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Preface

Humankind has achieved dramatic advancement of technology over the Stone Age,
the Bronze Age, the Iron Age, the Plastic Age, and the Advanced Materials Age
since their advent. Now we are living in the world of advanced materials including
plastics, ceramics, renewable energy, sensors, etc. Literally we cannot live in daily
life without using millions of products produced from the advanced technology.
The developing rate of new technology is very fast. Global community really
needs it for prosperity promotion.

There are great interests in six advanced technologies: nano-technology, bio-
based technology, sensor technology, energy-based technology, high performance
material-based technology, and fuel cell technology. During the past decades
major progress in the synthesis, characterization, and applications of functional
polymers has been accomplished along with the recent development of nano-
bioscience and environment technology. This monograph titled Advanced Functional
Materials contains six chapters spanning from polymers to ceramics, sensor, and
to fuel cell: high performance organic polymers, biodegradable organic polymers,
inorganic polymers, ceramic composite formation, sensor, and fuel cell.

Chapter 1 deals with the synthesis and applications of high performance polymers
including polyimides and other polymers. The high performance polymers are
engineered for use in especially harsh environments with the virtue of a long life
span, ease of maintenance and low cost of production. Standard common polymers
(PE (polyethylene), PMMA (polymethyl methacrylate), PVC (polyvinyl chloride),
etc.) have a thermal resistance below 100 °C and are less suitable for sliding/rolling
surfaces. Examples of hard wearing high performance polymers, having a thermal
resistance over 150 °C, are polyetheretherketon, polyethersulfon and polyimide.
Engineering polymers are classified by a temperature resistance within 100 to 150 °C.
The engineering polymers include polyamide, polycarbonate, polyoxymethylene,
polyethylene terephthalate, ultra high molecular weight polyethylene, and poly-
butylene terephthalate. The authors hope to discuss polyimides with major emphasis
since they are one of the most recent advanced materials of their kind while briefly
describing other high performance organic polymers.

Chapter 2 discusses on the controlled synthesis of biodegradable organic
polymers such as polylactic acid, polyglycolic acid and related copolymers. These
polymers have found many significant applications in the field of biomedical
science as drug-delivery carriers, resorbable sutures, artificial-tissue materials, and
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so forth. The discussion is hence centered on the living and stereospecific or
stereoselective ring-opening polymerization of lactides, particularly which uses
low-toxic/non-toxic metal catalysts and metal-free organic catalysts/initiators to
conduct the controlled polymerizations.

Chapter 3 describes the high functional inorganic polymers containing main
group 13 — 16 elements in the polymer backbone chain. Polymers can be largely
divided into two categories: organic polymers and inorganic polymers. Organic
polymers tend to lose their advantageous material properties (light weight, flexibility,
fabricability, elasticity, mechanical strength, conductivity, optoelectricity, etc.) in
the presence of oxygen, ozone, corrosion, ultraviolet radiation or at extreme
high/low temperatures. Nonetheless, most organic polymers used heavily and
widely in modern daily life, hardly decompose in the natural environment and
burn releasing toxic chemicals as well, creating serious environmental pollution.
Furthermore, the availability of raw materials for organic polymers, whose
backbone chains consist mainly of carbon atoms linked together or separated by
heteroatoms, such as oxygen or nitrogen, is limited by the anticipated shortage of
natural petroleum/coal resources. Therefore, research on the design, synthesis,
characterization and applications of inorganic polymers, inorganic-organic hybrid
polymers or organometallic polymers is needed to avoid these problems. Inorganic
polymers have main group non-metallic or sub-metallic elements (Si, Ge, Sn, B, P,
N, O, S, etc.), main group metals (Mg, Al, etc.) or transition metals (i.e., d-block
or f-block elements) within the polymers. Main group metal-based and transition
metal-containing inorganic polymers have been extensively reviewed by many
authors and are not covered here because they are beyond the scope of this article,
due to the limit of space and interest. Main group non-metallic or sub-metallic
inorganic polymers are composed of mainly boron (polyboranes, polyborazines,
polycarboranes, etc.), silicon/germanium/tin (polysilanes, polysilane-co-germane,
polycarbosilanes, polysiloxanes, polysilathianes, polysilazanes, polygermanes,
polystannanes, etc.), phosphorous (polyphosphazenes, etc.) and sulfur (polysulfur,
polysulfur nitrides, etc.) atoms, which do not originate from petroleum/coal
resources.

Chapter 4 covers the preparation of various ceramic composites using various
hybrid preceramic polymeric precursors, including super-resistant Si-C-B-N,
electrically conducting MoSi,/SiC, superhard Ti-B-N and highly thermally conducting
Al-B-N nanocomposites, thermally insulating Al-Cr-phosphates. Moreover, some
application examples of preceramic polymers are introduced to demonstrate their
utility in structural ceramic materials as an alternative preparative route to the
conventional powder sintering process, such as ceramic matrix composites and
ceramic film. In addition, the authors summarize the recent development of porous
SiC materials from templated preceramic polymers and the fabrication of small
and complicated ceramic features using near net shape processing techniques,
such as lithography.

Chapter 5 discusses chemical and biological sensors based on porous silicon
nanomaterials. It was not until 1990, when L. T. Canham first reported efficient,
tunable, room temperature luminescence in the visible range from porous silicon,
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that interest in the field grew exponentially. From this point on, a large number of
academic and industrial researchers from all over the world began to study the
porous silicon pore structure, light emission mechanism, surface chemistry, and
feasibility for optoelectronic applications. The many favorable characteristics and
the vast interest in porous silicon have given rise to a variety of new applications,
such as light emitting devices, multilayer structure, solar energy conversion,
chemical and biological sensors, drug delivery application, ultrasound generators,
microengineering, astrophysics, signal processing and nuclear science.

Chapter 6 covers a critical prospective on the recent advances in microbial fuel
cell (MFC) with an emphasis on the performances of MFC, materials, operational
factors and applications of MFCs in the future. The article includes the following:
MFC designs, characterizations and performance, the recent advances in MFC
configurations and performances, the microbial metabolism and parameters
defining the performance of MFC, electricity producing bacterial communities,
the primary mechanism for electron transfer of electricigens to electrodes, the
characteristics of electrochemically active bacteria in a mediator-less system,
microbial physiology and engineering approaches regarding Benthic Unattended
Generators for powering remote-sensoring or monitoring devices, the inherent
constraints of MFCs and suggestions for MFC performance improvement, the
anodic electron transfer mechanisms in electrochemically active bacteria, improved
cathode reactions and the application of new electrode materials.

As matter of fact, this book is oriented to give general and specific knowledge
to the readers working in the field of material science and engineering, not to the
casual readers. Nonetheless we hope that the readers can expand their knowledge
while enjoying the book with relaxing and fruitful mind. We left some space for
the readers’ imagination.

Finally, the editors of the book would like to appreciate their coworkers for the
dedicated contribution described in the respective chapter. We should particularly
thank Prof. Xiaojia Chen, vice president of Zhejiang University Press for inviting
us to compile the book.

Hee-Gweon Woo
Gwangju, the Republic of Korea

Hong Li
Tianjin, P.R. China
January, 2011
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Polyimides and High Performance Organic
Polymers

Chang-Sik Ha*, Anu Stella Mathews

Department of Polymer Science and Engineering, Pusan National University,
Pusan 609-735, the Republic of Korea

Tel.: +82-51-510-2407; Fax: +82-51-514-4331

*E-mail: csha@pnu.edu

1.1 Introduction

The amazing scope of wartime applications accelerated the development and
growth of polymers to meet the diverse needs of special materials in different
fields of activity.!"*! Polyurethanes were developed in 1937, polyepoxides in 1947
and acryolonitrile-butadiene-styrene (ABS) terpolymer in 1948.1**! The discovery
of the Zeigler-Natta catalyst in the 1950s brought about the development of linear
polyethylene and stereoregular polypropylene.¥ Thereafter, the emergence of
polyacetal, polyethylene terephthalate, polycarbonate, and many new copolymers,
was noted. Commercial requirements paved the way for the development of highly
temperature-resistant materials, which include polyphenylene oxides, polysulphones,
polyimides, poly(amide-imide)s and polybenzimidazoles. These high performance
polymers to which standard metal engineering equations can be applied are widely
commercialized now. Polymers with properties of strength, heat-resistance or
flame-resistance or chemical-resistance that far exceed those of more conventional
polymers are termed “High Performance Polymers”. They are capable of sustaining
high loads and stresses and are dimensionally stable.”>”!

For any applications, the prime importance is given to three factors: life span,
maintenance and cost.!”) In this regard, high performance polymers are engineered
for use in especially harsh environments with the virtue of a long life span, ease of
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2 1 Polyimides and High Performance Organic Polymers

maintenance and low cost of production. These merits have accelerated the
application of these polymers. Standard polymers have a thermal resistance <100 °C
and are less suitable for sliding/rolling surfaces. Examples of these polymers
include high density polyethylene (HDPE), low density polyethylene (LDPE),
poly(methyl methacrylate) (PMMA), and poly(vinyl chloride) (PVC). They have
low melting points and therefore cannot operate at elevated temperature and the
majority of these polymers decompose or readily oxidize at high temperatures.
The current demand is for polymers which retain useful properties for a long
period at higher temperature with high thermo-oxidative stability, i.e., they should
withstand degradated properties over long periods at high temperature in the air.
High performance polymers show high temperature-resistance and high mechanical
strength. Examples of hard-wearing high performance polymers, having a thermal
resistance >150 °C, are polyetheretherketon (PEEK), polyethersulfon (PES)
and polyimide (PI). Engineering polymers are classified by a temperature
resistance within 100 to 150 °C. The engineering polymers include polyamide
(PA), polycarbonate (PC), polyoxymethylene (POM), poly(ethylene terephthalate)
(PET), ultra high molecular weight polyethylene (UHMWPE), and poly(butylene
terephthalate) (PBT). One basic factor which determines the stability is the
strength of the bonds which join different groups in the backbone. For instance, a
polymer chain with Si-O bonds would be more stable than one with C-C bonds,
due to the higher bond energy of Si-O. A phenylene unit in the backbone also
shows more stability than a chain with an alkenlylene backbone owing to the
stiffness and deformation-resistance of the phenylene ring. Based on the above
arguments, several high performance polymers are synthesized and successfully
applied. Firstly, we wish to discuss polyimides since they are one of the most
recent advanced materials of their kind. Then we will briefly describe other high
performance polymers.

A considerable amount of research work is being carried out into the
development of high performance polymers and to improve their efficiency. The
main stimulus has come from the development and characterization of new
materials for space exploration. Construction of a spacecraft or a satellite, for
instance, needs materials that can withstand high surface temperature, are light
weight and have high dimensional stability. Modern military and civil aircraft use
a high percentage of such polymers. Conventional materials like metals, glass
and ceramics are being fast replaced. Polymers also find applications in the
microelectronics and optoelectronics industries. In the next section we wish to
discuss more advances of polyimides among the high performance polymers
mentioned above.

1.2 Aromatic Polyimides

In this section, we will introduce polymides and their classification, as well as
synthesis, properties and applications of aromatic polyimides.
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1.2.1 Polyimides

Polyimides (PIs) are a new generation of polymers with inherently rigid chains
and of high commercial importance.”®! PIs possess excellent thermal, mechanical
and electrical properties and thus have found immense applications in many
technologies, ranging from microelectronics to high temperature matrices and
adhesives for gas separation membranes.”?*! These materials are prepared by
incorporating highly stable and rigid heterocyclic ring systems into the polymer
chain. PlIs are available for use as plastics, films, laminating resins, insulating
coatings and high temperature structural adhesives. Thermal stability of
polyimides is attributed to the presence of an inert imide ring and high interchain
interaction, i.e., high cohesion among the polymer chains. A representative
structure of a polyimide is shown in Fig. 1.1.

0) O
0 0 "
Fig. 1.1. Representative structure of aromatic polyimide

The first synthesis of a polyimide from 4-aminophthalic acid was performed
by Bogert and Renshaw in 1908.*! However, a high-molecular weight aromatic
polyimide was first synthesized in 1955 by Edwards and Robinson.*" Poly(4,4"
oxydiphenylene pyromellitimide) (PMDA-ODA PI), widely known as Kapton®
which can remain stable in a wide range of temperatures from —269 to 400 °C, was
first commercialized in the early 1960s.*”! Kapton® film is used in, among other
things, flexible printed circuits (flexible electronics) and spacesuits. Kapton®™
insulated wiring has been widely used in civil and military avionics (electrical
wiring for aircraft) because of its very light weight compared to other insulator
types, as well as possessing good insulating and temperature characteristics. The
NASA Jet Propulsion Laboratory has considered Kapton® as a good plastic
support for solar sails because of its long duration in the space environment.*®!
Kapton®” is also used to monitor the flux on X-ray sources. A number of Pls have
been synthesized and investigated extensively in aspects of structure and property
relationships and applications after the success with Kapton®."*”! PIs are known to
be thermally stable due to their heterocyclic imide rings on the backbone, and the
thermal stability is further significantly improved by incorporating aromatic rings
on the backbone and/or side groups. In addition to such high thermal stability, the
nature of the chemical structure consisting of rigid imide and aromatic rings
always provides excellent mechanical and dielectric properties as well as high
chemical resistance. Beyond these advantageous properties, a variety of
functionalities (for example, photo reactivity, molecular recognition ability,
nonlinear optical responsibility, light emitting ability, and so on) can be added into
the backbone and/or side groups of PIs, depending on their application demands."**"
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Due to these advantageous properties as well as the functionalities, PIs have found
diverse applications in the microelectronics, flat panel display, aerospace and
chemical and environmental industries as flexible circuitry carriers, stress
buffers, inter dielectric layers, passivation layers, liquid crystal alignment
layers, varnishing resins, fibers, matrix materials, and gas and chemical separation
membranes. >

1.2.2 Classification

According to the monomers from which polyimides are derived, they can be
broadly classified as fully aromatic polyimides, semi-aromatic polyimides and
fully aliphatic polyimides (Fig. 1.2)."®! Aromatic polyimides are derived from an
aromatic dianhydride and diamine. Semi-aromatic ones contain any one of the
monomer aromatics: i.e., either the dianhydride or diamine is aromatic and the
other part is aliphatic. Finally, the third category consists of the polymers formed
as a result of the combination of aliphatic dianhydride and diamine.

POLYIMIDES

Fully aromatic Semi-aromatic Fully aliphatic

:@( 0:5) :@i )
oo o S8LE0 -

o O

Fig. 1.2. Classification of polyimides into three broad categories, depending upon the chemical
structure of the backbone (Adapted from Ref. 8. Copyright (2007), with permission from the
Polymer Society of Korea)
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1.2.3 Aromatic Polyimides

Aromatic polyimides (PIs) are typical of most commercial polyimides, such as
Ultem from G.E. and DuPont’s Kapton”. These polymers have such incredible
mechanical and thermal properties that they are used in place of metals and glass
in many high performance applications in the electronics, automotive, and even
the aerospace industries. These properties come from strong intermolecular forces
between the polymer chains. A polymer which contains a charge transfer complex
consists of two different types of monomers, a donor and an acceptor (Fig. 1.3).1%
The donor has plenty of electrons to go around because of its nitrogen groups and
the acceptor with its carbonyl group draws away its electron density. So the donor
lends some of its electrons to the acceptor, holding them tightly together. Thus, the
polymer chains will stack together like strips of paper, with donors and acceptors
paired up due to the formation of a charge transfer complex between adjacent units
in the polymer chain as shown in Fig. 1.3(b). This charge transfer complex holds
the chains together very tightly, not allowing them to move around very much.
When things cannot move around on the molecular level, they cannot move
around in the whole material. This is the reason why polyimides are so robust. The
charge transfer complex is so strong that it sometimes becomes necessary to make
the polymer a little softer, leading it to be processable. Aromatic polyimides
synthesized from only aromatic monomers are often insoluble in their fully
imidized form, thus having a low processability. In addition, as most of the
aromatic polyimides absorb visible light intensely, they cannot be used in areas
where colorlessness is an important requirement. It is well known that the origin
of coloration in aromatic polyimides is caused by the inter- and intra-molecular
charge transfer(CT) interactions between the five membered ring of the imide
group and the aromatic ring, as explained above in Fig. 1.3. The high dielectric
constant also arising from these interactions is also a demerit of aromatic
polyimides. Despite its excellent properties, low processability, high dielectric
constant and light or dark yellow coloration hinders its successful application in
optoelectric materials and high-speed multilayer printed wiring boards. Efforts to
suppress the CT interactions have included the use of siloxane,™ sulfonyl,""!
fluorinated”?! and aliphatic’® moieties. Among these, aliphatic structures display
a lower dielectric constant and higher transparencies which result from their lower
molecular density and polarity and low probability of undergoing inter or intra-
molecular charge transfer. Thus, incorporation of aliphatic units to enhance the
desired properties was applied widely.
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Donor unit
(a)
O
WM ¢©i b@i/@\f;@i
(0]
Acceptor unit
0,
W\._©—N —< >—w~
(b) 0 0 0
(6]
N o o
0 O 9
L O
o O

Fig. 1.3. Donor-acceptor system prevailing in PIs and the resulting interchain locking.
(a) Nitrogen atoms having a higher electron density than the carbonyl groups lend some of their
electrons to the acceptor while carbonyl groups draw electron density away from the acceptor
unit; (b) Interchain interlocking of PI backbones. Polyimides may stack like this allowing the
carbonyl of the acceptor on one chain to interact with the nitrogens of the donor on the adjacent
chains (Modified from Ref. 49)

1.2.4 Synthesis of Aromatic Polyimides

Aromatic polyimides are generally prepared through a two-step procedure by
the ring opening polyaddition of aromatic polyimides to aromatic tetracarboxylic
dianhydrides in N-methyl pyrrolidone (NMP) or N, N-dimethyl acetamide (DMAc)
solution giving soluble polyamic acid. The polyamic acid thus formed is imidized
into polyimides by thermal cyclodehydration. The polyimides thus formed are
insoluble in their fully imidized form. The multi-step process makes the materials
applicable in the state of soluble polymeric intermediate. The schematic
representation of two-step synthesis of the polyimide is given in Scheme 1.1.1%
Direct preparation of polyimides without the isolation of polyamic acid at elevated
temperature is another route of synthesis. This is widely known as one step
synthesis since it does not have an intermediate stage.
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9 q

C C
NH, 0 NH, + 0o \O
< > < > ¢ o

i Ml

O 0]

4.4'-Oxydianiline(ODA) 4,4'-Biphenyl tetracarboxylic dianhydridl(BPDA)

9 0
‘ores i )0 o
HO—ﬁ ﬁ—OH
0 (0] n
Poly(amic acid)(PAA)

0 0
1] ::"
OO
~C C
I 1]
0 0 n

Poyimide(PI) from BPDA and ODA

Scheme 1.1. Schematic representation of two-step synthesis of aromatic polyimides, where
3,3"-4,4"-biphenyl tetracarboxylic dianhydride (BPDA)-4,4"-oxydianiline (ODA) poly(amic acid)
(PAA) precursor is thermally imidized to BPDA-ODA Pl (Adapted from Ref. 22. Copyright
(2003), with permission from Elsevier)

1.2.5 Properties of Aromatic Polyimides

Polyimide parts and laminates can serve continuously in air at 260 °C; the service
temperature for intermittent exposure can range from cryogenic to as high as
482 °C. Glass-fiber reinforced versions retain over 70% of their flexural strength
and modulus at 249 °C. Creep is almost nonexistent, even at high temperatures
and deformation under load (28 MPa) is less than 0.05% at room temperature for
24 h.*) These materials have good wear resistance and low coefficients of friction,
both of which are further improved by polytetrafluoroethylene (PTFE) fillers.
Self-lubricating parts containing graphite powders have flexural strengths above
69 MPa, which are considerably higher than those of typical thermoplastic bearing
compounds. Electrical properties of PI moldings are outstanding over a wide
range of temperature and humidity conditions. Polyimide parts are unaffected by
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exposure to dilute acids, aromatic and aliphatic hydrocarbons, hydraulic fluids, JP-4
fuel and kerosene.*®! Polyimides are attacked, however, by dilute alkalis and
concentrated inorganic acids. Polyimide abrasives maintain useful properties for
over 12,000 h at 260 °C, 9,000 h at 302 °C, 500 h at 343 °C, and 100 h at 371 °C.
Resistance of these abrasives to combined heat (to 302 °C) and salt water
exposure is excellent. The basic properties of these polymers can be varied by
choosing the diamine and dianhydride, incorporation of functional groups like
fluorine, sulfur, silicon, oxygen, aliphatic chain, etc. Fluorination provides unique
properties to polyimides, such as reduction of dielectric constants and refractive
indices, improvement of the transparency in the visible and near IR region,
lowering of glass transition temperature, change in reactivity of compounds (in
particular, that of diamine), increase in free volume, decrease in water absorption,
and rise in thermal decomposition temperature. This increases solubility, gas
permeability, radiation-durability and thermal expansion coefficients.”™* On
the other hand, increasing the importance of polyimides for gas-separation,
microelectronics and optoelectronics applications has paved the way for the
introduction of silicon moieties into the backbone of Pls, promoting a significant
increase in permeability, perm-selectivity and adhesive ability.”> Thus, more
recently, silicon containing aromatic polymers has attracted much scientific and
technological interest because of its superior permeability and adhesive ability
between substrates and polyimides, together with low dielectric constant.™!
Polyimide-siloxanes (PISiOs), the segmented co-polymers containing siloxane
segment along the intractable backbone chain of aromatic polyimides, maintain
some of the excellent properties of Pls, e.g., high thermal stability and mechanical
strength, and some of the desirable properties of siloxanes, such as ductility and
adhesion as well as low moisture permeability. Superior solubility, even in organic
solvents with low boiling point meliorate the processibility of fully imidized
PISiOs by replacing a prolonged polymer curing step at elevated temperature with
a baking procedure at a lower one, while maintaining the thermal and mechanical
stability.””! These excellent properties, imparted by fluorine and siloxane group,
motivated researchers to incorporate them in aliphatic backbones and compare the
variations they bring to the basic traits of these polyimides.

1.2.6 Applications for Aromatic Polyimides

When compared to most other organic or polymeric materials, polyimides exhibit
an exceptional combination of thermal stability (>460 °C), mechanical toughness
and chemical resistance. In addition, they have excellent dielectric properties.
Because of their high degree of ductility and inherently low coefficient of thermal
expansion (CTE), polyimides can be readily implemented into a variety of
microelectronic applications. Multilayer thin and thick film applications on large
silicon or ceramic substrates can be readily achieved."*>” Polyimide films are
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frequently used as a “stress buffer” or protective overcoat for semiconductors.
Polyimide stress buffers are typically 4 — 6 microns in thickness, and protect the
delicate thin films of metal and oxides on the chip surface from damage during
handling and from induced stress after encapsulation in plastic molding compound.
Patterning is simple and straightforward. Because of the low defect density and
robust plasma etch resistance inherent in polyimide films, a “single mask” process
can be implemented, which permits the polyimide layer to function both as a stress
buffer and as a dry etch mask for the underlying silicon nitride passivation layer.*")
In addition, polyimide layers have been readily used for flip chip bonding
applications, including both C-4 and dual-layer bond pad redistribution (BPR)
applications. Polyimides may also serve as an interlayer dielectric in both
semiconductors and thin film multichip modules (MCM-D’s). The low dielectric
constant, low stress, high modulus and inherent ductility of polyimide films make
them well suited for these multiple layer applications. Other uses for polyimides
include alignment and/or dielectric layers for displays, and as a structural layer in
micromachining applications.!”' In the fabrication of microelectronic devices,
polyimides are typically applied as a liquid on a substrate, and then thermally
cured into a smooth, rigid, intractable polymeric film or structural layer. The film
can be patterned using a lithographic (photographic) process in conjunction with
liquid photoresists. “Photodefinable” polyimides are light-sensitive and readily
patterned without the use of photoresists, further simplifying the fabrication
process. The need for thermally stable membranes has raised the possibility of
using polyimides with appropriate ion-conducting sites. However, it is well known
that in order to obtain polymers that exhibit high selectivity and permeability, it is
necessary to synthesize structures with stiff backbone chains and with chain
packing so as to produce a very narrow free-volume distribution. In other words, it
is necessary to generate polymeric molecular sieves. The high rigidity of
polyimides, their suitable polarity and their high chemical resistance due to high
thermal and chemical stability, plus the capability of forming hydrogen bonds,
explain why these polymers can be used as membranes.

1.3 Aliphatic Polyimides

Although aromatic polyimides possess excellent thermal stability, chemical
resistance, and mechanical properties, there are a number of obstacles that hinder
extending their applications in optoelectric materials and high-speed multilayer
printed wiring boards—their insolubility in common solvents in the fully imidized
form, the light- or dark-yellow color of their films caused by intra- and inter-
molecular charge transfer interactions, and their high dielectric constants. As a
result, fully aliphatic and alicyclic polyimides (APIs) are currently being considered
for applications in optoelectronics and interlayer dielectric materials because of
their higher transparencies and lower dielectric constants, which result from their
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low molecular density and polarity and low probability of undergoing interior
intramolecular CT."®! Nevertheless, polyimides derived from aliphatic monomers
are most suitable for applications that have less stringent thermal requirements.
The high flexibility and low rigidity, resulting in low bond strength of their
backbone due to the aliphatic moieties, make their thermal and dimensional
properties inferior to those of aromatic ones. It is well known that rigid-rod
structures reduce the CTE of polyimides.”*® Adamantane (tricycle [3.3.3.1.1.%7]
decane), a rigid alicyclic compound composed of three cyclohexane rings in chair
conformations,™ is the most salutary alicyclic candidate for incorporation into
aliphatic polyimide, to enhance their thermal stability without sacrificing their
high transparency, solubility and low dielectric constants. Chern et al.!®*%* and
Watanabe et al.[ % reported the synthesis of relatively thermally stable polyimides,
semi-aromatic polyimides, containing  damantly and biadamantane
moieties. Seino et all®*®” and Mathews et al.l*®' reported the synthesis and
characterization of a series of fully aliphatic polyimides with good thermal and
dimensional stabilities. Oishi et al.”*""! reported fully alicyclic polyimides
containing fluorine groups, while Mathews et al.®! focused on the synthesis of
siloxane containing aliphatic polyimides.

1.3.1 Monomers for Fully Aliphatic Polyimides

The structures of aliphatic monomers commonly used for synthesis of aliphatic
polyimides in previous studies are given in Fig. 1.4.1%07]

Dianhydrides A and B have proved to impart excellent thermal and optical
properties to polyimides. The demerit of B is the presence of a double bond which
can impart polarity decreasing transparency. So compound B is oxidized to C to
get more useful results. Dianhydrides F and G are asymmetric and thus can
provide more free volume and lessen interchain interactions. Mathews et al'®.
Utilizes diamines 1 — 4 to study the impact of long chain and highly flexible
backbones in polyimides. 5 and 6 attract attention due to the formation of ortho
and para linkage of the imide group. Diamine 7 is non-coplanar and can decrease
the dielectric constant more. The synthesis of damantly containing diamines
12 and 13 was reported.'”*”" Structures of the diamines used to synthesize
alicyclic polyimides containing fluorine and siloxane groups are shown as 14 — 17 in
Fig. 1.4. The influence of fluorine and siloxane moieties upon fully aliphatic
polyimides can be drawn using those diamines.
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Fig. 1.4. Monomers selected for the synthesis of APIs (Adapted from Ref. 8. Copyright (2007),
with permission from the Polymer Society of Korea)

1.3.2  Synthesis of Fully Aliphatic Polyimides

Generally, the reaction of anhydrides with highly basic diamines, such as aliphatic
and alicyclic diamines, provides amic acids, and then free amines form carboxylic
acid salts with a carboxyl group of amic acids due to their high basicity. In the
polymerization, salt formation prevents the attainment of high molecular weight
poly(amic acid) (PAA). So a one-pot PI synthesis without isolation of PAA at high
reaction temperature is used for preparing high molecular weight aliphatic
polyimides, because the amines used for the salt formation can be generated
during the formation of imide.">”*! The synthetic method used for the preparation
of fully aliphatic polyimides by Mathews et al. is given in Scheme 1.2. A typical
example of the polymer synthesis procedure is as follows. A solution of an
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equimolar amount of diamine and dianhydride in m-cresol was heated in the
following steps: 100 °C for 12 h, 150 °C for 4 h, and 200 °C for 48 h. The solution
was then cooled to ambient temperature, diluted with m-cresol, and poured into
methanol. The polymer was filtered off and dried in vacuo at 60 °C.

Alicyclic diamine 0 o) 150 °C 4h
Alicyclic dianhydride 200 °C 48h

Q O -cresol Q O
P A 50 °C 1h A
HZN—®—NH2 + O o - N N
»/ \« 100 °C 12 h g/ (
X

Fully aliphatic polyimides

Scheme 1.2. Scheme of synthesis of fully aliphatic polyimides (Adapted from Ref. 8. Copyright
(2007), with permission from the Polymer Society of Korea)

Watanabe et al.!*** and Oishi et al."®"" reported the synthesis of fully aliphatic
polyimides by silylation. The reaction procedure is demonstrated in Scheme 1.3.
The sily-lation method employs two steps: the ring opening polyaddition of the
N-silylated alicyclic diamines to alicyclic dianhydrides, producing polyamic acid
silyl ester (PASE), which in turn undergo subsequent thermal imidization to
form APIs. The first step of polymerization proceeded smoothly in homogeneous
solutions without any salt formation, giving clear and viscous PASE solutions. The
inherent viscosity of the polyamic acid silyl ester ranged from 0.3 to 0.74 dL-g™'
indicating enough molecular weights to form cast films. Thus formed, polyamic
acid silyl ester was subjected to thermal imidization by heating at 200 °C for 1 h,
250 °C for 1 h and 300 °C for 1 h, to be converted to wholly alicyclic polyimide
films by the elimination of trimethyl silanol.

1.3.3 Structural Confirmation of Fully Aliphatic Polyimides

Structural confirmation of a fully aliphatic polyimide can be done using FT-IR and
NMR spectroscopies and by elemental analysis. The characteristic peaks occur at
1,780 (C=0 symmetric stretching), 1,716 (C=0 asymmetric stretching), 1,375
(C-N-C stretching), 739 (imide ring deformation), 2,800 — 2,900 (aliphatic C-H
stretching), 1,465 (CH, bending), and 1,450 and 1,395 cm™' (CH; bending). The
slight shifts of the absorption peaks from the usual wave number values can be
attributed to non-conjugation due to the absence of an aromatic ring. For silicon
containing fully aliphatic polyimidosiloxanes (APISiOs), the bands of Si domain
stretching are observed at between 1,000 cm™ and 1,180 cm™ together with
around 850 cm™ (Si-O-Si asymmetric stretching), around 1,400 cm ™ (Si-H;), and at
787 ecm™' (Si-C). The intensities of these bands gradually increase as the amount of
siloxane residue increased in the polyimide backbone, while the intensity of the
absorption bands, corresponding to that of aliphatic moieties, decreased.!®”’
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Scheme 1.3.  Synthesis of wholly alicyclic polyimides. (a) From N-silylated alicyclic diamines;
(b) In situ N-silylated fluorinated alicyclic diamines (Adapted from Ref. 8. Copyright (2007),
with permission from the Polymer Society of Korea)

In addition, NMR spectra can also be utilized for the structural confirmation of
synthesized fully aliphatic polyimides. The APIs show all the characteristic peaks
corresponding to the dianhydride and diamine residues which constitute their
backbone. The homopolyimides gives a single peak around 176x10°® in °C NMR
spectra, while in the case of copolyimides those C=0O peak splits, due to the
difference in the carbons attached to the two sides of the imide group. The NMR
integration method can be also utilized to determine the exact ratio of the
monomer residues in the polyimide backbones.

Fully aliphatic polyimidosiloxanes can be characterized using *’Si-MAS
NMR spectra.'®” The *’Si-MAS NMR spectroscopy showed the signals of the
internal silicon atoms of the polymer backbone around +7.6x10°® corresponding
to Si(CH;),-O-Si(CH;),. The signal located around +7.6x10°° is attributed to the
silicon atom close to the methylene group. The **Si-MAS NMR spectrum of
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homopolyimides with only dianhydride and siloxane residues exhibits a narrow
single peak at +7.6x10°. The narrow peak results from a single ordered environment
around Si. The spectrum of copolymers exhibits two broad peaks around +17.5
and +7.6x10°°. Multiple peaks are the result of a disordered atmosphere around Si
atom. The peak widths increase with increasing alicyclic diamine components,
which suggests increasing disorder accompanying the addition of cyclohexane or
damantly moieties. The peak near +17.5x10°® is due to the enhanced segmental
motions.

1.3.4 Properties of Fully Aliphatic Polyimides

The intrinsic viscosities of fully aliphatic polyimides synthesized via one step
synthesis ranged from 0.16 to 0.56 dL-g'. According to the gel permeation
chromatography (GPC) data, M, and polydispersity index (PDI) of the polyimides
ranged from 2,400 to 45,200, and 1.1 to 2.4, respectively. The lower M,,/M, values
comparative to those of conventional Pis may be due to the somewhat low
reactivity of monomers containing the rigid and bulky groups. The polyamic
acid silyl esters which are the intermediate for the synthesis of fully aliphatic
polyimides via silylation method give intrinsic viscosities between 0.51 dL-g"' and
0.99 dL-g"'. The chromatogram indicated that the M, and M,, values were in the
range of 29,000 and 64,000, respectively, with respect to polystyrene standards
and the ratio M,,/M, was found around 2.1

The good solubility of fully aliphatic polyimides is their first advantage
over aromatic ones. All of the APIs exhibited peaks in the region 2 6 < 20°, which
indicates that they possess crystalline structures as well as intermolecular regularity
when evaluated through wide-angle X-ray diffraction (WAXD) measurements.'*!
The linear aliphatic diamine-based APIs presented patterns in the region 28 < 20°
that are different from those of the alicyclic APIs. The broad peak centered at
26 = 16.02° (d-space = 5.5 /i) shifted to a lower position and split into several
smaller peaks when the diamine changed from 1 to 2 (Fig. 1.4). In addition, the
peak intensity increased as the chain length of the polyimide backbone increased,
this finding suggests a high degree of internal order. Alicyclic APIs exhibited a
peak at 28 = 16.54°, which corresponds to a d-spacing of 5.3 A. Incorporation of
damantly moieties into the alicyclic and APIs resulted in a lowering of the peak
intensity and broadening of the peaks at 26 < 20°. As the siloxane unit was
incorporated, the peaks at 26 < 20° disappeared and the amorphous halo was
evident at 9° <2< 40° 1*!

A lower dielectric constant (&) is the second advantage of fully aliphatic
polyimides over aromatic polyimides. The homopolyimides derived from aliphatic
linear diamines had comparatively high £ (2.92 — 2.56) values and copolyimides
containing  damantly moieties possessed the lowest values of £ (2.8 — 2.4).1* As
the amount of the siloxane group increased in the polymer chain, the dielectric
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constant decreased first. This can be explained in terms of an overall enhancement
of small scale molecular mobility by the incorporation of silica domains in the
polyimidosiloxanes backbone, arising from loosened molecular packing of
APISiO chains as compared to API chains. However, as the amount of siloxane
units increased no further, a decrease in ¢ value was seen owing to the improved
degree of close chain packing. The decreasing aromatic character of polyimides
decreases the refractive index and birefringency thereby decreasing the dielectric
constant. The average refractive indices (nay) of the polyimides prepared via the
silylation method were determined between 1.5173 and 1.4977."") The nay of
1.5173 and 1.4977 can be translated into dielectric constants of 2.53 and 2.47,
respectively. These values are slightly lower than the optically estimated & of an
alicyclic polyimide (2.55)7" and a fluorinated semi-aromatic polyimide (2.6)"%!
and significantly lower than that of a semi-aromatic polyimide (2.83).""! In
addition, the in-plane/out-of-plane birefringences (An) of the polyimides were
estimated as 0.0000 — 0.0004. The fluorinated polyimides synthesized by Oishi et
al. display An, nay and € in the range of 0.0016 — 0.0128, 1.471 — 1.478 and 2.38 —
2.40 respectively.”™! For the effective comparison of the dielectric constants and
refractive indices and birefringency of fully aliphatic, semi-aromatic and fully
aromatic polyimides we have tabulated the results!***! in Table 1.1.

Table 1.1 Optical properties of polyimide films (Adapted from Ref. 8. Copyright (2007), with
permission from the Polymer Society of Korea)

Polyimide Category Mav An g Ref
O O
{—NMNW Fully aliphatic  1.52  0.000 2.55 72
O O
(0] O
CH,
I N‘QL%]— Fully aliphatic 149 0.000 247 65
o O H,c” CH,
O
O CH;
I N\QL% Fully aliphatic  1.51  0.004 253 65
O OH;C CHS
O O
TN;:@:?N\Q/O@ Semi-aromatic 161 0.000 287 72
(6] (0]
O O

{—NMN_@/O@ Semi-aromatic  1.60 0.013 2.83 72
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(Continued)

Polyimide Category Ny An £ Ref

O
O
™ @O@ Semi-aromatic  1.61 0.015 285 72
(@]
O

O O

{—MN—Q/O\O/O@ Semi-aromatic  1.59 0.017 2.81 72
O O
O O

%N»&@:(«N—Q/O@ Fully aromatic  1.68  0.079 3.13 72
O O

It was observed that the transparency of APIs is much better than that of
aromatic polyimides.”®’*! The high transparency of APIs may come from a few
factors such as low molecular density, polarity and the rare probability of inter-
and intra-molecular charge transfers. All the synthesized APIs were above 80%
transparent.**!

The APIs containing linear aliphatic chains on their backbones were found to
be the least sensitive to temperature and their stability decreased as the thermally
fragile alkyl chain length increased.”® The polymers showed 5% weight loss
ranging from 242 to 270 °C. The temperatures for 10% gravimetric loss (7o),
which are an important criterion for the evaluation of thermal stability, were in the
range of 304 — 320 °C. The polyimides derived from alicyclic monomers showed
5% weight loss ranging above 400 °C in nitrogen and above 350 °C in air. The
temperatures for 10% gravimetric loss (779) were above 450 °C in nitrogen and
above 400 °C in air.”®! Fluorine containing wholly alicyclic polyimides, derived
from monomers 14, 15 and 16 (shown in Fig. 1.4), exhibited thermal decomposition
temperatures (7o) in the range of 395 — 400 °C in air and 430 — 440 °C in nitrogen.
The polymers containing siloxane groups underwent their 5% weight loss within
the temperature range of 325 — 455 °C. The temperatures for 10% gravimetric loss
(Ty0), were in the range of 353 — 476 °C. Thermal stability was further improved
when silica was introduced. The APISiO containing 50% silica had the maximum
Ty in the range 460 — 470 °C. T,s of the polyimides were in the range of 110 —
250 °C, although no 7, was detected for the most rigid homo APIs derived from 5,
6 and 12 (shown in Fig. 1.4). Polyimides containing linear aliphatic residues of 1,
2, 3 and 4 (shown in Fig. 1.4) showed a melting temperature around 320 — 380 °C
and T, in the range 110 — 190 °C, which reappeared with repeated scans. This
means that these polyimides have a semi-crystalline nature. The fluorinated APIs
showed higher T,s in the range of 306 — 335 °C. As the amount of siloxane
increased in the polyimide backbone, the glass transition temperature showed an
increasing trend followed by a decrement when the siloxane amount further
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increased. The API films possess a tensile modulus of 1.3 — 3.0 GPa, tensile
strength in the range of 78.7 — 145 MPa and elongation at break around 3.4% —
30%. Most of the polyimides exhibited appreciable tensile strength, indicating
they are mechanically stringent.'™!

World-wide research is progressing for a practically applicable polyimide
candidate devoid of demerits; despite the bewildering number of candidate materials
under investigation, a clear winner has yet to emerge. The balance between stiffness,
polarity, free volume, flexibility and silicon or fluorine content of their backbone
units enables APIs to find an immense range of applications in flexible polymer
light emitting diode substrates, soft-printed circuit boards, interlevel dielectric
insulators, high-speed passivation or dielectric films and alignment films.

1.4 Polyimides for Organic Light-Emitting Devices and
Flexible Substrates

In this section, we will introduce semi-conducting polyimides, as well as polyimides
as plastic substrate for the flexible Organic Light-Emitting Device (OLED).

1.4.1 Semi-conducting Polyimides

Applications of aromatic polyimides such as a mechanically rubbed alignment
layer for liquid crystals in a passive and active matrix liquid crystal display (LCD)
and a dielectric interlayer for insulating electrons in microelectronic devices,
require good electrical insulating characteristics of polyimide films. Most of the
research and development concentrated on lowering the dielectric constant
(permittivity) of polyimide films.”””*! Therefore, polyimides have been generally
considered as an insulating material. However, we can simply change this insulating
property to an electrically semi-conducting property in polyimide films and
not at the expense of other favored physical (mechanical), chemical and thermal
characteristics. The only change is in the electrical characteristics.

To achieve an electrically semi-conducting polyimide (SPI) we need to replace
one of the constituents (repeating units) with a charge carrier transporting unit like
a triarylamine unit as a diamine constituent in the polyimide backbone. The basic
structure of SPI is shown in Fig. 1.5, where we can decouple the repeating units
into two parts by role: The triarylamine moiety as an electronic unit for delivering
charge carrier transportability and the imide moiety as a physicochemical unit for
keeping other physical (mechanical) and chemical characteristics, though the
triarylamine moiety also contributes to the physical properties of SPI. Fig. 1.6
shows a typical representative SPI which was synthesized in our group.
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Fig. 1.5. Basic chemical structure of semi-conducting polyimide (SPI) (Adapted from Ref. 77.
Copyright (2007), with permission from Science Publishers, Inc.)
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Fig. 1.6. A typical example of synthesized semi-conducting polyimide (SPI): Poly[N, N"-diphenyl-
N,N'-bis(4-aminobiphenyl)-(1,1"-biphenyl)-4,4'-diamine pyromellitimide] (PMDA-DBABBD PI)
(Adapted from Ref. 81. Copyright (2007), with permission from the American Chemical Society)

The final electrical characteristics of SPIs indeed strongly depend on the kinds
of diamine and dianhydride units. Although most of these SPIs can form organic
nanolayers (nanofilms) by wet and dry processes,***® wet processes to make
nanolayers of this SPI need a corresponding poly(amic acid) precursor, which is
soluble in organic solvents such as NMP and dimethyformamide (DMF), whereas
dry processes do not need the precursor polymer in advance because it is in-situ
prepared upon depositing monomers onto a substrate in a vacuum.**! Whether
wet or dry processes, the precursor nanolayers are converted into SPI nanolayers
via thermal imidization process. The conductivity of this SPI was measured
between 10~ and 107° s/cm, depending on the process conditions, which were
obtained using a parallel two-electrode (probe) voltage-current (V-I) method.

The maximum hole mobility of this SPI was approximately 10~ ¢cm?/Vs,
which was calculated using the Child law in a space charge limited current
(SCLC) regime from measured current-voltage characteristics for the sandwiched
hole only device (ITO/SPI/A1)."*”! This hole mobility is 10 — 100 times lower than
that of a well-known p-type organic semiconductor, which was measured with
time-of-flight (ToF) method™®™* due to the existence of many charge trapping
sites (carbonyl groups). Further improvement in the charge carrier mobility of this
SPI is expected by replacing the imide unit with less charge trapping characteristics.

Recent developments in the use of photosensitive polyimide (PSPI) and in the
associated exposure equipment have expanded the applications of photosensitive
polyimide in the semi-conductor industry.”*®"! The thermal and dielectric
characteristics of photosensitive polyimide are compatible with the requirements
of semiconductor devices. The advanced development of photosensitive polyimide
has opened a new door for semi-conductor manufacturers to realize significant
cost savings. Using photosensitive polyimide can substantially reduce the total
number of process steps used in the traditional polyimide process. For some
applications, the use of photosensitive polyimide consolidates the passivation and
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polyimide lithography steps into one process level. This translates into process
simplification and manufacturing cost reduction. Consequently, there has been a
rapid increase in the use of photosensitive polyimide in the semi-conductor industry.

1.4.2  Polyimides as Plastic Substrate for the Flexible OLED

With the recent development of semiconductor techniques, it is feasible to fabricate
semiconductor devices on organic flexible substrates. OLEDs can be also fabricated
on flexible plastic substrates, creating the potential to reduce the weight of flat
panel displays (FPDs). Flexible polymeric electroluminescent (EL) devices based
on m-conjugated polymers have been demonstrated on polyaniline substrates and
indium tin oxide (ITO)-coated plastic substrates, which further spurred interest in
FPDs. So far, the use of the flexible substrates for OLEDs has been restricted
mainly to the polyester films due to their excellent transparent property. However,
up until now, the plastic substrates can be severely damaged at high temperature
(200 — 300 °C for sputtering method) during the deposition process, mainly due to
their intrinsic low thermal and mechanical properties compared with other
inorganic or metal substrates. In this case, therefore, it is impossible to use a
common sputtering method at high temperature. Consequently, reduced electrical
resistance and long-term stability of the ITO surface cannot be achieved and
maintained, which is directly related to the performance of applied devices. The
syntheses of colorless transparent PIs have been achieved by the introduction of
non-aromatic, fluorine, or sulfone groups into the polymer main chain, whose
systems minimize the formation of the intra- and/or inter-molecular CT complex
in the molecules. It leads aromatic PIs to be applied in optical components.
Aliphatic cyclic polyimide (alicyclic polyimide) was synthesized from alicyclic
dianhydride and was used as flexible transparent substrate for the deposition of
ITO thin films by Lim et al.”® ITO thin films were prepared at a typically high
substrate deposition temperature with an r.f. planar magnetron sputtering system.
The plastic substrates with transparent ITO thin films have been successfully
prepared with aliphatic bicyclic polyimide (PI) synthesized from bicyclo[2.2.2]-
oct-7-ene-2,3,5,6-tetracarboxylic dianhydride (BCOEDA) and 4,4'-oxydianiline
(ODA) monomers.” It was summarized that the BCOEDA-ODA PI substrates
with ITO thin film have good electrical conductivity, in spite of their relatively
lower optical transmission property. The substrate can be applicable for display
devices possessing yellow to red emission properties, except for blue or green
emission devices. Other colorless polyimide substrates with ITO thin films have
also been prepared by Lim et al."”®! with a novel fluorine-containing colorless
aromatic PI derived from 2,2-bis-(3,4-dicarboxyphenyl) hexafluoropropane
dianhydride (6FDA) and 2,2"-bis (trifluoromethyl)-4,4'-diaminobiphenyl (TFDB),
which has been used as a transparent flexible substrate for OLED. The PI substrate
has high glass transition and decomposition temperature, low water absorption,
good transmission and low optical loss. It was also found that the electrical sheet
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resistance, optical transmission, grain size and structural orientation significantly
depend on the substrate temperatures. Most of all, the sheet resistance value was
the lowest value of the ITO films coated onto polymer substrates that has been
reported in the previous literature. From the dependence of the sheet resistance on
the grain size, it can be considered that the predominant scattering mechanism
limiting the mobility is the grain boundary scattering mechanism for the ITO films
deposited onto the PI substrates.

1.5 Polyimide-Based Nanohybrids

The dispersion of inorganic nanoparticles into a polymer matrix has been proved
to be effective in the improvement of the performances of the organic polymers by
yielding so-called organic-inorganic hybrid nanocomposites. These nanocomposites
are one of the hottest issues among today’s materials scientists since their unique
combinational properties from organic and inorganic materials could not be
obtained by a single component. The sol-gel reaction has been one of the most
widely used approaches to obtain hybrid nanocomposites. In particular, an
important advantage of the sol-gel synthesis route for polyimide/silica hybrid
composites is that the poly(amic acid) organic matrix acts to prevent agglomeration of
the silica, which can lead to nanometer scale silica clusters in the composites or, as
often stated, “nanocomposites.”

It is of the utmost importance to improve the compatibility between the two
phases to prepare polyimide-inorganic composites with good properties. There
are several approaches for making compatibilized composites: (1) by adding a
coupling agent which makes a bond with the growing inorganic oxides and PI
chains; (2) functionalizing the PI chains at their end groups; (3) choosing a
polymer with appropriate groups within the repeating units; (4) using
appropriate functional groups; (5) choosing judiciously the silsesquioxane, which
can also make a bond with the carbonyl groups of PI; (6) interestingly, introducing
titania to be able to reduce particles of silica/silsesquioxane through Si-O-Ti
bonding. A few methods employed for preparing compatibilized hybrid composites
have been discussed in this chapter.

