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Foreword

THE ACS SYMPOSIUM SERIES was first published in 1974 to
provide a mechanism for publishing symposia quickly in book
form. The purpose of this series is to publish comprehensive
books developed from symposia, which are usually “snapshots
in time” of the current research being done on a topic, plus
some review material on the topic. For this reason, it is neces-
sary that the papers be published as quickly as possible.

Before a symposium-based book is put under contract, the
proposed table of contents is reviewed for appropriateness to
the topic and for comprehensiveness of the collection. Some
papers are excluded at this point, and others are added to
round out the scope of the volume. In addition, a draft of each
paper is peer-reviewed prior to final acceptance or rejection.
This anonymous review process is supervised by the organiz-
er(s) of the symposium, who become the editor(s) of the book.
The authors then revise their papers according to the recom-
mendations of both the reviewers and the editors, prepare
camera-ready copy, and submit the final papers to the editors,
who check that all necessary revisions have been made.

As a rule, only original research papers and original re-
view papers are included in the volumes. Verbatim reproduc-
tions of previously published papers are not accepted.

M. Joan Comstock
Series Editor
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Preface

InorGanic anp ORGANOMETALLIC POLYMERS were the subject of a
second international symposium held last year. Seven years have passed
since the first symposium and six years since publication of ACS Sympo-
sium Series, Volume 360, on this subject. In this period of time, good
progress has been made on a number of research fronts, and work in this
area remains at the frontier of materials science. The symposium was
held to update this rapidly expanding field; this volume reviews recent
advances in several areas, including new polymerization processes, new
polymer systems, and numerous specialty applications.

The organization of this book is similar to the first symposium
volume and addresses each of the following areas: silicon-containing poly-
mers, oxopolymers, polyphosphazenes, other main group element poly-
mers, and metal-containing polymers. Unlike the first volume, which con-
tained both topical reviews of each area and specialist reports by sympo-
sium participants, this volume contains only the latter.

The ever-growing list of unique properties and ultimate applications
of inorganic and organometallic polymers is a major driving force for con-
tinuing research, for this symposium, and for assembling these
manuscripts. This volume, which brings together many of the most recent
advances of this interdisciplinary field, should therefore be of interest to
materials scientists, polymer chemists, ceramists, metallurgists, materials
engineers, and inorganic and organometallic chemists.

We gratefully acknowledge the generous financial support from the
Office of Naval Research, the American Chemical Society Division of
Polymer Chemistry, Inc., the Petroleum Research Fund of the ACS, and
the Dow Corning Corporation.

PATTY WISIAN-NEILSON HARRY R. ALLCOCK
Southern Methodist University Pennsylvania State University
Dallas, TX 75275 University Park, PA 16802

KENNETH J. WYNNE
Office of Naval Research
Arlington, VA 22217-5660

June 10, 1994
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Chapter 1

Recent Advances in Inorganic and
Organometallic Polymers
An Overview

Patty Wisian-Neilson

Department of Chemistry, Southern Methodist University,
Dallas, TX 75275

As in the first symposium volume (1), the term ‘inorganic and organometallic
polymers” is primarily used to describe macromolecules that contain inorganic
elements in the polymer backbone with either organic or inorganic side-groups. In
addition to linear polymers with repeating monomer units, macromolecules consisting
of complex rings or with highly branched, crosslinked structures (e.g., see
oxopolymers) are included in this definition.

In addition to reviews cited in the first volume, several other reviews and
textbooks have appeared in recent years. These include articles by Allcock in Science
(2) Advanced Materials (3), an excellent textbook by Mark, Allcock, and West (4),
and a volume based on a related ACS symposium edited by Sheats, Carraher, Pittman,
Zeldin, and Currell (5). A brief overview of the field can also be found in a polymer
textbook by Allcock and Lampe (6). The papers in this volume describe specific
topics and are listed in the approximate order of presentation at the 1993 symposium.

The main driving force for the interest in inorganic and organometallic
polymers is the quest for new specialty materials that meet the rigorous demands of
high technology. As described by Allcock (reference 1 and Chapter 17, this volume),
classical materials can be grouped into four major categories: ceramics, metals,
semiconductors, and organic polymers. Inorganic macromolecules bridge these
dissimilar areas and, with appropriate design, can be made to incorporate the useful
properties of more than one of these systems. Thus, this volume includes discussions
of inorganic polymers with a broad range of properties such as electrical and ionic
conductivity, high temperature and radiation resistance, and biological compatibility.
Potential applications include resist materials, gas permeable membranes, high
temperature thermosets, precursors to important ceramics, etc.

The articles in this volume are grouped roughly by elements in the polymer
backbone: (a) Silicon Containing Polymers, (b) Oxopolymers, (c) Poly(phosphazenes)
(d) Other Main Group Element Polymers and (e) Metal Containing Polymers. As
discussed in the following paragraphs, each of these groups consists of work that
reflects the long-term goals in the field: (a) synthesis of entirely new polymers, (b)

0097—6156/94/0572—0001$08.00/0
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2 INORGANIC AND ORGANOMETALLIC POLYMERS II

new preparative routes to known systems, (c) modifications of familiar materials, and
(d) new properties of inorganic polymers.

While a number of new polymer systems have been prepared in the past few
years, several that have totally new backbones are particularly notable. One is the
novel class of main group element polymers called poly(alkyl/aryloxothiazenes),
[N=S(O)R]; (Roy, Chapter 26). These structural analogs of polyphosphazenes are
prepared by the condensation polymerization of suitably designed new silicon-
nitrogen-sulfur compounds. Another set of fascinating polymers is the
polymetallocenyl-silanes, -germanes, and -phosphines which contain either ferrocene
or ruthenocene groups as well as main group. elements in the backbone (Manners,
Chapter 33). Ring opening polymerization of strained metallocenophanes was the
synthetic method used to prepare these well-defined polymers. Chujo (Chapter 30)
reports the synthesis of another new class of polymers that may be considered as
inorganic-organic hybrid polymers. These systems, which contain both boron atoms
or boron-nitrogen rings and short chains of carbon in the polymer backbone, are
prepared by hydroboration reactions. Basic structure-property correlations for each
of these systems are reported. The synthesis of new polymer systems is not restricted
to-main group element polymers as demonstrated by novel photodegradable polymers
with cyclopentadienyl metal carbonyl dimers in the backbone (Tyler, Chapter 36) and
conjugated organometallic NLO polymers with fluorenyl-ferrocene side-groups
(Wright, Chapter 34). Indeed, these inorganic polymer systems not only demonstrate
the tantalizing diversity of inorganic polymeric materials yet to be synthesized, but
also illustrate the broadening scope of the methods available for the synthesis of new
materials.

A great deal of work has centered on modifications, improvements, and
extensions of synthetic approaches to known inorganic and organometallic polymer
systems. For example, several new synthetic pathways to polysilanes are reported
here. These are the anionic ring opening polymerization of “masked disilenes” or
disilane bridged cyclic compounds (Sakurai, Chapter 2); simple, inexpensive
electrochemical coupling of dichlorosilanes which allows for some measure of control
of chain length (Biran, Chapter 3); and ring opening polymerization of
cyclotetrasilanes initiated by silyl cuprates which results in stereoregular polymers
(Matyjaszewski, Chapter 4). Paine and Sneddon (Chapter 27) and Kimura (Chapter
28) expand on the synthesis of borazine based polymers and discuss various aspects
of their use in the preparation and fabrication of boron nitride ceramic materials.
Allen (Chapter 29) expands on the well-known addition polymerization of vinylic
compounds by studying the polymerization rates of vinyl monomers substituted with
inorganic rings.

Modifications in the preparation of polyphosphazenes by the condensation
polymerization of N-silylphosphoranimines are also reported. The preparation of a
series of new poly(alkyVarylphosphazenes), relevant chemistry of the Si-N-P
precursors, and catalysis by phenoxide anions are presented (Neilson, Chapter 18).
Matyjaszewski (Chapter 24) discusses the use of fluoride catalysts to prepare
polyphosphazene random and block copolymers with alkoxy and fluoroethoxy
substituents and proposes mechanisms for their formation.

Reactions of preformed polymers have proven to be an excellent method for
preparing new materials and for tailoring polymers to achieve desirable properties.

In Inorganic and Organometallic Polymers I1; Wisian-Neilson, P., et a ;
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1. WISIAN-NEILSON Advances in Inorganic and Organometallic Polymers 3

This is most clearly illustrated by a variety of work in polyphosphazene chemistry.
Allcock (Chapter 17) provides an overview and gives specific examples of
applications for new materials accessible by this approach. He discusses surface
modification, incorporation of groups that impart liquid crystallinity or NLO behavior,
the use of cross-linking for improved mechanical properties, and structure-property
relationships (e.g., 7g). Wisian-Neilson (Chapter 19) discusses a variety of
derivatization reactions of poly(alkyl/arylphosphazenes) that have been used to
incorporate reactive functional groups attached by P-C bonds and for the synthesis of
graft copolymers via anionic grafting reactions. Other inorganic-organic systems
based on polyphosphazenes include graft copolymers formed by free radical reactions
(Gleria, Chapter 22) and blends of polystyrene with polyphosphazenes (Chen-Yang,
Chapter 23). Finally, Ferrar (p. Chapter 20) reports the preparation and optical and
mechanical properties of novel phosphazene-ceramic composites formed by in situ
sol-gel polymerization of metal alkoxides in poly(methoxyethoxyethoxyphosphazene),
(MEEP).

Although less common, the modifications of several preformed silicon-
containing polymers have also been used to prepare new inorganic polymers. A very
notable example is provided by West (Chapter 9) who reports on the hydrosilyation of
Cgo with poly(methylsiloxane) giving “shrink-wrapped buckeyball.” Additional
studies of modification of polysilanes, which exploit the reactivity of the Si-H groups,
are outlined by Waymouth (Chapter 6). A somewhat different approach to polymer
modification is given by the preparation of copolymers of poly(dimethylsiloxane) and
urea-urethane (Wynne, Chapter 7). This is designed to provide “inorganic” surface
properties that minimize surface adhesion.

The use of inorganic polymers as processible ceramic precursors remains a
major area of study. In the section on sol-gel chemistry, new systems, property
studies, and methods for controlling particle size and porosity are discussed. In the
paper by Schmidt (Chapter 15), some potential optical applications and applications
as anti-soil or corrosion resistant coatings of several such systems are presented.
Livage (Chapter 12) outlines the preparation of mixed metal oxopolymers, while
Barron (Chapter 13) and Rees (Chapter 14) report on improved methods for the
synthesis of aluminum oxopolymers. Brinker (Chapter 10) reports on the influence of
kinetic effects on ceramic film structures formed by sol-gel methods.

A number of processible nitrogen-containing ceramic precursors are also
discussed. These include polyalazanes (Jensen, Chapter 32), cross-linkable vinyl
substituted polysilazanes (Schwark, Chapter 5), mixed sol-gels from aminolysis
reactions (Gonsalves, Chapter 16), and polyborazines (Sneddon and Paine, Chapter
27 and Kimura, Chapter 28) which serve as precursors to AIN, Si3N4, BN/AIN
composites, and BN, respectively. Arylene and alkylene bridged polysilsesquioxanes
(Loy, Chapter 11) and carborane-polysiloxanes (Keller, Chapter 31) have also been
employed to make modified silicas.

Finally, no discussion of inorganic polymers would be complete without
examples of metal-containing polymers. In addition to organometallic polymers
mentioned above (Manners, Wright, Tyler), polymers formed by classical metal
coordination are an important area of investigation. A particularly novel system,
which has been studied by Bohle (Chapter 37) is B-hematin, an inorganic biopolymer.
In addition to its important biological functions, this system serves as a model for
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4 INORGANIC AND ORGANOMETALLIC POLYMERS II

potentially large numbers of yet undiscovered biopolymers. Very different
applications of coordination polymers are discussed in Hanack’s paper (Chapter 35)
on semiconducting metal phthalocyanines polymers.

