MS, 

autocompensated surface structure 
of GaN film on sapphire, 26-37 

Thermal gravimetric analysis, linear 
tetraphenyl/tetramethyldisiloxane-
diacetylene copolymers, 242, 244/ 

Thermal stability, blending of 
poly(siloxane acetylene) and 
poly(carborane siloxane acetylene), 
254 

Thermosets, use of frontal 
polymerization, 233-234 

Thin film(s) 
precursors for aqueous and liquid-based 

processing, 95-104 
vapor-phase epitaxy, 12-23 

Thin film deposition, mass beam 
sampling spectrometry for in situ 
monitoring of laser ablation plumes, 
39-49 

Ticonderoga graphite, production, 7-8 
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Time-of-flight scattering and recoiling 
spectrometry, autocompensated surface 
structure of GaN film on sapphire, 26-37 

Ti(MEEA) 4 , preparation, 97 
Ti0 2 , high-rate production, 158-169 
Titanium gluconate chloride, preparation, 

98 
Topotaxy 

description, 212 
role in carbide and nitride syntheses by 

temperature-programmed reaction, 
215-217 

Trimetallic double alkoxide precursor to 
potassium aluminosilicate 

experimental description, 135 
experimental procedure 

MS, 136 
N M R spectroscopy, 135-136 
safety considerations, 136 
syntheses, 136 
thermal gravimetric analysis, 135 

K A l S i 0 4 precursor 
MS, 143-144 
N M R 

2 7 A l , 139, 140/, 141 
l 3 C, 139 
Ή , 139 

2 9 Si , 139, 142-143 
synthesis, 136-137 

Trimetallic double alkoxide precursor to 
potassium aluminosilicate—Continued 
thermal gravimetric analysis, 137-138 

K A l S i 0 4 precursor—Continued 
synthesis, 136-137—Continued 

Ugarte, graphite structure studies, 7 
U.S. economy, structural change, 2 

Vanadium carbide and nitride syntheses 
by temperature-programmed reaction, 
See Carbide and nitride syntheses by 
temperature-programmed reaction 

Vapor-phase epitaxy of binary and ternary 
group ΙΠ nitride thin films 

Al,Ga,.Ν alloys, 18-23 
aluminum nitride, 15-16 
experimental description, 13 
experimental materials, 15 
experimental procedure, 15 
gallium nitride, 16-18 
organometallic vapor-phase epitaxy 

growth precursors, 13-15 
previous studies, 12-13 

Velocity, définition, 226 

Yield of material, control using chemical 
principles, 91, 92r 

Zeldovich number, definition, 232 
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