Ha et al.*"** introduced fluorescence spectroscopy to interpret the interfacial
interaction between the inorganic particles and PI, as shown in Fig. 1.7. In this
figure, silica was prepared by sol-gel reaction of tetraethoxysilane (TEOS) as a silica
precursor.””! The peaks were obtained with an excitation wavelength of 350 nm. The
results can be summarized as follows: On increasing the amount of silica, the
wavelength of the emission peak for the 3,3'-4,4"-biphenyltetracarboxylic
anhydride (BPDA)-phenylenediamine (PDA) Pl/silica composite films increases.
A large red shift was observed for the BPDA-PDA Pl/silica hybrid system (up to
50 — 70 nm) at high silica loadings (22 wt%). The result suggests that the
interaction between silica and polyimide is important and the interfacial
interaction between BPDA-PDA PI and silica is strong. We found that in the
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BPDA-4,4"-oxydianiline (ODA) Pl/silica composite there is no specific interaction
or chemical bonding holding the silica to the polyimide matrix.
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Fig. 1.7. Emission wavelength change of BPDA-PDA PAA/TEOS hybrid solution in NMP,
BPDA-PDA PAA/TEOS hybrid as-spun film and BPDA-PDA polyimide/silica composites
(Adapted from Ref. 41. Copyright (2000), with permission from the American Chemical Society)

Highly compatibilized BPDA-ODA Pl/silica films can be, however, successfully
prepared if one uses 3-aminopropyltriethoxysilane (3-APS) or polyvinylsilsesquioxane
(PVSSQ). For instance, in Fig. 1.8, 3-APS produced a very compact and fine
microstructure as well as improved optical transparencies in the hybrid composites
of PI with silica from TEOS, in comparison to the Pl/silica hybrid composite
without 3-APS, which exhibits gross phase separation. In this figure, the silica
content was fixed at 30 wt%. The enhancement of phase compatibility brought
via PVSSQ was also clearly observed as for the case of 3-APS. The result was
ascribed to the better interfacial interaction in the PI/PVSSQ hybrids in comparison
to that of the Pl/silica (from TEOS) hybrid system. The end hydrogen of PVSSQ
and the hydrogen of Si-OH also provided hydrogen bonds in the carbonyl group of
the PI matrix, leading to compatibilized morphology.

Fig. 1.8. SEM images of the Pl/silica hybrid composites containing 30 wt% of silica without
(a) and with (b) 3-APS
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It was found that nanocomposites with BPDA-PDA PI can be obtained up to
30 wt% of PVSSQ, whereas <20 wt% of PVSSQ is the maximum composition to
give nanocomposites for the BPDA-ODA PI. The mechanical properties of the
nanocomposites were improved by the introduction of fine silica particles into a
polymer matrix and better adhesion as well as strong interaction between PI and
PVSSQ. It is noteworthy that the flexible organic phase of PVSSQ played a
significant role in the interfacial adhesion between polyimide and the PVSSQ. It
was also found that the addition of silica or PVSSQ affected the dielectric constant
of hybrid films, which was explained in terms of increasing free volume as well as
domain sizes of PVSSQ and an inherently higher dielectric value of silica.

Meanwhile, it is known that titania possesses very fast hydrolysis and ultimately
produces an inhomogeneous and large agglomeration of domains, which can
significantly impact on the polymer matrix. The introduction of titania into the
PI/silica hybrid composites was, however, found to improve the interfacial
interaction between silica and PL."""

1.6 Other General High Performance Polymers

In this section, we will introduce some other general high performance polymers,
including polyetheretherketon (PEEK), polysulphone (PSU), polysulfide, polycarbonates
(PC), polyamaides (PA), poly(butylene terephthalate) (PBT), polynorbornene (PNB),
and poly(phenylene oxides).

1.6.1 Polyetheretherketon (PEEK)

Fig. 1.9 illustrates chemical structure of polyetheretherketones (PEEKSs), which is
also referred to as polyketones.

OGOt

Fig. 1.9. Representative structure of polyetheretherketon

PEEKs are obtained from aromatic dihalides and bisphenolate salts by
nucleophilic substitution (Fig. 1.10). The bisphenolate salt is formed in situ from
bisphenol and either added sodium or added alkali metal carbonate or hydroxide."*”
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Fig. 1.10. Synthetic route of PEEK
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PEEK is a thermoplastic with extraordinary mechanical properties. The Young’s
modulus is 3.6 GPa and its tensile strength 170 MPa. PEEK is partially crystalline,
and is highly unusual in exhibiting two glass transition temperatures at around
140 °C and around 275 °C, depending on cure cycle and precise formulation. PEEK
melts at around 350 °C and is highly resistant to thermal degradation.””® The
material is also resistant to both organic and aqueous environments, and is used in
bearings, piston parts, pumps, compressor plate valves and cable insulation
applications. It is one of the few plastics compatible with ultra-high vacuum
applications. PEEK is considered as an advanced biomaterial used in medical
implants, often in reinforced format using biocompatible fibre fillers such as
carbon. In carbon fibre reinforced form, PEEK has also come under consideration
as an aerospace structural material due to its high strength-to-weight ratio.
Electronic circuitry has a high demand for PEEK’s large temperature range.'*”)
PEEK also exhibits good chemical resistance in many environments, including
alkalis (i.e., sodium, potassium and ammonium hydroxides), aromatic hydrocarbons,
alcohols (i.e., ethanol, propanol), greases, oils and halogenated hydrocarbons.
However, its performance in acids is dependent on the type of acid-PEEK,
showing poor resistance in concentrated sulfuric, nitric, hydrochloric, hydrobromic
and other mineral acids, though performance may be adequate for short-term use
with these acids in very dilute form. Its resistance to hydrofluoric acid and oleum
is very poor. PEEK shows good resistance to phosphoric acid and organic acids
(acetic, citric, oxalic, tartaric, etc.), but varying resistance in the presence of
halogens. PEEK is resistant to dissolution by some formaldehydes and ketones
such as acetone, but not (at higher temperature) methylethyl ketone.”

1.6.2 Polysulphone (PSU)

Chemically, polysulfone consists of repeating units of C»;H»,0,S (Fig. 1.11). It is
produced by step polymerization of bisphenol-A and bis(4-chlorophenyl) sulfone,
forming a polyether by elimination of hydrogen chloride.

0
OO0
0 CH,
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Fig. 1.11. Representative structure of polysulphones

This thermoplastic material is tough, rigid, high-strength and transparent,
retaining its properties between —100 and 150 °C. It has very high dimensional
stability; the size change when exposed to boiling water or 150 °C air or steam
generally falls below 0.1%. Its glass transition temperature is 185 °C.""! The
sulfur in the oxidized state gives this polymer a high affinity for water. This
discourages absorption of organic substances. The sulfur atoms in this oxidation
state make the polymer quite polar and thus hydrophillic. As much of the fouling
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in water comes from hydrophobic organic particles, they are not attracted to the
polysulfone. The pH and temperature ranges are wide when using this polymer.
Polysulfone is highly resistant to mineral acids, alkalis and electrolytes, in pH
ranging from 2 to 13. It is resistant to oxidizing agents, and therefore it can be
cleaned by bleaches. It is also resistant to surfactants and hydrocarbon oils. It is
not resistant to low-polar organic solvents (e.g., ketones and chlorinated hydrocarbons),
and aromatic hydrocarbons. Due to its excellent electrical properties, polysulfone
is used as a dielectric in capacitors.!'”"! Mechanically, polysulfone has fairly high
compaction resistance, allowing its use under high pressure. Polysulfone allows
easy manufacturing of membranes, with reproducible properties and controllable
size of pores. Such membranes can be used in applications like hemodialysis,
waste water recovery, food and beverage processing, and gas separation. Polysulfone
can be reinforced with glass fibers. The resulting composite material has twice the
tensile strength and a three-time increase of its modulus. Polysulfone can be used
in Food and Drug Administration (FDA)-recognized devices.""” It is used in
medical devices, food processing, feeding systems and the automotive and
electronics industries. Polysulfone has the highest service temperature of all melt-
processable thermoplastics. Its resistance to high temperatures gives it the role of a
flame retardant, without compromising its strength, which usually results from the
addition of flame retardants. Its high hydrolysis stability allows its use in medical
applications requiring autoclave and steam sterilization. However, it has low
resistance to some solvents and undergoes weathering, while the weathering
instability can be offset by adding other materials into the polymer. Polysulfone
was introduced in 1965 by Union Carbide.!""'%! It is a speciality material with a
very small share of the total plastics market. It is very expensive both as a raw
material and to process; therefore it is generally not used in applications that do
not call for its special properties. In such applications, it is often a superior
replacement for polycarbonates. Polysulfone is also used as a copolymer. Polysulfone
is resistant to compression- and temperature-induced deformation (boiling water). It
is also stable in aqueous acids and bases and many non-polar solvents; however, it
is soluble in strong polar solvents such as dichloromethane and N-methylpyrrolidinone.
Polyethersulfone (PES) is a common thermoplastic belonging to the group of
polysulfones. They have the chemical structure as shown in Fig. 1.12.!"%
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Fig. 1.12. Representative structure of polysulfones (Adapt from Ref. 103, Copyright (1985),
with permission from Wiley)

PES is transparent, hydrolysis-resistant and chemically steady. PES is superior
to PSU in stability opposite chemicals and in the impact strength. Thus it finds
applications in thermally highly loaded parts of medical instruments, automobile
and aircraft construction, electrical and electronic components.
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1.6.3 Polysulfides

They are a class of chemical compounds containing chains of sulfur atoms. In their
simplest form, polysulfides are anions with the general formula S,””. In the
commercial world, however, polysulfide usually refers to a class of polymers with
alternating chains of several sulfur atoms and hydrocarbon. The general
formula for the repeat unit is +(CH,),-SJ;, where x indicates the number of
sulfur atoms (or rank), and » indicates the number of repeat units. Polymers containing
sulfur atoms separated by hydrocarbon sequences are not polysulfides, e.g.,
polyphenylene sulfide (C¢Hy4S),. Polysulfide polymers can be synthesized by
condensation polymerization reactions between organic dihalides and alkal metal
salts of polysulfide anions. The dihalide species that are reportedly used in the
condensation polymerization method are dichloroalkanes such as 1,2-dichloroethane
(CICH,CH,Cl), bis-(2-chloroethyl)formal (CICH,CH,OCH,OCH,CH,Cl), and 1,3-
dichloropropane (CICH,CH,CH,CI), whereas sodium polysulfides (Na,S,) are the
alkaline polysulfides of choice.'™ In some cases, polysulfide polymers can be
formed by ring-opening polymerization reactions. Polysulfide polymers are
insoluble in water, oils and many other organic solvents and therefore are often
used as sealants. These sealants have been used to fill the joints in pavements,
automotive window glass and aircraft structures. A primary reason for using the
polysulfide sealants in these applications is to prevent water intrusion.!'"”” Many
commercial elastomers currently have polysulfide crosslinks. These crosslinks
interconnect neighboring polymer chains, thereby conferring rigidity. The degree
of rigidity is related to the number of crosslinks. Elastomers therefore have a
characteristic ability to snap back to their original shape after being stretched or
compressed. Because of this memory for their original cured shape, elastomers are
commonly referred to as rubbers. The process of crosslinking the polymer chains
in these polymers with sulfur is called vulcanization. Fig. 1.13 shows polysulfide
linkage in vulcanized rubber.!"™ The sulfur chains attach themselves to the
“allylic” carbon atoms, which are adjacent to C=C linkages. Vulcanization is
applied to the processing of several classes of rubbers, including polychloroprene
(Neoprene™), styrene-butadiene and polyisoprene, which is natural rubber.!'"!
Charles Goodyear’s discovery of vulcanization, involving the heating of polyisoprene
with sulfur, was revolutionary because it converted a sticky and almost useless
material into an elastomer which could be fabricated into useful products.!'®!
Inorganic polysulfides are common, the most useful one being lime sulfur CaS,,
which is used as a pesticide in agriculture. Well-defined polysulfide compounds
have been widely discussed in the research literature.!'*'*! Examples include
polysulfide complexes of the transition metals such as (CsHs),TiSs, [Ni(S4)]*,
and [Pt(Ss);]*"."°) Main group elements also form polysulfides.
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Fig. 1.13. Polysulfide linkage in vulcanized rubber (Adapted from Ref. 104, with permission
from Wikipedia)

1.6.4 Polycarbonates (PC)

They are a particular group of thermoplastic polyesters which can be easily worked,
molded and thermoformed. As such, these plastics are very widely used in modern
manufacturing. Their interesting features (temperature resistance, impact resistance
and optical properties) position them between commodity plastics and engineering
plastics.

Polycarbonates got their name because they are polymers having functional
groups linked together by carbonate groups 40—-(C=0)-0-+4in a long molecular
chain. Fig. 1.14 shows their repeating units.
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Fig. 1.14. Representative structure of polycarbonates

The characteristics of polycarbonates are quite like those of polymethyl
methacrylate (PMMA; acrylic), but polycarbonate is stronger and more expensive.
This polymer is highly transparent to visible light and has better light transmission
characteristics than many kinds of glass.

Polycarbonates can be divided into poly(aromatic carbonate)s and poly(aliphatic
carbonate)s. The second one, poly(aliphatic carbonate)s are a product of the
reaction of carbon dioxide with epoxides which, owing to the thermodynamical
stability of carbon dioxide, requires the use of a catalyst. Poly(aliphatic
carbonate)s display promising characteristics, have a better biodegradability than
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the aromatic ones and could be employed to develop other specialty polymers.!'"”

The most common type of polycarbonate plastic is one made from bisphenol A, in
which groups from bisphenol A are linked together by carbonate groups in a
polymer chain. This polycarbonate is characterized as a very durable material, and
can be laminated to make bullet-proof “glass”, though “bullet-resistant” would be
more accurate. Although it has high impact-resistance, polycarbonate has low
scratch-resistance and so a hard coating is applied to polycarbonate eye-wear
lenses.'” General properties of polycarbonate are a density of 1.20 g-cm , a use
range from —100 to 135 °C, a melting point around 250 °C, a refractive index
equal to 1.585 + 0.001, a light transmission index equal to (90 + 1)%, poor
weathering in an ultraviolet (UV) light environment.!"””"""" Main transformation
techniques for polycarbonate resins are injection moulding into ready articles,
extrusion into tubes, rods and other profiles, extrusion with calenders into sheet
(1 = 15 mm) and film (below 1 mm), which can be used as such, or manufactured
into other shapes using thermoforming or secondary fabrication techniques, such
as bending, drilling, routing, and laser cutting. Polycarbonate is becoming more
common in houseware as well as laboratories and in industry, mainly where at
least two of its three main features are required: high impact resistance, temperature
resistance and optical properties. Typical injected applications are: lighting lenses,
sunglass/eyeglass lenses, compact discs, DVDs, automotive headlamp lenses,
Nalgene bottles. It is also used for animal enclosures and cages used in research.
Typical sheet/film applications are found in industry: machined or formed cases,
machine glazing, riot shields, visors, instrument panels. In advertisements: signs,
displays, poster protection. In buildings: domelights, flat or curved glazing, sound
walls. Polycarbonate may be appealing to manufacturers and purchasers of food
storage containers due to its clarity and toughness. Polycarbonate has been
described as lightweight and highly break resistant particularly when compared to
silica glass. Polycarbonate may be seen in the form of both single use and refillable
plastic water bottles.!'-"1

1.6.5 Polyamides (PA)

Polyamides are large molecules formed by the condensation polymerization
of diamines with dicarboxylic acids. These complementary molecules give the
same type of amide linkage as that found in natural protein fibres, such as silk
and wool, where the monomers are amino acids. The early development of
polyimides started when nylon-6,6 was first synthesized from 1,6-diaminohexane,
H,N-CH,-CH,-CH,-CH,-CH,-CH,-NH, with 1,6-hexanedioic acid (adipic acid),
HOOC-CH,-CH,-CH,-CH,-COOH. Polyamides as hot melt adhesives are used in
a variety of industrial applications. Most polyamide adhesives possess a broad
range of adhesive properties, and are characterized as exhibiting excellent adhesion
to a wide variety of substrates, bonding well to porous substrates. They also
demonstrate good chemical and oil resistance, and show good adhesion over a



28 1 Polyimides and High Performance Organic Polymers

wide range of service temperatures. Fig. 1.15 shows the structure of aromatic
polyamide known as Nomex.
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Fig. 1.15. Representative structure of aromatic polyamide known as Nomex

They are broadly classified into aliphatic and aromatic polyimides.!"""" The
term nylon refers to a family of polymers called linear polyamides. There are two
common methods of making nylon for fiber applications. In one approach,
molecules with an acid (COOH) group on each end react with molecules
containing amine (NH;) groups on each end. The resulting nylon is named on the
basis of the number of carbon atoms separating the two acid groups and the two
amines."'?! Thus nylon-6,6, which is widely used for fibers, is made from adipic
acid and hexamethylene diamine. The two compounds form a salt, known as nylon
salt, an exact 1:1 ratio of acid to base. This salt is then dried and heated under
vacuum to eliminate water and form the polymer. In another approach, a compound
containing an amine at one end and an acid at the other is polymerized to form a
chain with repeating units of +NH=[CH,] -CO+. If n=5, the nylon is referred to
as nylon 6, another common form of this polymer. The commercial production of
nylon 6 begins with caprolactam using a ring-opening poly-merization. In both
cases the polyamide is melt spun and drawn after cooling to give the desired
properties for each intended use. Nylon is exceptionally strong, elastic, abrasion
resistant, lustrous and easy to wash, resistant to damage from oil and many
chemicals, can be pre-colored or dyed in a wide range of colors, resilient, low in
moisture absorbency. Filament yarns provide smooth, soft, long-lasting fabrics,
spun yarns lend fabrics light weight and warmth. Hence nylons are used as tire
cord, hoses, conveyer and seat belts, parachutes, racket strings, ropes and nets,
sleeping bags, tarpaulins, tents, thread, monofilament fishing lines, dental floss.
Aromatic polyamides derived from aromatic monomers are better known as
aramid fibres and are commercialized as Kevlar.!"") When Kevlar is spun in the
same way that a spider spins a web, the resulting fiber has tremendous strength.
The fibers do not rust or corrode. When woven together, they form a good material
for mooring lines and other underwater objects. There are three common grades of
Kevlar: Kevlar, Kevlar 29, and Kevlar 49. Kevlar is typically used as reinforcements
in tires and other mechanical rubber goods. Kevlar 29 is used in industrial
applications such as cables, asbestos replacement, brake linings and body armor.
Kevlar 49 is considered to have the greatest tensile strength of all the aramids, and
is used in applications such as plastic reinforcement for boat hulls, airplanes and
bikes. Kevlar is susceptible to breakdown from ultraviolet light (such as sunlight)
and hence is almost never used unprotected or unsheathed. Fibers of Kevlar
consist of long molecular chains produced from poly-paraphenylene terephthalamide.
There are many inter-chain bonds making the material extremely strong. Kevlar
derives a portion of its improved strength from inter-molecular hydrogen bonds
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formed between the carbonyl groups and protons on neighboring polymer chains
and the partial PI stacking of the benzenoid aromatic stacking interactions
between stacked strands. These interactions have a greater influence on Kevlar
than van der Waals interactions and chain length that typically influence the
properties of other synthetic polymers and fibers like Dyneema. The presence of
salts and certain other impurities, especially calcium, could interfere with the
strand interactions and caution is used to avoid inclusion in its production. Kevlar’s
structure consists of relatively rigid molecules, which tend to form mostly planar
sheet-like structures that have similarities to silk protein.

1.6.6 Poly(Butylene Terephthalate) (PBT)

PBT is a plastic that is used as an insulator in the electrical and electronics
industries.""*'"*! Fig. 1.16 shows the structure of poly(butylene terephthalate)
repeating units. It is a thermoplastic crystalline polymer, and a type of polyester.
PBT is resistant to solvents, shrinks very little during forming, is mechanically
strong, heat-resistant up to 150 °C (or 200 °C with glass-fibre reinforcement) and
can be treated with flame retardants to make it noncombustible.
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Fig. 1.16. Representative structure of poly(butylene terephthalate)

1.6.7 Poly(Phenylene Oxides)"!

One more promising class of polymers which has found commercialization is the
polyphenylene oxide type. Fig. 1.17 shows its structure. These polymers are
synthesized by oxidative coupling of 2,6-substituted phenols. The advantage of
these polymers, over other thermally stable polymers, is that they can be melt-
fabricated and have a melting temperature of the order of 350 °C. They can be
processed on conventional moulding and extrusion equipment, and a particularly
notable physical property is their low thermal expansion rate. This property makes
them fit for use where high dimensional tolerance is the prime requirement.
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Fig. 1.17. Representative structure of polyphenylene oxide. R represents an alkyl group
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1.6.8 Polynorbornene (PNB)

Polynorbornenes are the latest high performance polymers. Polymers derived from
norbornene have attracted special interest due to their applications in oil spill
recovery or as a sound barrier. Polynorbornene has excellent dielectric properties
and a cost advantage over other materials currently being used as interlevel dielectrics.
Polynorbornene has been found to be an excellent binder for the preparation of
solid fuel materials and solid propellants. Its structure is shown in Fig. 1.18.
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Fig. 1.18. Representative structure of polynorbornene

The bicyclic variation of polynorbornene is a polymer currently under investigation
for a number of applications, including deep ultraviolet photoresists and interlevel
dielectrics in microelectronics applications.!"'*'*?) The 2,3-norbornene monomer
undergoes a vinyl-like polymerization that preserves the bicyclic conformation in
the backbone of the resulting polymer, as seen in Fig. 1.19.
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Fig.1.19. Representative structure of polynorbornene. The threo disyndiotactic (a) and erythro
diisotactic (b) trimmers are shown to illustrate possible stereochemical variation (Adapted from
Ref. 116. Copyright (1998), with permission from the American Chemical Society)

This is unlike the commonly employed ring-opening metathesis polymerization
(ROMP) mechanism which retains only a single ring in the polymer backbone.
This polymer is currently being developed by the BFGoodrich Corp. under the
trade name Avatrel dielectric polymer. Polynorbornene has excellent dielectric
properties and a cost advantage over other materials currently being used as
interlevel dielectrics.!"'”'**! Polynorbornene has been found to be an excellent
binder for the preparation of solid fuel materials and solid propellants. Mixtures of
polynorbornene with liquid fuel materials such as kerosene, gasoline, or advanced
missile and aircraft liquid fuels such as JP-4, JP-5, JP-9, JP-10, RJ-4, and RJ-5, for
example, can contain 80% or more of the liquid fuel material and still exist in the
form of a tough rubbery polymer which has excellent burning characteristics as a
solid fuel for a ramjet. Many of these materials can be tailored to have a
combustion heat higher than the state-of-the-art solid ramjet fuel formulations. In
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addition, self-sustaining gas-generating compositions which can be used for such
various purposes as solid propellants or gas generators for ducted rockets and the
like can be fabricated by inclusion in the polynorbornene, either alone or in
conjunction with suitable liquid fuels and other additives of particulate oxidizer
materials such as ammonium perchlorate or any of the other solid particulate
oxidizers commonly used in the preparation of composite solid propellants.
Suitable compositions can be prepared by admixture of the polynorbornene with
the liquid fuel and suitable plasticizers and vulcanizing agents therefore. In the
case in which a solid self-sustaining gas-generating composition is to be
formulated, the suitable particulate oxidizing material and other solid ingredients
can be mixed with the polynorbornene prior to the addition of the liquid
ingredients, then curing the mixture into a tough rubbery polymeric structure. It is
also possible to polymerize the norbornene monomer in situ in the presence of
oxidizers, antioxidants, plasticizers and a suitable polymerization catalyst such as
ruthenium chloride.

For the semi-conductor industry, it is required that the wavelength of
exposure tools must shrink over time. At these extremely low wavelengths (such
as 193 nm), the design of transparent polymers is a difficult problem due to the
tendency for a wide variety of organic groups to absorb strongly in this ultraviolet
wavelength range. Substituted polynorbornenes (PNBs) are one potential material
solution for providing transparent photoresist polymer resins for photolithography at
193 nm.'"?" The polynorbornene backbone provides a relatively transparent
alicyclic polymer structure with suitable plasma etch resistance. For a 193 nm
photoresist resin, the characteristics of a pendant side group include: solubility in
the common aqueous alkaline developers used for resist processing, the ability to
add acid-labile protecting groups to the polymer for producing chemically
amplified resists resins with high contrasts, and reduction of the absorbance
coefficient of the polymer due to the incorporation of fluorine.

1.7 Summary

High performance polymers which cover a wide range of applications are
discussed in this chapter. We have given special emphasis to polyimides, both
aliphatic and aromatic ones. Aliphatic polyimides, as a new field, are also reported
as good candidates for applications in microelectronics and optoelectronics, owing
to their excellent transparency, solubility and low dielectric constant. This chapter
also dealt with the applications of the semi-conducting aromatic polyimides in
organic electroluminescent devices and flexible substrates. Polyimide-based
nanohybrids obtained from the polyimide/silica hybrid compositions by sol-gel
process, their microstructure, interfacial interactions, properties and application
studies conducted by our research group are also briefly discussed. Other high
performance polymers are also the focus of this chapter. Polynorbornenes, which
have attracted the researchers’ attention due to their higher transparency and lower
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dielectric constant, due to the aliphatic backbone together with high thermal
resistance, are one of the best candidates for successful future applications. A short
description of polynorbornenes together with other commercial engineering polymers
like PEEK, PSU, PC, polysulphides and polyamides are also summarized in this
chapter.
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2.1 Introduction

In recent years, with the rapid development of pharmacochemistry and biomedical
science, the need for biodegradable polymers to possess excellent biocompatibility
increases steeply. Among the variety of synthetic biodegradable polymers, linear
aliphatic polyesters, polylactic acid (PLA), polyglycolic acid (PGA) and related
copolymers are particularly attractive and most widely used. These polymers
have found many significant applications in the field of biomedical science
as drug- delivery carriers, resorbable sutures, artificial-tissue materials and so
forth.!" %!

Some biomedical devices made from synthetic polyesters are now commercially
available!”), as seen in Table 2.1. The incomparable advantage of the devices or
implants made from biodegradable polymers is that they do not need to be
removed surgically once they are no longer needed. Therefore they are of great
value in short-term applications that require only the temporary presence of a
device or implant. At the same time, the use of biodegradable devices/implants can
circumvent some of the problems related to the long-term safety of permanently
implanted devices/implants. As drug-carriers, the use of biodegradable polymers
could increase drug-efficiency by controlling the release of the drug.

H.-G. Woo et al., Advanced Functional Materials
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Table 2.1 Commercially available medical devices made from biodegradable polymers

Application Trade name Composition* Manufacturer
Suture anchors Phantom Suture Anchor PLLA Du Puy
SD Sorb P(LLA-GA) Surgical Dynamics
Fracture fixation Smart Anchor SR-PLLA Bionx Implants
Smart Pins, Smart Screw SR-PLLA Bionx Implants
PDO J&J. Orthopedics
Interference screws  Bio Screw PLLA Linvatec
P(DLLA-GA) Instrument Makar
Meniscus repair Clearfix Meriscal Screw PLLA Innovasive Devices
Menicus Arrow SR-PLLA Bionx Implants
SD Sorb Meniscal Staple P(LLA-GA) Surgical Dynamics
ACL reconstruction  Biologically Quiet Staple P(DLLA-GA) Instrument Makar
Maxillofacial fixation Lacto Sorb Screws and Plates P(LLA-GA) Biomet

*LA: lactide; LLA: L-lactide; DLLA: D,L-lactide; GA: glycolide; PLLA: poly(L-lactide); PDO:
poly(dioxanone); SR: self-reinforced

As is well-known, the properties of a biodegradable polymer (mechanical
properties, degradation rate, hydrophilicity etc.) are largely dependent on its
molecular weight (MW), MW distribution, chain stereochemistry, etc. Controlled
synthesis of the biodegradable polymers with desired properties by means of
living or stereospecific polymerizations is hence of significance. Great advances
in polymer science in recent years have made it possible to design initiators and/or
catalysts for the controlled synthesis of biodegradable polymers with desired MW
and well-defined structures.

This article deals with recent developments in the controlled synthesis of
biodegradable polymers, especially aliphatic polyesters based on lactic acid/lactide
(LA). As one of the two synthetic approaches, the polycondensation technique has
made great progress in the synthesis of high-MW biodegradable polymers.
However, from the viewpoint of macromolecular design, it is not as useful as the
ROP technique. In general, the catalysts or initiators suitable for the ring-opening
polymerization (ROP) of lactides are also suitable for the polymerization of
lactones and morpholinediones and other cyclic esters. The discussion is hence
centered on the living and stereospecific or stereoselective ROP of LAs, particularly
that which uses low-toxic/non-toxic metal compounds and metal-free organic
compounds to initiate the controlled polymerization.

2.2 Synthesis of Biodegradable Polymers by Polycondensation

Two different approaches are used for biodegradable polymer synthesis: i.e.,
polycondensation and ring-opening polymerization (ROP). Each approach has its
own advantages.
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2.2.1 General Polycondensation Technique

Biodegradable polymers can be synthesized by polycondensation of: (i) a diol with a
dicarboxylic acid (such as 1,3-propanediol and succinic acid); (ii) hydroxyacids.
This is either by self-polycondensation of a hydroxyacid (e.g., lactic acid, glycolic
acid) or by cross-polycondensation of two different hydroxyacids. In the latter case,
careful selection of the reaction conditions is needed. Lee et al. synthesized a kind
of pseudo poly(amino acid)s by the cross-polycondensation of frans-4-hydroxy-
L-proline and a-hydroxyacid (Scheme 2.1).1*!

HO
0
SnOct,*
T OH + H()\HKOH
c=09 R
|
Z
a.z=CH, a.R=Ph
b.z=OCH,Ph b.R=CH,
H
H—O,
0
0 y_ Pd/C
T \‘)LO HCO,H
c=00 R
]
n m

*Tin( I )2-ethyl hexanoate

Scheme 2.1. A kind of pseudo poly(amino acid)s synthesized by the cross-polycondensation of
trans-4-hydroxy-L-proline and o-hydroxyacid (Adapted from Ref. 8. Copyright (2001), with
permission from Wiley)

Pseudo poly(amino-acid)s are among the newest classes of biodegradable
polymers, having the advantages of being amphiphilic, biocompatible and possessing
pendant functional groups on the backbone.

The polycondensation technique is less expensive than ROP. It can be applicable
for a variety of combinations of diols and diacids. However, it requires, in general,
higher temperature and longer reaction time and usually hardly to obtain high-MW
polymers. In addition, polymers made in this way do not have controlled lengths
and stereostructures, because the polycondensation is neither living nor stereospecific.
This approach is hence not suitable for the design and tailoring of biodegradable
polymers.
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2.2.2  Post Polycondensation Technique

Recently, a breakthrough in synthesizing high-MW biodegradable polymers by
polycondensation was made by Kimura who developed a so-called post-
polycondensation, i.e., melt/solid polycondensation technique to prepare poly(L-lactic
acid) (PLLA) with high-MW."! It is a three-step polycondensation. In the first step,
melt polycondensation of L-LA was conducted at 150 °C, and an oligomer with
(degree of polymerization) DP of 8 on average was obtained. In the second step,
the melt-state polycondensation was conducted at 180 °C and reduced pressure
(10 mmHg) using the catalyst system of SnCl,.2H,0-TSA (p-toluene sulfonic acid),
and a polymer with weight average MW (M,,) of 13,000 (PDI = 1.9, T;, = 157 °C,
T, = 48 °C) was obtained. In the third step, the melt-polycondensate was firstly
heat-treated at 105 °C for a couple of hours, then the solid-state post- polycondensation
was conducted at 150 °C for 10 h, and a polymer with high MW (M, = 3.2x10°)
and higher crystallinity (>85%) was obtained (Scheme 2.2).1°"'!)

CH

1st step 2nd step

CH, CH
T [\ ocat [ 70\
HOCH-ILI‘—()H 150°C H O-CH—%?UH 180°C HKU-CH_ILJUH
0 o'l O'm
(OLLA) (PLLA)
=8
3rd step CH,
Crysta]ljlzatlon H(O-CIH—I(E)OH
¢ o'n

Scheme 2.2. A three-step polycondensation of synthesizing high-MW biodegradable
polymers (Adapted from Ref. 9. Copyright (2000), with permission from Wiley)

According to the authors, in the 3rd step, the crystallization of the polymer
chains could effectively cause the segregation and concentration of propagation
active ends and the catalyst in the amorphous parts with the enhancing of the
polycondensation. This accounts for the plausible mechanism of the solid-state
post-polycondensation (Fig. 2.1).

By means of the post-polycondensation technique, PLLA with very high MW
(>500,000 Da), high crystallinity (>85%) and good thermomechanical properties
(Tx>179 °C) was prepared. However, one shortcoming of this process is that the
catalyst SnCl, is cytotoxic. It was gratifying to know that using zinc acetate
dihydrate Zn(OAc), - 2H,0, a non-toxic salt, as catalyst, poly(glycolic acid) (PGA)
with higher MW (M, = 44,000) and better molecular weight distribution (MWD)
(polydispersity index (PDI) of 1.8) was prepared by this technique.!"!
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Fig. 2.1. Plausible mechanism of the solid-state post-polycondensation

2.2.3 Chain-Extension Technique

Another way to obtain high-MW biodegradable polymers via polycondensation is
the so-called “Chain-extension” technique. Using this technique a higher MW
poly(ester-carbonate) (M,=48,000, PDI=1.6) was prepared (Scheme 2.3).!"" Thus,
using a molar ratio of 1,3-propanediol to succinic acid of 1.02, an a,w-bis-hydroxy-
terminated oligomer (HO-PS-OH) having M, of 2,200 and M, of 3,000 was
obtained. The oligomer was converted to an a,w-bischloroformate by the reaction
with phosgene. The final polymer was prepared by the polycondensation of the
oligomer with the bischloroformate.

W W

HO—C—CH,—CH,;—C—OH+1.02HO—CH;~CH,— CH;-OH

0 0
1 1l
HO —CHZ—CHZ—CH{»O—C —CH;CHC—CHCH;~ CH%— OH
n
(HO-PS-OH)
cocl,
5°C

1 Il
Cl—C —0—PS—0—C—Cl
(HO—PS—OH)‘

W 0 0
*{~ C—CHZ—CHZ—C—CHZ—CHZ—CHZ—O—C—O%*
X

Scheme 2.3. High-MW biodegradable polymers synthesized by the so-called “Chain-extension”
technique (Adapted from Ref. 12. Copyright (2000), with permission from Wiley)
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Using diisocyanates as a chain-extension agent PLLA with higher MW (M,, =
57,000) was produced from a pre-poly(L-lactic acid) with M,, = 9,800.!"*!

2.2.4 Enzyme-Catalyzed Polycondensation

Enzyme-catalyzed polymerizations provide an environmentally friendly methodology
for biodegradable polymer synthesis owing to the non-toxicity of the catalyst enzymes
and the mild reaction conditions. Lipase catalyzed dehydration polycondensation
of a diol and a diacid for biodegradable polyester synthesis has been intensively
investigated. However, polyesters of low MW (<10,000) are usually obtained by
this technique.'*!

By careful screening of different lipases and solvents, a polyester of higher
MW (M,, = 77,000, PDI = 4.4) was prepared by the condensation polymerization
of adipic acid and hexanediol in diphenyl ether at 37 °C for 7 d under reduced
pressure (0.15 mmHg) using lipase M. michei.!"”!

2.3 Synthesis of Biodegradable Polymers by Ring-Opening
Polymerization

The ring-opening polymerization (ROP) of cyclic esters (e.g., lactides, lactones,
morpholinediones) is an effective method for synthesizing biodegradable polyesters.
It has some advantages over the polycondensation technique. Under rather mild
conditions, high-MW polyesters of low dispersity can be prepared in short periods
of time by this technique. Problems associated with polycondensation, such as the
need for exact stoichiometry, high reaction temperatures and the removal of low
MW by-products (e.g., water) are excluded in ROP. In recent years, quite a lot of
catalysts and/or initiators were found to bring about living and/or stereospecific
ROP of cyclic esters. This synthetic approach of ROP is hence becoming a useful
tool for the design and tailoring of biodegradable polymers with desired properties
and well-defined structures.

Depending on the initiators, ROP proceeds according to three different major
reaction mechanisms, such as cationic, anionic and coordination mechanisms.

2.3.1 Monomers

The monomers that have been used for biodegradable polymer synthesis include
lactides: L-lactide (LLA), D-lactide (DLA), D,L-lactide (DLLA or rac-LA), meso-
lactide (meso-LA), glycolide (GA); lactones: fS-propiolactone (5-PL), y-butyrolactone
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(y-BL), p-butyrolactone (5-BL), d-valerolactone (J-VL), w-caprolactone (w-CL),
1,5-dioxepan-2-one(DXO), etc. (Fig. 2.2).
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Fig. 2.2. Structures of different monomers used for biodegradable polymer synthesis

It is worth noting that polymer prepared from lactic acid by polycondensation
is usually referred to as polylactic acid, while the same polymer prepared from
lactide by ROP is referred to as polylactide. Both polylactide and polylactic acid
are usually abbreviated as PLA in references.

2.3.2 Polymerization with Metal Catalysts

Depending on the initiators, ROP proceeds according to three different major
reaction mechanisms, such as cationic, anionic and coordination mechanisms. In
this section, we will introduce them separately.
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2.3.2.1 Cationic Ring-Opening Polymerization

Cationic ROP of cyclic esters is far less successful than the coordination ROP.
Only a few extremely strong acids or carbenium ion donors are capable of
initiating the cationic ROP. Among the numerous acidic compounds investigated,
trifluoromethane sulfonic acid (HOT;) and methyl trifluoromethane sulfonate
(MeOTy) have proved to be efficient initiators.!""'®! For ROP of LAs, the
mechanism involves the protonation or alkylation of the carbonyl oxygen atom in
the lactide molecule, with the consequence of an electrophilic activation of the
O—CH bond. This bond is then cleaved by the nucleophilic attack of another
monomer molecule, a process which is repeated in every propagation step
(Scheme 2.4).
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Scheme 2.4. Mechanism for ring-opening polymerization (ROP) of LAs

This mechanism involves a nucleophilic substitution at the chiral carbon, and
it was found that at a lower temperature (<50 °C) optical pure PLLA can be
prepared. At a higher temperature racemization occurs, which dramatically changes
the properties (physical, mechanical) of the resulting polymer. Unfortunately, the
polymerization is rather slow below 50 °C, and only yields low-MW polymers.

It was reported that a combination initiator system of an acid (such as HCI-Et,0)
and a protic agent (such as an alcohol) proved to effectively polymerize w-caprolactone
and d-valerolactone smoothly in dichloro-methane solution at 0 °C. ") The HCI acts
as a transesterification catalyst, the alcohol is the actual initiator. The resulting
polymer features the a-chain ester end group. Moreover, the polymer MWs (3,000
— 14,000 Da) were found to increase linearly with the monomer to initiator ratio
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with narrow polydispersity (PDI<1.25), which is in agreement with a living
polymerization. All the experimental observations strongly support an “activated
monomer cationic polymerization” (Scheme 2.5).
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Scheme 2.5. Process of an “activated monomer cationic polymerization”

Recently, the controlled cationic ROP of LAs was realized with a combination
initiation system of HOTf-ROH (H,O, Pr, 1-pentanol). Using the initiation system
HOTf—iPrOH, polymerization of DLLA at 25 °C in CH,Cl, reached 96% conversion
within 12 d ([LA]¢/[ROH], = 76.5) producing PLLA with narrow MWD (M, =
11,300, PDI = 1.15). In case of ROP of LLA, the homonuclear decoupled "H NMR
sectroscopy of the produced polymer indicates that an isotactic PLLA was
obtained. Investigation of the kinetics of the polymerization revealed the living
feature of the polymerization. Based on the experimental observations, the
polymerization was proposed to follow the activated-monomer mechanism: the
acidic catalyst HOT; preferentially and selectively activates the monomer LA, the
initiation and propagation involve the protonation of LA and its subsequent
acyl-oxygen bond scission by the nucleophilic addition of either the initiation
protic agent or the hydroxyl chain-end of the growing polymer (Scheme 2.6).1"

_H
O Q

H.C Hﬁ# ROH ! CHs
3 \])Lo ROH/CF,SO;H 0 2. R 0 H

S ) 0 0
0 CH,CL,.25°C 0% H
WH\CH_; 2 I CH, CH, 0

0]

@]
)

CH,
R=H.n-Pent,i-Pr

Scheme 2.6. Controlled cationic ROP of LAs with a combination initiation system of
HOT; -ROH (Adapted from Ref. 21. Copyright (2005), with permission from ACS Publication)

2.3.2.2 Anionic Polymerization
The anionic ROP of cyclic esters has been much less investigated than the

coordination-insertion approach. It is best initiated by some alkali metal alkoxides
(such as MeOK, 'BuOK).**®! Potassium methoxide effectively initiates the
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polymerization of L-lactide and D,L-lactide in THF at room temperature (20 °C).
The polymerization proceeds very fast with good yield. Polymers with MW in
good agreement with [M]/[1]y ([ M]o,[/]o: initial monomer and initiator concentration,
respectively) and relatively narrow MW distribution (PDI=1.3 — 1.4) were obtained.
Moreover, microstructural analysis by C NMR spectroscopy indicated a high
degree of isotacticity for the resulting poly(L-lactide). The mechanism of
anionic ROP was proposed to occur via acyl-oxygen bond cleavage based on
the experimental results (Scheme 2.7).
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Scheme 2.7. Mechanism of anionic ROP via acyl-oxygen bond cleavage

The alkoxide anion attacks the carbonyl atom in the monomer molecule with
the cleavage of the acyl-oxygen bond and formation of the active propagating
species bearing an alkyl ester dead-end group and the metal-alcoholate active end.
The further propagation proceeds via the repeated attack of the polymeric anion
onto the carbonyl group of the monomer, and formation of a new polymeric anion
with a propagated chain.

A problem associated with the anionic ROP of the cyclic esters is the extensive
side reactions. One possible way for the chain-transfer is the back-biting of the
polymeric propagating anion. Another possible way is the reaction of the
propagating anion with the a-hydrogen of the monomer lactide. In this case the
monomer lactide is deprotonated forming a monomer anion, which is capable of
initiating a new chain, and at the same time a dead polymer bearing a hydroxyl
end group was formed (Scheme 2.7). On the other hand, due to the planarity of the
delocalized monomer anion, the rapid deprotonation-reprotonation reaction
involves racemization. The racemization is an unavoidable side reaction of the
anionic ROP. In case of the chiral monomer (such as L-lactide, D-lactide) the
racemization leads to a decrease in stereoregularity and thermomechanical
properties of the product polymers.

Recently it was reported that a hetero-bimetallic Fe( II)-alkoxide complex
[(THF)NaFe(O'Bu),], (Fig. 2.3) is an effective initiator for the ROP of rac-lactide.
At monomer conversion below 70%, a linear increase in polymer molecular
weight with the monomer conversion was observed. The anionic Fe( Il )-alkoxide
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rapidly initiates the polymerization at ambient temperature (60 min, conversion
81%). However, the molecular weight distribution of the synthesized polylactide
is rather broad (PDI: 1.33 — 1.57).%¢!

\\\\0 "”uuFe-—-o
QO—Na //,/ .-@Na— Q
1,
O||||II||

Fig. 2.3. Structure of a hetero-bimetallic Fe( I )-alkoxide complex [(THF)NaFe(O'Bu).]»

2.3.2.3 Coordination-Insertion Ring-Opening Polymerization

As mentioned above, among all the polymerization techniques, the coordination-
insertion ROP of cyclic esters is the most widely used and is the most popular one.
Thus it has received scientists’ attention in the past decade, and a lot of novel
initiators/catalyst were developed. The encouraging recent advances in the controlled
ROP have made it possible to design and tailor synthetic biodegradable polymers.

The term coordination-insertion implies that initiation and propagation
reactions proceed via the coordination of the monomer to the active species,
followed by the insertion of the ring-opened monomer into the active bond in the
initiation and propagation species. It differs from the ionic ROP in that the active
end of the propagating species is of a covalent bond, not an ion. This generally
reduces the reactivity and the polymerization rate. However, the decreased
reactivity also leads to fewer side reactions and narrow molecular weight
distribution of the produced polymers, and even to a living ROP in some cases.

(1) Stannous Octoate Catalyst

The most widely used catalyst for the industrial production of polylactides and
poly(lactide-co-glycolide) is stannous 2-ethylhexanoate, which is usually referred
to as stannous octoate and abbreviated as SnOct,. It has several advantages:
commercial availability, solubility both in common organic solvents and in melt
monomers, convenience of handling, etc. It is of high catalytic activity and
excellent versatility in general. However, in the case of separate use, SnOct,
shows only median activity. In the presence of an alcohol, a co-initiator, its
activity increases greatly. Investigations into the initiation mechanism of the
bi-component system SnOct,-ROH revealed that the true initiation active species
is Oct-Sn-OR, which was formed by partial alcoholysis of SnOct,.!"**”! The
ROP of LAs is well-accepted to follow the coordination-insertion mechanism
(Scheme 2.8).

The propagation proceeds via the repeated insertion of the monomer into the
Sn-OR bond in the activated Tin( II ) initiator OctSnOR (Scheme 2.8). The SnOct,
catalyst is a strong transesterification agent at elevated temperature, and/or at long
reaction times (Scheme 2.9). The intramolecular transesterification reactions, i.e.
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back-biting chain transfers, cause degradation of the polymer chain and the
formation of cyclic oligomers, while the intermolecular transesterifications change
the sequences of the polyesters. Both types of transesterifications broaden the
molecular weight distribution. Therefore, the ROPs of cyclic esters initiated by
SnOct, usually proceed via neither the living polymerization nor the stereospecific
polymerization. Hence they are not suitable for the biomaterial design. It is worth
noting that SnOct, (with no exception for other tin compounds) is cytotoxic. This
has recently aroused deep concern about the biosafety of materials made with
SnOct, and applied to pharmaceutical or biomedical applications. Seeking and
designing catalysts and/or initiators possessing both high activity and biosafety are
hence a new challenge in this field.

SnOct,+ HOR Oct+*Sn—OR + HOct
Oct * Sn OR Oct* Sn—-0—A—CO —OR
h! ;
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S | (
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Scheme 2.8. ROP of LAs follows the coordination-insertion mechanism
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Scheme 2.9. A strong transesterification agent of the SnOct; catalyst
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(2) Aluminum Alkoxides Initiators

Catalysts based on aluminum are attractive with regard to the very low toxicity of
aluminum®*>*. Aluminum isopropoxide Al(O'Pr); was reported to be an effective
initiator for ROP of lactides.'****! As was evidenced by the kinetic investigation,
the polymerization of lactides in toluene at 70 °C is a perfect “living” process.
However, since this linearity is no longer observed at the highest value of the
monomer/initiator molar ratio ([LA]¢/[Al]¢>1,600), the transesterification reaction
could be responsible for the phenomenon. Aluminum alkoxides initiated ROP
follows the coordination-insertion mechanism (Scheme 2.10). The monomer LA
plays a temporal role of a ligand coordinated with the Al atom via the carbonyl
O-atom. The coordination enhances the electrophilicity of the carbonyl group of
the monomer and the nucleophilicity of the OR group in the initiator Et,AIOR, so
that the insertion of the monomer LA into the Al-O bond occurs.

,O—CH-Me Me Me
0C CO = AlEt, ———  Et,Al=0-CH-CO-O-CH-CO+R
Me=CH-O"} |
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Scheme 2.10. Aluminum alkoxides initiated ROP following the coordination-insertion mechanism

(3) Aluminum-Schiff Base Complex Initiators

The physical, mechanical and degradating properties of biodegradable polyesters
are intimately dependent on the chain stereochemistry. For example, isotactic
poly(L-lactide) is a high crystalline material (7,,=170 °C) possessing excellent
mechanical properties and rather slow degradation rate, whereas atactic poly(D,L-
lactide) is an amorphous polymer which degrades relatively fast in comparison
with poly(L-lactide). However, most catalysts, including SnOct, and Al(OPr)s,
mentioned above, do not show stereo-directive or stereo-selective effect towards a
specific enantiomer (e.g., L-lactide) or enantiomer mixture (e.g., D,L-lactide).
Designing and tailoring catalysts leading to stereospecific and/or stereoselective
ROP of cyclic esters hence are of significance. One of the most important advances
in the control of stereochemistry of polylactide was achieved by Spassky who
found that the enantiometrically pure aluminum complex featuring the chiral Salen
ligand (R-Sal Binap)Al(OMe) [(R)-1] derived from (R,R)-binaphthyl diamine
(Scheme 2.11) preferentially polymerize D-lactide in the ROP of rac-lactide. The
aluminum-Schiff base complex exhibited a 20:1 preference for the polymerization
of D-lactide over L-lactide in the ROP of rac-lactide.”” At conversion of less than
50%, the microstructure of the produced polymer was predominantly isotactic
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poly(D-lactide). At a conversion of over 60%, only L-lactide remained. The
process is called the kinetic resolution of rac-lactide. Due to the kinetic preference
for the R,R-enantiomer, the polymerization then slowly reached 97.5% monomer
conversion. The polymer formed presumably had a stereoblock microstructure.
The product polymer exhibited a high melting temperature (187 °C), this indicates
that a stereocomplex between poly-L- and poly-D-lactide sequences is formed. It
should be noted that the ROP initiated by the Al-Salen complex was also
proceeded by the living mechanism, as evidenced by the good control of polymer
molecular weight and very narrow polydispersity.