Several of the papers in this volume focus not only on the synthesis of new
materials but also on properties and applications. The applications of polysiloxanes as
photoresists (van de Grampel, Chapter 8), polyphosphazenes for microencapsulation
of biologically active species (Allcock, Chapter 17), and inorganic-organic hybrid
oxopolymers with optical applications (Schmidt, Chapter 15) are examples. New
information is also presented on the photochemistry and photophysics (Hoyle,
Chapter 25), the oxygen permeability (Kajiwara, Chapter 21), and a variety of optical
properties of polyphosphazenes (Allcock).

Because inorganic polymers range from linear polymers to highly crosslinked
networks, include a large number of elements in the periodic table, and encompass
almost limitless combinations of elements, those outside the field may find its diversity
to be almost overwhelming. Indeed, those scientists concerned with making
measurements frequently find the array of so many polymers to be staggering. This is,
however, part of the mystery and challenge of the field. With so many options, there
must be materials in the realm of inorganic polymers that have unique and extremely
useful properties. Indeed, as described in this volume, the range of such properties
has certainly expanded in recent years.

Although the current trend appears to be toward focusing on specific
properties for well-defined applications, the importance of developing economical,
environmentally sound syntheses must remain a priority. For example, the wide-scale
commercialization of polysilanes and polysilazanes would be enhanced by more
efficient organosilicon hydride intermediates (7). Similarly, the cost effectiveness of
poly(alkyl/arylphosphazenes) might be improved by a “direct process” analogous to
that used in the silicone industry for attaching alkyl and aryl groups to the phosphine
or phosphoranimine precursors. Simple modifications of known preformed systems
can also be a feasible means of optimizing known inorganic polymers. This is,
perhaps, best exemplified by the surface modification of polyphosphazenes where the
chemistry can be modeled on well-defined polymers or even on small molecule
analogs. In this way, properties such as biocompatibility or adhesion can be enhanced
while retaining useful bulk properties.

Several other factors will play a pivotal role in the future of the inorganic
polymer systems. Continued progress in the field requires extensive, well-
coordinated, collaborative efforts of a range of scientists and engineers as well-as a
considerably broadened scope of work within individual labs. For example, synthetic
chemists will expand into materials characterization and materials scientists and
engineers will find chemical characterization necessary to ensure the compositional
and structural integrity of the materials under investigation.

Finally, industry can play a vital role in commercial development of inorganic
polymers, as demonstrated by the success of silicone polymers. In the late 1930’s and
early 1940’s a great deal of industrial effort was directed toward the development of
these polymers. Better than half of all corporate research in chemistry in at least one
major company was directed toward this goal during that period. General Electric
alone added over 30 scientists to this project in less than four years (8). While several
industries delved into the polysilanes heavily in the mid 1980°s, it does not appear that
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these efforts were anywhere near that of the polysiloxane projects. The same can be
said for polyphosphazenes. However, the scope and scale of present day applications
of polysiloxanes, which are far beyond anything anticipated by those working in the
field almost 50 years ago, suggests that these newer polymer systems might ultimately
be extremely beneficial. With the prevailing attitudes in large corporations, it seems
that real progress toward commercialization is most likely to occur in small
companies where a variety of administrative factors foster development of new
materials. Low volume specialty applications particularly in the electronic and
biomedical fields will provide markets that can presently be adequately pursued by
small industries.

In summary, the field of inorganic and organometallic polymers has advanced
significantly in the past six years. Moreover, the opportunities for future progress are
almost unlimited when the diversity of synthetic methods, side-group variations, and
the large numbers of inorganic elements and possible combinations of these, are
considered. There is, however, much to be learned about polymerization mechanisms
and structure-property relationships, both of which facilitate the intelligent, systematic
design of new materials. With the increased ability of chemists to design new
materials, additional interactions with materials scientists and engineers are mandatory
to efficiently channel synthetic efforts toward the most useful inorganic polymers.
Finally, the optimistic interest and support of industry are required to sustain the
ongoing development of this field.
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Chapter 2

Anionic Polymerization of Masked Disilenes
to Polysilanes
Mechanism and Applications

H. Sakurai, K. Sakamoto, Y. Funada, and M. Yoshida

Department of Chemistry, Faculty of Science, Tohoku University,
Aoba-ku, Sendai 980, Japan

The mechanism of initiation and propagation of the anionic polymer-
ization of masked disilenes (1-phenyl-7,8-disilabicyclo[2.2.2]octa—-
2,5-diene derivatives) is investigated in detail. In the initiation with
alkyllithium, regiospecific attack of alkyllithium occurs to guarantee
the regiospecificity of the polymerization. Phenyl(dimethyl)silyl
anions with suitable cryptands were found as an excellent initiator in
benzene at room temperature. Under the conditions, polymerization
of masked disilenes proceeded with a living manner to give highly
monodispersed polysilanes. Finally, preparation of new polysilanes
such as various amino group-substituted polysilanes is described.
The amino-substituted polysilanes showed unexpectedly large red
shift in uv absorption at 363 nm with unprecedented thermochrom-
ism. Iodine doped amino—substituted polysilanes showed the highest
conductivity among doped polysilanes examined.

Polysilanes have been widely investigated in the past decade because of their
potential applications in the field of materials science (Z). Polysilanes are usually
prepared by the Wurtz-type reductive coupling of dichlorosilanes with alkali metals.
Although many kinds of polysilanes have been prepared by this method, the structure
of the polymers is difficult to control. Molecular weight and polydispersity are also
unmanageable (2). Recently, we have reported the anionic polymerization of
masked disilenes (i.e. 1-phenyl-7,8-disilabicyclo[2.2.2]octa-2,5-diene derivatives,
1) as a novel promising method for preparing polysilane (3). The polymerization
gave polysilanes with highly ordered structures (4).

In typical examples of preparative experiments, the polymerization was carried
out in THF under the conditions of high vacuum or argon atmosphere with a
catalytic amount of alkyllithium as an initiator. Thus, a monomer was placed in a
50-ML two-necked flask, equipped with a magnetic stirrer, a rubber septum, and

0097-6156/94/0572—0008$08.00/0
© 1994 American Chemical Society

In Inorganic and Organometallic Polymers I1; Wisian-Neilson, P., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1994.



Publication Date: November 18, 1994 | doi: 10.1021/bk-1994-0572.ch002

Downloaded by UNIV OF GUELPH LIBRARY on October 29, 2012 | http://pubs.acs.org
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a three—way stopcock under dry argon. A solution of monomer in THF, freshly
distilled from sodium, was placed in the flask. A hexane solution of n-BuLi was
added to the solution at —78 °C. The color of the solution turned red immediately.
The mixture was kept stirring after removing the cooling bath for 30 min. A few
drops of ethanol were added to the mixture. The polymers were purified by removal
of the solvent, precipitation, and further cycles of dissolving—precipitation followed
by freeze-drying.

Preparation of Masked Disilenes
Me.
1 N Ngi—Me
A [O-O]'w  rir
CI—Si—Si—cCl
e R2 THF, -78°C
P
1
Polymerization of Masked Disilenes
Me.
N —Me
R -'sllT-'(z
n + RLI — R-(SiMe,SiR'R),-Li + nPhy
P

+

H
———  R-(SiMe,SiR'R?),-H

Mechanism of Initiation

First, regioselectivity of the initiation was examined with a monomer 2. Thus, the
reaction of 2 with 1 equiv. of methyllithium, followed by quenching with ethanol,
gave 1,1,1-trimethyl-2,2-di(2-methylpropyl)disilane 3 and 1,1,1,3,3-pentamethyl-
2,2,4,4-tetra(2-methylpropyl)tetrasilane 4 as the two main products. These products
contained no regioisomers. Deuteriosilanes 3—-d; and 4-d; were also obtained from
a similar reaction, but quenched with deuterium oxide. These products were derived
by protonation of the disilanyl and tetrasilanyl anions 5 and 6. The important
structural characteristic of the products is the existence of trimethylsilyl and di(2-
methylpropyl)hydrosilyl groups for both 3 and 4. The structures of the products
clearly indicate that both initiation and propagation steps of the polymerization
proceed exclusively by the attack of anionic species on the sterically less hingered
silicon atom at the 8-position of the monomer. This is the origin of the regio—
selectivity of the anionic polymerization process.
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i—Si—H + Me—Si—Si—Si—Si—H

EtOH Me_';e N oy Mo

Me i-Bu e i-Bu Me i-Bu
3 4
i-Bu i-Bu Me i-Bu
D,0
2 Me—Si—Si—D + Me—Si—Si—Si—Si—D
i-Bu i-Bu el-éu
" 3-d, 4d,
R’\\ﬁ':ﬁzﬂ
7:R'=Bu; R2= R3= R*= Me
8:R'=R%=Me; R2=R%= Pr
9: R' = R%= Me; R?= R*= Hex
P 10: R'=R%= Me; R*= R*= Bu

. e,_ e i-Bu Me i-Bu
i-Bu  MeLi (1eq.) ,_ ,__u + Me._wli_s?n—!i—il—u
THF, rt I I\.l é
e i- e i-Bu Me i-Bu
6

Table 1. Anionic Polymerization of 1-Phenyl-7,8-disilabicyclo[2.2.2]-

octa-2,5-dienes in THF

Mono- Initia- [[)M] Temp Time Yield Mn/10™* Mw/Mn

mer tor (°O h) (%)

™) (In)
7 MeLi 0.04 -110-tt 6 72 34 1.9
7 sec-BuLi 0.03  -110-»1t 9 60 53 1.5
7 n-BuLi 003 -110-»rt 18 79 11.0 1.5
7 n-BuLi 0.03  -110-rt 6 62 11.0 1.5
7 n-BuLi 0.03 1t 11 52 9.5 1.5
7 n-BuLi  0.04 t 3 54 8.9 1.6
8 n-BuLi 0.02 -110-r1t 2 33 72 1.5
8 PhLi 0.13 -78—1t 1 63 4.7 1.3
9 n—-BuLi 0.02 -110—-rt 15 68 14.0 1.3
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Mechanism of Propagation

The polymerization was thought to involve living polysilanyl anions. The livingness
was, however, not provided in a rigorous manner. If the polymerization is perfectly
living, the degree of polymerization should be equal to the ratio of the monomer and
the initiator at the initial stage of the polymerization. However, as seen in Table I,
polysilanes, prepared earlier in this investigation, have far higher molecular weight
than the theoretical one. This indicates that the initiation is incomplete due to some
side reactions of the initiators (3).

Single-Electron-Transfer Process as a Side Reaction. First, we have examined
possible side reactions to decrease the efficiency of the initiation process. A solution
of butyllithium was added to a THF solution of 9 at -70 °C. The color of the
solution turned to red immediately and a strong ESR signal was observed with a well
separated hyperfine structure (Figure 1). The observed radical species was identified
as the anion radical of silyl substituted biphenyl by computational simulation as well
as by comparison with spectra of a model compound Me;Si-C¢H,~C4Hs™® (5).

The anion radical should be a product of a single electron transfer (SET) process
from butyllithium to the monomer. Since no polymeric product was obtained under
the above-mentioned conditions, the SET process is an undesired side reaction of
the initiation. The SET process is one of the origin of too much higher molecular
weight of the polymer than the expected as observed.

Table II. Anionic Polymerization of Masked Disilene 10 Initiated by
Silyl Anions in the Presence of Cryptand in Benzene at Room Temperature

In* [W)[10] Time Yield Mn,> Mn,° Mw/Mn

(min) (%)
K 0.01 3 71 19,000 20,000 1.2
K 0.02 1.2 79 11,000 10,000 1.2
Na 0.01 16 72 24,000 20,000 14
Na 0.02 10 63 13,000 10,000 1.3
Li 0.015 60 64 19,000 14,000 1.3

a) K: 11a—-cryptand[2.2.2], Na: 11b-cryptand[2.2.1], Li: 11c-cryptand[2.1.1]. b)
From GPC elusion volume relative to polystyrene. c) Calculated for the formula of
Ph,MeSi~(BuMeSi-SiBuMe) ~H (n = [10]/[In]).