OO NOH MR, I\J ’g\ M=Al
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OO | N S-(SalBinap)Al(OMe)  (S)-1
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Scheme 2.11. Process of the enantiometrically pure aluminum complex featuring the chiral
Salen ligand. (R-Sal Binap)Al(OMe) [(R)-1] derived from (R,R)-binaphthyl diamine preferentially
polymerize D-lactide in the ROP of rac-lactide

The aluminum-Salen complex (SalBinap)Al(O'Pr) [(R)-2] (Scheme 2.11)
synthesized by Coates"™® also exhibits excellent stereo-control ability (Scheme
2.12). The enantiometrically pure complex R-(SalBinap)Al(O'Pr) [(R)-2] polymerizes
meso-lactide (70 °C in toluene), to syndiotactic polylactide, a crystalline polymer
(M,=15,440, PDI=1.06, T,=149 °C). Interestingly, the racemic complex rac-2
polymerizes meso- and rac-lactide to heterotactic polylactide (M;=15,000, PDI
=1.07, T,=43.2 °C) and stereoblock isotactic polylactide (M,,=22,600, PDI=1.09),
respectively. The latter exhibited a 7, at 179 °C which was higher than that of
isotactic poly(D-lactide) or poly(L-lactide). This is evidence that the stereoblock
copolymer adopts a stereocomplex morphology in the solid state, but due to the
shorter runs of enantiometrically pure blocks in the main chain, the melting point
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is lower than that of the 1:1 mixture of the enantiopure homopolymers.
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Scheme 2.12. Stereoselective synthesis of PLA with aluminum-salen complex (SalBinap)Al(OiPr)
[(R)-2] (Adapted from Ref. 36. Copyright (1999, 2002), with permission from the ACS Publication)

It worth mentioning that the mixture of PLLA and PDLA (1:1) is referred to as
a stereocomplex of PLLA-PDLA (sc-PLA) which has a melting temperature 7,
above 200 °C, being much higher than the 7;, of PLLA or PDLA. The sc-PLA
surpasses PLLA and PDLA, not only in thermal but also in mechanical properties.
It may provide high performance materials possessing a bio-based nature.”*’*!

The Salen-Al complex Salen-Al-3 (Scheme 2.13) synthesized by Feijen
also exhibited excellent stereoselectivity. Enantiometrically pure complex (R)-3
preferentially polymerizes LLA in the presence of rac-LA. Polymerizaton of
rac-LA in toluene (70 °C, 2 d) at low conversion (21%) produced a polymer with
an isotacticity of 92% while the racemic complex rac-3 polymerizes rac-LA, forming
a hard crystalline polymer (isotacticity of 88%) with a high T;, of 183.5 °C (bulk
polymerization at 130 °C for 2 d with [M]/[1]o = 200, 94.8% of conversion, M, =
24,900, PDI = 1.37) which is significantly higher than that of optical pure PLLA
(Thn = 168.4 °C). It was attributed to the isotactic steroblock polylactide formation.**’
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Scheme 2.13.  Salen-Al complex Salen-Al-3 synthesized by Feijen
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Great efforts have been made in the design and tailoring of molecular structures of
Al-Salen type initiators in recent years, and quite a lot of this type of initiators were
found to exhibit good stereocontrollability for the ROP of chiral cyclic esters. %

(4) Red-Al Initiators

The synthesis and optical resolution of the Salen-Al complexes is sometimes not
only a time-consuming process, but also a low-yield process, and as a result the
preparation cost of the initiators for the controlled biodegradable synthesis is
usually far from cheap.

Recently Li, Woo and co-workers found that a commercially available aluminum
complex Red-Al, i.e. sodium bis(a-methoxyethoxy) aluminum hydride Na[AIH,
(OCH,CH,0OCHj;)] (Scheme 2.14) is an efficient initiator for the controlled ROP
of lactides.”'*! Polymerization of LAs in bulk at 110 °C reached 100% conversion
within 48 h, producing a polymer with very narrow molecular weight distribution
([M1/[1]o = 150, M, =2.30x10*, PDI = 1.12) (Table 2.2).”**!

The kinetic investigation into the ROP of D,L-lactide in toluene at 70 °C,
revealed that the polymerization is living, as supported by the linear relationships
of In [M]y/[M],, versus time and M, versus conversion. Stereoregularity estimation
based on the *C NMR spectrum of the produced poly(L-lactide) indicates that the
synthesized poly(L-lactide) is of very high isotacticity (>95.2%) (Fig. 2.4). Taking
the optical purity of L-lactide (i.e., 96%) into account, it is reasonably concluded
that the polymerization of L-lactide initiated by the aluminum complex (Red-Al)

is highly stereospecific (Scheme 2.14).1°!
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Scheme 2.14. Aluminum complex Red-Al initiated the controlled ROP of lactides (Adapted
from Ref. 53. Copyright(2004), with permission from ACS Publications)

Table 2.2 Bulk Polymerization of LLA Catalyzed by Red-Al" (Adapted from Ref. 53. Copyright
(2004), with permission from ACS Publications)

No. Temp (°C) Time (h) Yied (%) M, (10 7Y PDI°
1 110 48 98.1 230 1.12
2 110 72 97.8 225 1.17

[M]o/[1]0=150; [M]qo: initial molar number of LLA feed; [/]o: initial molar number of Red-Al;
Measured by GPC; “Polydisper-sity index, i.e., Mu/M, of the product polymer
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Fig. 2.4. "C NMR spectrum of the methine carbon in PLLA (110 °C, 10 h, [LLA]¢/[1]¢=100,

bulk polymerizatioin)

Investigation into the nature of the active propagation species revealed the
polymerization follows the coordination-insertion mechanism. Based on the '"H NMR
monitoring the polymerization and characterizing the end-group, the polymerization
mechanism is proposed (Scheme 2.15) to proceed via the fission of the acyl-oxygen

bond in LLA and the insertion of the cleaved monomer residue into the Al-O
bond in Red-Al molecules.
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Scheme 2.15. Polymerization mechanism via the fission of the acyl-oxygen bond in LLA and
the insertion of the cleaved monomer residue into the AI-OR bond in Red-Al molecules
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(5) Other Catalysts Based on Non-toxic Metals

As mentioned above, catalysts based on aluminum are certainly less toxic than the
SnOct,. However, the aluminum ion does not belong to the human metabolism,
and there is a suspicion that it causes Alzheimer’s disease. Catalysts based on the
metal ions (e.g., Mg>", Zn**, Ca*’, Fe*") involved in human metabolism are hence
attractive.

The Zn( 1) complex featuring bidentate S-diketiminate ligands (Fig. 2.5) exhibits
high activity and good control for the ROP of DLLA. The formed PLLA is highly
heterotactic, i.e., the catalyst showed a preference for polymerizing D- and
L-monomer in an alternate fashion. The polymerization proceeds in a “living” way.
However, electrospray mass spectroscopy (ES-MS) showed a small amount of

transesterification.**>¢ ?

\\\\ /// I,

/\/\

] ‘ Pr ’ [
Fig. 2.5. Structure of the Zn(1I') complex featuring bidentate S-diketiminate ligands

The zinc complex of N-heterocyclic carbine, prepared by Tolman et al. (Scheme
2.16), was recently reported to be an efficient catalyst for the ROP of LA in
CH,CI, at 25 °C. Polymerization control was demonstrated by a linear relationship
between M, and conversion. 'H NMR analysis showed the heterotactic enrichment
of the synthesized polymer.’*”

IR <Ph <Ph
N
Et ZBnOH [))”llh /O\ ‘\“»\“\O IR
[\,*)>_Z — 1 R}\I O!"ZQO/Zn\\(/NJ/\
R > N
Ph Ph R

R=2.,4,6-trimethylphenyl

Scheme 2.16. An efficient catalyst for the ROP of LA in CH>Cl, at 25 °C by the zinc complex
of N-heterocyclic carbine

In recent years, quite a number of zinc complexes, showing good controllability
towards ROP of cyclic esters were reported. %!

An oxo-bridged pentanuclear cluster Fes(O)(OEt);; was found to be effective
for the controlled ROP of LA. The polymerization proceeds at a high rate
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(IM)y/[1]5=450, at >0 °C, in toluene, 21 min, 97% conversion), producing polymers
with narrow MWD (PDI=1.17). No epimerization was observed in the
polymerization of LLA with Fes(O)(OEt),5 initiator.!** ¢}

The Magnesium(Il) complex of p-diketiminates were also designed and
studied for the ROP of cyclic esters due to the attractive nature of their non-toxic
components in the human metabolism. Both Mg( IT) complexes, shown in Fig. 2.6,
exhibited highly active catalytic activity. However, the MWDs of produced polymers
are broader. Moreover the polymerizations showed no steric controllability.**
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Fig. 2.6. Structures of both Mg( 1) complexes

2.3.3 Polymerization Using Metal-Free Organic Catalysts

Over the past ten years, a great effort has been made in the development of
non-stannous catalysts for the controlled synthesis of biodegradable polymers for
biomedical applications. The application of metal-free organic catalysts to
biodegradable polymer synthesis is of significance, because for applications in
living systems the resulting polymers should be free of any metal residues.
However, when metal-containing catalysts/initiators were applied to the polymer
synthesis it was difficult to completely remove the metals bound to the polymer
chains.

Here is the first organocatalytic approach to the living ROP of cyclic
esters using strong basic amines, i.e., DMAP [4-(dimethylamino)pyridine], PPy
(4-pyrrolidinopyridine), as transesterification catalysts (Fig. 2.7) and alcohols
(PhCH,OH, EtOH) as initiators. /! Polymerization of LA in CH,Cl, at 35 °C with
DMAP-EtOH initiation system ([DMAP]y/[EtOH], = 4) reached 78% conversion
in 64 h, producing a polymer with very narrow MWD (PDI = 1.10). The linear
relationship between M, and conversion indicated the polymerization proceeds in
the “living” manner. Though the precise mode of action of the catalysts remains
obscure, it would seem likely that the polymerization occurs through a “monomer-
activated mechanism”. Initiation occurs when the nucleophilic initiator (ROH)
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reacts with the monomer-catalyst complex (LA-DAMP), and PLA bears an ester
group at the oa-chain end. A hydroxyl at the w-chain end was formed. The
propagation proceeds when the terminal w-hydroxyl PLA acts as a nucleophile to
facilitate further chain growth (Scheme 2.17).

DMAP PPy
Fig. 2.7. Structures of DMAP [4-(dimethylamino)pyridine] and PPy (4-pyrrolidinopyridine)
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Scheme 2.17. Process of the propagation when the terminal w-hydroxyl PLA acts as a
nucleophile to facilitate further chain growth

Other bicomponent nucleophic catalyst-initiator systems reported of this type
include R;P (e.g., Bu;P, PhPMe,, Ph;P)-Ph/EtOH, N-heterocyclic carbine-ROH
etc.!””! Tolman et al. reported that N-heterocyclic carbine (NHC) (Fig. 2.8) in the
presence of BuOH can effectively initiate the ROP of LA producing PLA with
isotactic enrichment.

R—N N—R
\—/ R=2.4.6-Me,Ph

NHC
Fig. 2.8. Structure of N-heterocyclic carbine (NHC)

Polymerization of DLLA with the NHC ([LA]¢/[A], = 50) in CH,Cl, at —20 °C
reached 71% conversion within 20 min, producing a semi-crystalline, polymer
(M,=1.59x10*, P,=0.75, PDI=1.26, T,=153 °C).’"!

Recently Hedrick et al. described that the N-heterocyclic carbine shows a
pronounced higher selectivity for ROP of Las. Rac-LA was polymerized to PLA
with high isotacticity (P~=0.9, PDI=1.20, =70 °C, 120 min, 91% conversion),
while meso-LA yields heterotactic PLA (P~=0.83, PDI=1.25, —40 °C, 240 min).

The polymerization was proposed to follow the chain-end control mechanism.
For rac-LA, both D- and L-LA were equally activated and with stereoslective
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attack by the terminal alkoxide of the last inserted monomer unit in the polymer
chain, leading to isotactic enchainment (Scheme 2.18).1""
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Scheme 2.18. Structure of isotactic enchainment for rac-LA (Adapted from Ref. 74. Copyright
(2006), with permission from RSC Publishing)

The formation of heterotactic-enriched PLA from meso-LA is due to the
oxygen adjacent to the last stereogenic center of the polymer chain end (either R
or S) preferentially attacking the activated monomer with the same stereogenic
configuration adjacent to it. Repeating these steps, a heterotactic-enriched
polymer-chain can thus be achieved (Scheme 2.19).
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Scheme 2.19. Structure of a heterotactic-enriched polymer-chain
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Guanidine is a natural organic base existing in some vegetables (e.g., beets,
mushrooms, radishes) and some sea foods (such as oyster, scallop). Many
guanidine derivatives are effective medicines (such as streptomycin, guanazde,
guanothiazon, guanethidine). Some guanidine derivatives exist in the human body.
Creatine and creatinine, for example, are guanidine derivatives participating in the
arginine metabolism and energy-release process. Exploring the possibility of using
these biogenic guanidines as catalysts for the biodegradable polymer synthesis is
of interest and significance. Recently, Li and co-workers found that creatine
effectively catalyzes the stereospecific ROP of LLA, producing PLA of high
isotacticity (>82.6%). Creatinine showed median catalytic activity, the ROP of
LAs in bulk at 160 °C reached complete monomer conversion within 96 h,
producing PLLA with relatively narrow dispersity ([M]o/[[]0=100, M,=1.56x10",
PDI=1.20 — 1.28). Investigation into the effect of additives on the polymerization
revealed that the nature of the propagation-active species is neither radical nor
ionic. The monitor of the polymerization and characterization of the propagating
species by 'H NMR revealed that the active chain end of the propagating polymer
bears a (R,N);C-O bond (Fig. 2.9).
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Fig. 2.9. 'H NME spectrum of the propagation species in ROP of LLA initiated by creatinine
(measured at 25 °C, 400 MHz, CDCl; solvent; bulk polymerization at 120 °C, [LLA]y/[1]o=50)

Thus, the active initiation species was deduced to be formed by the in-situ
reaction of creatinine with lactic acid, which was either an impurity existing in the
monomer or was formed in-situ due to the hydrolysis of the trace monomer.
Polymerization proceeds via the cleavage of the acyl-oxygen bond in the coordinated
LA molecules and the repeated insertion of the cloven LA residue into the active
(R,N);C-0 bond (CG-O bond, Scheme 2.20) of the propagating polymer species.
The proposed mechanism is shown in Scheme 2.20, an investigation into the
polymerization.



2.3 Synthesis of Biodegradable Polymers by Ring-Opening Polymerization 59
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Scheme 2.20. Mechanism of polymerization proceeds via the cleavage of the acyl-oxygen
bond in the coordinated LA molecules and the repeated insertion of the cloven LA residue into
the active (R2N);C-O bond (CG-O bond, Scheme 2.20) of the propagating polymer species

Kinetics revealed that creatinine-catalyzed ROP showed no controllability over
the molecular weight of produced polymers.!”!

A guanidine carboxylate bearing the (R,N);C-O bond which is of the same
nature as the initiation active species 3 in Scheme 2.20, i.e. hexabutyl guanidinium
acetate (HBG-OAc), was synthesized (Scheme 2.21) and successfully used as an
initiator for ROP of LAs.!"!

I POCI, BuN 1. HNBu
Bu,N-C-NBu, ———» _ Ol ———2
CHCN  Bu, N/C OPOCL* C1 5 Nac
Bu,N Bu,N Bu,N<
C=NBu,-CI 2 SE—NBu, . O] = >C £:NBu,- CI
Bu,N” Bu,N” Bu,N”
HBG-ClI
Bu,N NBu,
KOAc PN~ = (Bu,N),C —OAc
C,H0H Bu,N” "\ _c—CH,
1l :
0
HBG-OAc

Scheme 2.21. Process of synthesizing hexabutyl guanidinium acetate (HBG-OAc)

Experimental results indicated that HBG-OAc showed satisfactory catalytic
behavior (Table 2.3).
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Table 2.3 ROP of LAs in Bulk with HBG-OAc as on Initiator”

No.  Monomer T(°C) t (h) Yield (%) M, (<10 ") PDI
1 110 48 98.1 2.30 1.12 1.12
2 110 72 97.8 225 1.17 1.17

* Bulk polymerization ([Z]o/[LAJ¢=6.7%10 *); ® Measured by GPC

The polymerization of LAs is living as evidenced by the linear relationships of
In[M]y/[M]. vs. time and M, vs. conversion. Polymerization of LLA in bulk at 110 °C
reached complete conversion within 24 h, producing PLLA with very narrow
MWD (PDI = 1.09). The > C NMR analysis demonstrated that the synthesized
PLLA is of high isotacticity (80%). The polymerization follows the coordination-
insertion mechanism, as evidenced by the experimental investigation (Scheme 2.22).

) . CHy O CH, O
(BuzN)3C5—gAci»(Bu:N)slc—QAc—»(BuzN)Sg—g—éﬁ—g—o—|CH—|(|:—0Ac
6—C=0
1 i
CH; O CH, O CH; O CH; O

1o | H,0 [
03-Ac 2= HO-CH—C—0—CH—C—0)—H

n

-1)LA ) Il i
(DL (Bu,N),C=O04-CH—C—0—CH—C—

Scheme 2.22. The coordination-insertion mechanism for the polymerization

2.3.4 Enzyme-Catalyzed Ring-Opening Polymerization

Enzyme-catalyzed ROP of lactides and lactones have been extensively investigated.
Various cyclic esters, lactide and lactone (such as J-VL, e-CL), DXO etc., have
been subjected to lipase-catalyzed ROP. Among various commercially available
lipases, the Candida Antarctica lipase (lipase CA) was the most active toward the
&-CL polymerization. Polymerization of e-CL in bulk produces a linear polymer
with MW over 4x10* under appropriate conditions, while polymerization in organic
solvents forms mainly cyclic oligomers.””’ Lipase PS showed high catalytic
activity for ROP of LA. Polymerization in bulk at 80 — 130 °C reached high
conversion after several days, producing high MW polymers (up to 2.7x10°
Dalton) and narrow MWD (PDI = 1.1 — 1.3). However, the formation of cyclic
oligomers in a fair amount and the existence of an induction period are common
features of lipase-catalyzed polymerization.

Considerable progress has been made in the field of enzyme-promoted
biodegradable synthesis over the last decade. A full exposition and detailed
discussion on the research conducted in this field exceed the scope of this chapter.
Readers wishing to know more information, please refer to the references.!”**"
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2.4 Concluding Remarks

Synthetic aliphatic polymers based on LA, GA, ¢-CL etc. have found some significant
biomedical applications, such as bio-resorbable surgical sutures, prosthetics, bone
screws, plates for temporary fracture fixation, dental implants, and long-term drug
delivery carriers. Great progress in biodegradable polymer synthesis has been
made over the last decade. Development of the controlled polymerization technique
provides brilliant prospects for the practical use of these polymers in biomedical
science engineering areas. Further improvements over the controlled ROP can be
anticipated by the tailoring of the initiator structure and optimization of the
polymerization technique. It can also be reasonably expected that the synthesis
and practical applications of environmentally friendly LA-based polymers will
keep increasing over a wider range and on an industrial scale as well.
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3.1 Introduction

Polymers can be largely divided into two categories: organic polymers and
inorganic polymers. Organic polymers tend to lose their advantageous material
properties (e.g., light weight, flexibility, fabricability, elasticity, mechanical strength,
conductivity, optoelectricity) in the presence of oxygen, ozone, corrosion, ultraviolet
radiation or at extreme high/low temperatures. Nonetheless, most organic polymers
used heavily and widely in modern daily life, hardly decompose in the natural
environment and burn releasing toxic chemicals as well, creating serious
environmental pollution."” Furthermore, the availability of raw materials for
organic polymers, whose backbone chains mainly consist of carbon atoms linked
together or separated by heteroatoms, such as oxygen or nitrogen, is limited by the
anticipated shortage of natural petroleum/coal resources. Therefore, research on
the design, synthesis, characterization and applications of inorganic polymers,
inorganic-organic hybrid polymers or organometallic polymers is needed to avoid
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these problems.”! Inorganic polymers have main group non-metallic or submetallic
elements (e.g., Si, Ge, Sn, B, P, N, O, S), main group metals (e.g., Mg, Al) or
transition metals (i.e., d-block or f-block elements) within the polymers. Main
group metal-based and transition metal-containing inorganic polymers have
been extensively reviewed by many authors®! and are not covered here because
they are beyond the scope of this article, due to the limit of space and interest.
Main group non-metallic or sub-metallic inorganic polymers are composed of
mainly boron (group 13 element; e.g., polyboranes, polyborazines, polycarboranes),
silicon/germanium/tin (group 14 elements; e.g., polysilanes, poly(silane-co-germane),
polycarbosilanes, polysiloxanes, polysilathianes, polysilazanes, polygermanes,
polystannanes), phosphorous (group 15 element; e.g., polyphosphazenes) and
sulfur (group 16 element; e.g., polysulfur, polysulfur nitrides) atoms, which do not
originate from petroleum/coal resources.!”! Those main group non-metallic or
submetallic inorganic polymers possess outstanding physicochemical/optoelectronic
properties. In particular, silicon-based polymers are suitable for specialty materials
applications because of quite unusual physical properties and because of the cheap
price of natural-abundant silicon raw materials.'"

For the heavier elements in group 14, the formation of A — A bonds to produce
a long chain polymer has proven to be not easy because stable unsaturated A = A
species, analogues of vinyl compounds, can be prepared only in combination
with sterically demanding substituents, which will prevent their polymerization
kinetically."**! Wurtz-type coupling of group 14 dihalides using an alkali metal
dispersion as a reagent has been used widely in industry, but it is very problematic
because of the pyrophoric nature of sodium metal, hydrolysis of dichlorosilanes in
damp air atmosphere, resulting in the formation of corrosive HCI gas. As an
alternative to the Wurtz-type coupling of group 14 dihalide compounds,
dehydrocatenation and redistributive catenation of group 14 hydrides to their
corresponding polymers are useful synthetic routes to the formation of A—A
bonds. Group 14 hydrides (hydrosilanes, hydrogermanes, hydrostannanes) possess
an A—H bond (A = Si, bond energy of 320 kJ/mol; A = Ge, 289 kJ/mol; A = Sn,
263 kJ/mol) which is more reactive than the C-H bond of hydrocarbons (bond
energy of 416 kJ/mol)."” In the following sections, this article mainly accounts for
some of the recent advances with respect to group 14 element-based advanced
inorganic polymers prepared by dehydrocatenation, redistributive catenation and
exhaustive multiple addition of group 14 hydrides. Some selective examples of
recent research developments in specialty inorganic polymers (e.g., polyborazines,
polyphosphazenes, polysulfur and poly(sulfur nitride)) containing groups 13, 15,
and 16 elements are also included.

3.2 Group 14 Inorganic Polymers: Polysilanes, Polygermanes,
Polystannanes, and their Copolymers

Inorganic polymers have main group non-metallic or submetallic elements (e.g., Si,
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Ge, Sn, B, P, N, O, S), main group metals (e.g., Mg, Al) or transition metals (i.e.,
d-block or f-block elements) within the polymers. Main group metal-based and
transition metal-containing inorganic polymers have been extensively reviewed by
many authors and are not covered here because they are beyond the scope of this
article, due to the limits of space and interest. In this part, we will introduce
group 14 inorganic polymers: polysilanes, polygermanes, polystannanes and their
copolymers.

3.2.1 Dehydrocatenation of Group 14 Hydrides to Polymers

Si-Si dehydrocatenation with high linear selectivity of hydrosilanes to polysilanes,
dehydrocatenation of 1,1-dihydrotetraphenylsilole and 1,1-dihydrotetraphenyl-
germole to electroluminescent polymers for OLED application, Si-Si/Si-O
dehydrocatenation of hydrosilane with alcohol to poly(alkoxysilane)s as sol-gel
precursor, Si-N/B-N dehydrocatenation of poly(hydrosilane)s using polyborazine
as cross-linking reagent, and dehydrocatenation of hydrogermanes and hydrostan-
nanes to polymers will be introduced separately in this section.

3.2.1.1 Si-Si Dehydrocatenation with High Linear Selectivity of Hydrosilanes
to Polysilanes

Polysilanes are an interesting type of inorganic polymer with many applications in
ceramics/composites, photoelectronics, photoresistors and nonlinear optics.™ The
peculiar optical and electronic properties of polysilanes are due to the effective
conjugation of sigma bond electrons among the silicon atoms in the polymer chain,
varying with the molecular weight, conformation and substituents of the polymer.!'™
Wartz-type reductive coupling of dihalosilanes with a hazardous alkali metal
dispersion in a toluene-refluxing temperature has some critical disadvantages:
(1) intolerance of reducible functional groups, (2) lack of reproducibility due to
heterogeneous reaction condition, and (3) limitations for controlling stereochemistry
and molecular weight distribution. Some improvements on the Wurtz-type
coupling of dihalosilanes have been made by tuning several factors under ultrasonic
activation conditions."™ As an alternative synthetic method, the dehydrocatenation
of hydrosilanes, catalyzed by transition metal group 4 metallocene, such as
dimethyltitanocene or dimethylzirconocene, was first reported by Harrod et al.

(Eq. G.1).
H
nPhSiH, e %sll% G.1)
) Cp,TiMe, |
Ph "
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However, the dehydrocatenation of hydrosilanes generally produces a mixture
of linear polymers and cyclic oligomers, leading to a decrease in polymer molecular
weights and improper molecular weight distribution. The following studies were
intensively pursued with great efforts made by many researchers worldwide. !''"*!
For the selective production of linear polymer, the careful design of new group 4
metallocene catalytic systems is important with proper tuning of other factors such
as addition rate/order of reagents, and reaction temperature.?* Linear high molecular
weight polysilanes can be used as precursors for preparing functional polysilanes
by introducing functional groups upon the linear polysilane. The synthesis of high
molecular weight polyphenylsilanes with number-average molecular weight ()
of ca. 5,300 and 4,700 g'mol” was reported by careful control of dehydrocatenation
conditions of phenylsilane using zirconocene-based catalysts.!"**'*! Tanaka!' and
Harrod"®! groups also prepared polyphenylsilanes with M, of ca. 4,600 and
7,300 g'mol™, respectively, from the dehydrocatenation of phenylsilane by using
the zirconocene-based combination catalysts of [Me,N(CH,);-H,Cs](MesCs)ZrCly/
2MeLi and Cp(MesCs)ZrCl,/2n-BuLi/(CgFs);B, respectively. A recent survey of
the catalytic dehydrocatenation of hydrosilanes under the influence of a wide
range of early and late transition metal complexes was reported.!*"

Woo and co-workers recently developed a facile, highly linear-selective
dehydrocatenation catalytic system of phenylsilane: Cp’,MCly/Hydride (Cp'=CsH;
or CsMes; M=Ti, Zr, Hf, Hydride=Red-Al, Selectrides, super-hydride) combination
catalysts are as shown in Eq. (3.2).""'"!

H
[

nPhSiH, 2 Si (3.2)
Cp,’MCl,/Red-Al \ 1 )
(M=Ti,Zr,Hf) o "

Woo’s combinative dehydrocatenating catalyst system of Cp',MCl,/Hydride is
different from the catalyst systems using Cp',MCl,/2 alkyllithiums of Corey,
Tanaka, and Harrod. Real catalytic species in the dehydrocatenation of hydrosilanes
could be a metallocene hydride based on a sigma-bond metathesis mechanism
thru two four-centered transition states.!'>"*"! Inorganic hydrides can produce a
metallocene hydride rapidly whereas alkyllithium may produce a metallocene
hydride via a complicated process (e.g., reductive elimination of metallocene
alkyls or metathesis reaction with hydrosilane). Thus, an appreciable induction
period is not found for the Cp',MCl,/Hydride combination catalyst. The molecular
weight distributions measured from the GPC traces were bimodal, indicating the
presence of linear polysilanes and cyclic oligosilanes. The formation of cyclic
oligosilanes can be determined by integrating the GPC peaks. The peaks
corresponding to SiH in the "H NMR spectrum can be visually separated as linear
polysilane (in & 4.2x10° — 4.8x10° range) and cyclic oligosilane (in o 4.9x10° —
5.3x10°° range). The cyclic oligosilane formation can be estimated by integration
of the "H NMR peaks, and is used as a means of cross-checking the cyclic/linear
ratio. Woo et al. also screened the other group 4 metallocene-based combination
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catalysts for the dehydrocatenation of phenylsilane under various reaction conditions.
The dehydrocatenation of phenylsilane with Cp>MCIly/Red-Al combination catalysts
rapidly produces linear polyphenylsilanes. The linear selectivity increases in the
order of Cp,Ti (64%) < Cp,Zr (92%) < Cp(CsMes)Zr (95%) < Cp,Hf (99%) <
Cp(CsMes)HF (<99%).'™ The higher linear-selectivity of hafnocene relative to
zirconocene is likely due to the lower intrinsic dehydrocatenating activity
(originating from stronger Hf —H and Hf—Si bond strengths). The lower linear-
selectivity of titanocene relative to zirconocene and hafnocene is probably due to
the combined effect of greater intrinsic dehydrocoupling activity (stemming from
much weaker Ti—H and Ti—Si bond strengths) and much smaller atomic size
(overriding steric crowding around the metal center) of Ti. "'®! The change in linear
selectivity is more pronounced than in other catalytic combination systems:
Cp.TiCly/2MeLi (55%) < CpyZrCly/2MeLi (75%), Cp,TiCl/2n-BuLi (75%) <
Cp(CsMes)ZrCly/2n-BuLi (80%) < Cp,HfCl,/2MeLi (85%).1"*'*! The coordinating
environment around the metal center of the Cp,MCl,/Red-Al combination catalysts
could be different from other catalytic systems such as Cp,MCL/2R'Li.l'"*'>182 Red
(or Vitride; sodium bis(2-methoxyethoxy)aluminum hydride; Na[H,Al(OCH,CH,OMe),],
soluble in toluene) will be quantitatively converted into Na[Cl,AI(OCH,CH,OMe),]
after reacting with dichlorometallocene. The coordinating structure of the present
catalytic system could be similar to the zwitterionic structure of the Cp,ZrCly/2n-
BuLi/(C¢Fs);B catalytic system.!"®"! The Na[Cl,Al(OCH,CH,OMe),] moiety is
assumed to be affected by simply coordinating to the metal through an H, CI-
bridge or H, OMe-bridge between the group 4 metal and Al metal. The favorable
steric demands imposed by the Cp ring and cocatalyst moiety could prevent the
formation of the inactive dimer of metallocene hydride and could suppress the
cyclic oligomer formation by chain cleavage reaction as well, leading to greater
chain elongation.!>'®! However, an overriding steric demand should result in low
dehydrocatenating activity. The order of dehydrocatenating activity for the various
zirconocenes was found to be the same as the sequence of Tilley!'* and Harrod!'®!:
(CsMes)zzr << szZI' < Cp(CsMes)Zr. The (C5M65)2ZrC12/Red—Al combination
catalyst thus slowly produces a mixture of dimer, trimer, tetramer, and so on. In
addition, the order of linear-selectivity for the dehydrocatenating of phenylsilane
catalyzed by hydrides with Cp,ZrCl, was found to be super-hydride (82%) < N-
selectride (88%) < Red-Al (92%).1'"! The dehydrocatenating of PhCH,SiH; yields
only low-molecular weight oligomers because an alkylsilane is generally less
reactive than an arylsilane.”! The increase in molecular weight of the polymer is
made using higher catalyst concentration, but it is affected little by longer reaction
times (1 day versus 5 days).'"”™ As expected, linear selectivity and molecular
weights decrease with the addition of solvent and with heating, which was
similarly observed in other catalytic systems.!'”*'"" This is because dilution and
heating could hamper the proper coordination of the Na[CL,AI(OCH,CH,OMe),]
moiety to the metal center. Interestingly, linear selectivity and molecular weights
decrease drastically by adding 4 A molecular sieve (MS 4 A). The interaction
of Na[CLAI(OCH,CH,0Me),] moiety with MS 4 A might prevent the close
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coordination of Na[CLAI(OCH,CH,OMe),] moiety to the metal center.'”™ An
exact molar ratio of Red-Al to dichlorometallocene is necessary to replace both
chlorines in order to attain high reactivity. The inactivity observed for higher
molar ratios of Red-Al to dichlorometallocene could be attributed to over-
complexation of Red-Al moieties to the metal, blocking the empty coordination
site necessary for the dehydrocoupling of silane.!"® Poor activity is observed for
lower molar ratios of Red-Al to dichlorometallocene. All the experimental results
described above strongly suggest that better catalysts affording higher linear-
selectivity and higher-molecular-weight polymer can be properly designed by
tuning the steric and electronic factors of the catalyst environment carefully,
including metal, ligand and co-catalyst moieties.

It is interesting to note that the dehydrocatenating of p-fluorophenylsilane
using Cp,ZrCly/Red-Al produced soluble armophous polysilane (ca. 75%) and
sparingly-soluble crystalline polysilane (ca. 25%) in toluene and chloroform.
The two polysilanes are soluble in THF and pyridine. In comparison, the
dehydrocatenating of p-fluorophenylsilane using Cp,TiCl,/Red-Al gives soluble
polysilane only.!"’? The crystalline polysilane may have interactions''™ in the
polymer molecules either with high possibility between Si and F or with low
possibility between F and the phenyl ring according to the medium level of MO
calculation.

Linear high molecular weight polysilanes can be used as precursors for
making functional polysilanes by introducing functional groups on the linear
polysilane. The Si-H bonds in the backbone chain of poly(hydrophenylsilane) are
transformed to Si-Cl bonds using a mild chlorinating reagent, CCly. The Si-Cl
bonds in the poly(chlorophenylsilane) can be replaced by various nucleophiles
such as cyclopropyl, epoxy, aziridinyl, pyridyl, bipyridyl, phosphinyl, poly(ethylene
oxide), and thiol. to give new functional polymers which can be used for versatile
materials applications in sensors, ion-exchange resins, batteries, drug delivery,
nanometal particles preparation, etc. '

3.2.1.2 Dehydrocatenation of 1,1-Dihydrotetraphenylsilole and 1,1-
Dihydrotetraphenylgermole to Electroluminescent Polymers for
OLED Application

Polysilanes'*' *'having low oxidation potentials and a high-lying HOMO exhibit
interesting optoelectronic properties, due to sigma bond-conjugation along the
silicon backbone chain in the polymer.!""**! Siloles (i.e., silacyclopentadienes),
having low reduction potential and low-lying LUMO’s, have drawn considerable
attention because of their useful electronic properties.”>?*! They may be used for
electron-transporting materials in devices such as OLED (organic light emitting
diode).”” A silole itself does not luminesce in diluted solution but does luminesce
in concentrated solution, implying that polysiloles could exhibit different luminescent
behavior from that of monomeric siloles.”! Polysiloles, which are expected to
have hybrid properties of polysilane and silole by nature in the structure, can be
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prepared by 1,1- or 2,5-coupling reactions of siloles using various synthetic
catenation methods.”® Electroluminescent poly(silole-co-silane)s have also been
synthesized in several laboratories worldwide.””! West et al. reported recently the
synthesis of polysiloles and polygermole (M, ca. 5,200 — 5,700 g-mol™) that have
methoxy end groups in 30% — 37% yield by heterogeneous Wurtz 1,1-dehydrocoupling
of 1,1-dichlorotetraphenylsilole with 2.0 equivalents of Li, Na, K metal in

refluxing THF for 3 days as shown in Eq. (3.3).12%
Ph Ph Ph Ph
1)2equivM
/ \ (M=Li,Na,K) / \
p Ph 2) MeOH Ph Ph (3.3)
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Tamao and collaborators had earlier reported the Wurtz coupling synthesis of
polysiloles.”*¥ The research group also reported the increase of the synthetic yield
using Grignard reagent in the Wurtz catenation.

As an alternative to the Wurtz coupling of 1,1-dichlorosilole, the homogeneous
dehydrocatenating methodology was demonstrated in Tanaka’s earlier report of the
dehydrocatenating synthesis of poly(dibenzosilole).”" Trogler and co-workers
recently reported the 1,1-dehydrocatenating of 1,1-dihydrotetraphenylsilole (1) to
an electroluminescent polysilole (2) (M, ca. 4,000 — 6,000 gmol™), having
hydrogen end groups, in high yield 80% — 90% using 1 mol% of the late transition
metal complexes [(Ph;P);RhCI and ((PhsP);Pd)] as catalysts.****"™ Woo et al.
prepared 2 (M,, ca. 5,500 — 6,200 g-mol™) in > 95% yield by the dehydrocatenating
of 1 using [RhCI(COD),] , and Pt(PMe), as catalyst (Eq. (3.4)).°'!

Ph Ph Ph Ph

l_\g\ o /m\
D ) . Ph 1 mo1% catalyst D . Ph (3.4)
Ph /\SI/\ " (Ph,P),RhCI or o /( E \)\
H H (Ph;P),Pd H N
1 2

The same authors also reported the synthesis of poly(tetraphenylgermole)
(M,, ca. 5,800 — 6,500 gmol’) in > 92% vyield by dehydrocatenating of 1,1-
dihydrotetraphenylgermole using the same catalysts. The UV-vis spectrum of
poly(tetraphenylgermole) shows an absorption at 377 nm, which is assignable to
both the 6-6" transition of the Ge-Ge backbone chain and m-n" transition of the
germole ring. The polygermole is intensively photoluminescent, emitting green
light at 487 nm."'* The hydrogen end groups of the polysiloles and polygermoles
are then transformed to other useful functional groups by various chemical
reactions.”'® Interestingly, the dehydrocatenating of 1 using AgNO; in air
atmosphere produced polysiloloxane instead of polysilole."*'!
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As an alternative to the heterogeneous Wurtz reductive coupling of dichlorosilole
and the homogeneous late-transition-metal-complex-catalyzed dehydrocatenating
of 1, Woo et al. also synthesized 2 in high yield by anionic homogeneous
dehydrocatenating of 1 under mild conditions, catalyzed with inorganic
hydrides such as Selectrides {MB[CH(CH;)C,Hs];H; M = Li, Na, K}, Red-Al
{Na[P[IzzzAl}](OCH2CHzOCH3)2]}, and super-hydride [LiB(C,Hs);H] as shown in Eq.
(3.5). 5

_HZ

<50 mol% of (3.5)
Hydride, THF
25°C,24h

Dehydrocatenating of 1 catalyzed by < 50 mol% (i.e., M-H/Si-H < 0.5) of
Red-Al produced 2 as light yellow powders. Polymers with molecular weights
(M) of 4,600 and 4,100 g-mol'1 were obtained in 86% and 78% yields when
15 mol% and 50 mol% of Red-Al were used, respectively. Polymer yields and
molecular weights with 15 mol% of Red-Al were higher compared to polymers
obtained with 50 mol% of Red-Al. Products from the reaction of 1 with 15 mol%.
25 mol%, and 50 mol% Red-Al were isolated by preparative GPC and were
characterized by NMR spectroscopy. Shorter oligsiloles, such as silole dimer or
trimer, were not found in products. However, when 100 mol% of Red-Al (i.e.,
M-H/Si-H = 1) was used, the formation of silole dianion 3**¥ was observed without
forming 2 as shown in Eq. (3.6).

Ph Ph
_]—I2
100 mol% of / \ (3.6)
Red-Al, THF Ph . Ph
25°C,1h St (Na),
3

Similarly, the dehydrocatenating of 1 using 15 mol% of Selectrides and super-
hydride at 25 °C for 24 h produced 2 in 77% — 78% isolated yield. The molecular
weight (M,,) and polydispersity index (PDI) of all the polysiloles were in the range
of 4,300 — 5,800 g'mol and 1.1 — 1.2, respectively. Polymerization yield and
polymer molecular weight increase in the order: L-selectride < N-selectride < K-
selectride. This trend appears to be closely related to the ionic character of the
selectrides. The polymerization yields were almost the same for Red-Al, K-
selectride and super-hydride, but the molecular weight increases in the order: Red-
Al < K-selectride < super-hydride. Like the polysiloles prepared by West and co-
workers,”® these polysiloles have a characteristic UV absorption around 300 nm,
assigned to the o-c~ transition of the Si-Si polymer backbone chain. They are
photoluminescent, emitting green light at 520 nm when the excitation is at 330 nm.
These polysiloles are strongly electroluminescent around 520 nm. The similar
dehydrocatenating of 1,1-dihydrotetraphenylgermole with the hydrides produced
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polygermole in high yield. Furthermore the co-dehydrocatenating of 1 and 1,1-
dihydrotetraphenylgermole (varying the mixing mole ratio) with the hydrides
yielded poly(silole-co-germole)s in high yield.”" The attempts at synthesizing
other copolymers such as poly(silole-co-stannole) and poly(germole-co-stannole)
were unsuccessful.*'*!

For the dehydrocatenating of 1 to 2, K-Selectride and super-hydride were the
most active catalysts examined. 2 was prepared in high yield directly from the
reaction of 1,1-dichlorotetraphenylsilole (instead of 1) using < 1.5 equiv of Red-
Al (instead of < 0.5 equiv).” Unlike in the case of late-transition-metal-
complex-catalyzed dehydrocatenating (which is generally proceeded by oxidative
addition/reductive elimination processes),”*'*"! catalysis for the conversion of 1
to 2 by early transition metal complexes, Cp,MCl,/Red-Al (M = Ti, Zr, HH)!'" is
ineffective in the dehydrocatenating of 1 because 1 is sterically demanding,
considering the four-centered transition state in the sigma-bond metathesis
mechanism.!"?! Woo suggested a plausible mechanism involving the preferential
attack of a hydride ion on either the silicon atom or silole ring of 1 to form an
activated anionic intermediate such as a pentacoordinated o-complex or m-
complex.*?

The activated anionic intermediate may release both a dihydrogen molecule and
a hydride ion (This hydride may participate again in the catalytic cycle) sequentially
to form a silylene type of silole. If the activated anionic intermediate accepts
another hydride ion, a silole dianion 3 will be formed after releasing two
dihydrogen molecules. The silylene type of silole will then either self-couple or
keep inserting into the Si-H bond of 1, forming 2 (Fig. 3.1). For the homo
dehydrocatenating of 1,1-dihydrogermole to polygermole or co-dehydrocatenating
of 1,1-dihydrogermole with 1,1-dihydrosilole to poly(silole-co-germole)s the same
mechanism depicted in Fig. 3.1 should be used.

Ph Ph Ph Ph Ph Ph
| O A | T
Ph 4 >Ph Phi s Ph Ph N\ Ph
N 0Ny W
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Ph Ph Ph Ph
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ph N Ph Ph %SI»\ Ph

Fig. 3.1. Possible mechanism for the formation of polysilole 2 from the dehydrocatenation of 1
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3.2.1.3 Si-Si/Si-O Dehydrocatenation of Hydrosilane with Alcohol to
Poly(alkoxysilane)s as Sol-Gel Precursor

A wide range of catalysts (e.g., acids, bases, and homogeneous/heterogeneous
transition metal catalysts) have been used for the Si-O dehydrocatenation of
alcohols with silanes.*****5% The Si-O dehydrocatenation of bis-hydrosilanes with
diols, catalyzed by rhodium complex, yielding polysiloxanes was reported.”***! The
Si-S dehydrocatenation of hydrosilanes with dithiols to produce polysilathianes
was also reported.*>¥ The polysiloxanes and polysilathianes are beyond the scope
and interest of this account and thus are not covered here. Si-Si dehydrocatenation
of hydrosilanes with late transition metal complex catalysts produces a mixture of
oligomers along with significant amounts of proportionated by-products.!**" Harrod
et al. surveyed the recent dehydrocatenation of hydrosilanes with alcohols.!"!! The
transition metal complexes of group VII (Ni, Co, Rh, Pd, Ir, Pt, etc.) have been
extensively used in the catalytic dehydrocatenation of hydrosilanes with various
nucleophilic reagents.”*! A recent review described the catalytic dehydrocatenation of
hydrosilanes under the influence of a range of early and late transition metal
complexes.!'*"!

Numerous studies were performed either on the alcoholysis of hydrosilanes
(i.e., Si-O catenation) or on the dehydropolymerization of silanes (i.e., Si-Si
catenation) in the presence of various transition metal complex catalysts,['*-*33¢3l
Poly(alkoxysilane)s can be used as important precursors for preparing interesting
polysilane-siloxane hybrids by sol-gel methods with an acid/base catalyst in the
reverse micellar environment."’*) The Woo group first described the combinative
Si-Si/Si-O dehydrocatenation of hydrosilanes with alcohols (hydrosilane:alcohol =
1:1.5 mole ratio) at 50 °C, catalyzed by Cp,MCl,/Red-Al (M = Ti, Zr) and Cp,M’
(M = Co, Ni), producing poly(alkoxysilane)s in one-pot in high yield (Eq. (3.7)).

OFEt
) Cp,MCl,/Red-Al
PhSiH, (M=Ti,Zr),50 °C / \
+ ~  OFt Si Et0  + PhSi(OEY),
or \ / (3.7)
EtOH Cp,M'(M'=Co,Ni) "
50°C Ph

The hydrosilanes include p-CsH,SiX; (X = H, CH;, OCHs, F), PhCH,SiH; and
(PhSiH,),. The alcohols are MeOH, EtOH, i-PrOH, PhOH and CF;(CF,),CH,OH.
The weight average molecular weights (M,,) of the poly(alkoxysilane)s are in the
range of 600 — 8,000 g'mol™". However, Cp,M' (M'=Co, Ni) has no catalytic activity
toward Si-Si dehydrocatenation of primary hydrosilanes in inert atmosphere.”"!
Interestingly, the dehydrocoupling reactions of phenylsilane with ethanol (1:1.5 mole
ratio) using Cp,HfCIly/Red-Al, and phenylsilane with ethanol (1:3 mole ratio)
using Cp,TiCl,/Red-Al, produced only triethoxyphenylsilane PhSi(OEt); as
product (Eq. (3.8a)) and (Eq. (3.8b)). ¥
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Cp,HfCI,/Red-Al
PhSiH, + 1.5EtOH PhSi(OEt)
; e ; (3.82)

Cp,TiCl,/Red-Al
PhSiH, + 3.0 EtOH P 0‘ PhSi(OEt), (3.8b)
50°C

Similarly, the combinative Si-Si/Si-O dehydrocatenation of mixed hydrosilanes
with alcohols at 50 °C, catalyzed by Cp,MCl,/Red-Al (M = Ti, Zr) and Cp,M’
(M’ = Co, Ni), giving copoly(alkoxysilane)s in one-pot in high yield were reported
(Eq. (3.9)). B

) Cp,MCl,/Red-Al |
O.5RSiH; + (M=Ti,Zr).50°C [N
v EtO \ Si /
05R'SiH; + ¢ M/(M*=Co.Ni) |k
EtOH 50°C R R’

+ R'Si(OED), + RSi(OED),

In a similar manner, Woo and co-workers performed the combinative Si-Si/Si-O
dehydrocoupling reactions of hydrosilanes with mixed alcohols (two different
alcohols were used in the same mole ratio; 1:0.75:0.75 mole ratio) at 50 °C,
catalyzed by Cp,MCL/Red-Al M = Ti, Zr) and Cp,M' (M'=Co, Ni), producing
copoly(alkoxysilane)s in one-pot in high yield.*”® The bonding characters [mixing
interaction between o (silicon) orbital and n (oxygen) orbital] of Si-O bonds in
poly(dialkoxysilylene)s were studied in detail using various levels of molecular
orbital calculations. " The poly(alkoxysilane)s were used as precursor for sol-gel
reaction to synthesize the polysilane-polysiloxane hybrid in high yield."*""

3.2.1.4 Si-N/B-N Dehydrocatenation of Poly(hydrosilane)s using Polyborazine
as Cross-Linking Reagent

An extensive review on the Si-N dehydrocatenation of hydrosilanes with various
amines (including ammonia, alkyl amines and aromatic amines, hydrazines),
catalyzed by early and late transition metal complexes, has appeared.!""! Eisen and
co-workers reported the Si-N dehydrocatenation of phenylsilane with various
amines with [(Et;N);U[BPhy]."®*! The B-N dehydrocatenation of borazine and
poly(vinylborazine) was reported by Sneddon et al.** No Si-B dehydrocatenation
of hydrosilane with borazine has been reported up to date although it may possibly
occur.

Since silicon-based polymers are generally used for preparing non-oxide
ceramics, various polymeric precursors with different structures and compositions
have been designed and synthesized.”* Preceramic polycarbosilane (PCS),
used for preparing commercial Nicalon fiber, is synthesized by the poorly
efficient pyrolysis of polydimethylsilane (PDMS) because of the formation of
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hazardous gaseous compounds (resulting in low yield) and irregularity of the
composition of the resulting PCS”* although some modifications were made by
adding additives such as polyborodimethylsiloxane and zeolite ZSM-5.*" As an
alternative precursor for SiC ceramics, the Woo group investigated polyphenylsilane
(PPS, +£Si(Ph)H3;) and polyvinylsiane (PVS, +CH,CH(SiH;)+;). An ideal
preceramic precursor for Si-C ceramics should show: (1) high ceramic residue
yield, to minimize the cost and volume change associated with pyrolytic conversion
to ceramics and consequently maximize the control of porosity and densification,
and (2) a suitable processability (i.e., viscosity) allowing it to be shaped into the
needed forms prior to pyrolysis. In this context, it is disadvantageous that the low
viscosity PPS and PVS undergo drastic mass loss during pyrolysis, which leads
to low ceramic residue yields (20 wt% — 40 wt%)."#** To improve the ceramic
residue yields and processabilities of PPS and PVS, the Seyferth group tried to use
many efficient additives including early and late transition metal complex
catalysts, urea and decaborane.’”*" Woo and collaborators also reported an
increase in thermal stability (i.e., an increase of TGA ceramic residue yield) of
PCS and oligocarbosilane (OCS) by dehydrocatenation of Si-H bonds in the PCS
and OCS using groups 4 and 6 transition metal complex catalysts."*"™*! Woo, Kim
et al. described the additive effect of polyborazine (PBN) on the improvement of
the ceramic residue yield of the polysilane, as depicted in Eq. (3.10).1*!

Ph

§

e = % e
o

The ceramic residue yield of PPS increases from an original 39 wt% to 65 wt%,
and PVS from an original 26 wt% to 64 wt%, by simply heating with 1 wt% PBN
at 70 °C for < 6 h. Furthermore, the low viscosity PPS and PVS are transformed
into highly viscous polymers, which are suitable for hand drawing into green
fibers. Analysis using NMR spectroscopy suggests that Si-N/B-N dehydrocat-
enation of SiH; in PVS and Si-H in PPS with PBN is responsible for the improved
ceramic residue yields.[“a] When the concentration of PBN increases, the B, N-
incorporated SiC ceramic composites, which can be used for advanced materials
applications, are produced. Similarly, poly(hydrosilane)s can be also used for a
crosslinking agent for PBN. When the addition of poly(hydrosilane) increases, the
SiC-incorporated BN ceramic composites are effectively formed.!*'”)

(R=H,borazine)
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3.2.1.5 Dehydrocatenation of Hydrogermanes and Hydrostannanes to Polymers

Recent reviews have appeared on the catalytic dehydrocoupling of hydrogermanes
and hydrostannanes to polygermanes and polystannanes mediated by transition
metal complex catalysts.!''**l As in the case of polysilanes, polygermanes
and polystannanes have been conventionally synthesized by the Wurtz-type
dehalocatenation of halogermanes and halostannanes using alkali metals (e.g., Li,
Na, K) or alkaline earth metal (Mg).'**! The catalytic dehydrocatenation of PhGeH;
to a cross-linked gel type of polygermane using Cp,TiMe, catalyst was first
reported. *** The formation of the highly cross-linked insoluble gel product might
be caused by further dehydrocatenation of backbone Ge-H bonds or by partial
redistribution of -£Ph-GeH-, moiety to +Ph,Ged++GeH,4, ., followed by
further dehydrocatenation of +GeH%.. moiety. The first one seems to occur with
a higher possibility because the catalytic dehydrocatenation of Ph,GeH, gives a
mixture of oligomer and (Ph,GeH), using Cp,TiMe, catalyst.!***! Tanaka et al.
synthesized partially cross-linked soluble poly(phenylgermane) in 67% isolated
yield by the catalytic dehydrocatenation of PhGeH; using CpCp'ZrCl,/2n-BuLi
(Cp'=Cp or Cp") combination catalyst, followed by precipitation of the polymer
solution in THF with pentane.**”’ Similarly, Woo and co-worker reported the
preparation of soluble poly(phenylgermane) and insoluble poly(phenylgermane)
by the catalytic dehydrocatenation of PhGeH; using Cp,MCl,/Red-Al (M=Ti, Zr,
Hf) combination catalyst."**! From the catalytic reaction, the percentage of the
soluble poly(phenylgermane) decreased in the order of Hf (89%) > Zr (82%) > Ti
(25%) probably because the larger size of zirconium and hafnium could provide
better coordinating space for polygermane chains than the smaller size of titanium.

Tilley et al. prepared linear polystannanes (M, ca. 70,000 g-mol™) by
dehydrocatenation of R,SnH, (R = n-Bu, n-Hex, n-Oct) using CpCp Zr[Si(SiMes);]
Me catalyst.'*”! The authors investigated the properties of o-conjugated polystannanes
such as low band gap,'*® o-¢ transition energy,*® and order-disorder phase
transition.**! The dimerization of R;SnH (R = Ph, n-Bu) by a Fe-Pd heterobimetallic
alkoxysilyl and siloxysilyl complex was reported.”*”! The mechanism for the
dehydrocatenation of hydrogermanes and hydrostannanes by the group 4
metallocene catalysts could be similar to the mechanism for dehydrocatenation of
hydrosilanes by those catalysts.!"""'?! Tilley and Neale recently proposed a modified
mechanism comprising steps of o-elimination and o-bond metathesis based on
their kinetic study of hafnium hydrostannyl complexes by "H NMR spectroscopy.[**

3.2.2 Redistributive Catenation of Group 14 Hydrides to Polymers

This section mainly accounts the recent advances with respect to group 14
element-based advanced inorganic polymers prepared by redistributive catenation.
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3.2.2.1 Desilanative Catenation of Multisilylmethanes to Oligomers

There are many types of hydrides which have Lewis basicity. Inorganic hydrides
are generally soluble in polar solvent (e.g., THF) because of their ionic or polar
nature. Nonetheless, the toluene solution of Red-Al (or vitride; sodium bis(2-
methoxyethoxy)aluminum hydride) commercially available efficiently catalyzes
the polymerization of lactams and olefins and the trimerization of isocyanates."*"!
Corriu and co-workers reported the desilanative proportionation reactions of di-
and trihydrosilanes to both the more substituted silanes and the less substituted
silanes’™™! and the desilanative oligomerization of disilanes”™™' by exchanging
their substituents Eqgs. (3.11) and (3.12), catalyzed by inorganic hydrides (e.g.,
NaH, KH in THF.

H R,SiH, —1

RSiH, — =
-SiH, —-SiH,

R,SiH (3.11)

H:

R,Si-Si(Me),H R,SIH + (Me,Si), + MeSi(SiMey),H  (3:12)

The authors proposed a mechanism involving a reactive pentacoordinated
hydrosilyl anion,"*! which is formed by the addition of hydride (H ’ on the silanes,
for the redistribution reactions. They suggested that the reactivity increases in the
order: hexa-coordinated silicon > penta-coordinated silicon > tetra-coordinated
silicon.

Similarly Riviere and collaborators reported the preparation of oligophenylgermane
(PhHGe), by redistributive coupling of (PhH,Ge), under the influence of a Lewis
base PhH,GeLi.®! The strong Lewis acid AICl; also catalyzes a redistribution
reaction of hydroarylsilane to quaternary arysilane with evolving pyrophoric
SiH,."*' Woo et al. reported the intriguing desilanative catenation of bis- and
tris(silyl)methanes to oligomers, catalyzed by Red-AL"™! The bis- and tris(silyl)methanes
are multisilylmethanes which have reactive Si-C-Si linkages. Thus, 2-phenyl-1,3-
disilapropane (4) undergoes desilanative coupling at ambient temperature with 1
mole% Red-Al (3.4 mol-L"' solution in toluene) within 1 h to produce benzylsilane
as the major product and as yet uncharacterized high-boiling oligomers as
minor products with SiH, gas, as shown in Eq. (3.13). In a similar manner, the
bis(silyl)methane, 1-phenyl-3,5-disilapentane 5, is quantitatively converted to
methylphenethylsilane and phenethylsilane (7:3 ratio, identified by GC/MS analysis)
as the major product and uncharacterized high-boiling oligomers as minor products
with SiH, and MeSiH; gases (Eq. (3.14)). Likewise, the tris(silyl)methane,
I-phenyl-4-silyl-3,5-disilapentane 6, is quantitatively transformed to §,
methylphenethylsilane, and phenethylsilane (3:12:4 ratio identified by GC/MS analysis)
as major products and uncharacterized high-boiling oligomers as minor products
along with the formation of SiH,, MeSiH;, and CH,(SiH3), molecules (Eq. (3.15)).[53]

PhCH(SIH,), —S9Al_ phchsiH, + SiH, + Oligomers

) (3.13)
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Red-Al
Ph(CH,),SiH,CH,SiH, ed Ph(CH,),SiH,CH, + Ph(CH,),SiH,
3.14
5 + SiH, + CH,SiH; + Oligomers ( )
Red-Al .
Ph(CH,),SiH,CH(SiH,), — 5 + Ph(CH,),SiH,CH, +
6 Ph(CH,),SiH, + SiH, + CH,SiH,+ (3.15)

CH,(SiH;), + Oligomers

Benzylsilane does not undergo further appreciable redistribution (i.e., to
dibenzylsilane and tribenzylsilane; such redistribution should be possible at high
temperature because the cleavage of less reactive Si-C bond needs higher energy
than that of more reactive Si-C-Si bonds) under the mild redistribution conditions.
Methylene bridges between two silicon atoms are more readily deprotonated by
strong organometallic bases than are methyl groups bonded to a single silicon
atom because two silicon centers jointly can stabilize the resulting anion better
than one silicon center via pr-dr interaction between p-orbital of carbon and d-
orbital of silicon™ (but another explanation based on some molecular orbital
calculation may be possible.”’). However, cleavage of the Si-C bond takes place
normally under extremely harsh conditions.””! Methylphenethylsilane can be
obtained via Si-C bond cleavage of 4, evolving SiH, gas in the redistribution
reaction of 5. However, phenethylsilane cannot be obtained via the direct Si-C
bond cleavage of methylphenethylsilane, but via the direct Si-C bond cleavage of
5 with CH;3SiH; gas evolution. Methylphenethylsilane was obtained in a higher
yield than phenethylsilane, implying that SiH, formation is easier than CH;SiH;
formation, likely due to less steric hindrance exerted upon adding hydride to the
silanes. On the other hand, methylphenethylsilane can be formed via consecutive
Si-C bond scissions of 6, giving off SiH, gas in the redistribution reaction of 6.
However, phenethylsilane cannot be obtained by the direct Si-C bond cleavage of
methylphenethylsilane, but can be obtained either by the direct Si-C bond
cleavage of 5 with release of CH;SiH; or by the direct Si-C bond cleavage of 6
with the formation of CH,(SiH3),. The yield for methylphenethylsilane was higher
than that for phenethylsilane, which suggests that SiH, formation is easier than
CH,(SiH3;),, because of a different steric demand upon the addition of hydride to
the silane. The as yet uncharacterized high-boiling oligomers could be obtained
only during the redistribution process because the reactions of benzylsilane,
methylphene-thylsilane and phenethylsilane with Red-Al do not yield an
oligomeric mixture of silanes under the reaction conditions. The oligomers might
be oligocarbosilanes or a mixture of oligocarbosilanes and oligosilanes.

Based on the experimental results described above, Woo et al. proposed a likely
mechanism involving the preferential addition of the hydride to the silicon at the less
hindered site, forming an active intermediate and SiH, gas."””! The ersilyl carbanion
of pentacoordinated anionic species then collapses to give an ¢#silyl carbanion. The
orsilyl carbanion may then take up a hydrogen from a hydrogen source that is
around (e.g., silane or solvent) to form a silane or may lose a hydride to produce a
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silene, associating to produce some oligo(carbosilane)s, or isomerizing to a silyl
anion. The silyl anion may lose a hydride to give an unstable silylene, which can add
to silane or an associate, producing some linear or cyclic oligosilanes. The
regenerated hydride may add to 4 to participate again in the catalytic cycle.

Very interestingly, the catalytic reactions of 4 with Red-Al, Cp,MCl,/Red-Al,
and Cp,MCl,/2n-BuLi (M = Ti, Zr, Hf) give different results. The redistribution-
dehydrocoupling of 4 catalyzed by Cp,MCl,/Red-Al gives polymer (M,, = 550 for
Ti; 750 for Zr; 2040 for Hf) with low TGA ceramic residue yield (ca. 3% at 800 °C
for Ti, Zr, Hf) in moderate yield (20% for Ti; 25% for Zr; 28% for Hf)**>" as shown
in Eq. (3.16) whereas the redistributive catenation, as shown in Eq. (3.13), of 4
catalyzed by Red-Al gives oligomer (M, < 500) in very low yield (less than 3%)."*!

copolymer +  PhCH,SiH, +
7

(PhCH,),SiH, + H,SiCH(Ph)SiH,CH,Ph+
—H./-Si 8 9
4 HZ/ §1H4 (316)

Cp,MCl,/Red-Al H,SiCH(Ph)SiH,CH(Ph)SiH,+
(M=Ti,Zr,Hf) ’ 10

H,SiCH(Ph)SiH,SiH,CH(Ph)SiH,
1

A plausible mechanism for the redistribution-dehydrocoupling of 4 with
Cp»ZrCly/Red-Al is depicted in Fig. 3.2.°7

11 7
Solvent
-H, | +Cp,Zr-H or silane
+H:” ) . ._  —SiH, -
4 [PhCH(SiH,)SiH;] Ph-CH-SiH,
-H:":
v
+H:~ +H:~
8 : 100~ [Ph—CH=SiH,]
-SiH, -SiH,
+Cp,Zr-H
4 + 7 + 9 + 10 + 11 —H> copolymer
—h

Fig. 3.2. Plausible mechanism for the redistribution-dehydrocatenation of 4 catalyzed by
Cp2ZrCl/Red-Al (Adapted from Ref. 57. Copyright (1996), with permission from the Korean
Chemical Society)
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The mechanism involves the preferential attack of the hydride on the less
hindered silicon with the formation of a penta-coordinated anionic species which
collapses to give an o=silyl carbanion intermediate and SiH, gas. The o-silyl
carbanion may then take up a hydrogen from the hydrogen source (e.g., silane or
solvent) to yield 7 or may lose a hydride, participating again in the catalytic cycle
to produce phenylsilene. All attempts at trapping the transient intermediate silene
are unsuccessful. The reason could be probably due to the active Si-H bonds
abundant in the reaction mixture. Compound 4 may add to phenylsilene to give 10,
which will become 8 and 9 by sequentially losing SiH, gas. The silanes might then
undergo catalytic dehydrocoupling to produce a copolymer.**"!

By comparison with the reactions as shown in Egs. (3.15) and (3.16),
dehydrocoupling (without redistribution) of 4 catalyzed by Cp,MCl,/2n-BuLi
gives mostly highly crosslinked polysilanes along with soluble oily polymers as
minor products (Eq. (3.17)).5¢5%

H
H%SiA)—H
n

-n, (3.17)
Cp,MCl,/2n-BuLi H+ Si +H
(M=Ti,Zr,Hf) H /,

Insoluble polymers are isolated in 82% yield for Ti, 95% yield for Zr, and 80%
yield for Hf. TGA ceramic residue yields are measured to be 72% for Ti, 73% for
Zr, and 74% for Hf. The weight average molecular weights of the oily polymers
are 4,120 for Ti, 9,020 for Zr and 5,010 for Hf. The TGA ceramic residue yields
of the soluble oily polymers are ca. 14%. The dehydrocatenation mechanism of
4 could be similar to the sigma-bond metathesis for the dehydrocatenation of
phenylsilane.!""'?!

3.2.2.2 Redistributive Catenation of Bis(silyl)phenylenes to Hyperbranched
Polymers

As described in detail in the above section, the desilanative coupling and
desilanative-dehydrocatenation of 4 possessing a Si-C-Si connection (i.e., 1,1-
bissilyl connection) in the molecule, catalyzed by Red-Al and Cp,MCl,/Red-Al
(M = Ti, Zr, Hf), produce oligomers and polymers Egs. (3.13) and (3.16),
respectively.[5 3:56-38] 1y comparison, redistributive catenation of 1,4-CsH4(SiH3), 12
using 2 mol% Red-Al gave 33% of soluble polysilane (M,: 2,800; M,/M, = 1.2)
and hyperbranched polysilane (TGA ceramic residue yield: 63%) which is
insoluble in organic solvents because of the high extent of crosslinking.™
Similarly, redistributive catenation of 12 in the presence of 2 mol% inorganic
hydride (N-selectride, super-hydride) afforded soluble polysilane in moderate
yield (30%, M, = 3,100 for N-selectride; 27%, M,=3,500 for super-hydride) and
hyperbranched polysilane (TGA ceramic residue yield=83% for N-selectride; 67%
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for super-hydride) as shown in Eq. (3.18).

RHZSiOSiHZR + Hydride— 0 C-24h (-@7514}
n o (3.18)

Hydride=Red-Al,N-selectride R:H,IZ;Me,13;CH:CHZ,14
Super-hydride

The redistributive catenation of 1,4-C¢H,(SiH,Me), 13 using 2 mol% Red-Al
gave 70% of soluble polysilane (M,: 1,500; M, /M, = 1.5) and hyperbranched
polysilane (TGA ceramic residue yield: 70%).°! Similarly, redistributive coupling
of 13 under the influence of 2 mol% inorganic hydride (N-selectride, super-
hydride) afforded soluble polysilane in moderate yield (58%, M,, = 2,100 for N-

selectride; 40%, M,, = 2,500 for super-hydride) and hyperbranched polysilane
(TGA ceramic re51due yield: 75% for N-selectride; 80% for super-hydride). The
redistributive coupling of 1,4-C¢Hy(SiH,CH=CH,), 14 with 2 mol% Red-Al
yielded 70% of soluble polysilane (M,: 1,500, M,/M, = 1.5) and hyperbranched
polysilane (TGA ceramic residue yield: 63%).°! Similarly, redistributive catenation
of 14 in the presence of 2 mol% inorganic hydride (N-selectride, super-hydride)
afforded soluble polysilane in moderate yield (58%, M,, = 2100 for N-selectride;
40%, M,, = 2,500 for super-hydride) and hyperbranched polysilane (TGA ceramic
residue yleld 75% for N-selectride; 80% for super-hydride). Thus, steric bulkiness
on the silicon center increases the portion of soluble polymer as expected, because
it will retard the extensive redistributive coupling to form hyperbranched polysilane.

The dehydrocatenation of 12 using 1 mol% by szMClz/Red-Al M =Ti, Zr,
Hf) catalyst produces soluble polysilane (in 25%, M,, = 2,600, M,,/M, = 1.1 for Ti;
in 15%, M, = 3,300, M,/M, = 1.2 for Zr; in 15%, = 3,600, M, /M, = 1.1 for
Hf) and hyperbranched polysilane (TGA ceramic re51due yield: ca. 60% for all Ti,
Zr, Hf) which is insoluble in organic solvents because of the high extent of
crosslinking.®”! The dehydrocatenation of 12 with 1 mol% M'(CO)s (M'=Cr, Mo,
W) catalyst also yields soluble polysilane (in 65%, M,, = 4,100, M,/M, = 2.1 for
Cr; in 53%, M,, = 5,100, M,,/M, = 2.4 for Mo; in 40%, = 5,900, M,/M,=2.0
for W) and hyperbranched polysilane (TGA ceramic remdue yield: ca. 70% for Cr,
Mo, W).1I The dehydrocatenation of 13 in the presence of 1 mol% Cp,MCl,/Red-
Al (M = Ti, Zr, Hf) catalyst gives soluble polysilane (in 95%, M,~=1,300, M,/M, =
1.4 for Ti; in 90%, M,, = 1,400, M, /M, = 1.1 for Zr; in 93%, M, 2 400, M /M, =
1.1 for Hf).®” The dehydrocatenanon of 13 with 1 mol% M (CO)6 (M'=Cr, Mo,
W) catalyst affords soluble polysilane (in 75%, M, = 2,500, M,/M, = 1.3 for Cr;
in 80%, M,, = 2,700, M,,/M, = 1.1 for Mo; in 50%, = 2,720, M,/M, = 1.1 for
W) (Eq. (3.19)).[601

R R
, ‘ 60°C.24 h | |
RHZSI—Q— SiH,R Si—Si
Cp,MCl,/Red-Al | (3.19)
(M=Ti,Zr,Hf) n

or M'(CO),
R=H,12;Mc,13 (M=Cr,Mo,W)
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In a similar manner, other disilanes such as bis(1-sila-3-butyl)benzene,?”*
2,5-disilaoct-7-ene, 2,5-disilahexane!®'! undergo dehydrocatenation using group 4
metallocene combination catalysts such as Cp,MCl,/Red-Al (M = Ti, Zr, Hf) and
Cp,ZrCly/2n-BuLi. Thus, types of substituent on silane and catalyst can make a
pronounced difference in the coupling processes.

3.2.2.3 Demethanative Catenation of Tertiary Germanes to Polygermanes

As described in Subsections 3.2.1.5 and 3.2.2.1, polygermanes can be prepared:
(1) by the Wurtz coupling of chlorogermanes with alkali metal dispersions in
toluene-refluxing temperature, (2) by the dehydrocatenation of hydrogermanes,
and (3) by redistributive coupling of (PhH,Ge), mediated by a Lewis base
PhH,GeLi.”"! Berry et al. reported an extraordinary demethanative catenation of
tertiary germanes to polygermanes (44, = 5,000 — 10,000 determined by light
scattering measurements), catalyzed by Ru(PMe;), X, (M = GeMe;, Me) as shown in
Eq. (3.20). %%
Ru(PMe,),X,

Me
HGeMe, Ar (X=Me,GeMe;) CH, + H +(‘!e+CH; (3.20)
25°C,neat | n ‘
Ar

The hydrogermanes should have at least one CH; group in the molecule for
demethanative catenation: HGeMe,Ar (Ar = methyl, phenyl, p-tolyl, p-fluoro, p-
trifluorotolyl, p-anisyl, m-xylyl). The properties of polygermanes prepared by
catalytic demethanative coupling and Wurtz coupling of MeArGeCl, with sodium
are practically the same. Furthermore, in principle, the demethanative catenation
(i.e., removal of CH,4 gas) is similar to dehydrocatenation (i.e., removal of H, gas).
According to the sigma-bond metathesis mechanism thru four-center transition
states, the dehydrocatenation of a tertiary germane should produce a digermane if
the tertiary germane is not sterically demanding. If the tertiary germane is
sterically demanding, dehydrocatenation cannot take place.""'¥ The authors
suggested a mechanism for demethanative catenation where Ge-C bond scission
and Ge-Ge bond formation are attained by sequential a-CH; and germyl to
germylene migration steps via an intermediacy of metal-germylene species.!**"
Polygermanes have the characteristics of both polysilanes and polystannanes.

3.2.2.4 Redistributive Catenation of Hydrostannanes to Highly Branched
Polystannanes

As described in Subsection 3.2.1.5, polystannanes, prepared by the Wurtz coupling
of chlorostannanes with alkali metal dispersion and by the dehydrocatenation of
hydrostannanes, exhibit intriguing physical properties. Sita et al. studied a usual
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polymerization of n-Bu,SnH, with a RhH(CO)(PPh;); catalyst neat or in toluene
(Egs. (3.21a) and (3.21b)).*!

RhH(CO)(PPh,),
Neat (n-Bu,Sn);  + (n-Bu,Sn), (3.21a)
n-Bu,SnH, —
RhH(CO)(PPh,),
Intoluene (n-Bu,Sn), . (n-Bu;Sn) (n-BuSn), (3.21b)

q>x.y
31% isolated yield

Normal dehydrocatenation reaction occurs to give only the cyclic oligomers
(Sns and Sng) when the reaction is carried out in neat hydrostannane with fast
addition of the catalyst Eq. (21a). However, redistributive dehydrocatenation takes
place to yield high molecular weight, moderately branched polystannane [n-
Bu,Sn],..,(n-BusSn).(n-BuSn),, ¢ > x, y; M, = 50,240 g-mol’l, M /M, = 1.43,
measured by GPC in 31% yield without appreciable formation of cyclic oligomers
when the reaction is carried out in toluene with slow addition of the catalyst Eq.
(21b). The high molecular weight branched polystannane prepared by Sita group
is different from the high molecular weight linear polystannane [H(#-Bu,Sn),, H;
M, = 33,430, M,/M, =2.26] of Tilley that was produced by dehydropolymerization
of n-Bu,SnH, using Cp,ZrMe, catalyst,[43°‘45] judged by Sp NMR, UV-vis, and
GPC analytical techniques. The redistribution could occur via a well-known
process with intermediacy of metal-stannylene species.

Woo and collaborators also described such unusual redistributive dehydrocatenation
of n-Bu,SnH, with Cp,MCl,/Red-Al (M = Ti, Zr, Hf) combination catalyst.!**"}
The redistributive dehydrocatenation is performed at ambient temperature for 30
min, producing soluble cyclic oligomers (Sns and Sng) and insoluble hyperbranched
polystannane [#-Bu,Sn],..(n-BuSn),] as depicted in Eq. (3.22).

C(l;’\illfTCiI’zZ”:";df;Al (n-Bu,Sn), + (n-Bu,Sn), +
n-Bu,SnH, - (3.22)
neat,25 °C,30 min (n-Bu,Sn), (n-BuSn),

The insoluble products (TGA ceramic residue yield: ca. 33%) are obtained in
moderate yield (for Ti, 39%; for Zr, 27%; for Hf, 26%) as a yellow solid. In the
same manner, the redistributive dehydrocatenation of Bu,SnH, with M'(CO)¢/Red-
Al (M’ = Cr, Mo, W) at ambient temperature for 16 h affords soluble oligostannanes
and insoluble hyperbranched polystannanes. The insoluble product (TGA ceramic
residue yield: ca. 33%) is obtained in moderate yield (for Cr, 40%; for Mo, 48%;
for W, 39%) as a yellow solid. The same authors also describe the redistributive
dehydrocatenation of Bu;SnH with Cp,MCly/Red-Al (M = Ti, Zr, Hf) and M’
(CO)¢/Red-Al (M’ = Cr, Mo, W) at 70 °C (for group 4 catalyst ) or 90 °C (for
group 6 catalyst) for 3 d, to give soluble oligomer (mainly, dimmer Sn,) and
insoluble hyperbranched polystannane (TGA ceramic residue yield = ca. 33%; for
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Ti, 17%; for Zr, 14%; for Hf, 13%; for Cr, 23%; for Mo, 23%; for W, 7%).1%"!

3.2.3 Exhaustive Hydrosilylation, Hydrogermylation and
Hydrostannylation of Group 14 Hydrides on Vinyl
Derivatives

The addition of Si-H bond to unsaturated bonds such as alkenes (including C=C,
C=0, C=N, C=metal, etc.) and alkynes (including C=C, C=N, C=metal, etc.) is
termed hydrosilation (or hydrosilylation) and is promoted by many homogeneous
transition-metal complex catalysts and heterogeneous supported metal catalysts. !
Catalytic hydrosilation is a complex process and the overall mechanism is not well
understood. Chalk and Harrod proposed a simplified mechanism for transition
metal complex-catalyzed hydrosilation involving coordination of alkenes to a
coordinatively unsaturated transition metal hydride residue, followed by metal-
hydride insertion, oxidative addition of the silane to the metal alkyl, then reductive
elimination of the alkylsilane to regenerate the metal-hydride.'®® Nonetheless, some
experimental observations (including an induction period for many precatalysts and
the formation of vinylsilanes) cannot be explained well by the Chalk-Harrod
mechanism.”! An alternative mechanism to the Chalk-Harrod mechanism involves
insertion of the alkene into the M-Si bond instead of insertion of the alkene into
the M-H bond."” Alternative mechanisms were also proposed by several
researchers on the basis of their studies with their own catalytic systems.!”"!

The common hydrosilation of olefins is the single addition of Si-H bond to vinyl
derivatives in the presence of organic or inorganic catalysts by adding more excess
hydrosilanes than olefins. Versatile silicon-containing polymers can be prepared
by continuous multiple hydrosilation: (1) hydrosilation of CH,=CH(CH,),SiR,H
(x=0-2; R=H, Me, OMe, Cl), (2) hydrosilation of [CH,=CH(CH,),],Y (x=0-2;
Y = CH,, CMe,, SiMe,, GeMe,, phenylene, etc.) with R,SiH, or HSiMe,-X-SiMe,H
[X = (SiMe,-0),, CH,, CMe,, SiMe,, GeMe,, phenylene, etc.], (3) hydrosilation
of olefin with (RSiH),, and (4) hydrosilapolymerization of vinyl monomer
with hydrosilane or (RSiH),. For example, a series of new 3,3,3-trifluoropropyl
substituted copoly(carbosiloxane)s were prepared by step-growth hydrosilation
copolymerization of 1,9-dihydrido-1,1,3,5,7,9,9-heptamethyl-3,5,7-tris(3',3",3 -
trifluoropropyl) pentasiloxane with various ¢, w-divinylsilanes and siloxanes using
Karsted’s catalyst, Pt-divinyltetramethyldisiloxane!* Poly(arylene-1,2-dioxy-
co-oligodimethylsiloxanylene)s were synthesized by dehydrosilation condensation
copolymerization of o-quinones with ¢, @-dihydrid-ooligodimethylsiloxanes catalyzed
by Hy(CO)Ru(PPh;);.". Woo and co-workers prepared novel preceramic polymers
(for making SiC ceramics) such as a copolymer of polycarbosilane-dichloromethylvinylsilane
and a copolymer of polycarbosilane-#methacryloxypropyltrimethoxysilane by
hydrosilation copolymerization promoted by Pt-based catalyst.!”"!

Green technology is very important to maintain a pollution-free environment.
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Clean photopolymerization technology is used commercially in surface coatings,
photoresists, adhesives and holography."*"! Woo and co-workers reported a novel
exhaustive multiple addition (i.e., hydrosilapolymerization) of vinyl monomers to
hydrosilanes thermally and photochemically, to produce the first organic polymers
with reactive hydrosilyl end groups by the addition of excess olefin with respect to
hydrosilane.[*** ™

Only a few vinyl monomers, including methyl methacrylate (MMA) and styrene,
absorb the most convenient wavelength of light (250 — 500 nm) for common
experimental work of photopolymerization. The bulk photopolymerization of
MMA with para-substituted phenylsilanes such as p-F-C¢H,SiH; (15), p-H;C-
Ce¢H,4SiH; (16), and p-H;CO-C¢H,4SiH; (17) produces poly(MMA)s containing the
respective silyl moiety as an end group.’®”! Poly(MMA)s possessing the p-F-
C¢H4SiH, moiety as an end group with weight average molecular weight (M,,) of
6,200 — 22,020 and TGA residue yields of 12% — 73% were prepared in 24% — 85%
yields by 300 nm UV light-initiated bulk polymerization of MMA with different
molar ratios of 15 (MMA : 15 = 9:1 through 3:7) as shown in Eq. (3.23).

Me

Me
15 + hy §
" F-CH,SiH; (3.23)
COOMe

COOMe

Similarly, poly(MMA)s possessing p-H;C-CsH4SiH, end groups with weight
average molecular weights (M,,) of 8,130 — 28,090 and TGA residue yields of 12%
— 67% were prepared in 30% — 93% yields by the bulk polymerization of MMA
with different molar ratios of 16. For the hydrosilanes, the polymerization yields
and the polymer molecular weights decrease, while the TGA residue yields and the
relative intensities of Si-H IR stretching bands increase as the relative silane
concentration with respect to MMA increases. The highest polymerization yield
and polymer molecular weight were obtained in the case of MMA: hydrosilane =
9:1, but the highest TGA residue yield was obtained for MMA: hydrosilane = 3:7.
The polymerization yields and polymer molecular weights of MMA with 15 — 17
increased in the order: 17 <15 < 16.

The hydrosilapolymerization mechanism (Fig. 3.3) for the photopolymerization of
MMA with 15 — 17 could be similar to that with other hydrosilanes. Light
absorption of an MMA molecule is well known to produce an excited singlet state
of MMA which may then either fluoresce with a return to the ground state of
MMA or may be converted to a long-lived triplet excited state, the diradical of the
MMA monomer.® Addition of another MMA by this diradical gives a new
diradical of MMA dimer which either reverts to the ground state or continues
attacking other MMAs to produce poly(MMA)s. Under neat conditions, the latter
will be a predominant process to produce poly(MMA) radicals. At high
[MMA]/[silane] ratios, chain propagation will be able to compete with chain
transfer over the poly(MMA) radicals. However, chain transfer will eventually
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rule over chain propagation with increasing silane concentration. Chain transfer
could produce a silyl radical which, in turn, leads to chain initiation, resulting in
the production of poly(MMA) containing silyl end groups. Higher concentrations
of hydrosilane over MMA will produce shorter chain lengths of poly(MMA),
which contributes to the increase in thermal stability of poly(MMA).

Me
Me
. [MMA]/[RSiH,]
*CH, — CMe(C=0)OMe —————— RH,Si
Chain propagation Vi 2 n-1cOOMe
COOMe
MMA
* Chain initiation
(MMA) and propagation
Chain transfer
-SiH,R RSiH,
hv || -hv'
MMA Me
H
RH,Si
n
COOMe

Fig. 3.3. Postulated mechanism for the exhaustive hydrosilylation of MMA on RSiH; under the
influence of UV light

The increase of Si-H contents with respect to poly(MMA) moiety will result in
the higher possibility of high temperature cross-linking hydrosilation with C=0
groups in poly(MMA), which will give higher thermal stability (i.e., higher TGA
ceramic residue yield). The reported hydrosilanes include PhSiH;, PhCH,SiH;,
PhMeSin, Ph2SiH2, PhsleSlePh, PhCH(SlH3)2 and 1,4-C6H4(SiH3_xMex)2. The
reported monomers include MMA, AA (acrylic acid), MA (methacrylic acid),
HEMA (2-hydroxyethyl methacrylate) and styrene. The hydrosilapolymerization
yield of styrene was lower than that of MMA, MA and HEMA. No appreciable
thermal and photopolymerizations of the vinyl monomers with CH,(CH,)sSiH3,
Ph(CH,),SiH;, Ph;SiH, and (mesityl),SiH, were observed, probably because of
their steric and/or electronic effects. Therefore, the types of vinyl monomer and
hydrosilane appear to be important for successful hydrosilapolymerization.

Chatgilialoglu and co-workers reported the reactivity study of alkyl peroxy
radicals toward poly(hydrosilane)s.™ The Woo group extended the above
hydrosilapolymerization methodology to poly(hydrophenylsilane)s instead of
monomeric hydrosilanes for first making novel inorganic-organic hybrid
copolymers. Such inorganic-organic hybrid graft copolymers can be used for
many applications in contact lens, paints, etc. Poly(p-fluoro-substituted
phenylsilane), H[(p-F-C¢Hy)SiH], H (M,, = 3300; M, /M, = 1.83) was prepared by
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dehydropolymerization of p-F-C¢H4SiH; using the Cp,ZrCl,/Red-Al combination
catalyst. In a typical photopolymerization experiment, a quartz tube (15 mmx120 mm)
charged with MMA, poly(p-fluoro-substituted phenylsilane) and toluene (1 mL) was
degassed, sealed and irradiated with UV-light (280 nm) for 6 h. Precipitation with »-
hexane and drying in vacuo gives poly(p-fluoro-substituted phenylsilane)-g-

poly(MMA), which is an inorganic-organic hybrid graft copolymer Eq. (3.24).15*!
}|1 }|_[ poly(MMA)
H—ESiﬁ—H " H—ESi—)—eSi%—H
i\\ n + MMA oh J\\ n-x J\ n
| | | N (3.24)
F F G
F F F

In this photopolymerization, various molar ratios of polysilane:MMA are used:
1:1, 1:5, 1:10, 1:20, 1:50. Similarly, in the graft photopolymerization, while the
polymer molecular weights and the polymerization yields decrease, the relative
intensities of Si-H IR stretching bands and the TGA residue yields increase with
the increase in the hydrosilane molar ratio over MMA. The higher contents of Si-
H moieties remaining in the graft copolymer backbone will result in the higher
possibility of high temperature cross-linking hydrosilation with C=0 groups in the
graft chain of poly(MMA), which will give higher thermal stability (i.e., higher
TGA ceramic residue yield). For the other vinyl monomers, such as MA and
styrene, similar trends are observed.®! Similar trends are also observed for the
copolymerization of MMA-MA, MMA-styrene and MA-styrene.!***! Furthermore,
for various other poly(hydroarylsilane)s prepared by Cp,MCl,/Red-Al (M = Ti, Zr,
Hf) combination catalyst, similar trends are found.™®¢' The hydrosilapolymerization
mechanism of vinyl monomers on poly(hydrosilane)s could be similar to that of
vinyl monomers on hydrosilanes in Fig. 3.3.

The addition of Ge-H bond and Sn-H bond to unsaturated bonds is termed
hydrogermation (or hydrogermylation) and hydrostannation (or hydrostannylation),
respectively, and is promoted by many homogeneous transition-metal complex
catalysts and heterogeneous supported metal catalysts.** (Germyl)stannanes and
digermanes may be used for germylstannation and double germation, respectively.®”)
Catalytic hydrogermation and hydrostannation could be complex processes and
the overall mechanisms are not well understood, although plausible mechanisms
could be similar to the Chalk and Harrod mechanism or modified Chalk-Harrod
mechanism.®*”"! Hydrogermapolymerization (and hydrostannapolymerization) of
hydrogermanes (and hydrostannanes) on MMA and MA gave similar trends as the
hydrosilapolymerization of MMA and MA."®* The reactivity increases in the order
of Si-H < Ge-H < Sn-H, which is the reverse order of bond strength if their steric
bulkiness is the same. Nonetheless, the hydrogermapolymerization/hydrostanna-
polymerization mechanisms of vinyl monomers on poly(hydrosilane)s should be



3.3 Group 13 Inorganic Polymers: Polyborazines 89

similar to that of vinyl monomers on hydrosilanes depicted in Fig. 3.3.

3.2.4 Formation of Polysilane-Metal Nanoparticle Composites

In an inert atmosphere, hydrosilanes and poly(hydrosilane)s reduce metal cations
such as Ni(Il), Ag(I), Au(Ill), and Pt(IV) complexes to form the composite of a
polysilane-metal nanoparticle composite.*! In comparison, in an air atmosphere
hydrosilanes reduce the metal cations to form the composite of a silica-metal
nanoparticle composite.**!

3.3 Group 13 Inorganic Polymers: Polyborazines

Boron nitride (BN) is one of the technologically important non-oxide ceramics
(e.g., aluminum nitride AIN, silicon nitride SizN,, silicon carbide SiC) whose
synthesis and properties have been intensively investigated.”””! Boron nitride has
different polymorphic forms: hexagonal (h-BN), cubic (c-BN), rhombohedral
(r-BN), or wiirtzite (w-BN). In particular, the graphite-like anisotropic structure of
h-BN provides unique electrooptical and thermomechanical properties such as low
thermal expansion coefficient, great resistance toward thermal shocks/oxidation,
and high tensile strength/Young’s modulus.””"! Thus, h-BN has been used for many
specialty applications.'” These advanced properties are heavily dependent on
their preparation method, purity, crystallinity and microstructure. BN ceramic
powders were traditionally prepared by co-pyrolysis of cheap boric acid and urea.
Most of the commercially available BN ceramic goods are prepared by hot-
pressing technique of BN powder or CVD process. For the purpose of reinforced
composite preparation, BN ceramic fiber is needed. The BN ceramic fiber can be
prepared by the polymer-derived ceramic route.””!! Polyborazines are frequently
used as preceramic polymer precursors for the preparation of boron nitride fiber or
composites.*’!

Polyborazines can be prepared from the homodehydrocoupling of borazine
derivatives or hetrodehydrocoupling of borazine derivatives with ammonia or
coupling of aminoboranes with ammonia.””"**** A simple borazine ring, a cyclic
trimer [BH=NH];, has a formula of B;N;Hs whose structure is similar to the
delocalized benzene. Borazine has polarity compared to benzene (which is
composed of carbon atoms with the same electronegativity) because nitrogen
(boron) is more (less) electronegative than carbon.”” Thus, borazine should be
more reactive than benzene toward dehydropolymerization. Polyborazine
(B;N;H,), can be made by intermolecular dehydrocoupling between N-H and B-H
bonds in borazines (Eq. (3.25)).
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H | H H\B N/H
\B/N-‘\\B/ 70°C,in vacuo Vi A\
I T NS G-2)
/N\B¢N\ : \B=N/
H | H o

Other polymeric precursors include polyborazines with (a) B-B linkages,
(b) B-N linkages, (c) NR bridge, or (d) BR bridge (Fig. 3.4).1*%!

N SN/ N S N
B—N N=B B—N B—N
7 N\ / \ /AN VAN
—N B—B N— —N B—N B—
\ / A Vi \ / \ /
B=N N—B B=N B=N
/ /N
(a) (b)
‘|‘ I I
N ' N S

(c) (d)

Fig. 3.4. Other polymeric precursors include polyborazines with (a) B-B linka-ges or (b) B-N
linkages and polyborazines with (¢) NR bridge or (d) BR bridge (Adapted from Ref. 96.
Copyright (1994), with permission from the Chemtech Foundation)

Borazine rings can also be pendant groups of polymers such as poly(vinylborazine)
and borazine-substituted polysilazane.” Woo and co-workers recently reported
that polyborazine can be used as an effective cross-linking agent for polysilane by
Si-N coupling between Si-H (of polysilane) and N-H bonds (of polyborazine).!*'*!
When the added amount of PBN increases, B, N-incorporated SiC ceramic
composites are obtained. Poly(hydrosilane)s can also be used as a crosslinking
agent for PBN. When the used amount of poly(hydrosilane) increases, SiC-
incorporated BN ceramic composites are formed.!*'™ Therefore, this methodology
is a good way to make ceramic composites in high yield. Polyboranes and
polycarboranes are well reviewed in the literature!”! and thus are not described
here due to limitations of space.
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Polyphosphazenes with [-N=PR,-] repeating units attract much interest in materials
science.”””l Polyphosphazenes can be prepared by (1) the thermal ring-opening
polymerization of cyclic trimer [N=PR,]; over 200 °C, (2) the substitution reactions
with diverse nucleophiles on poly(dichlorophosphazene) [N=PCl,],, and (3) the
condensation reactions of phosphazene derivatives with good leaving groups
((CH3)3Si- and -Cl or -OCH,CF;3) such as (CHj;);Si-N=PR,(OCH,CF3) and
CLP=NSi(CH;);."*'*1%] Oligomeric [N=PCl,], (x = 3, 4...) with various ring sizes are
classically prepared from the reaction of phosphorus pentachloride with ammonium
chloride. The main product is white crystalline hexachlorocyclotriphosphazene
[N=PCl,];, which melts at 114 °C and is a useful precursor for ring-opening
polymerization to polyphosphazene, unlike borazine which is known to undergo
B-N dehydrocoupling to polyborazine. Hexafluorocyclotriphosphazene or
partially substituted cyclotriphosphazenes can also be wused instead of
hexachlorocyclotriphosphazene as a precursor for ring-opening polymerization.
The ring-opening polymerization mechanism of hexachlorocyclotriphosphazene is
not fully clear. Experimental evidence highly suggests that an ionic mechanism is
more possible than a radical mechanism. The catalytic species could be
(pentachlorocyclotriphosphazene) 'Cl formed from the ionization of a P-Cl bond
of hexachlorocyclotriphosphazene. The phosphonitrilic cation could then keep
attacking the nitrogen atoms of other hexachlorocyclotriphosphazene monomers to
produce polyphosphazene. '™

Polyphosphazenes exhibit low 7, values and elasticity because of large bond
angles and substitution-free nitrogen leading to a high degree of chain movement,
which is similar to the case of polysiloxanes. The property scope of polyphosphazene
greatly counts on the type of side groups (R) from hydrophilic, hydrophobic,
electroredox, coordinative to elastomeric character. Thus, polyphosphazene can be
used as electrode mediator, polymeric drugs, hydrogels, liquid crystalline materials,
non-burning fibers, biomaterials, low-temperature elastomers, semiconductors,
composites, etc. Allcock and co-workers reported the synthesis and applications of
oligoalkoxy-substituted polyphosphazenes, [N=P(OC¢Hs)(OCH,CH,),OCHjs], and
{N=P[OC¢H4(OCH,CH,),OCHj3],},, as solid polymer electrolytes to be used for
rechargeable batteries.”® The phenoxy group improves mechanical strength and
the oligoethyleneoxy group promotes lithium ion transport. Qin et al. synthesized
polyphosphazenes with the indole-based chromophore (nitro-indole or sulfonyl
indole) and charge-transporting carbazoyl side groups. These polyphosphazenes
possess the second-order nonlinear optical property. ™ Sohn and collaborators described
that polyphosphazene-platinum conjugates [N=P(MPEQG),(GlyGluPt(dach)),..],
(MPEG = methoxy-poly(ethylene glycol); GlyGlu = glycyl-L-glutamic dipeptide;
dach=trans-(+)-1,2-diaminocyclohexane) have selective targeting antitumor
activity by attaining a favorable pharmacokinetic profile and a longer blood
circulation time.!"™! Polyphosphazenes with coordinating ligands such as nitrile,
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pyridine or phosphine can be used as a supporting material for a transition
metal complex. For example, phosphazene copolymers{[N=P(O,C,Hg)]os[N=
P(O-C¢H4-CO,Pr™)(O-CeHy-L) o5}, (L = CN, PPhy) and {[N=P(O,C,Hg)]os[N=
P(O—C6H4-COzPr")(O—C5H4N)]OA4}n react with W(HOMC)(CO)S to giVe W(Co)s-
coordinated complexes.!'”"* Similarly, phosphazene copolymers coordinated to
CpMn(CO), moiety have been reported."""™ These metal complex-coordinated
phosphazene copolymers show high glass transitions and are quite stable.
Polyphosphazenes with sulfonamide side groups showing good proton conductivity
have been developed for fuel cell applications. Thus, [N=P(OCsH4CH;)(OC¢H,-
SOQ-NNa-802CF3)0_34W[N:P(OC6H4CH3)2]1_66” can be employed for application in
fuel cells."” Amphiphilic biodegradable polyphosphazene block copolymers
forming spherical micellar aggregates with 100 — 120 nm diameters have been
reported."” The amphiphilic polyphosphazenes such as poly[bis(ethylglycinat-N-y1)
phosphazene]-b-poly(ethylene oxide) and poly[bis(trifluoroethoxy)phosphazene]-
b-poly(ethylene oxide) are prepared by the cationic polymerization of Cl;P=
NSi(CHj;); at room temperature. Therefore, in principle, any interesting functional
group (e.g., proteins, poly nucleic acids, antibodies, organometallic complex,
nanometallic materials, carbon nanotubes) can be introduced to the polyphosphazene
backbone by using the synthetic methods described in this section.

3.5 Group 16 Inorganic Polymers: Polysulfur and Poly(sulfur
nitride)

Cyclooctasulfur (Sg) is the W-shape of crystalline rhombic sulfur stable in a
normal condition. Upon being heated at 95 °C, the rhombic sulfur transforms into
the different crystalline cyclooctasulfur of monoclinic sulfur which melts at 119 °C.
The cyclooctasulfur undergoes radical ring-opening polymerization in the
temperature range of 150 — 180 °C, to give elastomeric polysulfur. The unstable
polysulfur slowly reverts to rhombic sulfur while unperturbed at room temperature.
Interestingly, the reversal back-biting process cannot be prevented even in the
presence of an end-capping agent such as alkenes. Nonetheless, we know the
bulcanization of 1,4-polyisoprene or 1,4-poly(1,3-butadiene) with sulfur to make
the polymer elastomeric.'”! Selenium and tellurium could undergo similar ring-
opening polymerization as sulfur. The reaction of polyphenylsilanes, [Si(H)Ph],,
with sulfur is unsuccessful, but the reaction with selenium and tellurium produces
the insertion products, [Si(SeH)Ph], and [Si(TeH)Ph],.!""