Silylmetal as an Initiator. In order to avoid the SET process, we chose diphenyl-
methylsilyl anions (Ph,MeSiM: 11a, M = K; 11b, M = Na; 11¢, M = Li) as initiators
for 10 and benzene as a solvent (6) and the polymerization was carried out under
strictly anhydrous conditions by using a vacuum line technique. The polymerization
did not take place in benzene with silyl anions alone. However, in the presence of
suitable equimolar cryptands, the silyl anions initiated the polymerization (7).
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The results are summarized in Table II. The molecular weights of polysilanes thus
obtained were in agreement with the calculated values within experimental errors.
The rate of polymerization are exceedingly high, especially so when silylpotassium
is used as an initiator.

Living Anion Polymerization. Figures 2 and 3 show GPC profiles during the poly—
merization of 10 in benzene with 1la-cryptand[2.2.2] as the initiator and the
relationship between molecular weights and degrees of monomer conversion,
respectively. Clearly, in the propagation stage of the polymerization, the molecular
weight of the polymer increased proportionally to the degree of conversion of the
monomer. Thus, the polymerization proceeds in a living manner under the condi-
tions. Similar relations were observed for polymerization of 10 with 11b-cryptand—
[2.2.1] and 11c-cryptand[2.1.1], although the rates of polymerization were much
slow (Figure 4).

The polymerization initiated by the silylpotassium with cryptand[2.2.2] was
completed within a few minutes. Yield of the polymer reached to 98.9%. However,
after standing the solution for 16 h, nearly all the polymer underwent degradation to
cyclopentasilane 12 and cyclohexasilane 13. For the silyl sodium and lithium, the
rate of both polymerization and degradation were slow, no ready degradation being
observed. Apparently, the counter cations influence both propagation and degrada—
tion processes of the polymerization.

R-(SiMeBuSiMeBu) " Li ®

|—(SIMeBu)5— —(SlMeBu)s—I
12 13

Degradation by Back-Biting Reaction. The degradation of the polysilanylpotas—
sium in the presence of cryptand[2.2.2] and the formation of cyclic oligosilanes 12
and 13 were traced by means of their yields. The plots fit in with logarithmic curves
indicating unimolecular reactions. During the degradation, the average molecular
weights (Mn) of polymer changed slightly only from 24,000 to 19,000 (Fig. 5).
Moreover, the dispersity (Mw/Mn) was almost kept constant at 1.3; no polymer of
a medium molecular weight was formed. These results showed that the degradation
of polysilanylpotassium occurred very rapidly after slow first-order initiation of
degradation. The half-life of the first-order reaction is about 200 min at room
temperature.

The result can be explained as follows. In a nonpolar solvent such as benzene,
most of the polysilanylpotassium forms a tight ion pair which did not undergo
degradation. The tight ion pair will dissociate into a solvent separated ion pair or
free ions slowly by a unimolecular process, and the dissociated polysilanyl anions
undergo degradation very rapidly to cyclic oligosilanes by a back-biting reac—
tion. (8)
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Mo Ne Hex Hex |3
Hex-Si—SHiex -BuLl 1 1
—= O35
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Figure 1. ESR Spectra of Anionic Radicals Observed at Low Temperature.
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Figure 2. GPC Profiles of Polysilane in the Propagation Process of the
Anionic Polymerization in Benzene Initiated by 11a-Cryptand[2.2.2].
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Figure 3. Anionic Polymerization of 10 Initiated by 11a—Cryptand[2.2.2].
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Figure 4. GPC Profiles of Polysilane in the Propagation Process of the
Anionic Polymerization in Benzene Initiated by 11¢-Cryptand[2.1.1].
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Dialkylamino-Substituted Polysilanes

Physical properties of polysilanes prepared by anionic polymerization are quite
different to some extent as have been already seen in thermochromism of alternating
copolymers (4). Moreover, the anionic polymerization can afford polysilanes of
special structures otherwise very difficult to prepare. In this section, one of the most
dramatic examples is shown.

The chemical and physical properties of polysilanes are strongly influenced by
substituents attached to the polymer backbone. In this respect, heteroatom-—
substituted polysilanes should be very much intriguing on their properties. However,
heteroatom—functional substituents such as amino and alkoxy groups on silicon
cannot survive under the vigorous synthetic conditions of polysilanes by the
conventional Wurtz-type condensation of dichlorosilanes. Therefore, it is difficult
to prepare heteroatom-functional polysilanes. We have recently found that amino-
substituted masked disilenes can be prepared and polymerized successfully to un—
precedented amino-substituted polysilane of the completely alternative structure,
poly[1,1,2~trimethyl-2-(dialkylamino)disilene].

The requisite masked disilenes 14a—c were prepared as shown below. Rather
surprisingly, high regiospecificity of the reaction was observed; only one of the
possible regioisomers was obtained in moderate yield. Indeed, no regioisomer was
detected at all.

1T Me_ '/Me
NR2 [Q‘Q] L Me— g/L-NR,

CI—S'I—él——CI
Me

THF, -78°C
Ph

14a: R = Et
14b: R=Pr
14c: R=Bu

Our previous results showed that the isomer ratio depended on the steric
bulkiness of the substituents on silicon, however, we have not observed such a
complete regioselectivity before (4). For the amino-substituted derivatives, the
regioselectivity was amplified not only by the steric bulkiness but also by an
electronic property of the amino groups.

The polymerization of these monomers in THF solutions with a catalytic amount
of butyllithium gave the corresponding amino-substituted polysilanes 15a-d in high
yields. Although polysilanes 15a and 15b werc insoluble, 15¢ was soluble in various
organic solvents. Since the solid state 2°Si NMR spectra of 15a and 15b were
almost similar to that of 15¢, the insoluble polymer 15a and 15b are also pure
amino-substituted polysilanes. The molecular weight distribution of 15c was
determined by gel permeation chromatography calibrated by polystyrene standards
with toluene as eluent; Mn = 2.7 x 10*, Mw/Mn = 1.7.
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Figure 5. Degradation of Living Polysilanyl Anion (GPC Profiles).
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Figure 6. Temperature Dependent UV Spectra of 15¢.
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Structure of 15¢ was investigated by means of 'H, 13C and 2%Si NMR spectra.
In the 'H and 3C NMR spectra of 15¢, the butyl moiety was observed to indicate
that the nitrogen-silicon bond of the monomer was maintained during the
polymerization. The 295§ NMR spectra showed sharp signals indicating a highly
ordered alternating structure of the polymer.

Figure 6 shows temperature dependent uv spectra of 15c. The absorption
maximum at 363.4 nm (eg;_g; = 5,800) is unusually located at the longer wavelength
region as a polysilane without phenyl substituent. Moreover, with decreasing
temperature, the maxima show continuous blue shift. In contrast with this thermo-
chromic behavior, absorption maxima of typical poly(dialkylsilylene) shifted to
longer wavelength at low temperatures corresponding to a conformational change of
the polysilane backbone to an all-trans form (9). The origin of the unusually
red—shifted absorption of 15c¢ is not merely a conformational effect (10) but an
electronic perturbation of amino groups for the o—conjugation of polysilanes. In this
regard, it is interesting to note that another heteroatom—functional polysilane,
poly(dimethoxysilylene) also exhibited a red-shifted absorption at 332 nm (11).

In relation to the substituent effect observed for the amino-substituted poly-
silanes, the conductivity of the doped samples was measured. Interestingly, it was
found that the conductivity of 15¢ doped by I, vapor in vacuo was 4x107“ S em™l,
that was the highest value among all the known polysilanes up to date. This result
may be explained in terms of stabilization of the hole generated in the polysilane
backbone by strong sr—donation of amino substituents.
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Chapter 3

Electrochemical Access
to Di-, Tri-, and Polysilanes

M. Bordeau, C. Biran, M.-P. Léger-Lambert, F. Spirau, and D. Deffieux

Laboratoire de Chimie Organique et Organométallique, Unité de
Recherche Associée, 35 Centre National de la Recherche Scientifique,
University of Bordeaux I, F-33405 Talence, France

Di-, tri-, polysilane oligomers and polymers can be synthesized from
diorganodichlorosilanes and triorganochlorosilanes, using simple,
inexpensive and practical electrochemical techniques (undivided cell,
constant current density, sacrificial anode). The high selectivity of the
method allows the control of the formation of the polysilane backbone
since the monosilylation of dichlorosilanes can be performed in high
yield. In this way polydimethylsilane, similar to that commonly used
as a precursor of polycarbosilanes involved in the preparation of SiC-
based ceramics, can be easily obtained. A process in which dimethyl-
dichlorosilane was used as the solvent was investigated and optimized
to afford polydimethylsilane in 90 % faradaic yield, using an
aluminum anode. Electro-copolycondensation of mixtures of
dimethyldichlorosilane and methylphenyldichlorosilane was also
investigated.

Although the first polysilanes may have been prepared more than 70 years ago by
Kipping (polydiphenylsilane) [1] and then by C. Burkhard (polydimethylsilane) [2], in
1949, they have attracted much scientific interest only since the end of the seventies
when the pioneering work of Yajima showed that poly(dimethylsilane) could be
converted through a series of pyrolytic steps into SiC fibers [3-6] and when West
found a useful preparative method for a soluble and fusible Me,Si-PhMeSi copolymer.

Interest in polysilane polymers has been reawakened because they have
appeared as new potential industrial raw materials for production of conducting and
semi-conducting electronic devices, photomemories, photoresists, UV-absorbing and
thermochromic materials, radical photoinitiators for polymerization, precursors for
silicon carbide ceramics and fibers, organic glasses and medical drugs [7-12].

Among a variety of new preparative methods for creating the Si-Si bond such
as transition metal catalysed dehydrocoupling of hydrosilanes [12-14a], ring opening
polymerization [11, 12], polymerization of masked disilenes [14b], the most practical
one is still the Wurtz type condensation of organomonochloro- or dichlorosilanes
which requires a stoichiometric amount of an alkali metal and high reaction
temperatures in the cases of Na and K [3-9, 12] (Equations 1 and 2). Lower
temperature variants have yet recently been reported [14c].

0097—-6156/94/0572—0018308.00/0
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2 =SiC1 +2M —» =Si-Si= [6))
2M Cl
| I
nClSi-Cl1 +2nM — ——»  — Si >~ @
-2nMCl1 | n
M = alkali metal

Considering that alkali metals are expensive and relatively dangerous to handle
on an industrial scale, however, an electroreductive method for creating Si-Si bonds
operating at room temperature has been proposed. Thus, around 1980, Hengge
[15-17], Corriu [18-20] and Boudjouk [21] obtained several disilanes using "classical
electrochemistry", that is to say using a divided cell equipped with Pt electrodes (and,
curiously for a divided cell, with a sacrificial Hg or Cd anode) and under either
controlled-potential or controlled-current conditions. The divided cell, however,
presented disadvantages for industrial applications. For example, separators necessitate
high cell voltages, membranes are often not sufficiently stable in organic medium and
potentiostats are too expensive and not sufficiently powerful. Moreover, independently
of the type of the cell, large quantities of siloxanes were formed because of residual
traces of water in the medium.

For these reasons, we preferred a technique using an undivided cell with a
sacrificial anode made of a readily oxidized metal. Anodic oxidation of metals has been
previously shown to provide organometallic compounds from either preformed
carbanions [22], or carbanions formed in situ by cathodic reduction of organic halides
[23]. A ligand was often added to form stable unreactive organometallic compounds
[24]. This process, first applied to organic electrosynthesis in the early 30's by
Silvestri [25,26] and Matshiner [27], was still, however, a potentiostatic method.
Finally, a more practical intensiostatic method has been utilized in France since 1985
by J. Perichon et al. in the field of organic chemistry [28,29] and by our group for the
generation of C-Si [30-33] and Si-Si bonds [33,34].

Principle of the Sacrificial Anode Techni

The general scheme for forming Si-Si bonds involves first the generation of a =Si~

anion at the cathode by reduction of a chlorosilane (=SiCl). This silicon anion is
subsequently trapped in the solution either by another chlorosilane less readily reduced
than the former or by the same chlorosilane, also acting as a good electrophile
(Equations 3-6).