Disulfur dinitride (S=N),, which is prepared by sublimation of (S=N),
undergoes solid-state ring-opening polymerization to give poly(sulfur nitride),
(S=N),,, at a temperature of 0 °C or higher. The poly(sulfur nitride) shows
metallic behaviour. Poly(sulfur nitride) has a good electrical/thermal conductivity
like mercury and exhibits superconductivity around 0 °C. Poly(sulfur nitride), which
is insoluble and infusible, has high light reflectivity and is shock-sensitive.!'**!
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3.6 Summary

Main group metalloid-based inorganic polymers, which are composed of boron
(group 13: polyborazines), silicon/germanium/tin (group 14: polysilanes, polygermanes
and polystannanes), phosphorous (group 15: polyphosphazenes) and sulfur (group
16: polysulfur and poly(sulfur nitride)) atoms, are reviewed as advanced speciality
materials. In particular, silicon-based polymers with outstanding properties are
described with main emphasis in this account. Group 14 hydrides possessing
reactive A-H (A = Si, Ge, Sn) bonds can be used in synthesizing novel functional
materials with interesting properties in the presence of various promoters such as
organometallic complexes, inorganic hydrides, heat and UV-irradiation. Catalytic
catenation of hydrosilanes with molecules having active A’-H bonds (A’ = Si,
O, N) or vinylic bonds thru Si-Si/Si-O/Si-N dehydrocatenation, redistributive
catenation and exhaustive addition processes are described in this review as
chosen examples of our recent research developments. However, due to  limits of
space and interest, other types of inorganic polymers such as main group metal-
based polymers (e.g., polyaluminoxanes) and transition metal-containing inorganic
polymers are not described in this account. For the same reason, some main group
metalloid-containing inorganic polymers (e.g., polycarbosilanes, polysiloxane,
polysilazane, polysilathianes, polyboranes, polycarboranes, polyborxanes) are not
included.
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4.1 Introduction

Silicon-based polymers containing nitrogen, carbon and boron have been
considered as precursors for various non-oxide ceramics such as silicon carbide
(SiC), SiCN and SiBCN."! These ceramics can be easily shaped using various
forming processes and then cross-linked by exposure to heat or radiation to form
an infusible solid. The consolidated preceramic polymers are finally pyrolyzed at
high temperature to transform into the dense ceramic phases. These materials can
be used for high temperature applications in areas such as electronic devices and
structural composites.”’ Table 4.1 shows some selected important preceramic
polymers that have been studied in various aspects. The polymers such as
polysilanes, polycarbosilanes, polysilanzane, polysiloxanes are good candidates
for ceramic phases due to their high ceramic yields on account of the combination
of cross-linking and pyrolysis. Commercially available polysilazane (VL-20,
KiON Corp., USA) and two types of polycarbosilane (Starfire System, USA and
Nippon Carbon Co., Ltd., Japan) are readily used as preceramic polymers for
SiCN and SiC ceramics, respectively.
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Table 4.1 A list of typical preceramic polymers

Preceramic polymers  Polymeric unit Ceramic Ceramic yield (%)
Polycarbosilane (-R2SiCHz-), SiC 65

Polysiloxane (-R5Si0-), Si-O-C 30-60
Polysilazane (-R2SiNR-), SisNy 20-90
Aluminum amide (=AINR-), AIN 20-50
Polyborazine (-BsN3Hy-), BN 85

Polytitanium imide (=Ti(NR)2-),, TiN 5070

It has been demonstrated that the use of preceramic polymers is beneficial
for controlling the chemical compositions of ceramics. Thus, significant research
efforts have been expanded to design novel ceramics with ultra high temperature
stability or extraordinary hardness. Different synthetic pathways have been
reported for the synthesis of the polymeric precursors from various starting
materials. The composite phase of ceramics with some specialties has been
involved in various elemental combinations including nitrogen and carbon in
addition to main group elements (E=B, P, O, Al, Si).[3 1 Alternatively, the composite
phases can be fabricated by combined techniques between ceramics and some
kinds of metals to achieve better performance. With respect to composite production,
physical properties such as adhesion force, thermal expansion coefficients,
shrinkage and mechanical strength are very important. For example, titanium
boride (TiB,) has high chemical and thermal stability, high thermal conductivity,
low electrical resistance and strong hardness, and has been used for structural and
electrical applications.' So it is considered that a Ti-B-N composite phase may
adapt the synergistic advantages of the two phases and exhibit a better performance
than either of the single phases made by titanium nitride or boron nitride alone.
Therefore, it is meaningful to study the feasibility of versatile ceramic composite
systems synthesized from different combinations, including preceramic polymers.

On the other hand, the excellent processability of the preceamic polymers
facilitates the fabrication of complex shapes and structures, and conversion into
ceramics at a lower temperature, compared to the power sintering process. Therefore,
polymeric precursors are being studied as an efficient approach to the synthesis of
ceramic structured materials, as the polycarbosilanes have demonstrated definite
advantages in the commercialization of SiC fibers."”! These oligomers can be obtained
over a relatively wide viscosity range and are relatively easy to manufacture and
are of commercial interest, such as fiber-reinforced composites, nanocomposites
and protective coatings on various bodies.!”! Generally, ceramic films are prepared
by dry processes, such as sputtering and chemical vapor deposit techniques, or wet
processes, such as the sol-gel method.””! However, for economic reasons, non-
oxide ceramic films are commonly obtained only by a spin-coating process using
preceramic polymers. Moreover, low viscosity oligomers with high ceramic yield
would facilitate impregnation of a carbon fiber layup, which would permit a
greatly simplified process for composite fabrication.™!

Eventually, this chapter covers the preparation of various ceramic composites
using various hybrid preceramic polymeric precursors, including super-resistant
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Si-C-B-N, electrically conducting MoSi,/SiC, superhard Ti-B-N and highly thermally
conducting Al-B-N nanocomposites, thermally insulating Al-Cr—Phosphates.
Moreover, some application examples of preceramic polymers are introduced to
demonstrate their utility in structural ceramic materials as an alternative preparative
route to the conventional powder sintering process, such as ceramic matrix
composites and ceramic film. In addition, we summarize the recent development
of porous SiC materials from templated preceramic polymers and the fabrication
of small and complicated ceramic features using near net shape processing
techniques, such as lithography. It is obvious that one of the challenging strategies
in ceramic applications is the integration of preceramic polymers into existing
manufacturing processes to achieve nano-level process control and the ability to
produce useful architectures.

4.2 Preparation of Composite Phases from Inorganic Polymers

We know that composite phases can be fabricated by combined techniques using
ceramics and some kinds of metals to achieve better performance. In the view
of composite production, physical properties such as adhesion force, thermal
expansion coefficients, shrinkage and mechanical strength are very important.
This section covers the preparation of various ceramic composites using various
hybrid preceramic polymeric precursors.

4.2.1 Si-C-B-N Ceramics via Hydroboration from Borazine
Derivatives and Trivinylcyclotrisilazane

Recently, Si-C-B-N ceramics from organosilanes, organosilazanes and borane
compounds have been reported and the amorphous phases of these materials have
shown excellent thermal stability up to 2,000 °C without mass loss or oxidative
damage, although the reasons for these remarkable properties are not completely
understood.””’ Takamizawa et al. reported first, on the high temperature stability of
Si-C-B-N ceramics.'” Soon after, Seyferth et al. made silazanes react with borane
methyl sulfide to obtain silazane-substituted borazines as a Si-C-B-N precursor.!'
Sneddon and co-workers obtained Si-C-B-N preceramics that are also based on
borazine by dehydrogenation and dehydrosilylation of hydridosilazane with
borazine.'"! However, it is disadvantageous that most of the preceramic polymers
for Si-C-B-N ceramics are extremely pyrophoric and insoluble in most solvents,
which makes them difficult to handle and limits their processability.

In this section, we describe the synthesis of a soluble polymeric precursor for
Si-C-B-N ceramics, without catalyst or byproducts, which involves reaction
between the vinyl groups of organosilazane and the B-H groups of borazine via
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hydroboration. In addition, the polymer produced was investigated in an attempt
to understand the conversion chemistry to the ceramic and the thermal stability of
pyrolyzed specimens at high temperatures.

The hydroboration of unsaturated groups has been investigated using various
organoboranes. However, little has been published on the preparation of processable
polymers by hydroboration using cyclic boron hydrides, except transition metal
catalyzed alkylation of borazine via hydroboration.!"! In our experiments, 2,4,6-
trimethyl-2,4,6-trivinylcyclotrisilazane (VSZ) was found to react smoothly with
liquid borazine at moderate temperatures to produce borazine copolymer. The
product was isolated as a moisture-sensitive colorless gel by the removal of
solvent at reduced pressure, which is soluble in common organic solvents,
including benzene and tetrahydrofuran. The molecular weight distribution of the
as-synthesized polymer was found to be the number-average molecular weight
(M,) = 1,155 and the weight-average molecular weight (M,)= 2,915 with a
polydispersity M,,/M, = 2.52. Elemental analysis produced 29.07 (26) for Si,
23.59 (30) for C, 12.29 (10) for B, 25.83 (26) for N and 7.68 (8) for H, which are
relatively consistent with theoretical values in parentheses. When cured at elevated
temperature, the color of the polymer changed from colorless to white then yellow,
and finally to a blackish ceramic when subsequently pyrolyzed.

Fig. 4.1 shows Fourier transform infrared spectra of the polymeric products
obtained at various temperatures up to 900 °C. A comparison of the as-synthesized
polymer with two starting materials of VSZ and borazine revealed that the band
intensities of the vinyl group at 3,047 cm ™, 1,594 cm™ and B-H group at 2,500
cm ' slightly decreased, and that absorption bands of N-H group at 3,420 cm™ and
of the B-N group at 1,442 cm™' broaden on polymerization. Moreover, a weak and
broad absorption band appeared in the range 2,800 — 3,000 cm . It is believed
that this new band correlates with aliphatic C-H stretching, i.e., v,(CH;3) =
Vas(CH,) = 2,956 cm ™ and 1,(CH) = 2,900 cm ™', which could be formed from
both an ¢rand Saddition reaction in the vinyl and borane groups.''*! When the
synthesized polymer was cured at 200 °C, the intensities of the absorption bands
assigned to vinyl groups and B-H groups decreased, and completely disappeared
when the polymer was cured at 300 °C. For polymers treated at 400 °C and 600 °C,
the IR vibration bands of the CH,, (x = 1, 2, 3) units almost disappeared, indicating
the transformation of the original polymeric phase into the ceramic intermediate
phase. In the amorphous ceramic at 900 °C, the band at about 3,400 cm ™' due to
N-H bonds almost disappeared. It was interesting to observe that the N-H bonds
displayed high thermal stability, and they reportedly survived up to 800 °C in the
recent literature.!"”!
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Fig. 4.1. IR spectra of the starting materials (a) borazine, (b) 2,4,6-trimethyl-2.4,6-trivinglcyclotrisilazane,
and of copolymers pyrolyzed at various temperatures, (c) as-synthesized, (d) 200 °C, (e) 300 °C,
(f) 400 °C, (g) 600 °C and (h) 900 °C

Fig. 4.2 shows the '"H NMR spectrum of the soluble polymeric product. The
as-synthesized polymer showed the vinylic hydrogen of the VSZ monomer at
around 5.9x10°® as a multiplet is significantly reduced, which becomes clearer on
decreasing the relative intensity ratio of -CH=CH,/CH3-Si from ca. 0.26 to ca. 0.15.
Moreover, new peaks appeared in the range 0.8x10° — 1.5x10°°, which are
attributed to the formation of an alkyl bridge via two possible routes of
hydroboration.!"®! Broad peaks at 0.9x10° — 1.2x10° can be assigned to BCH,
protons and the peaks at around 0.4x10° can be assigned to SiCH, protons due to
S-addition of the borazine ring, and the others at 1.07x10™° and 1.4x10™° can be
attributed to CHCH; and CHCHj; protons due to the a-addition, respectively. The
B-H quartet of borazine around 3.75x107° — 4.75x10°% almost disappeared due to
the partial formation of B-C bonds, which is consistent with a report in the
literature.
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Fig. 4.2. 'HNMR spectrum of as-synthesized copolymer in CsHe

The hydroboration reaction between VSZ and borazine was confirmed by *C
NMR spectroscopy. By comparing the as-synthesized polymer with VSZ, as
shown in Fig. 4.3, new weak peaks were found at 12.4x10° — 13.7x10° and at
29.2x107° = 29.5x10° due to the formation of methyl and methylene groups from
vinyl groups reacting with borane groups of borazine ring via o-or f-addition.”!
The peak centered at 2.3x10™° was assigned to Si-CHs, and the peaks at 131.9 and
142.0x10°° to unreacted vinyl groups. As the polymers became insoluble upon
curing at intermediate temperatures, solid-state NMR spectroscopy is the only
way to investigate the chemical structural changes at the molecular level. In Fig.
4.3b, the sample annealed at 200 °C generally showed signals that were identical
with those of the as-synthesized polymer; 1.6x10°° assigned to Si-CHj sites, the
broad overlapping peaks in the 11x10°® — 28x107° range to two types of aliphatic
carbon bridge, and the doublet at 125x10° — 150x10° to C=C sites."¥ In
particular, the peak at around 28x107° in the aliphatic region was attributed to the
CH;CHBS:I unit, whereas the SiCH,CH,B group was assigned to the resonance at
ca. 12x10°°. These can be explained by the addition of the borazine ring to the o=
and Bvinyl carbon atoms as shown by Eq. (4.1).!"” When heated at 300 °C, the
signals at 125x107° — 150x10°® vanished completely, which is consistent with the
IR result, whereas the hydroborated aliphatic carbon peaks at 27.7x10°° and
11.6x10°° substantially increased.

Upon heating to 400 °C, the intensity of the signals of the hydroborated
carbons decreased, and almost disappeared at 600 °C, due to the thermal
decomposition of the organic structures. The transformation of the polymeric
phase into the ceramic phase was indicated by a new broad spectral component at
ca. 125x10°°, which was assigned to amorphous carbon.”” In the amorphous
ceramic at 1,100 °C, the carbon is found to exist in one main fraction, namely as
graphite like domains, given by the resonance centered at 122x10°°, as well as
CH,Siy., units (x =0, 1 or 2). As total loss of aliphatic carbons had occurred in the
1400 °C specimen, only graphitic carbon was clearly identifiable at 123.16x10 72!
In the crystalline ceramic at 1800 °C, the presence of carbidic carbon is not
confirmed in the *C MAS NMR spectra, but this does not preclude the existence
of SiC in these samples; others have noted a similar difficulty due to the extremely
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long relaxation of °C in SiC.”"!" In summary, the most drastic changes in *C
NMR spectra are observed from 400 to 600 °C, and the disintegration of the
polymeric precursors and formation of an amorphous preceramic network were
found.
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Fig. 4.3. "°C NMR spectra of (a) monomer VSZ, (b) soluble as-synthesized polymer in C¢Ds
and the solid-state NMR spectra of insoluble polymers treated at various temperatures under
MAS conditions: (c) 200 °C, (d) 300 °C, (e) 400 °C, (f) 600 °C, (g) 1,100 °C, (h) 1,400 °C
and (i) 1,800 °C. * spinning side bands

The *Si NMR spectra of the monomer and of the hydroborated products
annealed at different temperatures are shown in Fig. 4.4. The spectrum of the as-
synthesized polymer shows two major peaks at —3.16x10™° and —14.99x10°, and a
minor peak at 16.3x10°°. Since the —14.99x10°® chemical shift is seen in the
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solution **Si NMR spectrum of VSZ, it can be assigned to silicon atoms in intact
silazane rings with vinyl groups within the polymer. The new peak centered at
—3.16x10°° was generated by the saturation of the vinyl groups on the Si atoms in
the ring, and the peak at 16.3x10°° suggests B-N bonding with the silazane ring,
resulting in a silicon environment.*")
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Fig. 4.4. ’Si NMR spectra of (a) monomer VSZ, (b) soluble as-synthesized polymer in C¢Dg
and the solid state NMR spectra of insoluble products treated at various temperatures under MAS
conditions: (c) 200 °C, (d) 300 °C, (e) 400 °C, (f) 600 °C, (g) 900 °C, (h) 1,100 °C,
(i) 1,400 °C and (k) 1,800 °C

Upon heating to 300 °C, the peak at —14.99x10™° showed only a weak intensity
while the peak at —3.16x10° became broader, and the peak at 16.3x10°° almost
disappeared. After heating at 400 °C, the peak at —14.99x10° essentially disappeared,
indicating that hydroboration was nearly completed at this temperature, with a
consequent increase in the relative intensity of the peak at —3.16x107°. It is
reasonably consistent with results of ?C NMR. At 600 °C, two peaks were
observed at —6.62x10™° and —21.6x10°°, which could be assigned to Si(Csp>),N,
sites and Si(Csp’)N; sites, respectively.””! It has also been reported that
observation of broadened signals and signals shifted to higher fields was possibly
caused by a decrease in the number of protons as a consequence of thermal
decomposition.'”?! At 900 °C and 1,400 °C, only a signal with greater width peak
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was observed, thus representing a superposition of the NMR line due to three main
structural components, namely SiC,N,., units with x = 0, 1 or 2. This indicates the
heterogeneity of the local environment around the Si atoms in the amorphous
material, regardless of the distribution of bond lengths and angles.”! Finally, after
heating to 1,800 °C, a major peak at —18.95x10°° and a minor peak at ~49x10™°
were observed. These peaks were attributed to the formation of SisN, (-49x10°°)
and SiC (—19><10"6) crystallites.“‘” We conclude that the conversion of SiC,N,.,
units to SiC between 1,400 °C and 1,800 °C in an argon atmosphere can be
explained by the redistribution reaction of different silicon sites, as shown by the
reaction between SiCN and the free carbon phase 2SiCN + 2C — 2SiC + 2C + N,,
which is consistent with a report that Si;N, reacts with free carbon at over
1,450 °C, according to the reaction: SisN, + 3C — 3SiC + 2N,

4.2.2 SiC/MoSi, Ceramic Composites Prepared by Polymer Pyrolysis

The polymeric route to nonoxide ceramics offers a unique opportunity for
manufacturing ceramic components such as fibers, coatings and composites by
liquid fabrication and subsequent pyrolysis.**! SiC compounds derived from
various polysilanes have been studied for a variety of advanced applications. It is
well known that the composition of pyrolytic products depends primarily on the
chemical nature of their polymeric precursors. For example, SiC ceramics are
produced with an excess of silicon by polymethylsilane (PMS) or with an excess
of carbon by polycarbosilane (PCS).*>! Most researches have concentrated upon
the development of polysilanes as stoichiometric SiC precursors because of their
high-temperature stability. On the other hand, ceramic or metal fillers can be
incorporated into the preceramic polymer matrix to overcome intrinsic volume
shrinkage and porosity formation during polymer-ceramic conversion.** Results
to date suggest that one might be able to develop functional high-density
composites by designed reaction between excess components in the polymers and
incorporated metal components.

It has been well known that the SiC/MoSi, composite phase has not only high
creep and high oxidation resistance at elevated temperatures, but also high heat
conductivity and electrical conductivity.””? These properties can be utilized for both
high-temperature structural materials and functional materials. In particular, commercial
applications obviously exist as evidenced by the fact that MoSi, composite phases
have been used for heating element materials in the high-temperature industries as
well as in ceramic glow plugs of diesel engines.””® However, powder processing
technologies are commonly used to produce large articles with simple design,
which involve high costs owing to the high-temperature sintering procedure.
Therefore, a new approach with a versatile processibility such as paste types, is
being demanded for applications where electrically conductive components or
small precision parts with complex geometries are applied, for example, electrodes,
sensors, or precision parts in micromechanical and electronic devices.
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In this section, formation of electrically conducting SiC/MoSi, composite
phases by the pyrolytic reaction between excess Si in PMS and Mo sources, such
as metal powder, or MoCls at temperatures over 1,000 °C, will be explained. This
preliminary study demonstrates the potential of hybrid pastes as precursors of
SiC/MoSi, composites for developing electrically resisting micro devices. The
reaction is designed to be represented as shown in Scheme 4.1.

PMS: £ SiH(CH;)+ —~SiC+Si  PMS+Mo —~SiC+MoSi,

Scheme 4.1. Reaction of synthesizing the SiC/MoSi, composites

4.2.2.1 Preparation of Samples

PMS was synthesized by the polycondensation of dichloromethylsilane (50.21 mL)
with sodium (15 g) in a tetrahydrofuran (THF)/n-hexane solvent mixture of 1:6
(500 mL) under a dry nitrogen atmosphere.”’ After a reaction time of 16 h, the
synthesized polymer solution was transferred to a round-bottomed flask in vacuum
through a cannular equipped with a filter tip. An oily white liquid was obtained
with a yield of 60% — 70% after evaporating the solvent. Borazine monomer
B;N;Hg, and the polymeric product +B,N;H 4.) were prepared as described in the
literature.”” A Schlenk flask equipped with a magnetic stirrer and a thermometer
was charged with 5 g of liquid PMS by the addition of 1 wt% polyborazine and 10
or 15 wt% of Mo powder with 325 mesh in THF solution. The PMS mixture was
ultrasonicated for 5 h to activate the surface of metal powder in a nitrogen
atmosphere. After curing at 200 °C for 2 h in the flask, the vacuum-dried solid
mixture was pelletized by uniaxial pressing in a stainless steel die under
programmed control up to 20 ksi and 400 °C. The consolidated sample was
followed by pyrolysis to 1,400 °C in an inert atmosphere in a high-temperature
furnace. For a spin-coating of solution, PMS was also mixed with 5, 10 or 15 wt%
MoCls and 1 wt% polyborazine in THF. The mixture was heated in an oil bath at
70 °C for 5 h with nitrogen purging to increase the molecular weight, and the
diluted solutions to 20 wt% — 30 wt% in THF spun at 3,000 r/min on a silicon
wafer. The coated samples were pyrolyzed up to 900 °C in the same manner, as
was done for the pelletized specimens.

4.2.2.2 Characterization of Specimens

It has been reported that PMS was converted into a ceramic in 30% yield.* Such
a low yield is attributed to rapid mass loss below 300 °C due to the decomposition
and evaporation of the low molecular weight fraction in the PMS. We previously
reported that the addition of 1 wt% polyborazine to PMS post-treated at 70 °C for
10 h dramatically increased the ceramic yield to 70%, with a lower weight loss
below 300 °C.BY In Fig. 4.5, similar behavior was also observed in the thermal
properties of PMS and metal mixtures, as determined by TGA. PMS mixed with
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two types of Mo sources, which were significantly improved to 80% from about
55% — 65% of ceramic yields with the addition of polyborazine.”? It is interesting
that the PMS/MoCl; mixtures showed a nearly identical level of ceramic yield as
the PMS/Mo mixtures, despite the pyrolytic decomposition of the former that
involved a significant mass loss as Cl, gas. In connection with the achievement of
high ceramic yield, the precursor system must be beneficial at minimizing volume
shrinkage on pyrolysis.”®) As shown in Fig. 4.6, the highly improved ceramic
yield was ascribed to exothermic peaks at 150 — 250 °C, which might be due to
dehydrocoupling between the Si—H groups remaining on the PMS. It is a contrast
to pyrolytic behavior of the PMS only, which showed drastic weight loss with no
exothermic reaction.
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Fig. 4.5. TGA curves of various precursors. (a) Polyborazine added PMS/15 wt% Mo metal;
(b) Polyborazine added PMS/15 wt% MoCls; (¢c) PMS/15 wt% Mo metal only; (d) PMS/15 wt%
MoCls only; (e) PMS only
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Fig. 4.6. DSC curves of various precursors. (a) Polyborazine added PMS/15 wt% Mo metal;
(b) Polyborazine added PMS/15 wt% MoCls; (c¢) Polyborazine added PMS; (d) PMS only

Figs. 4.7 and 4.8 show the XRD patterns of the pyrolyzed PMS mixtures with
Mo metal or MoCls sources at various temperatures in a nitrogen atmosphere. It
has been repeatedly reported that the PMS converts a-SiC ceramics with an excess
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of Si (C/Si ratio 0.6).*" This work suggested that one might be able to develop
SiC/MoSi, composites by reaction between the excess Si and Mo components.
Therefore, as the mixtures were heated to 1,000 °C in nitrogen, the MoCls mixture
began to develop -MoSi, (hexagonal) phase with diffused SiC peaks, while the
Mo metal mixture did not initiate the reaction with excess Si in PMS. As heated to
1,200 °C, the MoCls mixture converted the mixtures of f-MoSi, phase and new a-
MoSi, (tetragonal) phase with the crystallization of SiC. However, the Mo mixture
only began to produce silicide phases by reaction between Mo and Si. It could be
expected that molecularly dispersed Mo species in the MoCls mixture must have
better intimate contact to promote the intermetallic reactions at lower temperature
than Mo powder in a few tenth’s of a micrometer order of size. Both types of
mixtures when pyrolyzed at 1,400 °C for 3 h were clearly consistent with the
characteristic peak pattern of a-MoSi, and SiC.”" The intensity of the MoSi,
phase was increased relative to SiC at higher mixing MoCls ratios, as shown in
Figs. 4.8c and 4.8d, which qualitatively indicated the comparative composition of
the SiC/MoSi, composite. Presumably, it could be interpreted that the MoSi, phase
dispersed in the SiC phase was formed by diffusion of the more mobile Si from
PMS into the Mo particle as added or as decomposed from MoCls.

4 z-MoSi,
» o § + B-MosSi.
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Fig. 4.7. XRD patterns of PMS/15 wt% Mo metal mixture treated at various temperatures:
(a) PMS only at 1,400 °C, the mixture annealed at (b) 1,000 °C, (c) 1,200 °C and (d) 1,400 °C
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Fig. 4.8. XRD patterns of PMS/MoCls mixtures treated at various temperatures. (a) 15 wt%
MoCls at 1,000 °C; (b) 15 wt% MoCls 1,200 °C; (c) 5 wt% MoCls at 1,400 °C and (d) 15 wt%
MoCls at 1,400 °C

Fig. 4.9 shows TEM image and selected area electron diffraction (SAED)
for the composites treated at 1,400 °C. Electron diffraction of both products
consisted of several rings corresponding to the (002), (101), (110) and (103)
planes of -MoSi,, and the (111) and (200) planes of SiC.**! The diffraction
patterns of both MoSi,/SiC composites similarly displayed the multiple order
reflections, indicating the presence of a homogeneously distributed composite
phase on the nanometer scale. However, the grain sizes of the composite products
depended on their precursors. The Mo metal containing a precursor resulted in
coarse grains, due to an Mo grain size of about 20 pm. In the case of the MoCl;
precursor, the grains were very fine because Mo nuclei, presumably produced
from thermal decomposition of MoCls, reacted with PMS at the molecular level.

Fig. 4.10 shows various morphology of composite pellets and spin-coated
ceramic films. The pellet types of the PMS mixtures were converted into
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homogeneously dense composites of SiC/MoSi, with no cracks and only small pin
holes at 1,400 °C, and of density ca. 1.7 g-em ™, which is somewhat higher than
1.5 g-em™, of the commercial heating element. On other hand, composite films
treated at 900 °C with a 5 wt% MoCls mixture had rough surface morphologies
with many pin holes due to the evaporation of Cl, gas from decomposed MoCl;s at
temperatures exceeding 250 °C.**! However, SiC film of about 1 pm thickness,
produced by the spin-coating process of PMS, displayed a smooth surface and
dense structure with no appreciable defects. Thus, it is promising to develop the
paste types of precursors for functional composite phases, which can be controlled
over a relatively wide viscosity range with versatile processibility.

Fig. 4.9. TEM image and SAED patterns for composites prepared with PMS and different Mo
sources at various temperatures. (a) 15 wt% Mo at 1,400 °C; (b) 15 wt% MoCls 1,400 °C
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Fig. 4.10. SEM image of ceramic specimens prepared from various precursors; cross section of
pellet (a) from PMS/10 wt% Mo mixture at 1,400 °C, (b) from PMS/10 wt MoCls mixture at 1,400 °C,
surface of spin-coated film annealed at 900 °C, (c) from PMS only, (d) PMS/5 wt% MoCls mixture
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The electrical conductivity of a pellet specimen obtained from PMS/Mo
mixture and a commercial SILICONIT®™ heating element are shown in Fig. 4.11,
and the electrical conductivity of the composite pellet increased from 1.5x107 to
7x107* S-em ' with increasing temperatures up to 520 °C. The values are about
1/50 those of the commercial heating element, but exhibit the same positive
temperature coefficient. These results suggest that mixtures of preceramic precursor
offer versatile processibility, and may be suitable as high-temperature heating
elements after adequate optimization of the process of raw materials.

Conductivity (S = cm I)

b

(a)

n

0.00 — T T T T )
150 200 250 300 350 400 450 500 550

Temperature (°C)

Fig. 4.11. Electrical conductivity of (a) SiC/MoSi, composite pellet formed from PMS/15 wt%
Mo mixture at 1400 °C and (b) commercial SILICONIT®

4.2.3 Ti-B-N Composite from a Hybrid Precursor of Polyborazine
and TiH,

Metal nitrides and borides have many desirable properties, such as high melting
points and high Vicker hardness and strength at high temperatures.* In particular,
titanium nitride (TiN) has some remarkable properties, such as extreme hardness,
excellent electrical conductivity and valuable optical properties.””! These properties
have led to its use in a wide range of industrial applications in microelectronics,
high-quality optical coatings and as material for cutting tools. Titanium boride
(TiB,) has high chemical and thermal stability, high thermal conductivity, low
electrical resistance and strong hardness, and has been used for structural and
electrical applications.' So it is considered that a Ti-B-N composite phase may
adapt the combined advantages of the two phases and exhibit a better performance
than either that of the single phase made by titanium nitride or by boron alone.
Recently, dry gas-phase processes have become commonly used to produce such
non-oxide ceramic films. For example, Ti-B-N systems are prepared by chemical
vapor deposition, plasma-assisted CVD, arc plasma vapor deposition and sputtering.*%!
In this context, the performance of preceramic polymers with various metals came
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to people’s attention in terms of their ability to form a nanocomposite at low
temperature in economic wet processes.”” In addition, it has been reported that
the introduction of a metal into preceramic polymers significantly improved the
dimensional stability of the shaped body because of the reduced shrinkage. In
this section, the use of a chemically reactive Ti source that is less prone to
oxidation would permit a more-simplified low temperature process. So we
propose a simple route to a BN/TiN/TiB, composite, using a hybrid precursor
that involves thermally decomposable titanium hydride in a polyborazine, as
represented in Scheme 4.2.

£BNH o+ xTim3x BN+3x TiN+3 2 TiB,+2xH,

Scheme 4.2. Process of synthesizing a BN/TiN/TiB, composite

4.2.3.1 Preparation of Samples

Titanium hydride powder was used as the titanium metal source. The borazine
monomer was synthesized using a modified version of Sneddon’s method."”"! For
the polymerization reaction, the synthesized borazine was heated up to 70 °C in a
pressure reaction vessel. Polymerization was continued with periodic H, degassing,
to obtain a viscous product.'®!

To prepare a typical precursor of the BN/TiN/TiB, ceramic, TiH, powder and
synthesized polyborazine were dispersed homogeneously in tetrahydrofuran as a
solvent. And the hybrid precursor was subjected to vacuum drying to evaporate
the THF. The highly viscous hybrid was cured at 70 °C until it became a black
solid. The ground powder obtained was placed at 400 °C for 2 h under 60 ksi.
The prepared pellet or powder was heated in inert gas at 500 — 1,300 °C over 6
h. To evaluate thermal properties of materials obtained, differential thermal
analysis and thermogravimetric analysis was performed in the range of 100 °C to
800 °C. Powder X-ray diffraction was used to study ceramic conversion during the

pyrolysis.

4.2.3.2 Characteristics of Preceramic Composites

Fig. 4.12 shows the thermal properties of the hybrid precursor cured at 100 °C.
The slight weight loss observed at up to 200 °C is due to the volatile low-
molecular weight fraction of polyborazine; approximately 8% of its weight was lost at
800 °C.*™ This ceramic yields over 90% and this is relatively high compared to
the 30% — 65% observed for other preceramic polymers. DTA curves show
endothermic peaks at around 450 — 500 °C and 550 — 600 °C that are due to
polythermic decomposition of TiH, to Ti over two steps.””!
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Fig. 4.12. TG-DTA curves for the mixture of TiH, and polyborazine

Fig. 4.13 shows the change in chemical composition during the pyrolysis of
the hybrid precursor. The precursor gradually converts to the ceramic composition
phase via an intermetallic phase upon increasing the treatment temperature. At
first, samples heated up to 500 °C displayed mixed patterns for TiH, and Ti,
indicating an intermediate state in which TiH, decomposed to Ti. When heated up
to 900 °C, all of the Ti was consumed to form a composite phase that was
composed of a main Ti,N phase, a minor amount of TiN and the slight presence of
TiB, in an amorphous BN matrix. At this point, Ti metal facilitates the transition
to TiN rather than TiB, because of similarity in the crystal structure. As the
composite phase was annealed at higher temperatures, the crystallinity of the TiN
and TiB, phases became significant with the appearance of well-developed X-ray
diffraction patterns, which means formation of the TiB, phase began only at
900 °C when using the TiH, reactant. This result clearly contrasts with that of the
solid state reaction between titanium metal and BN powder, which formed the
composite phase at 1,450 °C, and the wet chemical process between a polymeric
precursor and Ti metal at 1,200 °C.B74% On the other hand, the amorphous BN
phase that derived from the excess pyrolyzed polyborazine remained after reaction
with Ti metal, as indicated by a balanced chemical equation.

Here, a simple low-temperature route to the production of a BN/TiN/TiB,
composite phase was developed using a hybrid precursor, which indicates both
oxidatively stable TiH, and polyborazine (a BN precursor). Based on the XRD
results, the TiN and TiB, phases were formed only at 100 °C, and commenced at
900 °C as a gradual inter-diffusion reaction. When heated to 1,300 °C, elements Ti,
B and N displayed well-diffused chemical profiles that were similar to the
nanocomposite phase. In particular, it was interesting to observe the development
of a foam-like porous ceramic structure that presumably was caused by liberated
hydrogen.
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Fig. 4.13. XRD patterns of pyrolized TiH»/Polyborazine samples

4.2.4 Al-B-N Nanocomposite from Polyborazine and Al Metal

Hexagonal boron nitride (h-BN) and aluminum nitride (AIN) are two important
non-oxide ceramics whose synthesis and properties have been extensively studied.™"
h-BN is a well known non-oxide ceramic, which can be prepared by the thermal
decomposition of polymeric precursors such as polyborazine. It has high thermal
conductivity, a low thermal expansion coefficient (1.7x10~° mm/mm at 1,100 °C)
and an electrical insulator with wide band gap of 5.2 eV. Therefore, BN has been
studied for many possible applications such as in types of fiber, coatings and
composites.'” On the other hand, AIN also has good thermal conductivity and a
thermal expansion coefficient that matches silicon, low electric conductivity and
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unique optical properties.*'! Combined they offer the promise of improved facture
toughness and resistance to wear and erosion, by the incorporation of the soft
lubricating properties of BN with the hard and wear resistant AIN phase.!**!
Furthermore, the above properties suggest that a homogeneous mixture of BN and
AIN might be a strong candidate for use in electronic applications such as
electronic heat sinks and others.

These materials are usually prepared by conventional carbothermal reduction
and by solid state reaction between BN and AIN ceramics at high temperatures.'*’)
This section reports that the addition of active metal components into a preceramic
polymer provides an efficient route with feasible processibility to obtain the
homogeneous BN/AIN composite phase by a pyrolysis process using alternatively
low temperatures, as shown in Scheme 4.3.

BN H J+ 2 x Al 3x BN+3 1 AIN+3 v AIB, 20 H,

Scheme 4.3.  Process of synthesizing the homogeneous BN/AIN composite phase

4.2.4.1 Preparation of Samples

The synthesis of borazine as monomeric precursor and its polymerization to
produce soluble polyborazine, were performed as reported in our previous report."!
And 325 mesh of aluminum was added into ployborazine with a 2:1 or 1:1
molar ratio with tetrahydrofuran for the dispersion of aluminum powder under
sonication. Cross-linkage of polymer was performed on polymer at 70 °C for 3 h.
The polymeric mixture was further cured and dried at 100 °C for 1 h in inert gas
conditions. Pelletized specimens were prepared by gradual heating in a vacuum
press up to 400 °C at 20 ksi. The released mold pellet was pyrolized up to 1,400 °C
for 3 h in an inert gas atmosphere. Alternatively, polyborazine was mixed with
10% by weight of AICI; in tetrahydrofuran. This mixed sample was spun coated
on a silicon wafer, and pyrolyzed at 900 °C for 2 h in an inert gas atmosphere.

4.2.4.2 Characterization of Metal Preceramic Composite

Fig. 4.14 shows the thermal behavior of the various precursors. The DSC thermogram
of polyborazine shows broad endothermic peaks at 90 — 120 °C, which may
indicate the evaporation of low molecular weight volatiles. The TGA curve shows
most weight loss occurs up to the corresponding temperature.'® The exothermic
phenomenon in the temperature range of 160 — 200 °C is believed to indicate a
cross-linking reaction. An exotherm corresponding to a further condensation
rearrangement occurs at above 400 °C and involves a 5 wt% loss, which is due to
the transition of BN from the polymeric to the amorphous phase. It should be
pointed out that the ceramic yield of up to 83% for BN from borazine polymer is
very high compared to that of polymeric precursors for SiC and carbon.'**! The DTA
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curve of the Al mixed precursor displays a strong endotherm at 660 °C due to
melting of the Al metal. The diffused pattern of the thermogram below 400 °C was
partially attributed to a curing process at 100 °C prior to measurement. The
ceramic yield, of over 90%, is significantly higher due to the presence of the Al
metal filler. However, the AICl; mixtures showed a 60% weight loss in the
temperature range 100 °C to 300 °C caused either by the evaporation of AICI; or
its thermal decomposition into byproducts such as Cl,. On the other hand, lower
weight loss was promisingly observed by ultrasonic treatment of the metal
solutions. It should be noted that metal colloids have been previously synthesized
using a sonochemical process on metal salt solutions.*’!
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Fig. 4.14. TGA curves of (a) polyborazine, (b) Al metal/polyborazine (2:1 ratio) mixture,
(¢) AICls/polyborazine (2:1 ratio) mixture with sonication, (d) AICls/polyborazine (2:1 ratio)
mixture with no sonication, DTA curves of (¢) Al metal/polyborazine mixture, (f) AICl; as-mixed
precursor, and DSC curve of (g) polyborazine

Fig. 4.15 shows the SEM micrograph of a pellet and spin-coated specimens
prepared from Al/polyborazine and AlCls/polyborazine, respectively. The pellet
type specimens are of a relatively dense structure (2.6 g-cm ) and show no cracks.
However, more detailed observation demonstrated that the sample consisted of an
agglomerated structure of particles which were less than 1 um in diameter. In
particular, hollow spheres were found by cross sectioning the pellet. This indicated
that intimate contact between Al melt and pyrolyzed polyborazine must form the
AIN phase, preferentially at the surface of the Al melt bubble, while the unreacted
internal Al might then gradually evaporate at above 660 °C. Conversely, spin-
coated specimens displayed thin films with randomly dispersed needle shaped AIN
crystals on the substrate.
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Fig. 4.15. SEM image of a cross-section of (a) Al metal/polyborazine (2:1 ratio) pellet
pyrolyzed at 1400 °C, (b) the detailed observation of (a), and (c) spin-coated AlCls/polyborazine
(0.1:1 ratio) mixture pyrolyzed at 900 °C
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Fig. 4.16. XRD pattern of Al metal/polyborazine (2:1 ratio) mixture pyrolyzed at (a) 600 °C,
(b) 1000 °C, (c) 1200 °C and (d) 1400 °C

XRD patterns of the products obtained from Al powder mixed precursors are
shown in Fig. 4.16. Al metal began to react with the pyrolyzed polyborazine at
1,000 °C to form the AIN phase, while no reaction was observed at 600 oC 41461
This might indicate that the Al liquid above the melting point of 660 °C must
readily contact the pyrolytic intermediate phase converted from polyborazine to
form AIN only at the interface between the reactive phases. The formation
temperature is definitely lower than the 1,650 °C required by the carbon reduction
route, and comparable to that of the organometallic vapor-phase route, in which
AIBN layers were formed at 1,100 °C. As the specimens were annealed at higher
temperatures, Al metal converted into the crystalline AIN phase with a weak
turbostratic BN peak. At 1,400 °C, the Al peak pattern was no longer observed
with additional (100) and (101) AlB, peaks, which were observed at 35° and 45° (26),
respectively. The minor intensity of AlB, might be related to a half coefficient of
AIN at the balanced reaction equation, as suggested in the introduction. In the
phase diagram of Al-B, the AIB,, phase, which is thermodynamically stable over
980 °C, is converted to the AIB, phase on cooling.!*”! The amorphous peak at 16° (26)
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must be attributed to the glass slide as substrate. The spin-coated product obtained
from the pyrolysis of a polyborazine and AICl; mixture at 900 °C showed only
(002) and weak (100) reflections of the characteristic BN and AIN peak, respectively.
In addition, the XPS spectra of the Al/polyborazine pyrolyzed at 1,200 °C was
consistent with the above XRD results. The BN phase was evidenced by both the
strong peak binding energy at 190.5 eV of B 1s and the 398.0 eV of N 1s, and
similarly for AIN by the 73.5 eV of Al 2p, TiB, from the 188.3 eV of B 15.1*")

Fig. 4.17 shows EF-TEM images of Al/polyborazine derived ceramics at a
1,400 °C processing temperature. It is known that light elements such as boron
and nitrogen may be effectively detected by an energy filtering technique in TEM
analysis. Through elemental mapping, it was noticed that AI-B-N were commonly
distributed over the whole region to different extents. However, aluminum and
nitrogen were localized at identical regions, whereas boron was present in isolated
islands. This indicates that the Al melt readily infiltrated into the pyrolyzed
polyborazine matrix to form 300 nm AIN grains, and that the low level of oxygen
impurity from the aluminum was trapped at the boundary between the AIN grains
without any other oxide formation. In order to interpret the isolation of boron,
based on the phase diagram of AI-B, it is likely that the AIB;, as a high
temperature stable phase might partially remain even at room temperature, due to
phase conversion kinetics on cooling.*”’ However, the mechanism of boron
isolation remains unclear. On the basis of these preliminary investigations, the
reaction of polyborazine with Al sources offers a potential precursor for AIN/BN
ceramics prepared below 1,000 °C. There is a definite benefit in having a ceramic
composition pre-determined on a molecular level since this would ensure uniform
properties.

(b) (©)

Fig. 4.17. EF-TEM of Al metal/polyborazine (2:1 ratio) mixture pyrolyzed at 1400 °C: (a) nitrogen,
(b) aluminum and (c) boron

4.2.5 Al-Cr-Phosphates as Low Temperature Curable Binders

Phosphate materials have been used as binders in refractory ceramics for 60 years.
Phosphoric acid and aluminum phosphate are used the most because phosphate-
bonded refractory materials have good strength, high-temperature stability and
abrasion resistance.!*”! Furthermore, consolidation at low temperatures facilitates
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various processes under conditions that are generally applied to organic resins."*"!

It is well known that a curing reaction at low temperatures is caused by a
substitutional reaction of basic or neutral metal ions to hydrogen in phosphoric
acid to form an irregular structure.”! Recently, thermally insulating glass fiber/Al-
Cr-phosphate composites were prepared by a low temperature hardening process
under 200 °C on prepregs impregnated with an aqueous matrix solution which was
homogeneous mixture binders of aluminum phosphate and chromium phosphate
containing Al,O; and Cr,O; powders as a filler. Interestingly, the composites with
an amorphous matrix can achieve excellent rehydration resistance with a low
thermal conductivity only by curing at low temperature. It seems that properties of
the metal phosphates depend on the chemical compositions, curing temperature
and pressure, and various additives such as different types of fillers. Despite the
industrial importance of phosphate binders, their chemical nature has attracted
little interest. In this section, the hardening chemistry of an aluminum chromium
phosphate binder to form an amorphous phase at low temperatures was examined
using sophisticated instrumental analysis such as solid-state nuclear magnetic
resonance (NMR). As a preliminary step toward tailoring the process and properties
of composites, the effect of the chromium species as a component of the binder
and filler on the curing and crystallization behaviors was investigated.

4.2.5.1 Preparation of Samples

Highly viscous Al;Cr(H,PO4),—9 1, binder solutions were prepared by dissolving
Al(OH); and either CrO; in H;PO, using two mixing ratios, as shown in Table 4.2,
based on the stoichiometric ratio of the two metals and the phosphate.”” In a
typical reaction, AI(OH); was dissolved in aqueous phosphoric acid, which was
permitted to react at 80 °C for 20 min until it became optically clear. Subsequently,
CrO; was added to the solution, which was quickly dissolved by adding several
drops of methanol. The vigorous evolution of gas and foam was controlled by the
drop-wise addition of methanol.””*! The binders obtained are described as the ACP
binder, while the aluminum phosphate solution denoted as the AP binder was
prepared by dissolving Al(OH); in H3;PO,. The chromium phosphate binder, which
is denoted as the CP binder, was prepared by dissolving CrO; in H;PO, at a mole
ratio 1:3. The AP and CP binders were used as the reference specimens. The
binders were mixed with two kinds of fillers such as Al,0; and Cr,O; powders at a
ratio of binder:Al,0;:Cr,0; = 48:41:11 wt% by stirring at 80 °C for 30 min, which
is described as the matrix solution. The binder solutions were dried at 100 °C for
24 h. The specimens were cured in an autoclave below 300 °C under a pressure of
10 atm at a heating rate of 10 °C-h ™' then held at the desired temperature for 12 h.
During the cooling stage, the pressurized air containing water as a byproduct was
released to prevent rehydration. However, annealing over 300 °C was conducted
using a muffle furnace in air.
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Table 4.2 Mixing ratios of the reactants to prepare the binder solution (Adapted from Ref. 52.
Copyright (1995), with permission from the Springer)

Sample name Chemical formula Mixing ratio (mol%)
ACP-319 ALCr(H2PO4)o Al:Cr:H;PO, =3:1:9
ACP-3112 AlgCr(H2P04)]2 Al:Cr:H;PO4 =3:1:12

4.2.5.2 Characteristics of Specimens

Fig. 4.18 shows the IR spectrum for the chemical evolution of the binders heated
at various temperatures. Generally, several characteristic IR absorptions gradually
changed with higher heat-treatment. A broad absorption band in the range
1,100 — 1,400 cm ™' converted to a strong peak at 1,295 cm ' and was assigned to
the asymmetric stretch of the P=O group, and a weak 1,205 cm™ peak to the
symmetric stretch of the P=0O group. In addition, the band at 950 cm™', which was
assigned to the asymmetric stretch of the linear P-O-P chain, was slightly shifted
to 1,000 cm ™' with decreasing intensity of the hydroxyl group, P-OH, at 890 cm .
This was presumably due to a phase transformation from monoaluminum phosphate
(AI(H,PO,)3), to aluminum hydrogen phosphate hydrate (AIH,P;0,,2.5H,0).
Furthermore, the appearance of a 1,050 cm ™' band, which was assigned to the
asymmetric stretch of the P-O-P rings, suggests that the nature of the P-O-P
bond began to change from a linear structure at low temperatures to a small
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Fig. 4.18. IR spectrums of (a) AP binders and (b) ACP-319 binders at various temperatures
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metaphosphate Al(POs); ring structure even at 250 °C. This was confirmed by a
newly generated band at 800 cm™ that was assigned to the symmetric stretch of
P-O-P groups of the small metaphosphate ring.”* The IR spectrum of ACP-319 in
Fig. 4.18(b) showed basically a similar pattern to that of the AP binder, but with a
slower evolution rate. The spectrum of the ACP-319 binder treated at 500 °C is
nearly identical to that of the AP binder treated at 300 °C. Typically, the ACP-319
annealed at 300 °C does not evolve in chemical behavior to transform from a
linear P-O-P into cyclic phosphates, which was confirmed by the absence of the
1,050 cm™' band. In addition, the IR spectrum of the ACP-3112 binder was also
similar to those of the ACP-319, but with a slightly stronger intensity of hydroxyl
group at 890 cm ™' due to excess phosphoric acid.

Fig. 4.19 shows DTA and DSC curves of various binders and matrices
pretreated at 100 or 200 °C to evaluate the effect of the chemical composition and
fillers on the curing behavior. For the binders pretreated at 100 °C, the AP binder
shows a large endothermic peak at 250 °C due to dehydrolytic condensation, while
the CP binder shows an endotherm at 180 °C. For the ACP binders dried at 100 °C,
the ACP-3112 binder shows two large endothermic peaks at 170 °C and 250 °C,
which is similar in a simple mixture of the CP and AP binders. In contrast, the
ACP-319 binder shows a small endotherm at 170 °C. When fillers were added to
the binders, both the matrices displayed a single peak at 170 °C with a smaller
peak area. Furthermore, as the binders were pre-treated at 200 °C, the endotherm
became much weaker due to the dehydration that proceeded during pre-treatment.
In particular, the matrices pre-treated at 200 °C showed no peak due to completion
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Fig. 4.19. Curves of the various binders and matrices (pre-treated at 100 or 200 °C). (a) DTA;
(b) DSC
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of the curing reaction. This indicates that dehydrolytic condensation must be
promoted by the presence of filler or the Cr compound to form a consolidated
network. It is similar to the previous report in which the addition of Al,O;
increased the cross-link density between phosphate chains to result in high
aqueous durability.®" Tt is believed that the processing conditions would
significantly affect the overall physical properties of the products such as the
thermal stability, rehydration resistance and the material strength. Crystalline
structures tend to be rigid as a result of crystalline interlocking, while the lack of
residual forces in a well-ordered crystal leads to poor bonding characteristics.
However, amorphous structures may also possess three-dimensional continuity
that is more flexible and is more able to accommodate internal stresses and strains,
which is beneficial in composite applications.