Cathode: =SiCl +2¢" — % =Si +Cl A3)
in solution : = gj- + =Si'Cl — =SiSiI= o+ @)
Anode: 2nM - 2/ne- — 2 M™ &)
g::crggn . =SiCl+2mM+ =SiCl m =Si-Si'== + 2/n MC], (6)

At the anode, the metal is oxidized in preference to the =Si~ and Cl- anions,
thereby avoiding secondary chlorination reactions (especially on aromatic rings) in an
undivided cell. Normally, for the reaction to proceed, the reduction potentials of the
different species present in solution must satisfy the order shown in Figure 1a.
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Met  =§iCl =SiC

E AllllLx =Si'Cl =8iC A+ E
f ! } > f ] f —>
M =si- =Si ALY =Si- =S Al
a b

Figure 1. Potentials order

When M+ is Mg2+, this order is always observed but with Al, Zn, Cu cations it is not
always the case, and a metallic deposition can subsequently occur at the cathode. To
avoid this undesired reaction, we added a small quantity of a complexing agent like
HMPA or tris (3,6-dioxaheptyl) amine (TDA-1) to the aprotic solvent, to shift the
reduction potential of the cation towards more cathodic values (Figure 1b).

Experimental

An undivided cylindrical glass cell (100mL) fitted with a
sacrificial cylindrical aluminum or magnesium bar (1 cm diameter) as the anode and a
concentric cylindrical stainless steel grid (1.0 + 0.2 dm2, surface area of the wires) as
the cathode was used. A constant current (0.1A, density 0.1 + 0.05 A.dm2) was

provided by a Sodilec EDL 36-0.7 regulated DC power supply which is very
inexpensive compared to a potentiostat.

Solvent-Cosolvent. The solvent used was tetrahydrofuran (THF) containing a
small amount of hexamethylphosphoramide (HMPA) or tris(3,6-dioxaheptyl)amine
(TDA-1) [35] as complexing cosolvents. THF and HMPA respectively were dried over
sodium benzophenone ketyl and CaH; ; TDA-1 was distilled under vacuum just before
use.

Supporting Electrolytes. The electrochemical oxidation of the sacrificial anode
forms stoichiometric metallic salts that permit the supporting electrolyte (BuyNBr,
LiCl, AICI3 or BuyNBEy) to be used at a very low concentration (0.02 M) instead of at
0.2-0.4 M (about that of the substrate), as usually used in classical methods.
Supporting electrolytes were dried by heating for 24 h under vacuum at 50°C, and
AlCl3 was sublimed at 150°C under vacuum.

Drying the Medium, Residual traces of water were removed by adding a small
amount of Me3SiCl (about 0.2-0.5 mL), or the desired quantity if it was the reagent ; a
fast hydrolysis afforded hexamethyldisiloxane, which is not electroactive, and HCI,
which was eliminated by pre-electrolysis.

Chlorosilanes, (gifts from Rhdne-Poulenc Co.). They were distilled under argon
gas over Mg powder just before use.

i) Crossed coupling of mono or dichlorosilanes
with Me3SiCl in a solvent medium : To the dried cell containing a magnetic spin
bar was added 0.5 g (1.6 mmol) of BuyNBr (or another supporting electrolyte when
specified). The cell was then pumped out and flushed with Ar two times. THF (40
mL), HMPA (7 mL) or TDA-1 (10 mL) and Me3SiCl in large excess (25 to 30 mL)
were introduced through a septum by means of a syringe. The solution was degassed
by bubbling argon, for 10 min, under sonication. The substrate (30 mmol of a more
easily reducible mono- or dichlorosilane) was then introduced. Pre-electrolysis was
carried out at room temperature under a controlled current (0.1 A), to reduce the
formed HCI into Hy. The end of the pre-electrolysis was detected by measuring the
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working potential of the cathode vs. an Ag wire as a reference ; thus, after initially
remaining constant (-0.7 to -0.8 V) a sudden drop of the potential to about -2 V was
observed. The electrolysis (0.1 A) was performed under stirring until the desired
charge was consumed (18 h for 2.2 F. mol-1). The progress of the reaction was
monitored by gas chromatography (GC). After elimination of the salts from the
resulting solution by adding anhydrous pentane, filtering and evaporating the solvents
two times, the crude product was purified by distillation. The current efficiency (CE)
was calculated on the basis of [yield (%) x theoretical number of electrons/charge
supplied (F. mol-1)].

ii)Electrosynthesis of Poly(dimethylsilane) (PDMS) "without
solvent" : A previously preelectrolyzed solution of BuyNBr (0.5-1 g) in 13 mL of
HMPA, or in a mixture of 15 mL HMPA and 10 mL TDA-1, was added into the cell
followed by 70 mL of Me;SiCl,. After the electrolysis, the crude PDMS was filtered
off. THF (50 mL) was added to dissolve the salts and the crude powder filtered again.
At this point, 150 mL of methanol were added and stirred overnight at room
temperature.The PDMS was then filtered, washed and dried.

Resul 1 Di .

The electrochemical reduction of
chlorosilanes was shown to be an irreversible process taking place at low potentials for
the monochlorosilanes (under -2.4 V vs SCE [18,19,36] and from -1.3 to -2.5 V for
the dichlorosilanes [34, 37]. Nevertheless, the initial values reported in the literature
are erroneous [38,39]. The main difficulty comes from the tendency of these
compounds to hydrolyze, forming hydrogen chloride in the medium. The latter, as
shown by Corriu [18-20, 36], was responsible for reduction peaks observed between
-0.4 and -1 V vs. SCE by cyclic voltammetry [38, 39]. Actually, the values of the
reduction potentials reported in the literature were determined under different
conditions. For example, values (in V vs. SCE) of -2.4 [19,36], -2.5 [40], -2.85 [21]
for Ph3SiCl, -2.5 [19, 36] for PhyMeSiCl, -2.5 [19, 36] for PhMe,SiCl, -2.28 [34]
for Me;,SiCl,, were derived from voltammetrical measurements on a hanging mercury
drop in TBAP/DME ; -2.5 [37] for Me;SiCly, -1.8 [37] for PhMeSiCly, -1.5 [37] and
-1.3 [40] for Ph,SiCl, resulted from steady-state voltammograms at a Pt cathode in
DME. Me3SiCl shows no reduction wave at more positive potentials than -3.0 V vs.
[Sz(i]]E [41] ; the value -3.2 V has been proposed but without specifying the conditions

Di- and Trisilanes as Models, We first studied Si-Si bond formation in di- and
trisilanes from chlorosilanes, as models.

When
phenylmethylmonochlorosilanes (30 mmol) were electrolyzed with 9 mol equiv of
trimethylchlorosilane, which is more difficult to reduce than the former, until 2.2 F.
mol-1 of charge was consumed, the only product formed was the unsymmetrical
disilane (Equation 7) with yields similar to or better than those obtained by the alkali
metal route (Table I). Both Al and Mg anodes gave similar results.

2.2 Emol’!
Ph,Me; ,SiCl + Me3SiCl ——»  Ph;Mes_;Si-SiMej (©)]
n=1-3 excess Al or Mg anode
THF + HMPA or TDA-1

Room temperature
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The absence of symmetrical dimers supports the silyl anion hypothesis, as represented
in equations 3-5, which is more likely than a coupling mechanism of silyl radicals. It is
suggested that the more easily formed phenylated silyl anions are then trapped by
Me381C1 that is favored by the fact it is present in a large excess. This mechanism is

corroborated by the kinetic curve for phenylpentamethyldisilane formation, obtained by
GC analysis as a function of the charge passed (Equation 8, Figure 2).
Al, 2e”
PhMe,SiCl + Me;SiCl —_— PhMe,Si-SiMe;  (B)
(5 equiv. excess) THF +TDA-1

Table I. Electrochemical Synthesis of Unsymmetrical Disilanes
PhpMe3.,Si-SiMe3 - Comparison with the Classical Route

Product
Substrate Electrosynthesis Alkali Metal Route
Al anode Mg anode
GC  Ref Isolated Isolated Intermediate yield  Ref
yield yield yield %
%o % %
PhMe,SiCl 90 80 83 =SiLi 47 [42]
PhyMeSiCl 90 [34] 82 84 =SiLi 74 [42]
Ph3SiCl 90 742 7760 =SiLi/Na/K 75 [43]

aYield after recrystallization

Homocoupling of monochlorosilanes, After 1.2 F.mol 1 of electricity
had been passed through either an Al or Mg anode, the symmetrical coupling of
monochlorosilanes (65 mmol) led, as expected, to the symmetrical disilanes (equation
9) in good isolated yields which were similar to those of the metal route (Table II).

2 PhyMe3 nSiCl  —— p-PhMes Si-SiMes ,Phy ©)
—03 Al or Mg anode
n= THF + HMPA or TDA-1

In this reaction only one half of the engaged chlorosilane is reduced, the rest
acting as the electrophile ; so the theoretical total current is 1 F. mol .,

In spite of its very negative reduction potential, Me3SiCl could also be reduced to
MesSi; in the above conditions ; but other procedural modifications were unsuccessful
in conditions of anode/solvent/supporting electrolyte as follow : Mg/DMF/MgCl,,
Al/DMF + TDA-1 (40 mL/10 mL)/LiCl, AYACN/LiCl and Al/NMP/AICl3, Me3SiCl
probably being not reduced in DMF and the aluminum salts being less soluble in ACN
or NMP than in THF.

In the case of homocoupling of monochlorosilanes, the kinetic curve again
followed the theoretical straight line but deviated from it a little sooner because of the
decrease, at the end of the electrolysis, of the amount of chlorosilane acting both as the
substrate and the electrophile (Figure 3).
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Table II. Electrochemical Synthesis of Symmetrical Disilanes
(PhpyMe3.,Si)y. Comparison with the Classical Route

Substrate Product Electrosynthesis Metal Route
Isolated yield (%)
Al Ref Mg Reaction Yield  Ref
anode anode  conditions %
MesSiCl MesSh); 714 [34] 718 Mg/THF 40 [44]
Li/THF 76 [42]
84 [45]
Na/K/xylene 70 [46]
85 [47]
MeMgCIELO 722 [48,49]
PhMe,SiCl  (PhMe;Si); 80 83
PhyMeSiCl  (PhpMeSi); 60 68
Ph3SiCl (Ph3Si), 70 71  Li/THF 73 [50]

ultra-sound

2 s-residues as the substrate.

Theorical straight line
for 2 e- per mole process

% B
A i \ \,

100+ .- + 100 .

504~ P -+ 50 <

QFIinoI

consumed charge | lelmol consumed charge .
T —> T T
1

1 2 2

Figure 2. Kinetics of the cross-coupling Figure 3. Kinetics of the homocoupling
of PhMe,SiCl and Me3SiCl of PhMeSiCl

Coupling of dichlorosilanes with excess Me3SiCl, The coupling of
dichlorosilanes (30 mmol) with excess Me3SiCl (10 mol. equiv.) led, after the passage
of up to 4.2 F. moll, to the respective trisilanes (Equation 10) in isolated yields much
higher than those obtained from chemical routes (Table IIT). Both Al and Mg anodes
gave similar results.

4.2 Fmol’!
Ph,Me,_,SiCl, + Me3SiCl ———— Ph;Me,_Si-(SiMes), (10)
n=02 excess Al or Mg anodes
THF + HMPA or TDA-1
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Table III. Electrochemical Synthesis of Trisilanes PhpyMes_Si(SiMe3)s
(4.2 F. mol! passed).Comparison with the Classical Route

Product
Substrate Electrosynthesis Metal Route
Al anode Mg anode
GC  Isolated Ref Isolated  Reaction yield Ref
yield yield yield Conditions %
% % %o
PhMeSiCl, 98 90 92 Na/K/ 32 1]
xylene
reflux
Ph,SiCl, 77 79 Li/THF 14 [52]
Me,SiCl, 60 [34] 63 Li/THF 13 [45]

3 steps? 42  [45,53,57]

a g-residues as the substrate.