Fig. 4.20 shows crystallization behavior of the various binders when heated
up to 1200 °C. From XRD analysis of the AP binders, it was observed that
monoaluminum phosphate Al(H,PO,); as JCPDS 44-0724 mainly transformed to
aluminum hydrogen phosphate AIH;(POy), at 200 °C. It undergoes a transition to
type B aluminum metaphosphate Al(POs); at 300 °C. The transition to type A
aluminum metaphosphate as JCPDS 13-0430 begins at 500 °C and is complete at
700 °C, which occurred 200 °C lower than the reported transition.”” It is known
that type B aluminum metaphosphate has a chain structure where the PO,
tetrahedra are linked together to form infinite (PO; ™ ), chains while the type A, as
a high temperature phase, has a ring structure. The XRD patterns of the ACP-319
binders show an identical crystalline structure with a slower evolution rate than
the AP binders. In contrast to the AP binders, significant crystallization does not
occur up to 500 °C but a small single peak at 21.6°. (20), corresponding to the
structural type of aluminum hydrogen phosphate, begins to form. It then starts to
transform to the type B aluminum metaphosphate at 700 °C and finally to the type
A aluminum metaphosphate, beginning at 1,000 °C. In comparison with the IR
results for the ACP-319 binder, it appears that the presence of Cr species may
greatly reduce the kinetics of crystallization compared to that of the AP binder,
although the ACP-319 binder microscopically developed the P-O-P ring type
structure for the metaphosphate even at 500 °C. Furthermore, when the relative
mole ratio of the Cr species in the AP binder increased, the evolution of the
crystalline phases at each annealing temperature became weak. Previous reports
showed that the formation of disordered structures is related to the cationic size in
phosphate systems. Larger metal cations formed regular structures with a high
coordination number. In contrast, smaller cations increased the degree of
randomness in polymers. Thus, it can be concluded that chromium addition, with a
relatively small cationic radius, increases the bonding power of the phosphate
binder that promotes dehydrolytic condensation and the formation of an
amorphous structure.
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Fig. 4.20. XRD patterns of (a) AP and (b) ACP-319 binders heated at various temperatures.
AAI(H2P04)3, QAIH;(PO4)2, *AI(PO}); (B) and OAl(PO});; (A)

Fig. 4.21 shows the *'P-MAS-NMR spectra of the AP and ACP-319 binders
treated at various temperatures. The AP solution without heat treatment shows
monomeric peak patterns in the range —20x107° — 0x10°, which is similar to that
observed in the ACP solution. As the reaction proceeds at higher temperatures, the
spectrum becomes complicated with peak patterns for the mixed phases over a
broad —50x10® — 0x10°® range since polymeric phosphates containing more than
one phosphate consisted of 3 type of units (end, middle, branch). Thus, the extent
of condensation increases as the structure changes from AI(H,PO,); to Al(PO;);
through to the AlH;(PO,), phase with the gradual formation of a cured network
with P branching having 3 functionalities. Therefore, the chemical shifts primarily
depend on the number of bridging oxygens linked to the P atom and on the
electrostatic field strength of the metal cation bonded to the non-bridging oxygens.
Eventually, at 700 °C a group of scattered peaks consistently converges to a single
peak at —50.6x107°, which corresponds to circular P-O-P metaphosphate. However,
ACP binders show a consistent single broad peak at each step, and similar pattern
of peak shift observed at AP binders with slightly different evolution, as shown in
the IR spectrum. The strong dipolar coupling with the unpaired electron of the
Cr’* paramagnetic species in the vicinity of the P nuclei thus causes a broadening
of the NMR signal. Moreover, at over 500°C a peak begins to split slightly with
crystallization as indicated by XRD. This should be investigated further to
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understand fully the relationship between properties and chemical structures in
various phosphate systems.
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Fig. 4.21. Liquid and solid state *'P-NMR of the (a) AP and (b) ACP-319 binders heated at
various temperatures

4.3 Applications of Preceramic Polymers

In this section, some application examples of preceramic polymers are introduced
to demonstrate their utility in structural ceramic materials as an alternative
preparative route compared with the conventional powder sintering process, such
as ceramic matrix composite and ceramic film.

4.3.1 Preparation of Carbon Fiber Reinforced BN Matrix Composite

Carbon fiber/carbon matrix (C/C) composites are attractive materials for use in
high-temperature applications requiring strength, light weight and toughness."*®!
However, their high temperature use in air is limited to about 425 °C. To prevent
cracks generating at temperatures up to 1,300 °C, thick CVD coatings of SiC are
currently used.”” Micro-cracks in such coatings may develop with thermal
cycling due to a mismatch of the thermal expansion coefficient. In this case,
micro-cracks can lead to severe failure since penetration of oxygen through the
crack will result in rapid oxidation of the C/C composite to CO and CO,. To defeat
these problems, adoption of the BN matrix composite makes it possible to increase
oxidation resistance from 425 °C to 850 °C."® If micro-cracks developed in the
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SiC coating, the BN matrix would oxidize to B,O;, which only begins to evaporate
at temperatures above 1,500 °C. According to the literature, it came to our
attention that several types of borazine oligomers had been prepared and
polymerized starting at relatively low temperatures and, on further heating to
1200 °C, produced a boron nitride-like material.’™' In this section, we report the
successful preparation of carbon fiber BN (C/BN) matrix composite using either a
one or two step impregnation. From preliminary tests, these composites display
outstan([16i]ng mechanical properties and excellent resistance to oxidation up to
850 °C.

4.3.1.1 Preparation of BN Precursor Oligomers

In the early 1960s, the reaction of borazine with itself to form a borazine like
polymer had been reported by several researchers and shown to form a BN-like
material.[®! Heating of borazine at relatively low reaction temperatures produces
intermediates that correspond to biphenyl and naphthalene, such as pyrolysis of
benzene. The reactions presumably continue on heating to 700 — 1,000 °C to form
polynclear, layered structures which resemble disordered carbon structures. This
kind of BN is known to be very sensitive to moisture and is typically characterized
by relatively large interlayer spacing larger than 3.5 A.Yl The reaction of borazine
was performed under viscous melt suitable for impregnating the carbon fiber layer.

In our study following this procedure developed by Sneddon, we deliberately
carried out the reaction of borazine with itself to produce a viscous melt suitable
for impregnating the carbon fiber layup. In Fig. 4.22 are shown the DSC and TGA
patterns for the conversion of borazine polymer into BN. The broad endothermic
peak at 60 — 120 °C may indicate the evaporation of low molecular weight
volatiles. The TGA shows a small weight loss up to the corresponding temperature.
The exotherm in the temperature range 160 — 270 °C is believed to be a crow
linking reaction involving a weight loss of 5%, followed by further condensation
above 400 °C.1*! It should be pointed out that the ceramic yield of up to 85% of
BN from borazine polymer is very high compared to those of other polymeric
precursors used to prepare Sic and carbon. From the elemental analyses in Table 4.3,
one can infer a partially branched-chain and cross-linked structure at reaction
temperatures of 70 and 300 °C, respectively.

Table 4.3 Effect of heat treatment on the structure of bulk BN and properties of composites

Heat treatment Interlayer spacing of bulk BN (A)  Density of composite (g-cm )
1200 °C (30 min) 3.50 1.4 (1.5-1.6)"

1200 °C (3 h) 3.56

1500 °C (20 h) 3.34

* The value of densified composites in parentheses
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Fig. 4.22. (a) DSC and (b) TGA patterns of borazine polymer

4.3.1.2 Fabrication of Composite

C/BN composites were prepared using PAN- or pitch-based carbon fibers. The
impregnated prepregs were gently heated at 40 — 70 °C for 2 d to solidify the
matrix through further polymerization, as shown in Fig. 4.23. At this point the
composite was heated up to 400 °C under pressure. Subsequent heating to 1200-
1,500 °C produced specimens with outstanding mechanical properties, even
though the average apparent density of the various specimens was about 1.4 g-cm ™.
These composites could be further densified to a density of 1.6 g-em™ by the
second impregnation. After 3 h at 1,200 °C the interlayer spacing is down to 3.36 A,
which is indicative of a BN structure which is stable against moisture. The very
high mechanical properties of all of the specimens suggested optimal bonding at
the interface. This is illustrated in Fig. 4.24, where a fracture surface shows good
bonding between the fiber and matrix. The borazine oligomer was found to easily
wet the fiber layups, permitting excellent infiltration into the interstices between
fibers.

It has been known that the flexural test is useful in simulating actual behavior
during service.'”! In these tests, with high ratio of span to thickness, failure
involved buckling of the fibers and fragmentation of the matrix on the
compressive side of the specimen and cracking along the neutral planes where the
shear stresses were highest, as seen in Fig. 4.25. The load deflection curves for
these tests are shown in Fig. 4.26. Those samples which were tested without a
second impregnation displayed a much tougher behavior consistent with porosity
in the structure."
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Fig. 4.23. Flow chart of process for making C/BN composite materials using borazine polymer

Fig. 4.24. SEM micrographs of a fractured surface. (a) Fracture surface of 60 wt% of PAN/BN
annealed at 1,200 °C for 3 h; (b) Fracture surface of 20 wt% of pitch/BN annealed at 1,200 °C

for 30 min
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Fig. 4.25. SEM image of fracture side view for 60 wt% of pitch/BN composite annealed at
1,200 °C for 3 h
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Fig. 4.26. Load-deflection curves from the three-point flexural test. (a) Densified 20 wt% of
pitch/BN; (b) 20 wt% of pitch/BN; (c) 60 wt% of pitch/BN; (d) 60 wt% of PAN/BN;
(e) densified 60 wt% of PAN/BN annealed at 1,200 °C for 3 h

In Fig. 4.27 is shown the dependence of the strength and modulus of these
composites on heat treatment. Surprisingly, heating the pitch-based carbon fiber
composites to 1,500 °C led to a further increase in mechanical properties, while
the composites based on PAN-based carbon fiber decreased with higher heat
treatment.'” This decrease with the PAN-based fiber may be caused by the
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elimination of nitrogen from the fiber. The strength of the composite based on
pitch was somewhat higher than predicted from the rule of mixtures, suggesting
some kind of beneficial role for the BN matrix. This is surprising considering the
large mismatch in the coefficient of thermal expansion between the anisotropic
fiber and the isotropic matrix.”” On the other hand, samples which were
reimpregnated to increase the density showed significantly improved flexural
strength, with a failure strain of 1%.
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Fig. 4.27. Dependence of (a) flexural strength and (b) modulus of 60 wt% of pitch/BN and
PAN/BN composites on heat treatment

One of the most exciting aspects of this study is that the boron nitride matrix
does indeed provide oxidative protection for the carbon fibers up to 850 °C. As
shown in Fig. 4.28, C/C composites begin to oxidize at 425 °C while the C/BN
composite begins to oxidize at 850 °C. C/BN composites were not completely
burned away even with isothermal oxidation at 1,000 °C for 20 min as shown in
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Fig. 4.29. It is somewhat surprising that in the C/BN case we do not observe an
initial weight increase at 850 °C consistent with conversion of BN to B,0O;. Rather
a rapid weight loss occurs suggesting that at these temperatures oxygen can
readily diffuse through the B,0; to react with the carbon fibers. This area requires
further study especially to evaluate the effect of Sic coatings.
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Fig. 4.28. Comparison of oxidation resistance among (a) pitch/BN, (b) PAN/BN composite
annealed at 1,200 °C for 3 h and (c¢) C/C composite
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Fig. 4.29. Surface of C/BN composite after isothermal oxidation at 1,000 °C for 20 min
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4.3.2 BN Film by Spin-Coating Process of a Polymeric Precursor

The interesting properties of BN are low density, high thermal conductivity,
strength and high chemical inertness even at very high temperatures.**”! CVD
processes are commonly used to produce BN films for buffer layering of multi-
layer ceramic packaging, semiconductor applications and fiber coatings. These
techniques in general involve high preparation costs owing to the relatively
expensive equipment and the time-consuming procedures.”>**! Recently, Chan et
al. reported a quick and simple route for producing reliable spin-coated BN films
(=~0.1 um) from polyborazine, although their study was limited to the feasibility
of BN film formation and its composition.'”! However, properties of BN films
obtained by the spin-coating method have not been subjected to a comparison with
those produced by gas-phase techniques. Furthermore, it is important that such a
comparison be made to establish the relative merits of the liquid-film-forming
process as a suitable technique for the preparation of BN films for their various
applications. In this section, thermal conductivities, hardness and dielectric
constants of spin-coated BN films prepared on Si, SiO,/Si, and Pt/Ti/SiO,/Si
substrates from a polyborazine precursor were characterized using the methods
detailed herein.

4.3.2.1 Preparation of Samples

Borazine (B;N3;Hg) used as a monomeric precursor, which provides the boron and
nitrogen sources for BN synthesis, was prepared by the reaction between NaBH,
and (NH,),SO, using Sneddon’s synthetic route.**’" Polyborazine films were
produced using a spin-coating technique on 1 inchx1 inch in substrates of Si(100),
Si covered with ca. 0.1 um thick layer of SiO,, and Pt/Ti/SiO,/Si. The substrates
were flooded with the solution and then spun at 2,500 r/min for 1 min using a
spinner. The spin-coating process used the deposition method previously reported
by Chan et al.!””! Samples were heated to 200 °C with a holding time of about 1 h
to minimize mass loss, and subsequently heated at a rate of 5 °C-min"' to the
operating temperature, which was in the range of 900 to 1,100 °C and maintained
for ca. 2 h before being allowed to cool slowly to room temperature.*” The
pyrolysis of polyborazine films was conducted under reduced pressure.

4.3.2.2 Characterization of Boron-Nitride Films

The film thickness measured after pyrolysis varied with polyborazine concentration
and polymerization time for the borazine. The coating solution could be adjusted
to obtain a desirable thickness as shown in Table 4.4. Therefore, the coating
solutions were diluted to 20 wt% — 30 wt% in THF using polyborazine reacted for
50 h. Films in the thickness range of 0.15 — 2.0 um were mainly crack-free, but
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those over 2 pm cracked because of shrinkage associated with pyrolysis. It should
be pointed out that films up to 2 mm thick were obtained by a single spin-coating
process while other liquid-film forming processes such as sol-gel only gave a
maximum thickness of ~0.1 pm. One other group recently reported that spin-
coated SiC films of about 1 pum thickness could be prepared from polycarbosilane
precursor."!

Table 4.4 Dependence of pyrolized BN film thickness on the polymerization period of
borazine at 70 °C and on the polyborazine concentration in THF

Polymerization period (h) Concentration in THF (wt%) Thickness (um)

Polyborazine >0 0.4
. 60 0.9
concentration: 65 12
N .
20wtk 70 23
10 0.15
Polymerization 20 0.4
period : 50 h 25 0.7
30 0.9

Fig. 4.30 shows the morphology of BN films pyrolyzed at 900 °C under
vacuum. The films on SiO,/Si or Si substrates showed smooth surfaces and dense
structures with no appreciable defects. Slight roughness of the film may be caused
by the more vigorous evaporation of volatile species, such as H, during the
pyrolysis. However, it turned out that the hydrogen was not completely removed
under the pyrolytic conditions, since N—H bonds with weak intensity were still
present in the FT-IR spectra. It has been reported that CVD films prepared from a
borazine precursor showed a stronger N—H intensity, depending on both deposition
temperature and film thickness.!”!

2913 28Ky X3

Fig. 4.30. SEM images of spin-coated BN films pyrolized at 900 °C on SiO,/Si substrate under
vacuum. (a) Cross section; (b) Surface morphology
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For measuring the depth concentration, a polyborazine spin-coated film
pyrolyzed at 900 °C (~0.4 um) on Si0,/Si substrate was examined by AES.
In Fig. 4.31, the AES analysis revealed that the composition of the analyzed film
was homogeneous with 0.75 N/B ratio which was similar to the RBS analysis
reported by Chan et al. (0.73 N/B ratio) and consistent with the compositional
results of RF magnetron sputtering and ion-beam-assisted deposition.!**”! In
addition, it appeared that a high oxygen level (25 wt%) in the BN film originated
from the diffusion of oxygen out of the SiO, buffer layer and high moisture
sensitivity at the polymeric stage of the precursor.’*! To characterize the
microstructure, a cross section of the prepared film was analyzed by high-
resolution transmission electron spectroscopy (HR-TEM).

In Fig. 4.32 of the interfacial region, SAD (selected area diffraction) is shown
with (002), (100), (101), (102), and (004) rings corresponding to the characteristic
pattern of turbostratic BN."") The film showed locally preferred but discontinuous
orientation in a direction parallel to the substrate surface, presumably because of
the high shear rate generated by the spin-coating process. This orientation trend
was due to the planar polyborazine with layers lying parallel to the planar
substrate. It is noteworthy that BN crystallized epitaxially to the carbon fiber
surfaces in the C/BN composite fabricated from the same polymer."”® It has also
been reported that the BN films prepared by gas-phase techniques mostly showed
similar fringes due to stacking and orientation effects of the lamella structure.””!
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Fig. 4.31. AES depth profile of 0.2 pm thick BN film vacuum-pyrolized on SiO,/Si substrate at
900 °C (Adapted from Ref. 69. Copyright (1996), with permission from the MRS)

The hardness and the elastic modulus of the films on the Si substrate were
measured by nanoindentation. The hardness and elastic modulus increased to
1.6 GPa and 50 GPa with increasing loading depths. It has been reported that the
film strength strongly depends on the composition of the BN film, with a
minimum hardness and modulus at ~0.7 N/B ratio.”””! The thermal conductivity
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of the boron-rich 4-BN film with 0.9 um thickness was also measured at 296.5 K.
The observed value was relatively low at 134 W-m ™"k as compared with 220
and 250 W-m k™' for highly oriented pyrolytic BN and mixed cubic and
hexagonal BN films prepared by CVD, respectively.”®! Dielectric properties of
the 0.3 and 0.9 pm-thick films, vacuum-pyrolyzed on a Pt/Ti/SiO,/Si substrate at
900 °C, were examined. The dielectric constant varied between 5 and 7 in the
range of 1x10° to 3x10° Hz and the loss factor (tan 6)) was typically between 0.01
and 0.47. The dielectric constant is seen to decrease with decreased film thickness,
which suggests the possibility of orientational effects. A similar phenomenon has
been previously reported where the dielectric constants were 2.9 — 3.3 in a
direction perpendicular to the basal planes of highly aligned BN and 5.0 — 5.2 in a
direction parallel to these planes.*”! From the results of our measurements, a
higher dielectric constant and a lower thermal conductivity could be due to the
discontinuous orientation of the nanocrystallized BN and, in addition, the
incomplete conversion to BN at 900 °C.

5.00nm

=

Fig. 4.32. High-resolution TE micrograph of interfacial BN film on SiO,/Si substrate vacuum-
pyrolyzed at 900 °C (Adapted from Ref. 75. Copyright (1994), with permission from the ACS
publications)

4.3.3 Fabrication of SiC-Based Ceramic Microstructures

A variety of synthetic approaches have been proposed for the development of
porous materials with a high surface area and a controlled pore size distribution
due to their many potential applications. There are many reports on the variety of
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porous carbon, oxides, sulfides and metals prepared from various hard and soft
templates. Moreover, porous ceramics with a different porous morphology and
size distribution have been fabricated via different routes, such as burning out a
polymeric sponge impregnated with a ceramic slurry, solid-state sintering, sol-gel
process, replica of a polymer foam by impregnation and gel casting methods."””!
Because of the low oxidation resistance of carbon and the poor hydrothermal
stability of porous silica materials, SiC with a high surface area has attracted
considerable attention as a support material in the catalysis. Therefore, several
attempts have been made to prepare various SiC macroporous and mesoporous
materials. In this section, the recent development of porous SiC materials from
templated preceramic polymers and the fabrication of small and complicated SiC
ceramic features using near net shape processing techniques such as soft lithography
will be explained.

4.3.3.1 Macroporous SiC-Based Ceramics

There have been many studies on macroporous structures using oxide and carbon
materials, but there are only a few on SiC for making macroporous structures. The
macroporous structure has the advantage of a lower pressure drop than that of a
mesoporous structure when used as a catalyst support. Table 4.5 shows the various
precursors and templates used to prepare macroporous SiC, SiCN ceramic
materials.®! According to Quin et al., a SiC-based macropore structure ‘wood
ceramic’ was prepared from carbonized wood powder and phenol resin via a direct
reaction with Si powder.® However, the wood ceramic product showed
disordered porosity with broad range of pore size distribution. Accordingly, the
sacrificial template method has been used in the manufacture of highly ordered
macroporous materials with a narrow pore size distribution. Firstly, homogeneous
colloidal silica spheres ranging in size from 112 to 700 nm, as shown in Fig. 4.33,
were gently precipitated to form a closed packed crystal template.* A low
molecular weight polymer precursor, polymethylsilane (PMS), was then infiltrated
into the sacrificial colloidal silica crystalline arrays, which were subsequently
etched with HF after pyrolysis in an argon atmosphere.*” Pore sizes of
approximately 84 — 658 nm and a BET surface of approximately 585 — 300 m*g™’
of the obtained porous products in proportion to the sizes of the sacrificial
templates were obtained. It is believed that the high surface area was due to the
interfacial area between the sphere and the infiltrated polymer as well as to
the formation of micropores at the ceramic wall during pyrolysis. In addition,
3-dimensionally ordered macroporous (3DOM) SiCN ceramics were prepared
using polysilazane and silica spheres, ranging in size from 112 to 650 nm.
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Table 4.5 Summarized characteristics of the macropores originating from different precursors
and templates (Adapted from Ref. 80. Copyright (2002), with permission from the RSC
Publishing)

Final Pore sizes and BET surface area
Precursor Template 2 1
product types (m™~g )
phenol resin, . 10 —30 um 3
Si Wood powder Sic Irregular channel
PMS Monolayered silica . 340 nm
PCS sphere Sic Ordered macropore 150172
(500 nm) P
PMS, macroporous carbon SiC 135 -896 nm 50.8-5.0
polysilazane (150 — 1,000 nm) SiCN Hollow spheres : ’
PMS, PCS .
: Alumina membrane . 200 nm
PMS&PCS 00 _ 400 nm) Sic Hollowed tube 339
hybrid
. Silica spheres . 98 — 578 nm
polysilazane (112 — 650 nm) SICN Ordered macropore 455.6-2503

PMS: polymethylsilane; PCS: polycarbosilane

Fig. 4.33. SEM images of a representative silica template and porous SiC with different
diameters. (a) 137 nm silica template; (b) 300 nm silica template; (c) Porous SiC from 192 nm
template; (d) Porous SiC from 700 nm silica template (Adapted from Ref. 80. Copyright (2002),
with permission from the RSC Publishing)
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This was followed by a thermal curing step, pyrolysis at 1,250 °C in a N, atmosphere,
and an identical etching process.”* Table 4.6 summarizes the comparative pore
characteristics using silica sphere templates with various sizes (112 — 500 nm) and
different types of preceramic polymers.

Table 4.6 Summarized pore characteristics of various ordered macroporous ceramics obtained
from silica sphere templates and different preceramic polymers

Precursor SiO; sphere BET Suzrfac;e area  Average pore size Pore \golulme
(nm) (m™-g ) (nm) (em™g )

112 584.6 4.9 0.68
SiC 300 387.1 49 0.35
500 362.3 2.8 0.26
112 455.6 4.5 0.31
SiCN 243 367.7 3.8 0.23
500 316.4 3.1 0.18
145 412.9 2.5 0.40
BCN 300 387.1 2.4 0.35
500 3153 4.9 0.27
145 220.5 2.5 0.14
SiBCN 300 211.7 3.9 0.12
500 203.2 5.0 0.11
SiC-MoSi, 500 2324 3-5 0.46

On the other hand, porous carbon was used as an alternative sacrificial
template to prepare a different type of macroporous SiC ceramic with a unique
morphology. A 3DOM carbon template was prepared by infiltrating sugar or
phenolic resin into a closed and packed silica sphere assembly, followed by an
oxidation or curing step and subsequent carbonization at 900 °C.""! The 3DOM
carbon, as a sacrificial template, was gently infiltrated by low molecular weight
preceramic polymers. In order to obtain the hollow nanosphere assembly, a
polymeric precursor diluted to 25 mass% in THF was used to induce polymer
adsorption on the inner wall of the carbon template during solvent evaporation.
The carbon-precursor composites were cured at 160 °C for 6 h, and then pyrolyzed
at 1,250 °C. Finally, the carbon was oxidized at 650 °C in air atmosphere to obtain
an interconnected SiC sphere assembly, as shown in Fig. 4.34(a). The TEM image
(Fig. 4.34(b)) clearly shows a regular ordered array of hollow spheres with dense
shells.®™ ™ Tt should be noted that a hollow nanosphere with an empty core and
inter-connections might have applications in capsules for drug delivery systems
(DDS), pigment stabilizers in paints, photonic materials, chemical and biological
sensors and catalysts."®! On the other hand, an ordered assembly of SiCN ceramic
spheres with filled cores was produced when low viscous polysilazane with no
dilution was inserted into a carbon template, as shown in the SEM and TEM
image in Fig. 4.34(c) and Fig. 4.34(d), respectively.™ The filled SiCN sphere
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nanostructures with diameters ranging from 142 to 944 nm were proportional to the
initial pore sizes of the sacrificial carbon templates used (approx. 150 — 1,000 nm).

(©) _ (d)

Fig. 4.34. Three representative SEM (a) and TEM (b) images of 500 nm and 135 nm hollow
SiC sphere assemblies, and SEM (c) and TEM (d) images of 613 nm and 142 nm filled SiCN
sphere assemblies, respectively (Adapted from Ref. 80c. Copyright (2005), with permission from
the AIP)

4.3.3.2 Mesoporous SiC-Based Ceramics

Since mesoporous silicates (M41S) were first discovered in the early 1990s, many
efforts have been devoted to producing various mesostructure materials including
mesoporous carbon CMK-i, oxides and metal. The use of a hard sacrificial template
for the replication of nanoscale structures using a direct-templating process has
sparked excellent contributions in this field. According to this strategy, some
disordered mesoporous SiC materials were originally prepared using gas-phase
infiltration techniques. For example, Ledoux et al. prepared high surface area SiC
by a reaction between SiO vapor and active charcoal at temperatures ranging from
1,200 to 1,500 °C, which is known as the shape-memory synthesis method.™!
Parmentier et al. synthesized mesoporous SiC with a surface area of 120 m*g™' via
a carbothermal reduction reaction between mesoporous MCM-48 silica with
pyrolytic carbon filled using chemical vapor infiltration (CVI) with propylene as
the carbon precursor at temperatures ranging from 1,250 to 1,450 °C.'*! Krawiec et
al. produced disordered mesoporous SiC with a high surface area (508 m*g™)
using a CVI process involving the introduction of a gaseous SiC precursor,
dimethyldichlorosilane, into nanoporous SBA-15 silica as summarized in Table 4.7.%¢!
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Table 4.7 Comparative summary of the reported mesoporous SiC products and corresponding
templates (Adapted from Ref. 86. Copyright (2004), with permission from the ACS Publications)

Template Structure SiC precursor Space group Sper (m™g ')
Active Charcoal Disordered SiO vapor, Carbon - ~100
MCM-48 Disordered C, SiO, - 120
SBA-15 Disordered DDS vapor - 508
Silica nanosphere Disordered AHPCS - 612
SBA-15 Ordered AHPCS Pomm 260
MCF Ordered AHPCS Unknown 250
SBA-15 Ordered PCS P6mm 720
KIT-6 Ordered PCS la3d 590

DDS: dimethyldichlorosilane; AHPCS: allylhydridopolycarbosilane; PCS: polycarbosilane

The first report on the production of mesoporous SiC using a preceramic
polymer showed a simple method, similar to that used to produce macroporous
SiC, involving the infiltration of low viscous allyhydridopolycarbosilane (AHPCS,
SP matrix) into a randomly packed silica colloidal sphere template with a diameter
of 20 — 30 nm. The disordered mesoporous SiC exhibited an amorphous foam-like SiC
with a high surface area of 612 m*g " and a total pore volume of 0.81 cm’g'.*” The
above mesoporous SiC showed no long-range order of porosity because the silica
nanosphere used could not be precipitated into a closed-packed mode as a result of
the strong electrostatic interactions between spheres. Because ordered mesoporous
carbon such as CMK-3 has been formed from the use of ordered mesoporous
silica templates, highly ordered mesoporous SiC materials were also prepared
using trimethylsilyated SBA-15 and mesocellular siliceous foam as sacrificial hard
templates. It is well known that SBA-15, which is prepared using triblock
copolymers as a structure directing agent, is a two-dimensional hexagonally
ordered mesoporous silica with channel-interconnecting micropores (6.5 nm)
within the wall.'®! Mesocellular siliceous foam was also composed of uniform
and large spherical cells (—~20 nm) and connecting windows."* The diluted
allylhydridopolycarbosilane was infiltrated into two types of surface modified
nanoporous silica templates. The silica templates were subsequently etched off
after pyrolysis at 1,000 °C in a nitrogen atmosphere to leave an ordered
mesoporous structure. Both synthesized mesoporous SiC materials had a high BET
surface area in the range of 250 — 260 m*g ' with a pore size of 3.4 — 3.6 nm. The
mesoporous SiC materials prepared from the two types of silica templates were
exact inverse replicas of their templates, as shown in Fig. 4.35."°"

A similar study was also carried out by Zhao’s group, as listed in Table 4.6.
Highly ordered mesoporous SiC ceramics were synthesized via a one-step
nanocasting process using commercial polycarbosilane as a precursor and
mesoporous silica materials, SBA-15 and KIT-6, as hard templates.”’! The
obtained mesoporous SiC ceramics with 12% excess of carbon were amorphous
below 1,200 °C, and were composed of randomly oriented f-SiC crystallites after
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being heated to 1,400 °C. These ordered mesoporous SiC ceramics had very high
BET specific surface areas up to 720 m*g ', large pore volumes (about 0.8 cm’-g™)
and a narrow pore-size distribution (2.0 — 3.7 nm). It is expected that these novel
techniques will be suitable for synthesizing many other types of ordered
mesoporous non-oxide ceramic materials with interesting pore topologies.

(a) (b)

20

(c)

Fig. 4.35. TEM images of the mesoporous SiC products and corresponding nanoporous silica
templates. (a) SBA-15 template; (b) SiC product from SBA-15; (c) MCF template; (d) SiC
product from MCF (Adapted from Ref. 90. Copyright (2006), with permission from the ACS
Publications)

It should be noted that the porous SiC products prepared from silica templates
had severe oxygen contamination as a result of oxygen diffusion at the interface
during the pyrolysis of the infiltrated preceramic polymers. The mesoporous SiC
obtained had a surface severely contaminated with SiC,O, impurities, which is
detrimental to high temperature applications. Therefore, it is desirable to use a
sacrificial template containing no oxygen, which can avoid the formation of
silicon oxycarbide species in the produced mesoporous SiC. In this context, it is
worthy of note that mesoporous BN with a specific surface area of 540 m>g ', a
mesoporous volume of 0.27 cm®g ', and a narrow pore size distribution (4.4 nm),
was obtained from tri(methylamino)borazine as a precursor using CMK-3
mesoporous carbon as a non-oxygen template.” The mesoporous carbon template
route appears to be a promising method for fabricating mesoporous ceramics from
polymeric precursors. BN and BCN nanostructures were alternatively prepared via
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a substitution reaction using carbon templates.*’!

4.3.3.3 SiC Nanotube Structure

Since the discovery of carbon nanotubes in 1991, there has been considerable
interest in fabricating one-dimensional tubular structures for their potential
applications as electric devices and sensors.!”” Recently, many types of organic
materials (peptide, polypyrrole) and inorganic materials (nitride, sulfide, oxide,
carbide) have been considered in the preparation of tubular structures.” Different
types of tubular SiC nanostructures were synthesized since Dai et al. first reported
the preparation of SiC nanotubes using a shape memory synthesis method.”®
Most preparation methods are based on a carbothermal reduction and/or chemical
vapor deposition, resulting in randomly dispersed nanotube structures. An alumina
(ALLO3;) membrane with a 200 nm diameter was used as a template for making SiC
arrays with a well-aligned tubular structure and a tailored diameter and wall
thickness. A polymethylsilane solution was infiltrated into the dried alumina
membrane at room temperature under a nitrogen atmosphere. After vacuum
evaporation, the infiltrated polymer was cured and the polymer was heated to
1,250 °C in an argon atmosphere. Fig. 4.36 shows SEM and TEM images of a
well-aligned array of SiC tubes with a uniform wall thickness of 35 nm. The SiC
nanotube had an electrical resistance of 6.9x10° to 4.85x10° Qm at temperatures
ranging from 20 to 300 K with a negative temperature dependence, which is
similar to a semiconductor-like behavior."**! In addition, Pt/Ru alloy nanoparticles
could be selectively deposited on the inner wall of the nanotube. This material
might be useful in the fields of heat-resistant nanodevices, fuel cells and
nanofluidic devices.

(a) (b)
Fig. 4.36. Image of 100 nm tubular SiC derived from PMS. (a) SEM; (b) TEM

4.3.3.4 Non-porous Ceramic Patterning via Soft Lithography

Most currently used MEMS devices in the silicon semiconductor industry are
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fabricated using photolithography coupled with surface machining, which is the
most common method for obtaining the micrometer sized surface features needed
for sensors and actuators. Recently, the use of preceramic polymers offers a
simple route for fabricating 2- or 3-dimensional ceramic microstructures using soft
lithography techniques. SiC ceramic line patterns on the micron scale were
fabricated using the MIMIC method, which involved filling PDMS channels that
had been formed by conformal contact of a low viscosity preceramic polymer to a
silicon wafer, followed by curing and pyrolysis at 800 °C.”” Moreover, fine
ceramic line patterns were also made by applying PDMS mold transfer techniques.
Fig. 4.37 shows SEM images of the dense SiC ceramic line patterns, which were
exact replicas of the CD and DVD relief structure as an economic master,
respectively.” This suggests that preceramic polymers have excellent patterning
processibility even on the nanoscale level by efficiently filling a narrow gap. This
preliminary study highlights the feasibility of developing high temperature
resistant nanoscale ceramic components, including MEMS, as well as NEMS

(nano electromechanical system).

(b)

Fig. 4.37. SEM images of the imprinted SiC ceramic precursor pyrolyzed at 800 °C in an argon
atmosphere. (a) SiC line pattern from CD master; (b) SiCN line pattern from DVD master
(Adapted from Ref. 98. Copyright (2006), with permission from the TTP)

R. Raj group reported a very meaningful achievement by preparing SiCN
ceramic MEMS devices using polyureamethylvinylsilazane as a precursor.””!
Even primitive types of high-temperature MEMS, i.e., electrostatic actuators,
pressure transducers and combustion chambers were developed mainly using
preceramic polymers that form SiCN ceramics by pyrolysis via a temperature or
radiation induced transformation of a processable liquid state to an infusible solid
state (cured polymer). This suggests that multi-layered ceramic MEMS can be
fabricated by adding and curing successive layers of liquid polymers on top of
each other using multi-level photopolymerization.

4.3.3.5 Porous SiC-Based Ceramic Channels for Microreactor

The previous section summarized the preparation of tailored, highly uniform SiC
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and SiCN porous structures by filling the void space in packed beds of silica
spheres with a low viscous preceramic polymer. However, these products are a
powdery type, which limits their utility in existing applications. Recently, we
reported that the integration of templated preceramic polymers into a new
fabrication technique such as soft lithography can produce useful products with
new architectures. For the fabrication of tailored porous SiC and SiCN
microchannels, as shown in Fig. 4.38, a PDMS mold was placed onto the flat
surface of a silicon wafer, forming open channels at both ends. A solution-
containing colloidal silica or polystyrene spheres was allowed to flow slowly into
the channels from one end via capillary forces. The void space between the
spheres was filled with the preceramic polymer through capillary action. After
curing the preceramic polymer, the colloidal polystyrene spheres were
decomposed during the early stages of the pyrolysis process, as shown in
Fig. 4.39.'! The inverted beaded SiC porous monoliths showed a crack-free
ceramic microchannel replica with 150 — 200 nm of interconnecting windows for the
Ium spheres used. The pore size could be tailored independently according to the
bead size, allowing for the easy integration of porous monoliths into a microreactor.
The SiC ceramic monoliths obtained were used in the decomposition of ammonia
after depositing a ruthenium catalyst via wet impregnation and calcinations. The
efficient conversion of NH; to H, with increasing reaction temperature demonstrated
its successful performance as a hydrogen reformer for fuel cells, as shown in Fig.
4.40. These novel porous materials show great promise for use in high temperature
micro-reactors, possibly for the on-demand reforming of higher hydrocarbons into

hydrogen for portable power sources.
PDMS mold

Si/Si0,
[

MIMIC process for l

packing of spheres

Infiltration and curing of 1

precursor polymer

Pyrolysis
(HF etching for SiO,sphere)

Fig. 4.38. Schematic diagram of the fabrication steps used to prepare microchannels
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Fig. 4.39. SEM micrographs of (a) SiCN microchannel replica and (b) its 3-dimensional
interconnected pore structure containing 1 um pores formed by pyrolysis (Adapted from
Ref. 100. Copyright (2005), with permission from Wiley)
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Fig. 4.40. Ammonia (NH;) conversion as a function of temperature for different flow rates
measured at different temperatures

4.4 Summary

In this chapter, various hybrid preceramic polymers were easily prepared to form
unique composite phases. Such ceramic composite phases can be excellent potential
candidates for high-temperature functional applications. At first, a soluble gel
polymeric precursor of SiCBN ceramic was synthesized using a hydroboration
reaction between borazine, a cyclic boron hydride, and organosilazane containing
vinyl groups, in THF solvent without a catalyst or byproducts. Crystalline
composite phases of SiC, Si;N, and BN were formed at 1,800 °C. A polymer
derived Si-C-B-N ceramic product obtained at 1,000 — 1,400 °C exhibited excellent
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oxidation resistance in air, and it was demonstrated in dense and smooth
ceramic films. Secondly, SiC/MoSi, composites were prepared from mixtures of
polymethylsilane (PMS) with Mo metal filler or MoCls at 5 — 15 wt%. Pelletized
specimens were formed by uniaxially pressing the Mo mixtures into a mold at
temperatures up to 400 °C and 20 ksi, while films were obtained by spin-coating
the MoCl;s mixture solution on an Si wafer. Both types of samples were pyrolyzed
at 900 — 1,400 °C to induce the transformation into the SiC/MoSi, composite
phase. It appeared that the formation of the composite phases was initiated by
reaction between excess Si, from the pyrolyzed polymer, and Mo metal or MoCls
at over 1,000 °C. The electrical conductivity of a pellet from the Mo mixture
exhibited 102 S-em™ with positive temperature dependence, which is about 1/50
that of a commercial heating element. Thirdly, the Al-B-N composite phase was
prepared by the pyrolysis of the mixed polyborazine, [B;N;H,],, with Al bulk
powder or AICl;. The mixtures were spin-coated or pelletized at 400 °C using a
uniaxial press, and then heat-treated to 1,400 °C in an inert atmosphere. It was
also shown that the AI-B-N nanocomposite phase homogeneously consisted of
AIN, BN and AlIB,, presumably containing AIB,,, at the nanoscale level when
annealed at 1400 °C. Fourthly, a TiN/TiB,/BN nanocomposite has been prepared
by pyrolyzing a hybrid precursor, which contained less oxidative titanium hydride
dispersed in a viscous polyborazine polymer as a BN precursor. The hybrid
precursor showed a step-wise pyrolytic conversion starting from the decomposition of
TiH, to pure Ti at 450 °C without vulnerable oxidation. This process was followed
by the formation of a non-oxide composite phase that was composed of Ti,N, TiN
and TiB, in amorphous BN at 900 °C; finally, crystalline TiN and TiB, phases
developed at 1,100 °C. When heated to 1,300 °C, the titanium-based phase
adopted the nanocomposite state by what appeared to be an interdiffusion-type
mechanism. Of particular interest is that a foam-like porous ceramic structure was
formed by the liberation of H, from TiH,.

For some example of the applications of preceramic polymers, the C/BN
composite was fabricated from polyborazine. Although C/C composites begin to
oxidize at 425 °C, the C/BN composite exhibits no initial weight increase even at
850 °C, indicating that the BN matrix does indeed provide oxidative protection for
the carbon fibers up to 850 °C. Alternatively, boron-rich BN films were prepared
from a spin-coating process using polyborazine precursor on Si substrates and
subsequent vacuum pyrolysis at 900 °C. The spin-coated films up to 2 pum thick
converted turbostratic BN characteristics with an N/B ratio of 0.75 and a locally
preferred orientation. It is important that such a comparison with the CVD process
for the preparation of BN films be made to establish the relative merits of the
liquid film-forming process for their varied applications. Finally, several ceramic
nano- and micro-structures with a high degree of order were also fabricated by
nanocasting of preceramic polymers into the sacrificial templates. Macroporous
and mesoporous SiC ceramic structures have been fabricated using various
templates including a packed silica sphere assembly, a porous carbon template,
nanoporous silica structures. In addition, SiC nanotubes were also obtained from
an alumina membrane as a template. These structures were generally produced by
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a series of infiltration, curing and pyrolysis, chemical or oxidative etching steps.
In particular, the porous channel monolith shows great promise for use in high
temperature micro-reactors such as a hydrogen reformer from ammonia.

As written in this chapter, ceramic composites originating from inorganic
polymers are promising candidates for use in the specialized chemical industry
with high mechanical strength and chemical inertness in harsh conditions. By
optimization of their synthesis route, curing and pyrolysis conditions, their
application will be expanded widely into the field of Lab-On-a-Chip.
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5.1 Introduction

The porous silicon (PSi) material, an electrochemical derivative of silicon, is a
natural nano-structured material that can be prepared easily without much
sophistication. The history of PSi research is quite remarkable. This material was
accidentally discovered by Ulhir at Bell Labs, USA, in 1956!"), followed by Turner
12l during a study on the electropolishing of silicon in hydrofluoric acid solution.
After the discovery, only a small amount of interest in the field developed as a
result of the poor understanding of the porous structure. In the 1970’s, it was
found that by thermal oxidation the porous structure could be easily transformed
into silicon dioxide and used as an isolation dielectric material.”*! Further
advances in electronic isolation technology by Japanese groups in the 1980°s led
to the development of full isolated porous oxidized silicon (FIPOS)"! and the
silicon-on-insulator (SOI)!* process.

It was not until 1990, when L. T. Canham first reported efficient, tunable,
room temperature luminescence in the visible range from PSi!”! that interest in the
field grew exponentially. From this point on, a large number of academic and
industrial researchers from all over the world began to study the PSi pore structure, !
light emission mechanism,"""!" surface chemistry,'*"*! and feasibility for
optoelectronic applications.!'*"!

The many favorable characteristics and the vast interest in PSi have given

H.-G. Woo et al., Advanced Functional Materials
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5] multilayer
[18-23]

[26]

rise to a variety of new applications, such as light-emitting devices,
structure,'®! solar energy conversion,'”! chemical and biological sensors,
drug delivery application,*" ultrasound generators,'*! microengineering,
astrophysics,””! signal processing,””®! and nuclear science.”” Due to these
multifunctional applications of PSi, recently it has been proposed that it can be
used as an educational vehicle for introducing nano-technology and
inter-disciplinary materials science by eminent scientists in the field."*"

5.2 Interferometric Sensors Based on Porous Silicon Nanomaterials

We know that porous silicon (PSi) material, an electrochemical derivative of
silicon, is a natural nano-structured material that can be prepared easily without
much sophistication. In this section, we mainly talk about interferometric sensors
based on porous silicon nanomaterials, including fabrication of porous silicon,
chemical sensing applications of porous silicon and biological sensing applications
of porous silicon.

5.2.1 Fabrication of Porous Silicon

Porous silicon can be produced in many different ways. In this part, we will
introduce seven topics dealing with the fabrication of porous silicon: the etching
mechanism, electrochemical etching setup, anodization parameters, properties of
porous silicon, stabilization of porous silicon, the multi-structure of porous silicon
and encoding of porous silicon.

5.2.1.1 Etching Mechanism

PSi can be produced in many different ways. The most common way is the anode
electrochemical etching of crystalline silicon in hydrofluoric acid solution.
Although there is still some discussion regarding the surface dissolution
mechanism, it is commonly agreed that holes are required for the dissolution
mechanism to begin. The required holes are present in p-type crystalline silicon,
but they need to be supplied for the dissolution process to be initiated in n-type
crystalline silicon. Illumination is the most common way of supplying holes.

In normal anodization conditions, the surface of crystalline silicon is inert
against hydrofluoric acid at low pH values. In 1991, Lehmann and Gosele"'!
proposed a reaction model of the dissolution chemistry for the formation of PSi.
This formation mechanism is illustrated in Fig. 5.1. This model is well accepted
and proposes that when silicon is under anodic bias and holes reach the surface,
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nucleophilic attack of the silicon-hydrogen bonds by fluorine ions occurs. This
attack gives rise to a silicon-fluorine bond as shown in step (a) of Fig. 5.1. Once
fluorine is attached, its large electronegativity polarizes the structure making it
possible for another fluorine ion to bond to the surface. During this process, an
electron is ejected into the electrode and hydrogen is released, as shown in step (b)
of Fig. 5.1. At this point, the large polarization of two silicon-fluorine bonds
lowers the electron density from the silicon-silicon bonds, making them weak and
vulnerable to be attacked by hydrofluoric acid and water, as shown in steps (¢) and
(d) of Fig. 5.1. This results in the removal of a silicon atom in the form of the
soluble ion SiFs> and leaves the remaining silicon atoms hydrogen terminated, as
shown in step (e) of Fig. 5.1.
The overall reaction can be expressed as Eq. (5.1).
H
28i+6HF+2h" — sli +H,SiF+2H +1/2H, (5.1)

VAR

Porous Si surface

[32]

The removal of the silicon atom creates an atomic size dip or irregularity in the
once atomically flat surface. The change in surface geometry concentrates the electric
field lines on the irregularity site. PSi pore formation and side-wall dissolution will be
inhibited by the depletion of holes. The depletion is caused by quantum confinement
of charge carriers that result from the small dimensions of the pore walls. The quantum
confinement increases the effective band-gap energy, making it more difficult for holes
to enter the silicon region between the etched pores. 1°!
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Fig. 5.1. Dissolution mechanism of crystalline silicon in hydrofluoric acid associated with the
formation of porous silicon. Steps (a) through (e) represent the sequence of steps in the
dissolution process (Redrawn from Ref. 31)
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5.2.1.2 Electrochemical Etching Setup

Fig. 5.2 shows a picture of experimental setup to produce PSi. The anodization
cell is made of Teflon, which is resistant to attack from the hydrofluoric acid
electrolyte. The aluminum foil serves as the anode and it is sandwiched between
the top and bottom parts of the Teflon cell. For a better contact, a platinum wire is
placed against the silicon wafer, where leads can be connected. The cathode is a
circular platinum wire that is submerged in the hydrofluoric acid electrolyte. The
cathode is held in place, three wing nuts hold the entire anodization cell together
during the electrochemical etching process. The hydrofluoric acid electrolyte is
placed inside the top part of the Teflon cell. Enough electrolyte must be present to
supply the required fluorine ions and to cover the platinum wire cathode. The top
part of the Teflon cell has a circular window of area 1.2 cm® which exposes the
silicon to hydrofluoric acid and forms the PSi. The entire electrochemical process
is carried out under constant current supplied by a computer controlled Keithley
2420 power sourcemeter.

Keithley 2420
source meter

Fig. 5.2. Experimental setup to produce porous silicon. Anodization is conducted under a
constant current with the hydrofluoric acid electrolyte in the top portion of the Teflon cell. The
aluminum foil serves as the anode and the platinum wire as the cathode

5.2.1.3 Anodization Parameters

In this section, we mainly describe three main anodization parameters: current
density, concentration of etching solution and anodization time.