This simple electrochemical method seems to be the most practical way to
produce these trisilanes, since the use of alkali metals gives low yields and the best
alternative route for Me3SiSiMe,SiMes, which requires 3 steps via Me3SiSiMe,Cl [45,
53, 54], leads to only a 42 % yield (Me3SiSiMe;Cl is obtained from Me3SiSiMes
[55-57], itself prepared from the "s-residues" of the "direct synthesis" of
dimethyldichlorosilane (Me3Si;Cl3 + Me3SipCly).

Knowing that the reduction potentials of dichlorosilanes are much less cathodic
than that of Me3SiCl, we can assume that the dichlorosilanes are first reduced to
monochlorosilyl anions which are then trapped by the Me3SiCl present in large excess
rather than by the dichlorosilane. Moreover, the kinetic curves (obtained from GC
analysis) of the electrochemical reduction of PhMeSiCl, with an Al anode, as an
example, show that the two silicon-chlorine bonds are reduced in two well-separated
steps ; that is the monochlorinated disilane was formed initially until 2.1 F/mol of
PhMeSiCl; had been consumed (Equations 11, Figure 4).

. 21Fmort! +2.1 Fmol? .
PhMeSiCl, — 5 PhMeCISi-SiMe; —— "~ 5 PhMe Si-(SiMeg), (11)
excessMe3SiCl 83%(GC) 98%% (GC)
Alanode 6395 (isolated) 90%(isolated)
THF +HMPA
%

@ Formed CIPhMeSi-SiMe;
M Formed PhMeSi(SiMe3)y

}

I

1 2 3 4
consumed charge

Figure 4. Kinetics of the electrochemical synthesis of CIPhMeSi-SiMe; and
PhMeSi(SiMes), with an Al anode
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This selectivity, not available by the chemical routes, allows a good synthesis
of the 1-chloro-1-phenyltetramethyldisilane in 63 % isolated yield. But it must be
pointed out that the optimization of the monosilylation procedure depends strongly on
the total current passed because formation of the trisilane begins just before 2 F.mol-1.

The influence of the nature of the anodic metal on the selectivity of the
monosilylation was also investigated. As shown above, for 2.1 F. mol-1 of charge
passed, the selectivity was good with an aluminum anode but, when we used a
magnesium anode, the selectivity was lost (Equations 12, 13).

Al
» PhMeCISi-SiMe; (12)
anodic CE = 110% 83%

2.1 FEmol-!

PhMeSiCl,
excess Me3SiCl

THF + HMPA PhMeCISi-SiMe + PhMeSi-(SiMes); (13)

anodic CE = 170% 54% 46%

This can be understood by comparing the anodic current efficiencies (anodic
C.E.) (percentage of consumed metal relative to the theoretical mass corresponding to
the engaged charge). The observed anodic C.E. was roughly theoretical (110 %) for Al
but much higher for Mg (170 %) ; this means that there was also simultaneous
chemical reduction of the dichlorosilane and of the monochlorodisilane at the anodically
scoured metal, causing the loss of selectivity.

It is interesting to note that when mixtures of Ph,SiCl, or Me;SiCl, with
Me3SiCl or Ph3SiCl were electrolyzed under different conditions, oxygen-free
polysilanes were obtained in good yields; e.g. a 78% yield was obtained for a 1/1
mixture of Me;SiCl, and Ph3SiCl [58]. In this experiment, the monochlorosilanes
were not in excess (molar ratios monochlorosilane/dichlorosilane 1/10 to 1/1), a
divided cell fitted with Pt electrodes, a catholyte containing 0.4 M BuyNBF4/DME with
the passage of 2 F. mol-! of charge were used.

Larger
polysilane oligomers could also be obtained using the aluminum sacrificial anode
technique. Thus, the electrolysis of 1-chloro-1-phenyltetramethyldisilane,
electrochemically prepared as described above, led to the corresponding tetrasilane in
85 % yield (Equation 14).

1.2 Emoll
2 Me3Si-PhMeSiCl ——— . Me;Si-PhMeSi-SiMePh-SiMe; (14)
Al anode 85%
THF + HMPA

In the same manner chloropentamethyldisilane gave decamethyltetrasilane in 83
% yield (Equation 15).

. . 1.2 Emol’! . . .
2 Me3Si-Me)SiCl  —————»  Me3Si-Me,Si-SiMe,-SiMe; 15)
THF + HMPA

Finally, the electrolysis of a 1 : 6 mixture of dichloromethylphenylsilane and
chloropentamethyldisilane gave 3-phenylundecamethylpentasilane in 75 % yield
(Equation 16).
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4.2 Fmol!
PhMeSiCl, + MesSi-Me;SiICl ————» MesSi-Me,Si-PhiMeSi-Me,Si-SiMe;  (16)
excess Al anode
THF + HMPA 5%

Thus, the sacrificial anode method allows polysilane oligomers to be built up in
a stepwise fashion.

. . . The
sacrificial anode technique was applied to the electroreductive polymerization of
Me,SiCl;. Suitable sacrificial anodes are of interest in order to prevent the possible
previously observed oxidative degradation of the starting Me;SiCly and/or
polydimethylsilanes, formed either directly at an anode [59] or indirectly by reactive
chlorine species anodically generated from Cl- in an undivided cell [60]. Thus, an
insoluble PDMS, similar to Yajima's, was obtained from the electrolysis of Me,SiCl,
(80 mmol, 10 mL, 1.1 mol.L-!) with an Al anode and a stainless steel cathode in
mixtures of either THF and HMPA or THF and TDA-1 (about 60 mL total volume).
The amount of charge passed was 2.2 F. mol-! (Equation 17, Table IV).

, i) 2.2 Emol’! .
nMesSiCl, 2 = an;“d‘; -(Me,Si)-, a7
30%
THF + HMPA or TDA-1 25
ii) Methanolysis

Table IV. Electroreductive Polymerisation of Me;SiCl, using
Solvent/Co-solvent Mixtures, an Al Anode and a Stainless Steel
Cathode?

Insoluble PDMS
Run Solvent/cosolvent (mL/mL) Supporting Yield  Current Ref
volume electrolyte % efficiency
%

ratio
1 THF/HMPA  (30/30) E4NBE,; 26 24 [33a]
2 THF/HMPA (50/10) BwyNBr 30 27 [33b,34]
3 THF/TDA-1 (30/30) LiCl 17 16 [33a]
4 THF/TDA-1 (50/5) Et4,NBF, 21 19 [33b]
5 THF (100/0) LiCl 26 24 [33a]

@ Initial and final cell voltages were respectively 15 and 36V.

The yield of insoluble PDMS, after methanolysis, was limited less than 30 %
owing to the formation of oxygen-containing oligomers (from the ring opening of the
THF by Me,ClSi- anions) which were recovered with PDMS oligomers (n < 9) in a
soluble fraction. These oxygen-containing oligomers were clearly identified by 'H
NMR (which showed the presence of -Me;Si(CH2)4OSiMe;-patterns), IR
(characteristic bands for the SiOC bonds) and GC-MS (many oligomers containing the
CIMe;SiO(CHjy)4+fragment). Moreover, it is interesting to note that the amount of
these THF ring-opening products increased by 2- or 3- fold in the absence of a
complexing agent (run 5). This indicates that A1Cl3, stoichiometrically formed during
the electrolysis, plays a well known role as a polymerization initiator of THF.

Because of this, we optimized the reaction by performing the electrolysis
"without solvent" but in the presence of a small amount of a complexing agent such as
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HMPA or TDA-1, to obtain PDMS in almost quantitative current efficiency [61]
(Equation 18, Table V).

i) e~ (Al anode) )

n Me,SiCl, — —»  -(MeySi)-, (18)
"without solvent" CE =90%
ii) Methanolysis n>25

Table V. Electroreductive Polymerization of Me;SiCl; "Without

Solvent"
PDMS
Run Me,SiCl, Vol/mL  Charge Current Al
(complexing agent) passed efﬁcggncy %o
/F

1 Me,SiCl2 alone 0.09 72 (grey) >5

2 Me,SiCl2 (HMPA) 70(13) 0.07 76 2.9

3 Me,SiCl2 (TDA-1, HMPA) 70(15,10) 0.18 84 (white) 0.1
4 Me,SiCl2 (TDA-1, HMPA) 70(15,10) 0.24 90 (white) 0.05

2 From elemental analysis

A solution of BusNBr (0.03 M, supporting electrolyte) in 70 mL of Me,SiCl,
could maintain a current intensity of 0.1 A during one day (run 1), but, in the absence
of the complexing agent, the PDMS obtained in 72 % current efficiency was grey, due
to the presence of metallic aluminum resulting from reduction of AICl3. This was
avoided by adding a complexing agent(s) in order to shift the reduction potential of
AICI; cathodically (runs 2 and 3). Moreover, sonication (35 kHz) resulted in a further
increase in the yield of PDMS (90 %) (run 4).

Both samples (obtained either
with or without a solvent) were similar, on the basis of their IR spectra, to a PDMS
standard prepared by the Na-reductive polymerisation. They were also characterized by

their melting point (260°C), UV (broad band, Ayax = 310-320 nm measured in liquid
paraffin suspension) and MS. The highest-weight fragment observed in the MS (direct
insertion, m/z = 961) corresponded to a minimum polymerization degree n = 16.

Knowing that the melting point [62, 63] and Apax [7, 12] values of
polydimethylsilanes increase with the chain length, we can estimate, on the basis of the
known standard curves, that n > 25.

As described above, PDMS is used as a precursor of polycarbosilanes in the
industrial production of silicon carbide ceramics and fibers. We confirmed that our
PDMS samples could be pyrolytically converted into the corresponding
polycarbosilanes [33a] (Equation 19).

) 470°C .
-(Me,Si)-, ———» -(HMeSi-CH2)-, (19)

Thus, the electrosynthesis can constitute an alternative route for the preparation
of PDMS.

Mmﬂuﬂmﬂmmammimm%h Initial, unoptimized
results, show that soluble polyphenylmethylsilanes could be obtained from the

electroreductive polymerization of PhMeSiCl, in a solution of BuyNBr in THF and
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HMPA (or TDA-1) with an aluminum anode (Equation 20, Table VI). The polymer
was identified by its IR (SiMe and SiPh absorptions) and 2Si NMR spectra ( = -38 to
-43 ppm for -(PhMeSi),- and 14.6 ppm for terminal CIPhMeSi-) according to the
literature data [64].
Al anode, €
nPhMeSiCl, » Cl-(PhMeSi)-,Cl 20)
THF+HMPA or TDA-1

Table VI. Electrochemical Polymerization of PhMeSiCly

Cl-(PhMeSi),-Cl MeO-(PhMeSi),-OMe

PhMeSiCl, Q Yield M, My /M,
Concentration  (F.mol!) %
™M)
0.5 2.2 75 930 3.6
0.5 4.1 50 5000 1.8

These results showed that the yields of the chlorinated polysilanes and the
molecular weights depended on the total current. Molecular weights were determined
by GPC after methanolysis and removal of volatiles at 230°C at 0.5 mmHg (eluent :
THF, reference : polystyrene standard).

Electroreductive Copolymerization of MesSiCla and PhsSiCI

Soluble copolysilanes could be obtained by electrolysis of a mixture of
Me,SiCl, and PhMeSiCl, in different ratios after passing 4 F/mol of the limiting
chlorosilane (Equation 21, Table VII).

4 Emol’!
Me,SiCl, + x PhMeSiCl, T Cl-(Me,Si)-(PhMeSi),-Cl  (21)
anode

THF+HMPA
Table VII  Electrochemical Copolymerization of MeSiCly and
PhMeSiCly
Cl-(Me;,S1)-(PhMeS1)y-Cl
x = PhMeSiCl, y “Yield M, My /M,
Me,SiClp %
1 0.9 91 988 1.6
1.9 1.8 71 769 1.7
3 2.3 86 645 1.5

The conclusions were : i) when Me;SiCly was in excess (x < 1), the
copolysilane obtained was insoluble, certainly due to the presence of too many Me;Si
groups, responsible for crystallinity ; ii) When PhMeSiCl, was equimolecular with
Me;SiCl; or in excess (x 2 1), the copolysilane obtained was soluble and the
composition ratio y, determined by 'H NMR spectroscopy, was almost equal to x,
corresponding to the proportion of the starting materials. The yields, based on y = x
were good but the molecular weights, determined by GPC, were relatively low.

The copolymers were also characterized by comparing their 29Si NMR spectra
with those reported in the literature [64, 65]. The spectra obtained reveal complex
resonances between -36.6 and -42 ppm (internal Me;Si and PhMeSi units) and two
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distinct resonances at +16.5 and +25.7 ppm (terminal PhMeSiCl and Me;SiCl groups
respectively).

Other Electrochemical Synthesis of Si-Si bond-containing
compounds and polymers. The interest of the topic has involved, in recent years,
a lively competition in the electrochemical formation of Si-Si bonds, especially from
Japanese researchers and industrial companies. Thus, since 1990, papers and patents
from Shono gt al [66-70] have reported the electrochemical synthesis in THF of
disilanes from monochlorosilanes, of polysilanes from PhMeSiCl,, CIMe,Si-SiMe,Cl
and p-ClMezsi-C6H 4-SiMe2C1 and of a germane-silane copolymer using an undivided

cell with Al, Mg electrodes ; no complexing agent was used but sonication and
polarity-alternated electrolysis. Polysilanes from PhMeSiCl,, Ph;SiCl, and Me;,SiCl,
were also obtained in DME, with a constant current, by Umezawa gt al (Nippon
Carbon Co) and Nonaka : i) using a divided cell with Pt electrodes [37, 58, 71], ii)
using and undivided cell with Al, Mg electrodes, and polarity-alternated electrolysis
[72, 73]. Finally, Kunai, M. Ishikawa et al. have synthesized, using a constant current
sacrificial anode technique, an undivided cell and DME : i) disilanes and trisilanes with
Hg, Ag anodes and a Pt cathode [74a], ii) polysilane oligomers and
poly(disilanylene)ethylenes with Cu-Pt and Cu-Cu electrodes [74b, 75].

Concluding Remarks

The sacrificial anode electrochemical synthesis under controlled current seems to be a
simple alternative to the use of akali metals, especially for the synthesis of di-, tri-,
polysilane oligomers and polymers in high current efficiency and yield. This method is
easy and inexpensive; the reaction only needs a bar of a common metal such as Al, Mg,
Cu ; it runs at room temperature ; a stabilized regulated supply is convenient not only
because the reaction can be stopped instantly, but because, when needed, the
dependency of the selectivity upon the quantity of electricity and upon the nature of the

electrodes makes the reaction easy to control. Moreover, extrapolation to an industrial
scale can be anticipated.
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Chapter 4

Stereostructure of Polysilanes
by Ring-Opening Polymerization

Eric Fossum, Jerzy Chrusciel, and Krzysztof Matyjaszewski'

Department of Chemistry, Carnegie Mellon University,
4400 Fifth Avenue, Pittsburgh, PA 15213

The stereoisomers of 1,2,3,4-tetramethyl-1,2,3,4-tetraphenyl-cyclotetrasilane
were identified using a combination of spin labeling and chemical
derivatization. The dominating isomer obtained in the synthesis possesses an
all-trans configuration of the methyl and phenyl substituents. Polymerization
of this isomer using silyl cuprates proceeds with two inversions of
configuration and results in poly(methylphenylsilylene) with 25% isotactic,
no syndiotactic, and 75% heterotactic triads as determined by 29Si NMR
studies.

Polysilanes (polysilylenes) consist of a linear chain of silicon atoms carrying two
substituents, generally, either alkyl or aryl.(1,2,3) Interest in these materials stems from
their unique properties, such as sigma-catenation and thermochromic behavior. They
have potential applications as photoresists, electro-optical devices, non-linear optical
materials, and also as precursors to silicon carbide.

Polysilanes have been prepared by several methods including: a) the reductive
coupling of dichlorosilanes,(1,2) b) dehydrogenative coupling of hydridosilanes,(4) c)
anionic polymerization of masked disilenes,(5) and d) ring opening polymerization of
cyclotetrasilanes.(6) Each of these methods possesses its own advantages and
disadvantages. The ring opening route allows for the preparation of well-defined
polysilanes with controlled molecular weights, relatively low polydispersities, and
defect free structures. In addition, it allows for potential control over the resulting
microstructure if the monomers, with known configurations of substituents, can be
opened in a controlled manner.

Because the electronic properties of polysilanes are dependent on the
conformation of the backbone,which may depend on the configuration of the
substituents, it is necessary to prepare polymers with well-defined microstructures. In
ring opening polymerization, the resulting polymer microstructure depends on two
factors. The first one is the configuration of the substituents in the cyclic monomers.
The second factor is the mechanism of the ring opening polymerization. This paper is
mainly focused on the discussion of stereochemistry in the cyclotetrasilanes.
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Results and Discussion

Monomer Synthesis. The synthesis of 1,2,3,4-tetramethyl-1,2,3,4-
tetraphenylcyclotetrasilane is shown in Scheme I.(6) A slurry of
octaphenylicyclotetrasilane in methylene chloride is treated with four equivalents of
trifluoromethanesulfonic acid resulting in 1,2,3,4-tetrakis(trifluoromethanesulfonoxy)-
1,2,3,4-tetraphenylcyclotetrasilane. The solvent is then removed under vacuum and the
triflate derivative dissolved in benzene/toluene. This mixture is then reacted, at -30 ©C,
with four equivalents of methyl magnesium bromide resulting in a mixture of
stereoisomers of 1,2,3,4-tetramethyl-1,2,3,4-tetraphenylcyclotetrasilane. Three of the
four possible isomers shown in Scheme I are obtained. The fourth isomer, having all
four methyl groups on one side of the ring plane, has not been detected.

The isomer possessing a 1,2,3-up-4-down, lc, configuration of the methyl
groups can be identified easily by the 1:2:1 pattern of peaks it gives rise to in 1y, 13c,

Scheme L
g
—_— 4
pi Ph (OTh,
MeMgBr/ether

/ benzene/toluene \
Mo Yo ) o t"\‘ Mo oo
Ph Ph Me Ph Me Ph Ph
la 1b 1c 1d

and 29Si NMR spectra. The 29Si NMR spectrum is shown in Figure 1(1H and 13C
show similar patterns). In this spectrum isomer 1c is identified, along with tentative
assignments for isomers 1a and 1b, both of which would give rise to only one signal in
all NMR spectra. If this mixture is allowed to stand in hexane at sub-ambient

temperatures one of the isomers, either 1a or 1b, precipitates out of the solution in =
95% purity. This compound gives rise to the single peak shown in Figure 1b.

Preliminary Assignments

The compound, which can be purified to 95%, has previously been assigned to isomer
1a, based on intuitive arguments. Because isomer 1a has an all-trans configuration of
substituents it can adopt a preferred conformation where all four phenyl rings occupy
pseudo-equatorial positions and the four methyl groups are in pseudo-axial positions.
Isomer 1b cannot adopt such a conformation because it would always have two phenyl
groups in pseudo-axial positions and two in pseudo-equatorial postions. Therefore, 1a
should be sterically less crowded, and present in a higher proportion. This
argumentation is based on thermodynamics and not kinetics because once the
cyclotetrasilanes are formed the configurations are permanent.
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The line widths of the peaks for 1a and 1b also give some insight into the
system. In the 1H and 29Si NMR spectra, the peak tentatively assigned to isomer 1a
has line narrower widths than those assigned to 1b (1.5:1). This may be a result of the
preferred conformation that can be adopted by isomer 1a, whereas isomer 1b can be
rﬁaé)idly equilibrating between two states of equal energy resulting in somewhat broader

es.

However, these intuitive arguments are not sufficient to unambiguously assign
the configuration of the dominating isomer. Because the stereochemistry of the rings is
highly important for a detailed study of the microstructure of the resulting polymer, it
was necessary to take a closer look at the problem. Several attempts at obtaining
crystals pure enough for an X-ray study were unsuccessful and thus, the methods of
spin labeling and chemical derivatization were employed.

- Parg
'._' 9 '." VI
7 o0
....... R ,ZT/‘ -

AN 0 -2800 ™
PPM PPM
Figure 1. 29Si NMR specta of a) the mixture of stereoisomers and b) purified to
either isomer 1a or 1b.

Spin-Labeling Study

Because the triflate derivatives are so versatile, it is quite simple to introduce many
different functionalities onto the ring. Thus, introducing methyl groups which have
99% 13C labels was achieved simply by substituting 13C labeled methyl magnesium
iodide in the second step of monomer preparation. This afforded compound 1*, now
with 13C labeled methyl groups.(7) By examining the coupling patterns of the resulting
NMR spectra some information about the configuration of the substituents around the
ring of the starting compound could be obtained.

The 1H NMR spectrum of 1* in CgDg is shown in Figure 2. The methyl region
is a duplicate of the spectrum obtained from the non-labeled compound, 1, but now
split into doublets with a 1JC_p of 123 Hz. This spectrum served as confirmation that
the desired product had indeed been prepared. However, no useful information about
the configuration of substituents was obtained. The 13C spectrum was an exact copy of
that observed for 1; no coupling from adjacent methyl groups was detected. This
implies one of two possibilities: 1) the coupling constant 3JC-C is below the line width
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resolution (=1 Hz), or 2) the structures are rapidly interconverting between
conformations and therefore, averaging each methyl group into equivalent positions
wherein no C-C coupling would be present.

PPH
Figure 2. 300 MHz IH NMR spectrum of the methyl region of compound 1*.

The 295i NMR spectrum of 1* is shown in Figure 3, in contrast to the spectrum
of 1, the spectrum for 1* contains fine structure which provides deeper insight into the
stereochemistry of each isomer. A simple splitting scheme with Lorentzian line shapes
%‘nﬁls;}ecu'al superposition was employed to derive the coupling constants shown in

able I.

In order to simplify the discussion of the coupling constants in the
stereoisomers, it should be emphasized that the each of the four silicon atoms in isomer
Ic is in an environment resembling that of the silicon atoms in 1a, 1b, or 1d. The two
equivalent silicon atoms (lc*-Sip) in isomer 1c resemble the environment of the
silicon atoms in 1b, and therefore, should be present with twice the intensity of those
resembling 1a and 1d.

Analysis of the observed coupling constants from Table I indicates large values
of 1J for all of the systems. Apparently, all of the values of 1J for 1c are higher than
those for 1a and 1b, regardless of the stereochemical environment. These values can
be strongly dominated by the hybridization in the corresponding Si-C bonds. The values
of 2J are quite similar in all cases, but smaller than 3J values; the latter provide the most
useful information.

The 37 value for 1c*-Sip is the smallest (=1.8 Hz). Values of 37 for the 1c*-
Siga and 1c*-Sig are 4.6 and 6.8 Hz. The 3J values for the two synthetically available

isomers 1a and 1b are 1.9 and 4.6 Hz, respectively. Similar values of the 3 coupling
constants for 1¢*-Sip, present with twice the intensity of both 1c*-Sia and 1c*-
Sid, and isomer 1b enable the assignment to 1b. The equivalent coupling constants
for 1c*-Sia and 1a confirm the assignment to 1a. It is anticipated that 37 value for the
unavailable isomer 1d could be similar to that for 1¢*-Sig and equal to 31~ 6.8 Hz
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1c 1bic la Ie

24 25 26 27 28

ppm
Figure 3. 298i NMR spectrum of the mixture of stereoisomers of compound 1c*,

Table I. Carbon-Silicon Coupling Constants for the Stereoisomers of 1*

Publication Date: November 18, 1994 | doi: 10.1021/bk-1994-0572.ch004

Stereoisomer 1y 25 35
1b* 378 +02 Hz 2.1+0.2Hz 1.9 +0.2 Hz
la* 37.6 +02 Hz 2.1+02Hz 4.6 +0.2 Hz
1c*-Sig 38.5+0.2Hz 1.8 + 02 Hz 45 +0.2Hz
1c*-Sip (x 2) 38.6 + 0.2 Hz 2.1+0.2Hz 1.8 + 0.2 Hz
1c*-Sig 39.8 + 0.2 Hz 1.7+ 02 Hz 6.8 + 0.2 Hz

Downloaded by UNIV OF GUELPH LIBRARY on October 29, 2012 | http://pubs.acs.org

1jc.si is the coupling constant between the observed silicon atom,and the methyl
carbon directly attached. 2JC-§; is the coupling to the methyl carbons on two

neighboring a silicon atoms, and 3JC.Sj is the coupling constant to the methyl carbon on
the b silicon atom.