5.2.1.3.1 Current Density

PSi is produced by the anodic etching of crystalline silicon under a constant
current density. By varying the anodization current density, some general trends
with respect to porosity and the etching rate for a fixed hydrofluoric acid
electrolyte concentration can be observed. As the current density increases, the
silicon dissolution rate increases, resulting in higher porosity and etching
rate. Fig. 5.3 shows linear dependence of PSi porosity and etching rate as a
function of current density.
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The size of pores formed during anodization is predominantly controlled by
the current density,””! with an increase in the pore size corresponding to an
increase in the current density. At low current densities, the pores are randomly
directed. When the current density gradually increased, the diameter of PSi pores
increased. Fig. 5.4 shows that surface images of etched PSi with different current
densities are measured by field emission-scanning electron microscope (FE-SEM,
Hitachi-48008).
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Fig. 5.3. PSi porosity (top) and etch-rate (bottom) dependence versus current density for p-type
crystalline silicon substrate anodized in 35% hydrofluoric acid concentration electrolyte

Fig. 5.4. Surface FE-SEM images of PSi with different current densities

5.2.1.3.2  Concentration of Etching Solution and Anodization Time

The composition of HF solution determines the etching process. In the anodization
of PSi, hydrofluoric acid with ethanol as an etchant solution is typically used.
When aqueous HF solutions are used in the formation of PSi, the hydrogen
bubbles evolved stick to the surface. To improve the surface uniformity in PSi, the
hydrogen bubbles must be removed. The ethanol solution ensures the uniformity
of the PSi by removing the hydrogen bubbles from the PSi surface and enables HF
penetration into the pores.

Concentration of the hydrofluoric acid and etching time determine the PSi
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porosity and thickness. For a given time, porosity is inversely proportional to the
HF concentration. ** Therefore, lowering the HF concentration increases the PSi
porosity. Since PSi thickness is related to HF concentration, an increase in the HF
concentration causes an increase in the PSi thickness, which in turn leads to a
reduction of the PSi porosity for a fixed time."*”!

As the etching time is varied, the thickness and porosity of the PSi layers
change. Fig. 5.5 shows the thickness of the PSi layer as a function of anodization
time!*! for a p-type substrate that is etched at a constant current density of 50 mA -cm
in a 35% hydrofluoric acid solution. Fig. 5.5 shows a linear relationship between the
etching time and the thickness of the PSi layer.

16 r T r T T r

Thickness (rm)
[ 1

0 50 100 150 200 250 300 350

Anodization time (s)

Fig. 5.5. Thickness of PSi with different anodization time for p-type crystalline silicon substrates
anodized at a fixed current density of 50 mA-cm * (Adapted from Ref. 36. Copyright (1995), with
permission from Springer-Verlag)

5.2.1.4 Properties of Porous Silicon

Some properties, such as porosity, refractive index, thickness, pore diameter,
multi-structures, and optical properties, strongly depend on the anodization
process parameters. These parameters include HF concentration, current density,
anodization time, and silicon wafer type and resistivity.

5.2.1.4.1 Substrate Properties

Silicon substrates are identified by properties such as dopant type (i.e., n-type or
p-type), substrate resistivity, dopant concentration, and substrate orientation.
During anodization, dopant of the silicon substrate plays a significant role. Since
holes (h") are the most important element in the chemical reaction leading to the
formation of PSi, the use of p-type wafer is the most popular. However, n-type
wafer can be used with external illumination.

Substrate resistivity determines the achievable thickness of PSi. For example,
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a very low resistivity wafer (<0.01 mQ-cm ) is capable of producing thicker PSi
compared to a wafer with a higher resistivity (>10 mQ-cm™) under the same
anodization conditions.

The morphology of the PSi can be grouped into four categories based on
doping concentration: p, p', p', n, n', and n"".¥ For p-type silicon wafer, the
pore diameters and interpore spacing are very small (20 — 100 A). As the dopant
concentration increases, the pore diameter and spacing increase slightly (100 —
1000 A). For n-type silicon, the pore diameters are considerably larger than those
of the p-type substrate. Substrate orientation is also important in the structure of the
PSi morphology. The main pore growth direction is essentially the same irrespective
of the substrate orientation, dopant concentration or anodization conditions."’>*

5.2.1.4.2 Porosity

The most important quantity, when characterizing a porous material, is the
porosity which is defined as the ratio of the empty pore volume to the total volume.

The porosity of a PSi can be calculated gravimetrically using Eq. (5.2). (391
. m - m’)
Porosity (%) =—— (5.2)
m, —m,

Where m; is the mass of the initial silicon wafer in grams, m, is the mass of the
silicon wafer after anodization in grams, and m; is the mass of the silicon wafer
after dissolution of the porous layer in grams. The dissolution of PSi is performed
using a 0.1 mol'L™ aqueous solution of sodium hydroxide (NaOH). This
gravimetric method is applicable in cases where the PSi layer is sufficiently thick
(> 5 pm). The difference in masses is larger than the amount of errors induced in
the measurements. However, when the PSi layer is thin (< 200 nm), the mass
difference is in the same order of magnitude as the error in measurements, and the
porosity value obtained is unreliable.

5.2.1.4.3 Thickness

The thickness of PSi can be determined using either non-destructive or destructive
techniques. One non-destructive technique is the use of an ellipsometer which
requires the extensive understanding of the refractive index. For the PSi samples,
the index is difficult to determine since the porosity varies vertically with depth.
There are two available destructive techniques that can be used with significant
ease. One determines the approximate PSi thickness using Eq. (5.3).
) M -M
Thickness= ———=
S-d

(5.3)

where M, is the mass of the original silicon wafer, A is the wafer with anodized
material removed, S is the area of the PSi sample, and d is the density of the
silicon substrate. The second and more accurate technique uses a field emission
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scanning electron microscope (FE-SEM) after scribing the PSi sample to visualize
a cross sectional view. This technique can resolve the thickness of PSi to a few
nanometers as well as provide additional information on the PSi morphology.

5.2.1.4.4 Refractive Index

The refractive index is one of the important properties of PSi. This property
controls the reflection and transmission of wave incident on the PSi-air interface.
There are many approximations that predict the refractive index of PSi based on
porosity.“**!! However, none of them covers the entire porosity range with the
same degree of high accuracy. The refractive index of PSi is calculated by using
the Bruggeman approximation as described in Eq. (5.4).

- .+ g .
porous silicon & air porous silicon
+(P =0 5.4
() e +2¢ >4

porous silicon air porous silicon

(] P) & silicon+ &
+2 ¢

silicon
where P is the porosity of porous silicon, &gjicon 1 the dielectric constant of silicon,
€air 18 the dielectric constant of air, and &porous siticon 1S the dielectric constant of
porous silicon.

5.2.1.4.5 Optical Properties and Bench Setup

The optical properties of PSi are discussed in a wide spectral range from the
infrared to the ultraviolet. PSi has two optical properties such as photoluminescence
(PL) for n-type with external illumination (300 W tungsten lamp) and optical
reflectivity (Fabry-Pérot fringe) for p-type, as shown in Fig. 5.6. The ability of PSi
to emit and reflect in visible range is the most attractive property of the material.
One explanation for the visible luminescence is based on the nanometer-size
crystalline structure for PSi.lP!#4!

The PL spectrum of PSi has been obtained with Ocean Optics LS-1 (blue
LED). The optical reflectivity spectrum of PSi showing Febry-Pérot fringe pattern
has been measured by using a tungsten-halogen lamp and an Ocean Optics S2000
charge-coupled detector (CCD) spectrometer fitted with a fiber optic input. The
reflected light collection end of the fiber optic is positioned at the focal plane of
the optical microscope, as described in Fig. 5.7.
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Fig. 5.6. Optical properties of porous silicon, photoluminescence (a) and reflectivity (b)
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Fig. 5.7. Optical bench setup for obtaining the optical properties of porous silicon

5.2.1.5 Stabilization of Porous Silicon

In order to stabilize porous silicon, freshly etched PSi should require another two
processes: oxidation and surface-derivatization.

5.2.1.5.1 Oxidation

Freshly etched PSi is covered by hydrogen atoms that are covalently attached to
the silicon surface. The attached hydrogen species are in the form of Si-H, Si-H,,
and Si-Hj and can be characterized by Fourier transform infrared spectroscopy
(FT-IR). The hydrogen covered surface provides a good electron passivation layer.
After the PSi is exposed to air, a slow oxidation of the surface takes place. Replacing
the hydrogen by oxygen (oxidation) is one of the most common ways to passivate
the electronic properties of PSi. Oxidation can occur by exposing the sample to air,
anodic oxidation in a non-fluoride electrolyte,'*® chemical oxidation,” or by
thermal oxidation."**" Thermal oxidation is the most commonly used because it
produces reproducible and controlled oxide layers of good quality. Thermal
oxidation is the method used to passivate or oxidize the PSi structure. Thermal
oxidation performed in a furnace at temperatures between 300 — 600 °C results in
the loss of hydrogen and the production of PSi with poor electronic properties.
The solution is to oxidize at higher temperatures resulting in better passivation,
but running the risk of converting the PSi structure into silicon dioxide (SiO»).
Fig. 5.8 shows an experimental setup for thermal oxidation and a comparison of
FT-IR spectra between freshly etched PSi and thermally oxidized PSi.



166 5 Chemical and Biological Sensors Based on Porous Silicon Nanomaterials

H H OH 0 OH
| | Oxidation |/ \ |
o S" S"'"'/«,,,S_ Heat 300-600°C oS 2\
-\ 1 S 3
Si A 3 .
Si S Si Si si S
(a)
6 T T T T T T
§(Si-H))
— Freshly etched PSi
5t | —— Thermally oxidized PSi E
4l v (Si+H,) 1
3 v (Si-0-Si)
e N i
s 3 I
2 /o
S I
< /N
) / Vv oY
5 (Si-H,)
| 'l
)\4 0, L I‘. ! /\JU

4000 3500 3000 2500 2000 1500 1000 500
(b)

Fig. 5.8. Chemical scheme for the thermal oxidation (a) and comparison of FT-IR spectra
between freshly etched PSi and thermally oxidized PSi (b) (Redrawn from Ref. 52)

5.2.1.5.2  Surface-Derivatization (Hydrosilylation)

The hydride-terminated surfaces in general offer many advantages, including their
excellent chemical homogeneity (>99% H termination) and strong FT-IR
stretching modes (—~2100 cm™') which can provide information as to surface
flatness and makeup. The use of the Si-H terminated surface for many applications
is precluded due to its propensity to oxidize, but it can be easily handled in air for
a few minutes to tens of minutes without measurable degradation. Rapid and
efficient preparation of Si-H hydride-terminated flat surfaces has been known for
over 10 years, 5

Hydrosilylation involves the insertion of an unsaturated bond onto a silicon-
hydride group. Alkene and alkyne hydrosilylation on Si-H-terminated surfaces
produce alkyl and alkenyl termination, respectively, as shown in Fig. 5.9. One of
the hydrosilylation methods is thermally induced hydrosilylation. Thermally
induced hydrosilylation of alkenes and alkynes has been applied to Si-H-terminated
PSi surface.”>*"! It is initially reported that refluxing PSi for 18 —20 h at 110 — 180 °C
in an aliphatic alkyne or alkene yields alkyl monolayers."” Further investigation
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of thermally induced hydrosilylation of 1-dodecene on PSi is examined, and
derivatized surfaces are characterized by FT-IR as shown in Fig. 5.9.

Another hydrosilylation method is photochemical hydrosilylation using UV
irradiation. UV irradiation can promote hydrosilylation of unsaturated compounds'*®!
due to homolytic cleavage of Si-H bonds. UV photoinduction, however, takes
place at room temperature and thus a way to avoid thermal input that can be
harmful to delicate or small features on a silicon chip.
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Fig. 5.9. Schematic hydrosilylation chemistry. Hydrosilylation involves the insertion of an
unsaturated bond, alkyne or alkene, into the Si-H bond, resulting in Si-C bond formation and

formation of alkenyl or alkyl groups, respectively (a) and comparison of FT-IR spectra between
freshly etched PSi and hydrosilylated PSi with 1-dodecene (b) (Redrawn from Ref. 59)
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5.2.1.6 Multi-Structures of Porous Silicon

First, we will introduce the theory of multilayer structures. Then, properties of
multilayer structures will also be described.

5.2.1.6.1 Theory of Multilayer Structures

The multilayer structures based on PSi open the door for a variety of new
applications. Some of the possible applications of these structures are in the areas
of interference filters,” Waveguides,[m] photodiodes,[éz] and microcavities.'*! For
all these applications, strict control over the reflectance and transmission properties
of the PSi multilayer is required.

The advantage of a dielectric multilayer structure is the multiple interference
light beams undergo when reflected at each interface. A qualitative representation
of this is described in Fig. 5.10, where interference from a single film is compared
to a multilayer structure. The light beam is reflected at each interface between
the two materials containing two different refractive indices. In a single layer
(neglecting the multiple reflections of light between interfaces) the reflected light
is composed of two reflectivity beams, one across the air-film interface and the
other across the film-substrate interface (Fig. 5.10(a)). In the case of the multilayer
structure, the reflected light is a combination of all the reflectivity beams at each
of the interfaces (Fig. 5.10(b), 5 reflected beams are observed). By simply
choosing the thickness and refractive index of each of the layers, it is possible to
control the constructive and destructive interference of the light across a
multilayer structure, which dictates its reflectivity spectrum.

Incident light beam 2 reflected Incidet 5 reflected
light beam light beam  light beam
Air
Single film
c-Si substrate c-Si substrate

(a) (b}

Fig. 5.10. Multiple interference of thin film structure. Representation of the reflection and
transmission of light by a single (a) and a multilayer structure (b)

5.2.1.6.2 Properties of Multilayer Structures

PSi multilayers consist of alternating layers of different refractive index. PSi
multilayer structures are easily manufactured using a periodic current density
square waveform for distributed Bragg reflectors (DBR)®™®! and sinusoidal
waveform for rugate!®"?! during the electrochemical etching process as described
in Fig. 5.11. The difference in porosity profile, corresponding to a variation in
current density, is attributed to a difference in refractive index.

DBR PSi exhibits a high reflectivity band with a Bragg wavelength Ap,g,
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depending on the thickness of the layers (d|, d>) and the corresponding refractive
indices (7, n,). The mth order of the Bragg peak is given in Eq. (5.5).

M Apragg = 2(dy 1y + da 1) (5.5)

Typical etch parameters for the DBR PSi structure involve using a periodic
square-wave current between low and high current densities.

Rugate PSi has been successfully prepared using a periodic galvanostatic
electrochemical etch of crystalline silicon by applying a sine wave current. The
applied current density is modulated with a pseudo sine wave to generate a
periodically varying porosity gradient. For the fabrication of rugate PSi, the
waveform used involves a sine component, which is represented in Eq. (5.6).

Y=A-sin(k) + B (5.6)

where Y represents a temporal sine wave of amplitude A4, frequency £, time ¢, and an
applied current density B. The position of the reflection band depends on the frequency.

Multistructured PSi, DBR or rugate, exhibit unique optical properties providing
the reflection of a specific wavelength in the optical reflectivity spectrum. This
reflective wavelength can be controlled by tuning of the many etching parameters
and can appear anywhere in the visible range. Fig. 5.12 shows a demonstration
for the fabrication of specific reflectors or filters in full color. Fig. 5.13
shows a cross-sectional SEM image of a PSi multilayer where the different layers
present alternating porosity (refractive index) layers. The two parameters that
govern the optical properties of the multilayers are the thickness and refractive
index of the alternating layers, so control over these properties is critical. Other
properties like interface roughness and depth homogeneity also affect the quality
of the multilayer structures.
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(a) (b)
Fig. 5.11. Schematic pictures of the formation of PSi multilayer structures. By pulsing between
two different current densities, two different porosity PSi layers can be formed (a) and
step-functions used to approximate the sinusoidal variation of the refractive index (b)
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Reflectivity (A1)

Number
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(b)

Fig. 5.12. Photo (a) and optical reflectivity spectra (b) of specific reflectors or filters anywhere in the
visible range. This reflective wavelength can be controlled by tuning many etching parameters

Alternating
porosity layers

¢-Si Substrate

10-100 3.0kV' 45 M GE (M)

PSi multilayer

Fig. 5.13. Cross-sectional SEM images of PSi multilayer where the different layers present
alternating porosity (refractive index) layers (Redrawn from Ref. 73-74)
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5.2.1.7 Encodings of Porous Silicon

One of the most unique features for multilayer PSi is that its reflective spectral band
is much narrower than the fluorescence spectrum obtained from an organic dye or
core-shell quantum dot. Thus, more spectral lines can be placed in a narrower
spectral window with the photonic structures. Rugate filters possess a sinusoidally
varying porosity gradient in the direction perpendicular to the plane of the filter. The
waveform used in the present work involves an individual sine component.

Strategies to encode multiple rugate structures have been investigated.
Multiple rugate structures can be etched on a silicon wafer and placed in the same
physical location, showing that many sharp spectral lines can be obtained in the
optical reflectivity spectrum. Two methods are used to generate multiple rugate
structures. First, a set of five sine components (Fig. 5.14(a)), combining each
individual sine component, was used to create multiple rugate structures
(Fig. 5.14(b)). Second, all of the individual sine components are added together to
create the composite waveform shown in Fig. 5.14(c).
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Fig. 5.14. Representation of the encoding method. (a) Five individual sine components; (b) A
set of five consecutive sine components; (c) A composite waveform sum of five individual sine
components (Redrawn from Ref. 75)
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Egs. (5.7) and (5.8), containing all the encoding information, can be converted
to an analog current-time waveform for etching by using a computer-controlled
digital galvanostat.

ycomp:(yl,y2, yn) (57)
Yeomp = A18in(ki?) + Aosin(kyt) + ... + A,sin(k,t) + B (5.8)

A waveform containing five separate frequency components was investigated.
The values of k; for each of the sine components varied from 0.16 to 0.24 Hz, with
a spacing of 0.02 Hz between each sine component. The values of 4; and B for
every sine component were 11.55 and 63.05 mA, respectively. The reflectivity
spectra of multiple rugate-structured PSi etched continuously with five separate
periodicities using a former method were obtained and displayed five peaks as
shown in Fig. 5.15 (a), but the rugate peaks were not placed in the same physical
locations. Multiple rugate structures were successfully generated by using Eq. (5.8)
and displayed five peaks as shown in Fig. 5.15 (b). The resulting rugate PSi film
exhibited a porosity depth profile that related directly to the current-time profile
used in the etching. Each of the main peaks in the optical reflectivity spectrum
corresponded to one of the sine components of the composite waveform,
indicating that the reflectivity spectrum represented the Fourier transform of the
composite current-time waveform.

(a)

Reflectivity (arb.units)

(b)

400 500 600 700 800 900
Wavelength (nm)
Fig. 5.15. Reflectivity spectra of multiple rugate porous silicon: (a) a set of five consecutive

sine components and (b) a composite waveform sum of five individual sine components
(Adapted from Ref. 75. Copyright (2007), with permission from the Korea Physical Society)

The reflectance spectra of five encoded PSi samples was obtained and showed
five-bit encoding. The spectra shown in Fig. 5.16 are divided into five regions, and
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the bit representation of each peak in the spectrum is superimposed over each peak.
In the latter case, both the wavelengths and the amplitudes of the spectral peaks
are controllable by changing the etching parameters and could be useful for
encoding information. A complete deletion of a peak, shown in Fig. 5.16, was
achieved and demonstrated the capability of this method for creating binary codes
while the wavelengths and relative amplitudes of the remaining peaks were fixed.
The presence or absence of a spectral line can be recognized as an on-state or an
off-state, respectively.
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Fig. 5.16. Reflectance spectra of encoded PSi samples (Adapted from Ref. 75. Copyright (2007),
with permission from the Korea physical Society)

5.2.2 Chemical Sensing Application of Porous Silicon

Porous silicon has wide applications in many areas. In this section, we only
introduce some applications in chemical sensing.

5.2.2.1 Detection of Chemical Nerve Agent Gases

The nerve agent mimics such as diethylchlorophosphate (DCP), triethylphosphate
(TEP), dimethylmethylphosphonate (DMMP), and diethylethylphosphonate (DEEP)
are among the most toxic substances and are thus commonly used as chemical warfare
agents (CWA) and pesticides. There is an urgent need for innovative analytical tools
for the detection of CWA due to the toxicity of these compounds. Rapid detection of
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sarin, soman, and nerve agents is currently of great interest. There are growing
concerns about their use as chemical weapons for terrorists or for use in war (in May
1995, terrorists released sarin gas in the Tokyo subway, killing 12 and injuring 5,500
persons). A G-type nerve agent is lethal depending on both concentration and exposure
time. The LCts, for sarin by inhalation of the vapor form is 100 milligrams of sarin per
cubic meter of air for one minute."”!

The main method currently used to detect nerve agents is based on a surface
acoustic wave (SAW) device.l”””® Other methods using enzymes,” single-walled
carbon nanotubes,®"! metal oxides,"*"! and organic polymers®* have been recently
reported. PSi is also an alternative method to detect chemical nerve agents. ™!
Photonic crystals of PSi have been a topic of interest because of their unique
properties, including surface area and convenient surface chemistry, as well as
their optical signal transduction capability. These properties have led to their use
in chemical and biological sensors,""”**"! biomaterials,® and optical devices.!*"!
Multi-structured rugate PSi has been recently investigated in terms of possible
applications.””*! DBR (distributed Bragg reflectors) PSi exhibits unique optical
properties providing the reflection of a specific wavelength in the optical
reflectivity spectrum. DBR structured porous silicon, having the photonic
structure of a Bragg filter, has been developed by applying a computer generated
square current density waveform.”” Electrochemical etching of single crystalline
silicon can easily control the pore morphology, thickness, and porosity by
appropriate adjustment of the preparation conditions.'””! Biological or chemical
molecules can be detected based on changes in the spectral interference pattern.'™”!
Photonic crystals containing rugate structure result in a mirror with high
reflectivity in a specific narrow spectral region and are prepared by applying a
computer-generated pseudo-sinusoidal current waveform. Rugate filters possess a
sinusoidally varying porosity gradient in the direction perpendicular to the plane
of the filter. Multiple rugate-structured PSi showing many sharp independent
reflection peaks has been also reported.”®

All nerve agent mimics such as DCP, DMMP, DEEP, and TEP are commercially
purchased from Sigma-Aldrich, Inc. and used without further purification. Optical
reflectivity spectra of a multi-structured PSi interferometer have been measured by
using a tungsten-halogen lamp, LED (4.;,=520, 590 nm), and laser (1e,,=530 nm)
and an Ocean Optics S2000 CCD spectrometer fitted with a fiber optic input. The
reflected light collection end of the fiber optic was positioned at the focal plane of
the optical microscope. SEM images have been obtained by a cold field emission
scanning electron microscope (FE-SEM).

DBR PSi samples were prepared by electrochemical etching of heavily doped
p ' -type silicon wafers (boron doped, polished on the <100> face, resistivity, 0.8 —
1.2 mQ-cm?). The etching solution consists of a 3:1 volume mixture of aqueous
48% hydrofluoric acid and absolute ethanol. Galvanostatic etching was carried out
in a teflone cell applying 20 cycles of a two-electrode configuration. DBR PSi has
been prepared by using a square wave current between 5 mA -cm > for 90 s and 50
mA-cm for 3 s for single reflectivity and 10 mA-cm ~ for 90 s and 100 mA-cm >
for 3 s for double reflectivity. Encoded rugate PSi samples having three photonic
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band gaps were also prepared by an identical process as described in procedure of
DBR PSi sample. However, in the case of encoded rugate PSi, a composite waveform,
the sum of three computer-generated pseudo-sinusoidal current waveforms varying
between 51.5 and 74.6 mA-cm > (100 s periodicity, 30 repeats) was applied as an
anodization current. Each sine component varied from 0.42 to 0.30 Hz, with a
spacing of 0.06 Hz between each sine component. The anodization current was
supplied by a Keithley 2,420 high-precision constant current source which was
controlled by a computer to allow the formation of PSi multilayers. To prevent the
photogeneration of carriers, the anodization was performed in the dark. After
formation, the samples were rinsed with absolute ethanol and dried with nitrogen gas.

Typical etch parameters for a DBR PSi structure involves using a periodic
square wave current between low and high current densities. The dissolution times
for a 1/4 layer of Bragg structures are typically from 5 s to 90 s. Its reflection band
has a narrow full-width at half maximum (FWHM) of 20 nm at 520 nm. DBR PSi
with two reflection peaks has been obtained, when the current densities of a single
DBR structure increase twice as shown in Fig. 5.17. The photonic feature of the
latter DBR PSi exhibits high reflectivities at both 560 and 717 nm. The first and
second reflection bands of DBR PSi have a FWHM of 15 and 20 nm, respectively.
DBR PSi samples are placed in an exposure chamber fitted with an optical window.

— DBRPSiin air
------- DBR PSi innerve agent vapor

Reflectivity (A.U.)
Reflectivity (A.U.)

400 500 600 700 800 900 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Fig. 5.17. Reflectivity spectra of DBR PSi samples. DBR PSi showing single or two reflection
peaks recorded for 30 s using the tungsten-halogen lamp as a light source. A red-shift of reflectivity for
single reflection DBR PSi, (1a) TEP , 25 nm, (1b) DMMP , 10 nm, (1c) DEEP, 10 nm and double
reflection DBR PSi, (2a) TEP, 13 nm for the first DBR peak and 18 nm for the second DBR
peak, (2b) DMMP : 22 nm and 32 nm, (2c) DEEP , 39 nm and 52 nm are observed (Adapted from
Ref. 73. Copyright (2008), with permission from the Korea physical Society)
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The samples are exposed to a flux of DMMP (partial pressure of 0.22 torr or
290x107°) in air with a flow rate of 5 L-min"'. Fig. 5.18 shows reflectivity spectra
of DBR PSi with one or two reflection bands, while exposing the detector to the
nerve agent vapors. Reflection spectra from DBR PSi, with one reflection peak for
the detection of the nerve agent, were recorded for 1 min under the exposure of
vapor of each analyte. 25 nm (la), 10 nm (1b), and 10 nm (lc) red-shift of
reflectivity were observed for the air-saturated vapor of TEP (135x10°°), DEEP
(135%x10°°), and DMMP, respectively. DBR PSi with two reflection peaks has been
also used and exposed to a flux of nerve agent vapors in identical conditions.
Reflection spectra from DBR PSi with two reflection bands have been recorded
for 30 s. Capillary condensation causes both reflection peaks to shift to longer
wavelengths by 13 nm for the first DBR peak (shorter wavelength) and 18 nm for
the second peak (longer wavelength) under the exposure TEP vapor. Red-shifts of
22nm and 32 nm for the detection of DMMP were observed for the first and
second DBR peaks in the reflectivity spectrum, respectively.

The reflectivity spectrum of triple rugate structured PSi shown in Fig. 5.18 (a)
displays three reflection peaks at 554, 632, and 745 nm, respectively. Each of the
main peaks in an optical reflectivity spectrum corresponds to one of the sine
components of the composite waveform, indicating that the reflectivity spectrum
represents the Fourier transform of the composite current-time waveform.
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Fig. 5.18. Optical reflectivity spectra of triple rugate-structured PSi in air (a) and under the
exposure nerve agent mimics (b) for 1 min (Modified from Ref. 99)

An effective refractive index of rugate PSi depends directly on porosity. An
electrochemical etching offers an opportunity to modulate the porosity in depth
and allows the fabrication of structures with any refractive index profile. When the
current is gradually modulated, a smooth index profile of rugate PSi can be
achieved. A triple rugate-structured PSi sample is placed in an exposure chamber
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fitted with an optical window. The sample is then exposed to a flux of nerve agent
such as DMMP, DCP, TEP, and DEEP in air with a flow rate of 5 L'min' as
shown in Fig. 5.19. When the PSi sample is exposed to analytes in the gas phase,
capillary condensation causes an increase in its effective refractive index by the
replacement of air to liquid of analyte. The positions of three reflection peaks are
monitored as a function of time after an analyte vapor is introduced. Diffusion and
capillary condensation effects determine the response, because the pressure of
analyte is constant.

DMMP

Reflectivity (A.U.)

DEEP

400 500 600 700 800 900 1000
Wavelength (nm)

Fig. 5.19. Optical reflectivity spectra of triple rugate-structured PSi in air (solid line) and under
the exposure of nerve agent mimics (dotted line) for 1 min (Adapted from Ref. 99. Copyright
(2008), with permission from ASP)

The surface and cross-sectional SEM images of PSi samples were obtained by
a cold field emission scanning electron microscope. FE-SEM images of DBR PSi
displaying single reflection peak (a) and double reflection peak (b) are shown in
Fig. 5.20.

The cross-sectional images of single and double DBR PSi shown illustrates
that the multilayer DBR PSi has a depth of a few microns. A repeating etching
process results in two distinct refractive indices. However, triply encoded
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rugate-structured PSi illustrates that it possesses a depth of 100 micron without
such a gradient porosity depth profile due to the composite current waveform as
shown in Fig. 5.20(c).

50um

(a) (b) (c)

Fig. 5.20. Surface and cross-sectional SEM images of single DBR PSi (a), double DBR PSi (b)
and triply encoded rugate-structured PSi (c)

Another DBR PSi sample was prepared using a periodic square wave current
between 5 mA-cm > for 100 s and 50 mA-cm ™ for 3 s to match the emission
wavelength of the LED (520 nm and 590 nm, FWHM = 15 nm) with its reflection
band at 520, 590 nm. When a LED was used as the incident light source instead of
the tungsten-halogen lamp, a dramatic decrease in the reflectivity, resulting from
the red-shift, was observed in the reflectivity spectrum. Fig. 5.21 shows
reflectivity spectra recorded every few seconds, in situ, while exposing DBR PSi
to nerve agent vapors. A dramatic decrease (75%) in reflection intensity can be
observed within 15 s for TEP (Fig. 5.21(a)).

In the case of DMMP, detection of DMMP vapors using laser (1.,=530 nm) as
a light source was much faster and greater due to the narrower FWHM compared
to LED light source by 2.5 times for 1 min as shown in Fig. 5.21(d).

DMMP is a stimulant for G-type nerve agents such as sarin. Vapor of sarin has
a lethality that is indicated by both concentration and exposure time. If a group of
people breathed a concentration of 100 mg of sarin per cubic meter of air for one
minute, this would be a lethal dose for 50% of a group. At 1 mg:m > = 0.17x10"°
for sarin, 100 mg'm™ is equal to 17x10°.*! This is shown in Fig. 5.22. The
detection limit (1.5%10°°) of DMMP using DBR PSi was 8.8 mg:m~ for 1 min
when a tungsten-halogen lamp was used as a light source. However, the detection
limit (150x10™) of DMMP could be increased by changing a LED and laser light
sources. This result indicates that the detection of nerve agent mimics using DBR
PSi exhibits a couple of hundreds times better detection limits compared with
single layer PSi (800x10°° of DFP for 5 min)!"” or rugate structured PSi (31x10°°
of DMMP for 1 min).*¥
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Reflectivity spectra of DBR PSi samples under a flux of TEP(a), DMMP (b), DEEP
(c) in air when a LED (4em=520, 590 nm) is used as a light source and DMMP (d) in air when a
laser (Aem=532 nm) is used as a light source (Modified from Ref. 74)
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Fig. 5.22. Plots for showing the detection limits of DMMP at 8.8 mg:m * (1.5x10 %) by using
DBR PSi when a tungsten-halogen lamp is used as a light source and at 0.88 mgm > (150x10 %)
by using DBR PSi when LED and laser are used as a light source (Adapted from Ref. 96.
Copyright (2007), with permission from the TTP)
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5.2.2.2 Detection of VOCs (Volatile Organic Compounds)

PSi is an ideal candidate for gas- or liquid-sensing applications, since it has a very
large specific surface area in the order of a few hundred m*-cm™, corresponding to
about thousand times the surface area of a polished silicon wafer. The direction of
pores and pore diameters depend on surface orientation, doping level and type,
temperature, the current density, and the composition of the etching solution. The
main techniques investigated to achieve signal transduction are capacitance,
resistance, photoluminescence, and reflectivity.

Typically, PSi prepared from p-type silicon wafer under dark conditions
exhibits well-defined Fabry-Perot interferometric fringes in the optical reflectivity
spectrum. Condensation of molecules in the pores can lead to a shift in the
Fabry-Perot interference fringes by modification of the refractive index of the PSi
films. Luminescent PSi samples can be usually prepared by a galvanostatic
photoetch of n-Si. PSi from n-type silicon has a high surface area network of Si
nano-crystallites produced by an electrochemical etch. The material consists of an
ensemble of interconnected nanometer-sized silicon crystallites, which can have
dimensions small enough to exhibit quantum confinement effects. Carriers generated
by UV excitation are confined in the silicon nanocrystallites. The gap of the bulk
silicon (1.1 eV) is then increased by the confinement energy and a visible red
photoluminescence is observed with an external quantum efficiency of up to 5%.
Organic vapors have been detected quantitatively by quenching of photoluminescence
of the quantum-confined Si crystallites in PSi. Since the photoluminescence from
PSi prepared from p-type silicon occurs in the near infrared region (above 700 nm),
the intensity of the visible light from porous Si is very weak for sensing purposes.

PSi samples displaying both strong photoluminescence in the visible region
and well-defined Fabry-Perot interferometric fringes in the optical reflectivity
spectrum were successfully prepared. It was demonstrated how PSi chips were
prepared and integrated in chemical sensors. Both photoluminescence and
reflectivity were reported to constitute efficient transduction modes for sensing
compounds in the gas phase: condensation of molecules in the pores led to a
quenching of the photoluminescence by energy or electron transfer and a shift in
the Fabry-Perot interference fringes by the change in the refractive index of PSi.

Optical reflectance and photoluminescence spectroscopy were used to investigate
the optical properties of PSi. Prepared PSi displayed well-resolved Fabry-Perot
fringes in the reflectometric interference spectrum. Photoluminescence spectra
were measured and collected at room temperature as shown in Fig. 5.23. The
maximum intensity of the emission spectrum was centered at 605 nm, with an
excitation wavelength of 380 nm.

The surface of PSi was characterized by FT-IR measurement as shown in Fig.
5.24. FT-IR spectra of fresh PSi displayed vibrational bands in the fingerprint
region of the spectra. Vibrations associated with the surface Si-H species of fresh
PSi were observed at v(Si-H) = 2,090, »(Si-H,) = 2,115, w(Si-H;) = 2,140, and
J(Si-H) = 908 cm', respectively. Thermal oxidation of the PSi resulted in the
appearance of the characteristic large and broad Si-O-Si vibrational band around
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1,100 cm ™ in the FT-IR. The oxidized PSi exhibited vibrational bands characteristic
of W(OSi-H) and v(Si-OH) vibrational modes observed at 2,265 and 3,700 cm™,
respectively.
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Fig. 5.23. Reflectivity and photoluminescence spectra of fresh PSi (Adapted from Ref. 110.
Copyright(1997), with permission from Elsevier)
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Fig. 5.24. FT-IR spectra of fresh PSi (b) and oxidized PSi (a) (Adapted from Ref. 119.
Copyright (2008), with permission from ASP)
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A plot for the relationship between the vapor pressure of analytes and quenching
photoluminescence (%) was obtained. Results from these studies indicated that
quenching photoluminescence depended on the vapor pressure of analytes, not on
the degree of hydrophilicity/hydrophobicity which was imparted to increase the
ability of chloroform to quench the photoluminescence from the material, even
though the PSi had a hydrophobic Si-H surface. Analyte, having higher vapor
pressure, exhibited the higher degree of quenching photoluminescence. The results
were summarized in Table 5.1.

Table 5.1 Change in reflectivity and quenching photoluminescence under the exposure of
different analytes (Adapted from Ref. 100. Copyright (2007), with permission from the Korean
Science & Technology Center)

Analytes Vapor pressure  Shift of reflectivity (nm) Quenching PL (%)
(mmHg) Fresh PSi Oxidized PSi Fresh PSi Oxidized PSi
Acetone 184.54 38 17 48 52
n-Hexane 121.26 9 15 20 24
Methanol 97.48 13 7 46 50
Toluene 1.86 10 3 11 6

Fig. 5.25 showed the 2D map obtained from Table 5.1. PSi sample was exposed
to each analyte three times. Each analyte was represented by a cluster of points.
The smaller the area of the clusters indicated the better the reproducibility, and the
larger the distance between different clusters indicated the better the discrimination.
These results demonstrated the potential of PSi sensors for artificial electronic
noise applications.

5.2.3 Biological Sensing Application of Porous Silicon

Porous silicon has wide applications in many areas. In this section, we only
introduce some applications in biological sensing.

The development of new technology, to build such a device on a nanometer is
of great interest, because it is too complex to fabricate using a conventional
lithographic method. Since the discovery of PSi''! it has been intensively
investigated for a variety of applications such as chemical™ and biological
sensors,'”!! medical diagnostics,!'"” optical band pass filters,!'”! micro chemical
reactors,'® and micro fuel cells!'"™ due to very high surface area as well as
unique photonic properties. In particular, optical devices based on multi-structured
PSi have been brought to the attention of scientists. Multilayer PSi, such as DBR
PSi or rugate PSi, exhibits unique optical properties providing a reflection band at
a specific wavelength in the optical reflectivity spectrum. The direction of pores
and pore diameters depend on surface orientation, doping level and type,
temperature, current density, and composition of the etching solution. For
applications in high throughput drug discovery and disease diagnostics, label-
free biosensors would be important due to the advantage of easy sample
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preparations."”*'"”l Two main optical transduction methods for label-free

biosensors were both optical interferometric methods based on interferometers,'**!
evanescent wave devices,'” and grating couplers,'” and surface Plasmon
methods based on metal films!'""! and colloids.""*! Biosensors based on a PSi
interferometer had a great advantage due to a large surface area matrix for
immobilization of a variety of biomolecules such as enzymes,""*! protein,!"'*! and
DNA fragments.!'"”!

60 %

50+ ot

X
.

o X
< 40f
=
2 300 -
E A
2 201 A
&

104

¥
0 . . . . ,
0 10 20 30 40 50
Shift of reflectivity (nm)
(a)

60r

50 *
= x X M .
< 40t
=
2 301
S
= A
5 20f AA
=4 X

10f x

% 10 20 30 40 30

Shift of reflectivity (nm)
(b)

Fig. 5.25. 2D map for four different analytes. (a) Oxidized PSi; (b) Fresh PSi (#: acetone;
A hexane; x: methanol; *: toluene) (Adapted from Ref. 100. Copyright (2007), with permission
from the Korean Science & Technology Center)

DBR PSi samples were prepared by an electrochemical etching of a heavily
doped p"'-type silicon wafer. The etching solution consisted of a 3:1 volume
mixture of aqueous 48% hydrofluoric acid and absolute ethanol. A galvanostatic
etching was carried out in a Teflon cell applying 30 cycles of a two-electrode
configuration and performed in a dark room. DBR PSi was prepared by using a
periodic pseudo-square wave current between 30 mA-cm~ for 11 s and 300 mA -cm ™
for 1.5 s. The resulting DBR PSi were removed from the silicon substrate by applying
an electropolishing current at 460 mA-cm ~ for 100 s in a solution of 48% aqueous
HF and ethanol (3:1 by volume) and 29 mA-cm? for 200 s in a solution of 48%
aqueous HF and ethanol (1:15 by volume) to obtain a free-standing DBR PSi film.
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The surface of a free-standing DBR PSi film was predominantly hydride-
terminated after the etching procedure. This surface was sensitive to oxidation and
hydrolysis upon exposure to aqueous solution. Thermally oxidized DBR PSi
samples were obtained by heat treatment in a furnace. Preparation of DBR smart
particles was accomplished by placing the oxidized DBR PSi films in ethanol in a
Schlenk flask under argon atmosphere. The free-standing DBR PSi films were
then made into particles by ultrasonic fracture in organic solution.

For the biotinylated DBR smart particles, biotin tetrafluorophenyl ester was
prepared by a previously known method.!""®! For surface derivatization of oxidized
DBR smart particles, dihydroxysilole was prepared by a previously described
method"'” and (3-aminopropyl)trimethoxysilane was chemically attached to the
surface of the oxidized DBR smart particles. Resulting DBR smart particles were
incubated in biotin tetrafluorophenyl ester.

FT-IR spectra were acquired with a Nicolet model 5700 FT-IR instrument in
the diffuse reflectance mode. The FT-IR sample compartment was purged with
nitrogen before each acquisition. The morphology of DBR smart particles was
observed with FE-SEM. Photoluminescence of silole/biotin-derivatized DBR
smart particles were measured by luminescence spectrometer, and interferometric
reflectance spectra were recorded. Spectra were recorded with a CCD detector in
the wavelength range of 400 — 1200 nm.

Multilayered DBR PSi prepared by applying a square current waveform
exhibits high reflectivity in a specific narrow spectral region. The reflectivity can
be tuned to appear anywhere in the visible to near-infrared spectral range,
depending on the programmed etched waveform. The electrochemical process
generates an optically uniform layer of PSi: the thickness and porosity of a given
layer is controlled by the current density, the duration of the etching cycle, and the
composition of the etchant solution. High current densities result in the desired
well-defined macropores (diameter, d > 50 nm), rather than the random orientation
of highly interconnected micropores (d < 2 nm). DBR PSi films have been
removed from the silicon wafer by applying an electropolishing current and then
ultrasonicated to create particles. Particles with sizes ranging from several
hundred nanometers to a few hundred micrometers were generated depending on
the duration of ultrasonication. Fig. 5.26 showed the SEM images of DBR PSi
particles (so called “smart particle”). The size of the DBR smart particle ranged
from 20 to 40 mm. The surface image of DBR smart particles indicated that the
pore size of the particle retained a good porosity without destruction of the porous
structure during ultrasonication. The prepared DBR smart particles had cylindrical
macropores with an average pore size of 100 nm, which could be suitable for the
detection of streptavidin and avidin due to their size of 54 A x 58 A x 48 A and 56 A x
50 A x 40 A, respectively.!''¥)

Fig. 5.27 described the process for chemical functionalization of DBR smart
particles with biotin terminated (3-aminopropyl)trimethoxysilane and dihydroxysilole.
The thermal oxidation of DBR smart particles at 300 °C for 3 h converted the
hydride-terminated surface into the hydroxyl terminated surface. Biotin terminated
(3-aminopropyl)trimethoxysilane and dihydroxysilole were used for the surface
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modification of oxidized DBR smart particles for the detection of streptavidin

Bl 2u
mwwur il

Fig. 5.26. Surface and three-dimensional images of DBR smart particle (Adapted from Ref.
119. Copyright (2008), with permission from ASP)
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Fig. 5.27. Schematic process for surface modification of DBR smart particles with biotin and
silole (Adapted from Ref. 119. Copyright (2008), with permission from ASP)



186 5 Chemical and Biological Sensors Based on Porous Silicon Nanomaterials

Fig. 5.28 showed that biotin/silole-derivatized DBR smart particles displayed
both photoluminescence (4, = 505 nm) with 360 nm of excitation wavelength and
reflectivity (Ay.x = 607 nm) under tungsten-halogen lamp. Photograph of samples
demonstrated that biotin/silole-derivatized DBR smart particles exhibited dual
optical properties.
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Fig. 5.28. (a) Optical reflectivity (dotted line) and photoluminescence (solid line) spectrum of
biotin/silole-derivatized DBR smart particles; (b) Photographs of biotin/silole-derivatized DBR

smart particles under white light (top) and black light (bottom) (Adapted from Ref. 119.
Copyright (2008), with permission from ASP)

Diffuse reflectance FT-IR spectroscopy was used to monitor the oxidation and
functionalization reaction of DBR smart particles sample. Fig. 5.29(a) showed that
the FT-IR spectrum of DBR smart particle immediately after an anodization of the
silicon wafer displayed a characteristic broad-band centered at 2,115 and 908 cm™
for the w(Si-H) stretching vibration and J(Si-H) bending vibration. After the
thermal oxidation of DBR smart particles, the presence of silicon oxide was
determined by FT-IR measurement as shown in Fig. 5.29(b). Thermal oxidation of
the DBR smart particles resulted in the appearance of the characteristic large and
broad Si-O-Si vibrational band around 1100 cm ' in the FT-IR. The oxidized DBR
smart particles exhibited vibrational bands characteristic of w(OSi-H) and
5(0Si-H) vibrational modes observed at 2,277 and 883 cm', respectively.
Thermal oxidation of DBR smart particles led to a decrease of the Si-H vibrational
band and the appearance of the OSi-H vibrational band. Condensation of the
Si-OH surface of DBR smart particles with (3-aminopropyl)trimethoxysilane
generated a surface-bound amino group. The FT-IR spectrum shown in Fig. 5.29(c)
displayed additional bands characteristic of the linker (the amide band of v(N-H)
broad-band centered at 3,300 cm ™' and d(N-H) at 1,579 cm' and the aliphatic
w(C-H) stretching bands at 2,858cm ™ and 2,954 cm™"). Surface derivatization led
to the complete disappearance of the OSi-H vibrational band. The subsequent
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reaction with biotin, as shown in Fig. 5.27, led to the desired biotin-functionalized
surface which was used in the streptavidin-binding studies (Fig. 5.29(d)). The
band at 1,685 cm ™ was assigned to the carbonyl stretching vibration of the biotin
head group.
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Fig. 5.29. Diffuse reflectance FT-IR spectra of: (a) a freshly etched DBR smart particle; (b) oxidized
DBR smart particle at 300 °C for 3 h; (c) functionalized DBR smart particle with (3-aminopropyl)
trimethoxysilane; (d) subsequent reaction of the surface with biotin (Adapted from Ref. 119.
Copyright (2008), with permission from ASP)

Fresh DBR PSi displayed a very sharp line at 624 nm with sidelobes around
the reflectance peak in the optical reflectivity spectrum as shown in Fig. 5.30. The
spectral bands of DBR smart particles had a full-width at half-maximum (FWHM)
of about 20 nm. The thermal oxidation of DBR PSi resulted in the reflectivity at
580 nm shifting to shorter wavelengths by 44 nm due to the decrease in the
refractive index of silicon dioxide from silicon. Condensation of the Si-OH
surface of DBR smart particles with (3-aminopropyl)trimethoxysilane generated a
surface-bound amino group. The amine-functionalized DBR smart particles
resulted in the reflectivity at 600 nm shifting to longer wavelengths by 20 nm due
to the increase in the refractive index upon introduction of the amine group into
the pores of DBR smart particles. The subsequent reaction with biotin led to the
desired biotin-funtionalized DBR smart particles which were used in the
streptavidin-binding studies. The biotin-functionalized DBR smart particles
resulted in the reflectivity at 610 nm shifting to longer wavelengths due to the
increase in the additional refractive index.

The surface functionalized DBR smart particles were placed in the flow cell.
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Aqueous phosphate buffer solution (PBS) was flushed to perform for an initial
measurement of reflectivity. The surface was rinsed thoroughly with PBS buffer
solution to ensure a covalent attachment to the surface and to check the stability of
the reflectivity measurement. The biotin-functionalized DBR smart particles in PBS
buffer solution resulted in the reflectivity at 665 nm shifting to longer wavelengths
by 55 nm due to the increase in the refractive index upon introduction of the PBS
buffer solution into the pores of DBR smart particles. The cell was then flushed with
a constant flow rate of 0.8 mL-min"' of PBS containing streptavidin (20 pmol-L ™),
which coupled to the biotin-modified DBR smart particles surface.