Chemical Derivatization

Because the above study left some ambiguity as to the configuration of the dominating
isomer, further evidence was needed. The relatively high symmetry of both 1a and 1b
makes differentiating between them quite difficult. Therefore, if the symmetry of the
molecules could be lowered or destroyed completely, some insight into the
configurations could be found. One possibility to change the symmetry was to remove
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one more aromatic ring and replace it with a methyl group, thereby reducing the
symmetry. This procedure is outlined in Scheme II.

If the dominating isomer is indeed la, treating this compound with one
equivalent of triflic acid, followed by methylation, should yield compound 2a
(Me5Ph3Si4). This new compound should give rise to NMR spectra which could be
used to determine the structure of the starting material. A 1H NMR spectrum with four
peaks in the ratio 2:1:1:1 is expected, and also a 29si NMR spectrum with three peaks in
the ratio 2:1:1 should be observed.

If the dominating isomer is 1b, treatment with one equivalent of triflic acid,
followed by methylation should lead to compound 2b. This compound should give rise
to a completely different pattern of peaks in the NMR spectra. The lH NMR

Scheme II.
Me Me

leq TFOH leq MeMgBr
P —— Me

Me
Me 1 a Me 23

Me Me

Me leq TfOH leq MeMgBr Me
Me - = Me

Me 1b Me Me

spectrum should appear as five resonances in the ratio 1:1:1:1:1 for the methyl region
and the 29Si NMR spectrum should appear as four individual peaks in the ratio 1:1:1:1.

2

Me Me Me

la

I ] N i I
-25.8 -25.5 -26.18 -28.5 -27.8
PPH

Figure 4. 295i NMR spectrum of the products of the reaction of 1a with one
equivalent of triflic acid, followed be methylation.
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The resulting 29Si NMR spectrum is shown in Figure 4. As is apparent, the
dominating isomer possesses the expected all-trans configuration of substituents. In
addition to unreacted Me4Ph4Si4, there are present, as much lower intensity peaks,
which can be attributed to MegPh2Si4. The triflation reaction is known to occur with
limited chemoselectively and this leads to the mixture of products.(8) However, the
major pealis in both spectra give sufficient evidence for assignment of the dominating
isomer to 1a.

Microstructure of PMPS

With the configuration of the monomer known, it was then possible to obtain a clearer
picture of the microstructures obtained from ring opening polymerization. The
microstructure of PMPS presents an interesting problem.

The simplest description of the microstructure of PMPS consists of triad data
where groups of three silicon atoms in the chain are considered. There are three
different possibilities for the stereochemistry at each group. Schematic representations
of the three possibilities are shown in Scheme III. Looking at the central silicon atom of
the group of three, the configurations of the neighboring atoms are considered. If both
adjacent atoms have the same configuration as the central atom, two meso junctions are
present. This results in a mm triad, which corresponds to isotactic polymer.

Scheme III.
Q0 Q C
m| m r|r
®
mm, isotactic 11, syndiotactic

o L
Imfé (glif

mr or rm, heterotactic

If the neighboring silicon atoms have different configurations from that of the
central atom, two racemic junctions are then present, and a rr triad results, which
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corresponds to syndiotactic polymer. If the configurations of the two adjacent silicon
atoms are not the same, then both meso and racemic junctures are present and this gives
rise to either mr or rm triads result, corresponding to heterotactic polymer.

Assignments of Configuration. In the 29Si NMR spectrum of PMPS prepared by
the reductive coupling of dichloromethylphenysilane there are three broad resonances
present at -38.5, -39.0, and -41.0 ppm. West et al. have assigned these resonances to
isotactic, syndiotactic, and heterotactic PMPS respectively.(9) The assignments were
based on the corresponding six membered rings where the molecules are forced into
configurations which may be quite different from those in the linear chain; cis and
gauche for the cyclics vs. trans and gauche for the linear chain. Therefore, the shielding
effects of the aromatic rings may be quite different from those present in the polymer.

Stereoselective Ring Opening of la

Knowing the configuration of the monomer allows a detailed look at the microstructure
of PMPS from ring opening polymerization. The all-trans monomer, 1a, can be opened
via three different pathways. Scheme IV depicts the possibilities. If ring opening
occurs with two retentions of configuration at the attacked silicon atom and the newly
formed reactive center, then a rrr sequence is built up with the possibility for defects to
occur at the connections between monomer units because the monomer unit can be
attacked on either of two faces of each of the prochiral silicon atoms in the ring. This
results in a sequence of [(rrr)m/r], where the ratio m/r is equal to 1, leading to triad data
which would consist of 75% syndiotactic, 25% heterotactic, and 0% isotactic triads,
respectively.

Scheme IV.

2X Ret.

Inv. & Ret.

[(rrr)r/m],, [(mrm)m/r],, [(mrr)m/r]n

If ring opening occurs via two inversions of configuration the sequence of
[(mrm)m/r] would result. This corresponds to 75% heterotactic, 25% isotactic, and 0%
syndiotactic triads, respectively.

The third potential pathway involves both a retention and an inversion of
configuration. Regardless of whether the retention or inversion occurs first, the
configuration sequence of [(mrr)m/r] is observed. This would result in a polymer with
37.5% syndiotactic, 12.5% isotactic, and 50% heterotactic triads, respectively.
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Ring Opening Polymerization

The 29Si NMR spectrum of the polymer prepared by ring opening polymerization of the
mixture of stereoisomers, 1, using BuLi/cryptand in benzene, was very similar to that
observed for the polymer prepared via the reductive coupling route.

One possible explanation for this observation may involve scrambling
(transsilylation) reactions. If this process occurs via an intramolecular pathway, the
formation of macrocycles should be observed. However, the polymerizations were
terminated before the scrambling could occur.

Apparently, with Li* as the counterion, very little, if any, control over the
pathway of ring opening can be achieved. The result is then a random distribution of
inversions and retentions leading to stereorandom polymer. Therefore, to achieve some
degree of control over whether the polymerization occurs with retentions or inversion of
configuration at the attacked silicon atom and the newly formed reactive center, a
modified initiator must be employed.

Silyl Cuprates. The use of organocuprates in organic synthesis has been studied
intensively.(10) More recently, silyl cuprates have received some attention for use in
organic chemistry and also for polymer synthesis. Silyl cuprates are prepared by the
reaction of varying numbers of equivalents of R3SiLi with CuX. Oehlschlager and
Sharma have studied the reaction of PhMe3SiLi with CuCN in tetrahydrofuran.(11)
They have found that there are many equilibria present in solutions of cuprates prepared
with various ratios of PhMe2SiLi to CuaCN. The reaction of one equivalent of silyl
lithium results in the monosilyl cuprate and no free silyl lithium present. At two
equivalents, the majority of the cuprates exists as the disilyl compounds with only a
small amount of both the mono- and trisilyl compounds present in solution. A third
equivalent displaces the cyano group as LiCN giving the trisilyl cuprate. These
equilibria are shown in Scheme V.

Scheme V.

PhMe,SiLi + CuCN PhMe,SiCu(CN)Li

PhMe;SiLi||

PhMe,SiLi
LiCN + (PhMe,Si);CuLi, ——=——(PhMe,Si),Cu(CN)Li,

Ring Opening Using Silyl Cuprates

Ring opening polymerization of 1a was attempted with both the monosilyl and disilyl
cuprates. The monosilyl cuprate was used unsuccessfully to initiate polymerization,
however, use of the disilyl cuprate resulted in nearly quantitative conversion to
monomodal polymer with polydispersities in the range of Mw/Mp = 1.5. The
polymerizations were carried out in THF at room temperature, which is interesting in
itself, because if the polymerizations using BuLi are carried out in THF there is rapid
decomposition of the polymer to five and six-membered cyclic polysilanes, however,
with the silyl cuprates, the formation of cyclics is not observed, even after 24 hours.
The most interesting result of the polymerizations employing silyl cuprates is the
remarkably different microstructures of the formed polysilanes. The 1H and 13c NMR
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spectra have much sharper peaks than those observed using Li* as the counterion ion
and also from polymers prepared by the reductive coupling route. However, the most
dramatic differences can be seen in the 29Si NMR spectrum shown in Figure 5.

The spectrum shows only two signals present at -38.5 and -41.0 ppm, in the
ratio 3:1, no signal at -39.0 ppm is detected From the previously discussed possibilities
of ring opening, the two microstructures which can be obtained are 3:1
syndiotactic:heterotactic and 3:1 heterotactic:isotactic, corresponding to two retentions
and two inversions of configuration, respectively. On the other hand, polymerization of
the mixture of all three steroisomers in the ratio 28% (1a): 14% (1b):58% (1c) provides
three signals in the ratio 58% (-38.5 ppm): 15% (-39ppm): 27% (-41 ppm).
Combination of the results obtained by the polymerization of the mixture and all trans
isomer suggests the following assignment: -38.5 ppm (heterotactic), -39 ppm
(syndiotactic), and -41 ppm (isotactic). This also indicates that ring-opening
polymerization with silyl cuprates occurs with two inversions of configuration at the
attacked silicon atom and at the newly developed growing center.

a) b)

ol iy gy iy

| i
-40.00 -40.00
PPM PPM

Figure 5. 295i NMR spectra of a) PMPS prepared by reductive coupling and b)
PMPS prepared by the ring opening polymerization of 1a with silyl
cuprates.

Polymer Properties. The absorption and emission spectra of the polymer prepared
by the silyl cuprate polymerization of 1a are very similar to those of PMPS prepared by

reductive coupling. The room temperature absorption maximum, Amax = 336 nm, is 2
nm lower than for the polymer prepared by the reductive coupling process. No thermal
transitions were observed during differential scanning calorimetry measurements,
indicating a low degree of crystallinity in the polymer, which is consistent with a highly
heterotactic polymer.
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Conclusions

Ring opening polymerization of cyclotetrasilanes provides a unique and quite promising
route to polysilanes. 1,2,3,4-Tetramethyl-1,2,3,4-tetraphenylcyclotetrasilane can be
prepared and the dominating isomer possessing an all-trans configuration of substituents
can be isolated in up to 95% purity. Ring opening polymerization of the monomer using
silyl cuprates results in poly (methylphenylsilylene) with 75% heterotactic triads and
25% isotactic triads. The polymerization occurs via two inversions of configuration at
the attacked silicon atom and also at the newly formed reactive center.
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Chapter 5

Polysilazane Thermosets as Precursors
for Silicon Carbide and Silicon Nitride

J. M. Schwark! and A. Lukacs, III2

IWacker Silicones Corporation, 3301 Sutton Road, Adrian, MI 49221
2Lanxide Corporation, 1300 Marrows Road, Newark, DE 19714

This chapter discusses the development of thermosetting preceramic
polymers, emphasizing peroxide-curable polysilazanes. These
polymers are excellent precursors for both silicon nitride and silicon
carbide. Vinyl-substituted polysilazanes may be readily thermoset
with peroxide initiators. In addition, a new class of polysilazanes
which contain peroxide substituents directly bound to the polymer has
been developed. The utility of peroxide-cured polysilazane precursors
for the formation of silicon nitride articles has been demonstrated.

Polysilazanes and polycarbosilanes have been extensively used as precursors to
silicon nitride and silicon carbide (/-7). Preceramic polymers offer an avenue to
prepare ceramic articles, such as fibers or coatings, which cannot be made via
traditional ceramic processing routes (2). Another potential advantage of this
technology is improvement in current ceramic processing methods. For example,
precursors may replace the organic polymer binders typically used in the injection
molding of ceramic parts (8,9). A universal prerequisite for the utilization of
preceramic polymers for the formation of a ceramic article is that they undergo a
transformation from a processible state (generally soluble or thermoplastic) to an
infusible state. Once rendered infusible, the fabricated ceramic "green" (unfired)
body will not deform during the subsequent firing required to generate the finished
ceramic article.