Fig. 5.30 showed the change in the reflection spectrum under the exposure of
streptavidin to the biotin-functionalized DBR smart particles. An increase in
the reflection wavelength in the reflectivity spectrum by 14 nm was observed,
indicative of a change in refractive indices induced by binding of the streptavidin
into the biotin-derivatized DBR smart particles. This increase was attributed to the
replacement of some of the aqueous phase with streptavidin. The replacement
changed the mean refractive indices of the DBR smart particles. They were
observed as an increase in the reflection wavelength in the reflectivity.
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Fig. 5.30. Optical reflectivity spectra of fresh, oxidized, surface-functionalized, and biotin
derivatized DBR smart particle (a) and sensing of streptavidin based on biotin derivatized DBR
smart particle in PBS (b) (Adapted from Ref. 119. Copyright (2008), with permission from ASP)

Fig. 5.31 also showed the change in the reflection spectrum under the exposure
of avidin to the biotin-functionalized rugate PSi chip. An increase in the reflection
wavelength in the reflectivity spectrum by 18 nm was observed, indicative of a
change in the refractive index induced by binding of the avidin into the
biotin-derivatized rugate PSi film.
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Fig. 5.31. Optical reflectivity spectra of biotin-functionalized rugate PSi sample before (solid)
and after (dashed) exposure of avidin (Modified from Ref. 120)

To determine the surface coverage of the immobilized aminosilane linker, the
functionalized surface was reduced by dithiothreitol (DTT) as shown in Eq. (5.9).
The released 2-thiopyridone was quantified by UV/vis spectroscopy (Am.x = 343 nm,
£=18.08x103 L-mol "-cm™)."*!) The number of receptor molecules in the case of a
silicon chip etched at 250 — 150 mA-cm * was in the range 300 nmol-cm >, which
corresponds to a surface coverage of 30% — 80% approximately. This calculation
is based on the following parameters, assuming cylindrical pores: pore radius, 10
nm, thickness of the porous layer, 90 um, porosity, 74%, area per molecule of the
biotin linker, 0.07 A% area of the chip, 1.2 cm?.
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—Q  OMe OH EDC_}~0, M\e/\NJK/\
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5.3 Summary

A PSi interferometer for the detection of chemical and biological molecules has
been developed. The versatile PSi has been prepared by electrochemical etching
through applied square current waveform for DBR, pseudo-sinusoidal current
waveform for rugate and a composite waveform summed multiple computer-
generated pseudo-sinusoidal current waveform for multi-encoded rugate PSi. The
manufactured PSi multilayer exhibits unique optical properties providing the
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reflection of a specific wavelength in the optical reflectivity spectrum. The
fabrication, optical characterization, and surface derivatization of PSi were
described. Various detection methods using multi-structured materials such as
DBR, rugate, and multi-encoded rugate PSi for sensing G-type nerve agent
mimics and VOCs have been developed. The detection methods involve the shift
of DBR or rugate peaks in reflectivity spectra under the exposure of vapors of
nerve agent simulants and VOCs. Rapid detections have been achieved in a few
seconds, in situ, and observed by the red-shift of the reflection peak resulting from
the increase in refractive indices in PSi. Real-time detection for the nerve gases
indicates that the measurement is reversible. The detection efficiency for nerve
agent mimics also increased when a light emitting diode (LED) and laser are used
as an incident light source. Detection of DMMP vapors using laser (A, =530 nm)
as a light source was much faster and greater due to the narrower FWHM
compared to LED light source by 2.5 times for 1 min. The detection limit (150x107%)
for DMMP vapors has been enhanced to be a couple of hundred times better than
previous detection limits. For the detection of the bio-molecule, the reflection
spectra of biotin-modified PSi were used in the avidin and streptavidin-binding
studies. When the PBS buffer solution containing avidin and streptavidin was
flushed into the biotin-functionalized PSi in the cell, a red-shift of reflectivity by 18
and 14 nm in the reflectivity spectrum was observed, respectively. This result
indicated the binding of the avidin and streptavidin into the biotin- derivatized PSi.
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6.1 Introduction

The fuel cell (FC) could be one of the most promising discoveries for solving the
fossil resources shortage and global environmental problems. FC is a pollution-free
and highly efficient energy production source that emits little harmful gas and
directly transforms a chemical reaction into electrical energy. In particular,
microbial fuel cells (MFCs) have provided new ways of utilizing renewable
energy sources. The microbial energy conversion technology with resort to MFCs
that convert the chemical energy stored in organic compounds to electrical energy,
achieved through the -catalytic reactions by microorganisms, has attracted
considerable interest among energy researchers.''*! The technology is based on the
electrochemically active microorganisms that grow by oxidizing the biodegradable
material to both CO, and protons while transferring the electrons to a solid
electrode.!

MEFC technology has not yet been applied to the practical treatment of waste
material primarily because it is an emerging technology and much time is still
needed for technical maturation. Another reason is that its process performance is
considered to be low when compared to its competitors (e.g., methanogenic
anaerobic digesters) because of considerable difficulty in constructing large-scale,
highly efficient MFC reactors.”) Pham et al. reviewed the advantages and
disadvantages of MFCs compared to the conventional anaerobic digestion
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technology for the production of biogas as renewable energy.™! As a way of
increasing the performance of MFCs, there has been considerable work on MFC
configurations, their physical and chemical operating conditions, the choice of
microorganisms and optimization of the microbial metabolism to increase electron
donation to the electrodes.!*""*!

In recent years, as a result of the rapid advances in MFC research, several
valuable reviews on MFCs have appeared in the literature. These include the
following: MFC designs, characterizations and performance,'® the recent advances
in MFC configurations and performances,'””’ the microbial metabolism and
parameters defining the performance of MFC,!"" electricity-producing bacterial
communities,!'”! the primary mechanism for electron transfer of electricigens
to electrodes,'® the characteristics of electrochemically active bacteria in a
mediator-less system,'”! microbial physiology and engineering approaches
regarding Benthic Unattended Generators (BUGs) for powering remote-sensoring
or monitoring devices,””” the inherent constraints of MFCs and suggestions for
MFC performance improvement,?"! the anodic electron transfer mechanisms in
electrochemically active bacteria,’”®' improved cathode reactions'™ and the
application of new electrode materials.*¥ This review article covers a critical
prospective on the recent advances in MFC with an emphasis on the performances
of MFC, materials, operational factors and applications of MFCs in the future.

6.2 Configurations and Designs of Microbial Fuel Cells

In recent years, as a result of the rapid advances in MFC research, several valuable
reviews on MFCs have appeared in the literature. In this section, we will introduce
one of these valuable reviews, MFC configurations and designs.

6.2.1 MFC Components

In order to increase the power output of MFCs, many research efforts have been
made to alter their designs to overcome the barriers to electron and proton
transport and to enhance the surface area and reactivity of the electrodes. The
essential physical components of MFCs are the anode, cathode and proton
exchange membrane (PEM), or more precisely a cation exchange membrane
(CEM), as shown in Fig. 6.1. This configuration is a typical two-chambered MFC
with an oxygen cathode. A single-chambered MFC eliminates the need for the
cathodic chamber by exposing the cathode directly to the air atmosphere. The use
of a PEM is optional. Electrochemically active bacteria in the anode chamber
oxidize the substrate and separate the electrons from protons. These electrons and
protons travel to the cathode, the former through an external circuit, and the latter
by diffusing through the electrolyte and a PEM. The protons and electrons
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subsequently combine at the cathode with oxygen, aided by a catalyst such as
platinum, to form water. The final electron acceptors are as diverse as oxygen,
ferricyanide, hydrogen peroxide and nitrate. The electrons retrieved from the
microbial oxidation of the substrate are transferred to the anode in diverse ways
such as by (1) direct electron transfer from the attached bacteria, (2) highly
conductive nanowires produced by specific bacteria as a long distance transfer,
and (3) an exogenous mediator or bacterial-origin mediator.

External load

Cathode
Substrate

0,

H,0

o PEM

Fig. 6.1. Schematic diagram of a typical two-chambered microbial fuel cell PEM: proton
exchange membrane; Mg.q: reduced mediator; Moy oxidized mediator

6.2.2 Two-Chambered MFCs

A number of configurations for MFCs have been developed, which are run in
batch, fed-bath, or continuous mode, having a variety of shapes. A two-chambered
configuration is a typical MFC, which consists of an anode and a cathode chamber
separated by a PEM such as Nafion'”?% or Ultrex?"** so as to create a potential
difference between them. The compartments can take various practical shapes.***%
The schematic diagrams of two-chambered MFCs are shown in Fig. 6.2. Organics
are injected into the anode chamber under anaerobic conditions, while oxygen is
supplied to the cathode chamber. Two-chambered MFCs are typically run in batch
mode often with a chemically defined medium such as glucose or acetate solution
to generate energy.
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Fig. 6.2. Schematic diagrams of a two-chambered MFC in cylindrical shape (a) and rectangular
shape (b)

6.2.3 Single-Chambered MFCs

MFCs are difficult to scale up, even though they can be operated in either batch or
continuous mode. Single-chambered MFCs are quite attractive for increasing the
power output because they can be run without artificial aeration in an open air
cathode system and can reduce the internal ohmic resistance by avoiding the use
of a catholyte as a result of combining two chambers. Very recently, Rabaey et al."*'!
designed a single-chambered MFC consisting of an anode using graphite granules
in a tubular anode chamber anode coupled with an outer cathode that is exposed
directly to the air as shown in Fig. 6.3. In the absence of a cathodic chamber,
catholyte is supplied to the cathode by dripping an electrolyte over the outer
woven graphite material to keep it from drying up. The use of sustainable,
open-air cathodes is critical to the practical implementation of such MFCs.

The membrane less configuration is the most significant advantage of
single-chambered MFCs. However, many single-chambered MFCs still use
Nafion as a physical separator, where Nafion is either hot-pressed directly onto the
cathode or works as a membrane electrode assembly.!"**?! In this case, the use of a
catholyte can be avoided but a Nafion membrane is still used normally. The
undesirable back diffusion of oxygen from the cathode to the anode and microbial
contamination of the cathode are the two major concerns with single-chambered
MFCs. A substantial increase in oxygen transfer into the anode chamber in the
absence of a PEM was reported.'!
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Effluent

Cathode

PEM

Granular anode

Influent

Fig. 6.3. Schematic diagram of a single-chambered MFC with outer cathode and inner anode
consisting of graphite granules (Adapted from Ref. 31. Copyright (2005), with permission from
ACS Publications)

6.2.4 Up-Flow Mode MFCs

Up-flow mode MFCs as shown in Fig. 6.4 are more suitable for wastewater
treatment because they are relatively easy to scale up. On the other hand, fluid
recirculation is used in this case. The energy cost of pumping fluid around is much
greater than its power output. Therefore, its primary function is not power
generation, but rather wastewater treatment. The MFC design in Fig. 6.4(a) offers
a low internal resistance of 4 Q because the anode and cathode are in close
proximity over a large PEM surface area.”®”! Jang et al. recently provided another
design (Fig. 6.4(b)) of a MFC working in continuous flow mode.””’ A Plexiglas
cylinder was partitioned into two sections by glass wool and glass bead layers.
These two sections served as anodic and cathodic chambers, respectively. The
disk-shaped graphite felt anode and cathode were placed at the bottom and at the
top of the reactor, respectively.
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Fig. 6.4. Schematic diagrams of an up-flow MFC with cylindrical shape (Adapted from Ref. 9.
Copyright (2004), with permission from Elsevier)

6.2.5 Stacked MFCs

The maximum theoretical power generated in an MFC can be calculated based on
the substrate and catholyte. For example, the open circuit voltage (OCV) for
acetate oxidation linked with oxygen utilization at the cathode is calculated to be
~1.1 V. However, a single MFC typically produces an OCV less than 0.8 V, and
a working voltage of ~0.5 V due to energy utilization by bacteria, electrode over
potentials and high internal resistance. In order to increase overall voltage, MFCs
can be stacked together (i.e., linked together in series) resulting in a nearly
additive increase in total voltage.’***! A stacked MFC is shown in Fig. 6.5 for
investigating performances of several MFCs connected in series and in parallel.
Enhanced voltage or current output can be attained by connecting several MFCs in
series or in parallel. Aelterman et al. found that 2.2 V (255 mA) could be
generated using a six-cell MFC stack with ferricyanide as the catholyte (no
mediator). While performance was sustained using continuous feeding, in some
tests at high current densities they observed cell charge reversal, whereby the
voltage in one cell abruptly reversed polarity.** The parallel-connected stack has
higher short circuit current than the series connected stack, implying that a higher
maximum bioelectrochemical reaction rate is allowed in the connection of MFCs
in parallel than in series.
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Fig. 6.5. Schematic diagram of stacked MFCs consisting of six individual units with granular
graphite anode

6.3 Electrode Materials and Catalysts

In this section, two subjects will be introduced, including electrode materials and
cathodic catalysts.

6.3.1 Electrode Materials

The MFC is currently considered to be a very popular and promising bio-source,
producing electrochemical power for directly recovering electrical energy from
carbohydrates as well as organics in wastewater."***”! However, the power output
of the MFC is too low for practical applications, which is mainly due to the
difficult electron transfer between bacterial cells and the extracellular electrode.***!
Therefore, a high-performance electrode material is most essential for practical
applications. In particular, the anode material and its structure can directly affect
the bacteria attachment, electron transfer and substrate oxidation. The specific
materials for each compartment used in MFCs can affect the power density and
coulombic efficiency (CE). The CE is defined as the ratio of total electrons
recovered as current to maximum possible electrons, if all substrate removal
produced current. Table 6.1 shows a summary of the basic components and
materials of MFCs. The materials for the anode electrode must be non-corrosive,
conducting, biocompatible and chemically stable in an electrolyte.*"!

To date, carbon materials such as carbon cloth and carbon paper are applied in
most MFC electrodes because of their good stability in the microbial inoculum
mixture, high conductivity and high specific surface area. Nonetheless, they have
little electrocatalytic activity for the electrode microbial reactions. Modification of
the carbon materials is the main approach for improving their performance. Many
attempts have been made to increase the anode performance by adapting chemical
and physical modification of electrode materials. Schorder et al. proposed a novel
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MFC concept using polyaniline-modified platinum as an anode, which boosted the
power output of the MFC to reach current density far above that described before."*”!
Although the power density is high, this MFC system requires improvements to
overcome the inherent drawbacks, such as the need for a potential-pulse operation
to maintain the catalytic activity of the anode.*”’ Recently, they investigated the
properties of tungsten carbide as an anodic electrocatalyst for MFC application.***!!
Qiao and co-workers reported the feasibility by using carbon nanotube/polyaniline
composite as anode material for MFCs.!*?)

Carbon nanotubes (CNTs) have emerged as new class nanomaterials because
of their unique structure, high conductivity and high surface-to-volume ratio.
Although such properties make them extremely attractive for fabricating
electrodes,*™*! CNTs have a cellular toxicity that could lead to proliferation
inhibition and death of cells."***”! Hence, they are not suitable for MFCs unless
modified to reduce the cellular toxicity. Recently, conducting polymer/CNTs
composites have received great attention because the incorporation of CNTs in
conducting polymers can lead to the production of new composite materials
possessing the properties of each component with a synergistic effect.!*®!

Table 6.1 Basic components and materials for MFCs

Components Materials Remarks References

Stainless steel mesh, Graphite, graphite felt,
Anode carbon paper, carbon-cloth, Pt, Pt black, Necessary 11,26,27,49
reticulated vitreous carbon

Graphite, graphite felt, carbon paper,

Cathode carbon-cloth, Pt, Pt black Necessary 6,18,50,51
Anodic- .

chamber Glass, polycarbonate, Plexiglas Necessary  6,18,50,51
Cathodic- . .

chamber Glass, polycarbonate, Plexiglas Optional 6,18,50,51

Proton exchange membrane: Nafion, Ultrex,

Ion exchange polyethylene.poly Necessary 28,29

membrane (styrene-co-divinylbenzene); salt bridge,
porcelain septum, or solely electrolyte
Electrode Pt, Pt black, MnO,, Fe3+, polyaniline, .
catalyst electron mediator immobilized on anode Optional 32,33

6.3.2 Cathodic Catalysts

Expensive catalysts, such as platinum, are generally used to reduce the high
overpotential for oxygen reduction in the cathode compartment.® Thus,
researchers have searched for alternative cheaper catalysts that are as efficient as
platinum in the MFC cathode reaction. The alternatives include ferric iron,***”!
manganese oxides,”® iron complexes”®” and cobalt complexes.">*"! Recently,
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noble metal-free catalysts, such as pyrolyzed iron phthalocyanine (FePc) or cobalt
tetramethoxyphenylporphyrin (CoTMPP), and even non-catalysts showing
comparable performance to a catalyzed cathode, have been applied with
successful current generation,! as summarized in Table 6.2. In single-chambered
MEFCs, the effects of cathode catalysts (platinum and CoTMPP) and polymer
binders (Nafion and polytetrafluoroethylene (PTFE), used for binding catalysts to
the carbon surface) on power density have been analyzed.* The results suggested
that the two catalysts showed similar performance; however, Nafion was superior
to the other binders. It was also shown that the amount of Pt loaded on the cathode
(from 0.1 to 2 mg-cm*) did not substantially affect power density,”” suggesting
that cathodes used in MFCs can contain minimal Pt, and that Pt can be replaced
with a non-precious metal catalyst, such as CoTMPP, with only slightly reduced
performance. In another study, Zhao et al. compared oxygen reduction-dependent
cathode currents with Pt, pyrolyzed iron( II) phthalocyanine (pyr-FePc), and
pyr-CoTMPP as catalysts,”” and also showed that the performance differences
were not large. However, it is likely that these conclusions may not be applicable
to more efficient MFCs not affected by other critical rate-limiting steps. For
example, Zhao and co-workers also suggested that the physical and chemical
environments (e.g., pH and ionic concentrations) severely affect the thermodynamics
and kinetics of cathode oxygen reduction.””

Table 6.2 Comparison of the power density and Coulombic efficiency obtained from MFCs
with different cathodic catalysts (Adapted from Ref. 53. Copyright (2007), with permission from
Elsevier)

Cathode Electron Electrode Power
. Catalyst sur-face CE (%) density Reference
material acceptor B 3
area (cm”) (W-m ")
Carbon paper None Air 11.3 NM * 0.064 14
Carbon paper Pt (0.5 mg-cm ) Air 11.3 63-78 0.312 14
Carbon cloth  CoTMPP (2 mg-em °) Air 30 NM*?®  13.88" 62
Carbon cloth  None Air 7 10-20 0'0932 52e
(Wm ")
Pt (0.5 mg-em %) + . 0.369
Carbon cloth CoTMPP(0.6 mg-om ) Air 7 79-163 (W-m ) 52e
Carbon cloth CoTMPP (0.5 mg-cm °) Air 7 19.7 0'4832 63e
(Wm 7)
FePc-KJB® . 0.53
Carbon cloth (0.5 mg-em 2) Air 7 28.29 (W-m 2) 63e
Carbon cloth Pt (1 mg-em %) Air 7 196 Ot 63e
¢ T(wm?)
Graphite foil ~ FePc (2 mg-cm ) Air 30 NM?®  1432° 62
Graphite foil Pyr-FePc ‘a mg-cm %) Air 60 NM* 9.20 57e
Graphite e Air 1260 65 21 53
granule

* NM: not mentioned; " Acidified catholyte (pH 3.3) was used; © FePc on Ketjenblack (KJB)
carbon; ¢ Pyrolyzed FePc;® Single-chambered MFC
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Another MFC cathode option would be a biocathode, in which microorganisms
catalyze cathodic reactions.”™® Biocathodes may have advantages over abiotic
cathodes. For example, (1) construction and operation costs may be reduced, since
costly catalysts (e.g., platinum) and mediators are not required and (2) denitrification
could be coupled with the cathode reaction.”®” Interestingly, aerobic bacteria can
also be used as cathode catalysts, so-called biocathodes. To date, several studies
have examined the utility of biocathodes in MFCs.?**"! Clauwaert et al. reported
the combination of the anode of an acetate-oxidizing tubular MFCwith an open-air
biocathode for electricity production.”! The biomineralization of manganese
oxide and its resolubilization at the cathode surface had taken place in a
biocathode chamber."*®!! Rhoads and co-workers have shown that biomineralized
manganese oxides, deposited by Leptothrix discophora, were electrochemically
reduced at the cathode, demonstrating that these oxides are superior to oxygen
when used as cathodic reactants in MFCs."*!

6.4 Performance of Microbial Fuel Cells

In order to know the performance of MFCs, we should know the key parameters
that define the performance of MFCs, and also should pay much attention to the
effects of conditions when operating MFCs.

6.4.1 Parameters Defining the Performance of MFCs

The performance of MFCs is affected by various operational parameters such as
substrate, electrode, PEM and electrolyte strength. The power output cannot reach
the theoretical value due to the overpotential related to ohmic, activation and
concentration losses. These losses can be reduced by optimizing the reactor
configuration, such as minimizing the electrode spacing, applying a high protons-
selective membrane, increasing the electrode surface area and improving catalyst
activity.***! Fig. 6.6 summarizes the potential losses that occur during electron
transfer in an MFC.

The substrate conversion rate: The ideal performance of an MFC could be
affected mainly by the electrochemical reactions that occur between the organic
substrate at a low potential such as glucose and the final electron acceptor with a
high potential, such as oxygen.!"”! Concentration polarization is a loss of potential
due to the inability to maintain the initial substrate concentration in the bulk fluid.
A good MFC bioreactor should minimize concentration polarization by enhancing
mass transfer. This depends on the amount of bacterial cells, the mixing and mass
transfer phenomena in the reactor, the bacterial kinetics (umax, the maximum
specific growth rate of the bacteria, and Ks, the bacterial affinity constant for the



6.4 Performance of Microbial Fuel Cells 205

substrate), the biomass organic loading rate (g substrate per g biomass present per
day),”**! the efficiency of the PEM for transporting protons and the potential over
the MFC."!

External load

Cathode

Anode

+0.84V
V {

-0.32V

Fig. 6.6. Various potential losses during electron transfer in an MFC. (1) Losses due to bacterial
electron transfer; (2) Losses due to electrolyte resistance; (3) Losses at the anode; (4) Losses at
the MFC resistance and membrane resistance losses; (5) Losses at the cathode; (6) Losses due to
electron acceptor reduction

Overpotentials at the anode: Parameters influencing the overpotentials are
the electrode surface, the electrochemical characteristics of the electrode, the
electrode potential and the kinetics, together with the mechanism of the electron
transfer and the current of the MFC. In order to achieve a better performance of
MFCs, the anode material should have a larger surface area with relatively fewer
activation losses."””! Carbon-based materials (e.g., carbon cloth or graphite felt) are
frequently used for anodes because of their stability in microbial culture media,
high electric conductivity and large surface area. In some cases, carbon-based
anodes modified with metals and/or metal oxides increased power production in
MFCs.

Overpotentials at the cathode: Cathodic overpotential caused by a lack of
dissolved-oxygen (DO) for the cathodic reaction confines the power density
output of some MFCs."* Similar to the losses observed at the anode, the cathode
exhibits significant potential losses. To remedy this, several researchers have used
hexacyanoferrate solutions.****! However, hexacyanoferrate is not completely
reoxidized by oxygen in the air, and should be considered as an electron acceptor
rather than a mediator.!”’ To be sustainable, MFC cathodes should be open-air
cathodes.!'**%%”!
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The proton exchange membrane performance: Although Nafione PEMs are
used in most MFC studies, Nafione PEMs are sensitive to biofouling (e.g., by
ammonium). The best result was obtained using an Ultrex PEM."" The ratio of
PEM surface area to system volume is important for the power output. The PEM
surface area has a large impact on maximum power output if the power output is
below a critical threshold. The MFC internal resistance decreases with increasing
PEM surface area over a relatively large range.!””

Internal resistance of the MFC: The internal resistance of the MFC depends
on both the resistance of the electrolyte between the electrodes and by the
membrane resistance (in fact, Nafione has the lowest resistance). The resistance to
the flow of ions in electrolytes and the electron flow between the electrodes cause
Ohmic losses. Dominant ohmic loss in electrolytes can be reduced by shortening
the distance between the two electrodes and by increasing the ionic conductivity
of the electrolytes.”"! PEMs produce a transmembrane potential difference that
also constitutes a major resistance. For optimal operation, anode and cathode need
to be together as close as possible.!”” Proton migration also significantly influences
resistance-related losses.!'!! Proper mixing could minimize these losses.

6.4.2 Effects of Conditions When Operating MFCs

The performance of an MFC is affected by many factors including microbe type,
fuel biomass type and concentration, electrode material, proton exchange system,
pH, DO concentration, ionic strength and reactor configuration.””! Table 6.3
summarizes the performance obtained from various studies. With a given MFC
system, the following operating parameters can be regulated to decrease the
polarizations, in order to enhance the performance of an MFC. Several studies
showed at least one order of magnitude difference in the power density, even in
cases of MFCs using a similar seed culture and substrate.

Table 6.3 Performances obtained from the various operating conditions of MFCs

MFC Operating Electron Electron CE Power

Configuration mode donor acceptor PEM (%) density® Ref.
¢ (2CODL ") P ° i

Two- Acetate . Nafion 5
chambered Fed-batch (0.056) Air 117 82 14 mW-m 73
Two-chamb Glucose . . Nafion 5
ered Fed-batch (1.92) Ferricyanide 117 81 31 mW'm 27
Two- . Glucose . Nafion 2 b
chambered Continuous (1.0) Air 117 14 220 mW-m 69
Two- Continuous Glucose Ferricyanide Ultrex 20 37Wm'’ 74¢

chambered (1.0)



6.4 Performance of Microbial Fuel Cells 207

(Continued)
MFC Operating Electron Electron CE Power
Configuration mode donor acceptor PEM (%) density® Ref.
g (gCODL ) P e Y

Two- . Acetate . . 3 c
chambered Continuous (1.61) Ferricyanide Ultrex 65 21 W'm 53
Two- Ethanol . Nafion 5
chambered Fed-batch (0.093) Air 117 61 40 mW-'m 32
Two- . Wastewater . . Nafion a 2
chambered Continuous (4316) Ferricyanide 117 NM* 1193 mWm -~ 75
Two- . Wastewater . Nafion a 2
chambered Continuous (4316) Air 117 NM" 823 mWm~ 75
Single- Glucose . Nafion 2
chambered Fed-batch (NM?) Air 117 28 262 mW-m 13
Single- Fed-batch OO A None 20  494mWm?> 13
chambered (NM%)
Single- . Wastewater , . Nafion 2
chambered Continuous 0.2) Air 117 12 26 mW-m 76
Single- Acetate . 2
chambered Fed-batch (0.76) Air None 31 506 mW-m 12
Single- Fed-batch  OMMOS Ay None 32  766mW-m> 77
chambered (0.54)
Single- Acetate . 5
chambered Fed-batch (0.95) Air None 61 1,970 mW-m ~ 78
Single- Ethanol . 2
chambered Fed-batch (0.47) Air None 10 488 mW'm 32
Single- Acetate . 2,400 q
chambered Fed-batch (0.95) Air None 60 W 79

. Sucrose Hexa- 3 c
Up-flow Continuous (0.57) Cyanoferrate Ultrex 51 29 W-m 58

* Not mentioned; ” Flat plate microbial fuel cell; © Granular graphite as the anode material; ¢ Graphite
fiber brush anode electrode was installed to obtain much higher surface area; “ mW-m 2 surface
power density unit; W-m ’: volume power density unit.

6.4.2.1 Effect of Electrode Material

In order to achieve a better performance of MFCs, the anode material should have
a larger surface area with relatively fewer activation losses.””! The level of current
generation is proportional to the electrode surface areas: a threefold higher current
was generated with graphite felt (200 cm” as geometric surface area) than with
graphite rods (65 cm?).*”! Using better performing electrode materials can
improve the performance of an MFC because different anode materials result in
different activation polarization losses. Pt and Pt black electrodes are superior to
graphite, graphite felt and carbon cloth electrodes for both anode and cathode
constructions, but their costs are much higher. Schroder et al. reported that a
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current of 2 — 4 mA could be achieved with platinumized carbon cloth anode in an
agitated anaerobic culture of E. coli using a standard glucose medium at 0.55
mmol-L™, while no microbially facilitated current flow is observed with the
unmodified carbon cloth with the same operating conditions.®” Pt also has a
higher catalytic activity with regard to oxygen than graphite materials. MFCs with Pt
or Pt-coated cathodes yielded higher power densities than those with graphite or
graphite felt cathodes.**'¥)

Modification of the anode with conductive polymers has also been conducted.
Among these polymers, polyaniline (PANI) has been used most frequently.
Schroder and co-workers reported that a platinum electrode covered with PANI
achieved a current density one order of magnitude higher than that of an untreated
electrode in an MFC inoculated with E. coli.”* Modified PANI polymers, such as
fluorinated PANL"™ PANI/carbon nanotube composite!*! and PANI/titanium
dioxide composite!®!! were employed to yield higher current densities.

Electrode modification is actively investigated by several research groups to
improve MFC performances. Park and Zeikus reported an increase of 100-fold in
current output by using neutral red (NR)-woven graphite and Mn(IV) graphite
anode compared to the woven graphite anode alone.”*! NR and Mn(IV) served
as mediators in their MFC reactors. Doping ions such as Fe(III) and/or Mn(IV) in
the cathode also facilitated the cathodic reactions, resulting in improved electricity
generation. A four times higher current can be achieved with the combination of
Mn(IV)-graphite anode and Fe’' graphite cathode compared to plain graphite
electrodes.***%! One drawback of using Pt or Pt black electrodes is that their
activities are reduced by the formation of a PtO layer at the electrode surface at
positive potentials. As another approach, a gold electrode was coated with a
self-assembled monolayer and used as an anode in an MFC inoculated with
Shewanella putrefaciens.* Currents produced with gold electrodes coated with
various alkanethiol SAMs were compared to those produced with glassy carbon
electrodes.® It was revealed that current production correlated to monolayer
molecular chain length and head-group, with certain head groups enhancing
electronic coupling to the bacteria. Recently, a graphite felt coated with a
polymer (polyethyleneimine) and a mediator (9,10-anthraquinone-2,6-disulfate)
was used as an anode in a Geobacter-inoculated MFC, and showed a current
density of 1.2 A-m 12

6.4.2.2 Effect of Proton Exchange Membrane

In MFCs, the efficiency of proton transfer from the anode to the cathode
significantly affects the power output. Electrons migrate to the cathode depending
on the potential gradient, while protons are transferred to the cathode by diffusion,
which is slower than the electron transfer. Thus, proton transfer is the rate-limiting
step and a major cause of internal resistance.'**"! In addition, although a PEM is
necessary for generating a potential gradient between the anode and the cathode
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chambers, it also acts as a proton transfer barrier.

Nafion (manufactured by DuPont, Wilmington, Delaware, USA) is the most
popular membrane because of its highly selective permeability of protons. Despite
many attempts by researchers to look for less expensive and more durable
substitutes, Nafion is still the best choice. However, the side effect of other cations
transport is unavoidable during the MFC operation even with Nafion. In a batch
accumulative system, for example, transportation of cation species other than
protons by Nafion dominates the charge balance between the anodic and cathodic
chambers because the concentrations of Na*, K, NH,", Ca®', and Mg’" are much
higher than the proton concentrations in the anolyte and catholyte.®! In this sense,
Nafion as well as other PEMs used in the MFCs are not necessarily proton-
specific membranes but actually cation-specific membranes.

The ratio of PEM surface area to system volume is also important because it
governs the internal resistance of an MFC as a consequence of mass transport (e.g.,
protons and ions) through the PEM. Oh and Logan reported that the power density
increases with increasing PEM surface area (45 mW-m 2 at 3.5 cm”, 68 mW-m~ at
6.2 cm?, and 190 mW-m 2 at 30.6 cm?).[’"

6.4.2.3 Effect of pH Buffer and Electrolyte

Proton-transfer efficiency counts on the type of PEM (or a similar membrane that
separates the anode and cathode), the type and concentration of buffer, and the
distance between the two electrodes.!”! Slow proton transfer also affects reaction
rates at the anode and cathode. The accumulation of protons may suppress
microbial activity related to organic oxidation at the anode,"™ while low proton
availability reduces the cathode reaction. Very recently, Torres and co-workers
investigated how proton transport inside a biofilm can limit electrical current
generation by anode-respiring bacteria.®! The researchers focused on the
mechanism of protons transfer, and revealed that they were mainly transported out
of the biofilm by protonating the conjugate base of the buffer system (e.g.,
phosphate and carbonate). If a buffer solution is not used in a working MFC, there
will be a clear pH difference between the anodic and cathodic chambers, though
theoretically there will be no pH shift when the reaction rate of protons, electrons
and oxygen at the cathode equals the production rate of protons at the anode.

The PEM is responsible for a transport barrier to the cross membrane diffusion
of the protons, and proton transport through the membrane is slower than its
production rate in the anode and its consumption rate in the cathode chambers at
the initial stage of MFC operation, thus brings a pH difference.!"’! However, the
pH difference increases the driving force of the proton diffusion from the anode to
the cathode chamber and finally a dynamic equilibrium forms. Gil and co-workers
found a pH difference of 4.1 (pH 9.5 at cathode and pH 5.4 in anode) after 5 h
operations with an initial pH of 7 without buffering. With the addition of a
phosphate buffer (pH 7.0), pH shifts at the cathode and anode were both less than
0.5 unit and the current output increased ca. 1 fold to 2 folds.""! The buffer
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treatment compensated the slow proton transport rate and improved the proton
availability for the cathodic reaction.

A decrease in pH in the anodic chamber due to proton accumulation during
substrate degradation and a corresponding increase in pH in the cathodic chamber
of prolonged-run MFCs is a common PEM-associated problem.***! Recently,
lower activation energy for oxygen reduction and enhanced power output was
suggested at a relatively lower pH of the catholyte.***"! Jang et al. found that the
current output increased by about one fold when an HCl solution was added to the
cathode."”’ This again confirms the fact that the proton availability to the cathode
is a limiting factor in electricity generation.

6.4.2.4 Operating Conditions in the Anodic Chamber

The electrochemically active bacteria on the anode in MFCs are widely referred to
as electricigens,!"® anodophilic bacteria'® and exoelectrogens,!"” based on their
capability for exocellular transfer electrons to the electrodes without resort to
exogenous mediators. They can completely oxidize organic compounds to carbon
dioxide with the electrode serving as the sole electron acceptor. Fuel biomass type,
concentration and feed rate are important factors that impact the performance of
an MFC. With a given microbe or microbial consortium, power density varies
greatly using different substrates. Table 6.4 shows the applications of some MFCs
operated using different microbes and substrates. Many systems have shown that
electricity generation is dependent on substrate concentration both in batch and
continuous-flow mode MFCs. Usually, a higher substrate concentration gives a
higher power output in a wide concentration range.

Electron transfer can occur either through membrane-associated components,
soluble electron shuttles generated by specific bacteria,™ or highly conductive
nanowires.® The mechanisms for electron transfer to the electrodes recently were
reviewed respectively by Lovley!" and Schroder?. The properties of well-known
electrochemically active bacteria, such as Shewanella putrefaciens, Geobacteraceae
sulfurreducens and Geobacter metallireducens are well described.5*+#>%7)

Park and Zeikus reported that a higher current level was attained with
increasing lactate (fuel) concentration up to a point in excess of 200 mmol-L ™" in a
single-compartment MFC inoculated with S. putrefaciens.” Moon et al.
investigated the effects of substrates concentration on the performance of an MFC."!
The study also demonstrated that the power density increased with the increase in
substrate concentration.'”! Gil and co-workers found that the current increased with
a wastewater concentration up to 50 mg-L™" in their MFC.""!l Interestingly, the
electricity generation in an MFC often peaks at a relatively low level of feed rate
before heading downward. This may be because a high feed rate promoted the
growth of fermentative bacteria faster than those of the electrochemically active
bacteria in a mixed culture.*?**")

[28]
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Table 6.4. Microbes and substrates used in MFCs

Microbes Substrate Application Reference
Actinobacillus Neutral red or thionin as electron
. Glucose . 426

succinogenes mediator
Aeromonas hydrophila Acetate Mediator-less MFC 90
Clostridium butyricum Starch Fermentative bacterium 80
Desulf()v'lbrlo Sucrose Sulphate/sulphide as mediator 91
desulfuricans
Erwinia dissolven Glucose Ferric chelate complex as mediators 92
Escherichia coli Glucose Methylene blue as mediator 39,91,93
Geobgc fer Acetate Mediator-less MFC 29
metallireducens
Geobacter .

Acetate Mediator-less MFC 86
sulfurreducens

HNQ, resazurin or thionine as

Gluconobacter oxydans Glucose ) 94
mediators

Klebsiella pneumoniae Glucose HINQ as mediator biomineralized 56
manganese as electron acceptor

Lactobacillus plantarum  Glucose Ferric chelate complex as mediators 92

Proteus mirabilis Glucose Thionin as mediator 3

) ) Pyocyanin and

Pscudf)mona.s Glucose phenazine-1-carboxamide as 88

aeruginosa .
mediators

thdoferax Glucose Mediator-less MFC 27

ferrireducens

. . Anthraquinone-2,6-disulfonate

Shewanella oneidensis Lactate (AQDS) as mediator 95

Shewanella putrefaciens ~ Lactate Mediator-less MFC 54,96

Streptococcus lactis Glucose Ferrl.c chelate complex as 92
mediators

6.4.2.5 Operating Conditions in the Cathodic Chamber

Reaction efficiency of a cathode depends on the concentration and species of the
oxidant (electron acceptor), proton availability, catalyst performance and electrode
structure. Oxygen is most commonly used as an electron acceptor in MFCs for the
cathodic reaction, since it is free from toxic end products. Power output of an
MFC greatly counts on the concentration level of electron acceptors. Several
studies indicated that DO was a major limiting factor when it remained below the
air-saturated level.""***! Surprisingly, a catholyte sparged with pure oxygen that
gave 38 mg-L™' DO did not further increase the power output compared to that of
the air-saturated water (at 7.9 mg-L™"' DO).'"**! The rate of oxygen diffusion
toward the anodic chamber goes up with the DO concentration. Thus, part of the
substrate is consumed directly by the oxygen instead of transferring the electrons
through the electrode and the circuit.*®
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The cathode reaction is inefficient when plain carbon or graphite is used as the
electrode.””!! Therefore, it is necessary to coat it with catalysts (e.g., platinum).
One study reported that a platinum modification resulted in a 3- to 4-fold higher
current than that with a plain graphite cathode.!®®! Furthermore, the critical oxygen
concentration (below which the catalytic reaction decreases) of the Pt-modified
cathode was much lower than that of the plain graphite cathode (2.0 mg-L ™" vs.
6.6 mg-L ™). This improvement is considered significant, since oxygen
diffusion in the cathode chamber can limit the cathode reaction.

Power density increased greatly using ferricyanide as the electron acceptor in
the cathodic chamber. So far, reported cases with very high power densities such
as 7200 mW-m~, 4310 mW-m > and 3600 mW-m > all used ferricyanide in the
cathodic chamber,'*****! while power density of less than 1,000 mW-m > was
reported in studies using DO regardless of the electrode material. This is likely
due to the greater mass transfer rate and lower activation energy for the cathodic
reaction offered by ferricyanide.'"! As a consequence, aeration is no longer
needed for single-chambered MFCs with a cathode that is directly exposed to air.

6.5 Metabolism in Microbial Fuel Cells

Theoretically, most microbes can potentially be used as a biocatalyst in MFC. The
microbes utilize organic compounds as energy and carbon sources. In order to
generate energy for growth, organics are decomposed and chemical energy is
released. In addition, high-energy electrons released from organics are transferred
to electron acceptors to conserve electrochemical energy produced through the
respiration process. In MFCs, electrons released from organics are initially
accepted by intercellular electron-shuttling compounds (e.g., nicotinamide adenine
dinucleotide (NAD)), and subsequently transferred to electron acceptors via
respiratory electron transport chains. If electrons released from organics can be
transferred from any step in the intercellular electron transfer pathway to an anode,
then microbial oxidation of organics can be coupled with electricity generation
(i.e., an MFC)."!" At high anodic potentials, bacteria can use the respiratory chain
in an oxidative metabolism. Electrons and, concomitantly, protons can be
transported through the NADH dehydrogenase, ubiquinone, coenzyme Q or
cytochrome.””” The use of this pathway was intensively investigated by Kim et al.!*"!
They observed that the generation of electrical current from an MFC was
prevented by various inhibitors in the respiratory chain. The electron transport
system in their MFC used NADH dehydrogenase, Fe/S (iron/sulphur) proteins and
quinones as electron carriers, but does not use site 2 of the electron transport chain
or the terminal oxidase. Processes using oxidative phosphorylation have regularly
been observed in MFCs, yielding high energy efficiencies of up to 65%."
Examples include Pseudomonas aeruginosa, Enterococcus faecium™' and
Rhodoferax ferrireducens”” An overview of different bacterial species and their
electron transport pathway is given in Table 6.5.
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Table 6.5. Bacterial species identified in microbial fuel cells and their possible metabolism and
pathway of electron transfer

Metabolic Transfer Examples of  Terminal bacterial ~Added redox
: Reference
type type organisms electron shuttle shuttle

Ox1datnfe M.embrane- Rho.dqferax Unknown 27
metabolism  driven ferrireducens
Oxidative Membrane- Geobacter 89 kDa c-type 36
Metabolism  driven sulfurreducens  cytochrome®
Oxidative Membrane- Aeromonas c-type 90
Metabolism  driven hydrophila cytochrome”
Oxidative Mediator- L .
Metabolism  driven Escherichia coli Hydrogenase Neutral red 98
Oxidative Mediator- Shewanella . a
Metabolism  driven putrefaciens Quinones 96,99
Oxidative Mediator-  Pseudomonas Pyocyap s

. . . phenazine 31
Metabolism  driven aeruginosa .

carboxamide

Oxidative Mediator-  Erwinia Fe(II.I) GYDTA

. . . Unknown (an iron 92
Metabolism  driven dissolvens

chelator)

Oxidative Mediator- Desulfovibrio g2 100
metabolism  driven desulfuricans
Ferment.atlve M.embrane- Clost;.’zdzum Cytochromes® 101
metabolism  driven butyricum
Fermentative Mediator-  Enferococcus .

. . . Unknown Pyocyanin 31
metabolism  driven faecium
* Putative

The microbes transfer electrons to the electrode through an electron transport
system that either consists of a series of components in the bacterial extracellular
matrix or together with electron shuttles dissolved in the bulk solution. Geobacter
belongs to dissimilatory metal-reducing microorganisms, which produce
biologically useful energy in the form of adenosine triphosphate (ATP) during the
dissimilatory reduction of metal oxides under anaerobic conditions in soils and
sediments. The electrons are transferred to the final electron acceptor, such as
Fe,O3;, mainly by direct contact of mineral oxides and the metal reducing
microorganisms." "' Such mediators penetrate bacterial cells in an oxidized
form, interact with reducing agents within the cell (e.g., NADH, NADPH and
reduced cytochromes) and are reduced. The reduced mediators diffuse out of the
cells, and the anode surface is then oxidized by the release of electrons.!'"”!

6.6 Applications

New type of electricity production from renewable resources without a net carbon
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dioxide emission is greatly desired.!"¥ MFCs are devices that exploit microbial
catabolic activities to generate electricity from various materials, including
complex organic waste and renewable biomass. These sources provide MFCs with
a great advantage over chemical fuel cells that can utilize only purified reactive
fuels. Locally supplied biomass can be used to provide renewable power for local
consumption. Applications of MFCs in a spaceship are also possible since they
can provide valuable electricity while degrading wastes generated onboard. Some
scientists envision that in the future a miniature MFC can be implanted in a human
body to power an implantable medical device with the nutrients supplied by the
human body.!""¥

In addition, an MFC can harness energy in the form of hydrogen. The MFC
can be modified to produce hydrogen instead of electricity. This modified system,
which was recently suggested and referred to as biocatalyzed electrolysis!*! or a bio-
electrochemically assisted microbial reactor process,'* or electrohydrogenesis,!"”!
has been considered an interesting new technology for the production of
biohydrogen from organics. The modified MFCs have many advantages over the
technologies currently used to generate hydrogen from organic matter. First, the
direct conversion of the substrate to hydrogen makes high conversion efficiency
possible. In addition, the high purity of hydrogen produced is another advantage
over other methods for producing biohydrogen from organic materials containing
a diverse mixture of biogases or other impurities (e.g. CH,, CO,, H,S, NHj),
which require expensive gas purification.'” Another advantage is that hydrogen
can be accumulated and stored for later usage to overcome the inherent low power
feature of the MFCs. Therefore, MFCs provide a renewable hydrogen source that
can contribute to the overall hydrogen demand in a hydrogen economy.!'"”!

MFCs have attracted considerable attention over the last decade as a
sustainable technology for simultaneous electricity generation and wastewater
treatment. Electricity generation using a variety of biodegradable materials
including not only pure chemicals, such as acetate, glucose, cysteine and ethanol,
but also wastewater, such as swine wastewater, food processing wastewater,
domestic wastewater and corn stover, has been reported.!'>?3%3%7] With the
great energy demand for wastewater treatment, an MFC-based wastewater
treatment system has wide applications because wastewater must be treated and
the substrate is free. MFCs can enhance the growth of bioelectrochemically active
microbes during wastewater treatment. Thus they have good operational stabilities.
Continuous flow and single-chambered MFCs and membrane-less MFCs are
favored for wastewater treatment, due to concerns in scale-up. !

One of the most exciting discoveries in MFC research was the development by
Reimers and Tender of an MFC that can harvest electricity from the organic
matter in aquatic sediments.!""*!"" MFCs can provide an in situ power source for
electronic devices in remote areas, such as the ocean and the bottom of deep-water,
where it is difficult to have routine access to replace traditional batteries.[*?” A
good example is sediment MFC with the most well-known being the benthic
unattached generator (BUG), in which the anode is buried in anoxic or anaerobic
marine sediments connected to a cathode suspended in the overlying aerobic water.
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Another potential application of MFC technology is to use it as a biosensor for
pollutant analysis and in situ process monitoring and control.''*'*!" The
proportional correlation between the Coulombic yield of MFCs and the strength of
the wastewater makes it possible to apply MFCs for biological oxygen demand
(BOD) sensors.""*! A MFC using Shewanella as a biocatalyst was demonstrated to
be an effective sensor for quantifying the BOD.!"'*'3!" MFC-type of BOD
sensors are advantageous over other types of BOD sensor because they have
excellent operational stability and good reproducibility and accuracy.

6.7 Summary

MFCs are a hybrid bio-electrochemical system, which converts bio-substrate
directly into electricity by the oxidation of organic matter in the presence of
bacteria under ambient temperature/pressure conditions. The potential, developed
between the bacterial metabolic activity and electron acceptor condition, separated
by a manifests bioelectricity generation. The achievable power output from MFCs
has increased remarkably by modifying their designs, such as the optimization of
the MFC configurations, their physical and chemical operating conditions, and
their choice of biocatalyst. More recently, selecting the proper materials, such as
the anode-cathode electrodes and a PEM is one of the critical challenges for
applications of MFCs. The specific materials for each chamber used in an MFC
can affect the power density and coulombic efficiency. Furthermore, the practical
application of technologies provides tremendous scope for an increase in cell
efficiency by optimizing parameters, like the spacing between the electrodes,
cathode suitability for varying MFC designs.
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roughness, 138, 169

Rugate, 169, 171, 174

S

sacrificial carbon templates, 144

Salen ligand, 49

sarin, 174, 178

sc-PLA, 51

selected area electron diffraction
(SAED), 115

Selectrides, 68, 72

self-polycondensation, 39

self-reinforced (SR), 38

semi-aromatic polyimides, 4

semi-conducting polyimides, 17

Shewanella, 208, 210, 215

shock-sensitive, 92

Si3Ny, 89, 111, 150

Si-C bond, 79

SiC ceramics, 76, 85, 103, 111, 145,
146

SiC crystallite, 145

SiC macroporous, 141

SiC porous monoliths, 149

SiC tubes, 147

SiC/MoSi, composite, 111, 114, 151

Si-C-B-N, 105, 150

SiCN ceramic sphere, 143

sigma-bond, 68, 73, 81, 83

Si-H bond, 73, 85

SiH,, 78, 79, 81

silazane ring, 110

silica, 15, 20, 27, 141, 145

SILICONIT®, 117

silicon-on-insulator (SOI), 157

SiNMR, 109, 110

smart particle, 184, 186

SnCl, « 2H,0, 40

softlithography, 141, 147-149

sol-gel reaction, 20, 75

solid state reaction, 119, 121

solid-state post-polycondensation, 40

soluble polymeric precursor, 105

soman, 174

space charge limited current (SCLC)
regime, 18

SR-PLLA, 38

stannous 2-ethylhexanoate, 47

stannous octoate, 47

stereocomplex of PLLA-PDLA, 51

stereospecific ROP, 42, 58

stoichiometric SiC precursors, 111

Streptavidin, 183, 188, 190

Substitution reaction, 91, 147

super-hydride, 68, 69, 72

surface acoustic wave(SAW), 174



Surface area, 143
Surfacederivatization, 186
syndiotatic polylactide, 150

T

tailored porous SiC and SiCN
microchannels, 149

Teflon cell, 160, 183

Tetragonal phase, 114

TGA, 76, 80, 81, 82, 86, 112

THE, 46, 70, 78, 118, 138

thickness, 9, 116, 132, 138, 162

three-step polycondensation, 40

Ti-B-N composite, 104, 117

Titania, 20, 22

trans-4-hydroxy-L-proline, 39

transesterification, 44, 47-49, 54, 55

transmission, 19, 27, 103, 164, 168

tribenzylsilane, 79

triethoxyphenylsilane, 74

triethylphosphate (TEP), 173

trifluoromethane sulfonic acid
(HOTY), 44

Tungstenhalogen lamp, 164, 174, 178,
186

U

Ultem, 5

ultra high molecular weight
polyethylene (UHMWPE), 2

Index

ultrasonication, 184
UV photoinduction, 167
UV-vis spectrum, 71

A%
voltage, 200

A%

wastewater treatment, 199, 214
waveguides, 168

weight loss, 16, 112, 118, 136
wood ceramic, 141

Waurtz-type coupling, 66, 67

Z

Zeigler-Natta catalyst, 1
zeolite, 76

zinc acetate dihydrate, 40
zirconium, 77

ZSM-5, 76

zwitterionic structure, 69
a-hydroxyacid, 39
[-butyrolactone (5-BL), 43
[S-diketiminate ligands, 54
[-propiolactone (5-PL), 42
y-butyrolactone (y-BL), 42
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