‘When the preceramic polymer is a liquid, or solid with a well-defined glass
transition temperature, further crosslinking must occur before or during the pyrolysis
process to produce a viable ceramic precursor. Numerous crosslinking methods,
based on polymer structure, have been devised including: 1) exposure to a reactive
gas such as a chlorosilane (10) or air (11,12), 2) irradiation with ultraviolet, gamma,
or electron beam sources (4,13), 3) thermal addition reactions, and 4) catalytically-
induced crosslinking via transition metal or peroxide compounds. Reactive gas
exposure, while useful for high aspect ratio fibers, is not readily translated to bulk
objects where the surface area is much lower. In addition, an exposure of this type

0097-6156/94/0572—0043%08.00/0
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may introduce unwanted contamination, such as oxygen, into the final ceramic article.
Irradiation techniques are also difficult to incorporate into traditional ceramic
processing. While it might be feasible to irradiate a spun fiber, any bulk, molded
article, such as an injection molded silicon nitride turbocharger rotor, could not be
readily cured with such an exposure. Thermal addition and catalytic crosslinking
have proven especially effective for rendering vinyl-substituted precursors infusible
and this technology can be translated to the fabrication of ceramic parts.

This chapter will highlight several examples of these two methods, with an
emphasis on free radical crosslinking. Vinyl crosslinking has been used by the
authors to develop a family of peroxide-curable, polysilazane-based precursors for
both Si3Ng and SiC (14-19). A further extension of this concept has been the
preparation of new polysilazanes with peroxide groups bound directly to the polymer
(20). The utility of these precursors for the manufacture of ceramic articles has been
demonstrated.

Crosslinking Via Thermal Addition

Thermal crosslinking has been used as an effective technique to produce crosslinked
polymers with good ceramic yield. For example, the liquid polysilane
Me3Si(SiMeH)x(CHp=CHSiMe)ySiMe3 showed a substantial exotherm when heated
at 200°C, and both hydrosilylation and vinyl polymerization occurred (2/). In a more
detailed study of this system, Schmidt et al. reported that the primary thermal reaction
mode was vinyl crosslinking (equation 1), which eventually yielded a glassy solid
after heating the silane from ambient to 196°C in 57 minutes under nitrogen (22). In
this case, the radical Re, responsible for vinyl polymerization, was presumably
produced by thermal decomposition of an Si-Si, Si-H, or Si-CH3 bond.

Re + -s:i-éi- N -51 Sl- 1. -Sl Sl- 1)
CH=CH, CH-CH,R CH-CH R
. CH -CH- sl-sl-

Pyrolysis of the thermoset solid gave a mixture of SiC and C (22). This polymer may
also be crosslinked more rapidly (10 minutes) by heating at 250°C (13).

Likewise, vinyl-substituted polysilazanes may be thermally crosslinked at
elevated temperatures. A liquid oligovinylsilazane, (CHp=CHSiHNH)y, prepared by
the ammonolysis of vinyldichlorosilane, thermoset to an infusible, insoluble solid
after heating for 2 hours at 110°C (23,24). This solid had a char yield of over 85 wt%
when pyrolyzed to 1200°C. For this system, infrared analysis showed that
hydrosilylation, and not vinyl polymerization, was the predominant crosslinking
mechanism.

For both the polysilane and oligovinylsilazane, low molecular weight liquids
were converted to infusible solids with good ceramic yield by utilizing thermal
activation of vinyl substituents. The major disadvantage of this type of crosslinking
method is the slow kinetics.
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Platinum-Catalyzed Crosslinking

An enhancement in the rate of precursor thermal crosslinking is obtained when
transition metal catalysts are included in the thermal processing. The liquid
oligovinylsilazane, (CHy=CHSiHNH)y, containing both vinyl and Si-H substituents,
crosslinks to an infusible solid upon heating to 110°C for one hour in the presence of
chloroplatinic acid (23). As mentioned in the previous section, the same solid was
formed in two hours when no catalyst was present. Careful monitoring of the
molecular weight and polymer structure by NMR spectroscopy showed that for this
polysilazane, crosslinked oligomers were formed more rapidly in the presence of the
catalyst. As in the thermal treatment, the predominant crosslinking mode was
hydrosilylation.

Porte and Lebrun found that the ceramic yield of the polysilazane
[(MeSiNH] 5)0.45(Me2SiNH)g 25(MeSiHNH)g 20(CH2=CHSiMeNH)g, 10lx
increased dramatically when a platinum complex of 1,3-divinyltetramethyldisiloxane
was used during thermolysis (25). When the polymer alone was heated at 170°C for
20 hours, a resin with a char yield of 53% at 1400°C was produced. In comparison,
when 100 ppm of the Pt catalyst were added, the same thermal treatment produced a
solid with a thermogravimetric analysis (TGA) yield of 80%.

These examples illustrate that augmenting the thermal crosslinking reaction of
vinyl-substituted precursors with platinum catalysts provides a means to obtain
crosslinked precursors more rapidly or with enhanced ceramic yield. Still, the
processing times described for both the thermal and the platinum-catalyzed cure
methods are too long for rapid ceramic processing. In addition, hydrosilylation of
nitrogen-containing silicon compounds is difficult at best.

Peroxide Crosslinking of Preceramic Polymers

Peroxide initiators are equally effective, but often kinetically faster, than platinum-
based crosslinking systems. The crosslinking of silicon-based polymers with organic
peroxides is well-known, and in this section several examples will illustrate the
translation of this technology to preceramic polymer systems. For many vinyl-
substituted precursors, and polysilazanes in particular, free radical-based crosslinking
is the cure chemistry of choice.

Polysiloxanes. Siloxane rubbers are readily cured by heating in the presence of an
appropriate peroxide and the technology is well-established (26). Indeed, this
crosslinking chemistry has recently been extended into ceramic applications (27).
Vinyl-substituted siloxanes were found to be very effective binders for SiC powder.
With only about 1 wt% 2,5-dimethyl-2,5-bis(tert-butylperoxy)hexane (Lupersol 101),
the [(MeSiO| 5)0.50(PhSiO1 5)0.25 (CH2=CHMe)8i0g 5)0.25] polysiloxane cured
to an infusible solid after one hour at 180°C (27). Subsequent pyrolysis gave B-SiC,
and dense ceramic monoliths could be prepared using these polymer systems as SiC
binders.
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Polysilanes. Vinyl-substituted polysilanes have also been thermoset using peroxide-
based free radical initiators (/3). Me3 Si(SiMeH)x(CH2=CHSiMe)ySiMe3, a liquid
polysilane, crosslinked in 20 minutes when heated at 200°C with 2-15 wt% dicumyl
peroxide. A mechanism similar to that in equation 1 was postulated, with Re being
the methyl radical formed in the decomposition of dicumyl peroxide. An interesting
finding of this study was that benzoyl peroxide and azoisobutyronitrile were not
effective initiators, even under reaction conditions in which they were certainly
decomposed. It was speculated that an active alkyl radical was required for
polymerization of the Si-CH=CH) substituents. Contrast this cure chemistry with the
thermally activated vinyl polymerization of the same polymer described in the work
of Schmidt in the previous section. In this case, the presence of the free radical
generator allows the same vinyl crosslinking to take place more rapidly.

Polysilazanes with Vinyl Substituents. Little fundamental work has been described
on the peroxide crosslinking of polysilazanes. In 1984, it was reported that simple
organooligocyclosilazanes, prepared by the polycondensation of methylvinyl-
cyclosilazanes, could be crosslinked by heating to 220°C with 0.5-2.5 wt% of the
silylperoxide (MeSiOO!BuO)y (28). Even for the highest levels of peroxide, only
about 60% of the liquid silazane could be converted to a gel. Still, this work
demonstrated the potential for crosslinking vinyl-substituted polysilazanes using a
free radical approach.

Subsequently, several liquid polysilazane-based precursors have utilized
peroxide-initiated crosslinking to obtain high char yield solids. Lebrun and Porte
found that a vinyl-substituted liquid cyclic silazane, such as (MeSiCH=CHNH)y,
heated with 2.7 wt% dicumyl peroxide at 170°C for 24 hours produced a solid with a
char yield of >70 wt% (29). Toreki et al. further studied this system and its utility for
producing ceramic materials (30-33). In their work, (MeSiCH=CH)NH)x was
thermoset by heating with 0.1-1.0 wt% dicumyl peroxide for 12 hours at 135°C to a
brittle, highly crosslinked polymer. Because this crosslinking occurred through vinyl
groups, a network with an extended Si-CHj rather than Si-N backbone was obtained.
Despite the polymerized vinyl network within the thermoset, and the relatively low
nitrogen content of the precursor, a- and B-Si3N4 were the only observable
crystalline ceramic products after pyrolysis to 1500°C under nitrogen. Elemental
analysis showed, however, a high carbon content in the char. At higher temperatures,
i.e., >1600°C, SiC formed at the expense of Si3N4 (33).

As reported previously for the vinyl-substituted polysilane, it was also
observed that some free radical initiators were not effective for polymerizing the
vinylsilazane. Benzoyl and lauroyl peroxide, and azoisobutyronitrile were ineffective
polymerization initiators, even at elevated temperatures and extended heating times
(32). Again, the efficacy of dicumyl peroxide was attributed to the formation of the
reactive methyl radical.

Polysilazanes with Vinyl and SiH Substituents. In contrast to polysilazanes
containing only Si-CH=CHj substituents, liquid polysilazanes containing both Si-H
and Si-CH=CH) substituents thermoset very rapidly (14,16,18,19). For example, an
isocyanate-modified polysilazane (2) was prepared by the reaction of 0.5 wt%
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phenylisocyanate with the cyclic silazane [(MeSiHNH)q g (CHy=CHSiMeNH)q 21x
at 70°C for 1 hour (18). The isocyanate addition provides controlled viscosity
increase in the polysilazane system (14,18). When the isocyanate-modified
polysilazane 2 was heated with 0.1 wt% dicumyl peroxide at 150°C, an exotherm
occurred and within 30 seconds the liquid cured to a glassy, insoluble solid with no
discernible glass transition temperature.

Interestingly, it was also found in this work that certain peroxides were
ineffective in the thermosetting reaction. For example, diacyl peroxides such as
benzoyl, lauroyl, and decanoyl did not promote the thermoset reaction. Peroxyketals,
peroxyesters, and dialkylperoxides, however, proved very effective. Examples from
these classes include: 1,1-di(t-butylperoxy)-3,3,5-trimethylcyclohexane (Lupersol
231), 2,5-dimethyl-2,5-di(t-butylperoxy)hexane (Lupersol 101), t-butylisopropyl-
monoperoxycarbonate (Lupersol TBIC-M75), t-butylperoxyperbenzoate, dicumyl
peroxide, and o, o'-di(t-butylperoxy)diisopropylbenzene. Each of these peroxides
gave excellent results at <0.5 wt% in the polysilazane. Because a range of peroxides
is available, each having different decomposition kinetics, cure of the polymer may be
effected over a ran§e of temperatures.

Solid state 13C NMR spectroscopy showed complete consumption of the
vinyl moieties in the thermoset polymer 2. Pyrolysis of the cured polysilazane under
NH3 from ambient to 1000°C, followed by heating under Ar to 1600°C gave a
mixture of a- and B-SizNy (19). In contrast, pyrolysis under Ar from ambient to
1600°C gave B-SiC. Indeed, this thermoset polysilazane is an excellent precursor for
silicon carbide as well as silicon nitride (19).

Contrast the rapid, peroxide-based thermoset cure of polysilazane 2 containing
Si-H and Si-CH=CH groups with that of (CHy=CHSiMeNH)yx (29,30) in which the
cure was achieved only after heating for 12 hours or more. While the difference in
this reactivity may be due to free radical induced hydrosilylation with the available
Si-H groups, it is plausible that vinyl polymerization predominates with the rapid cure
attributed to a high population of radicals sustained by Si-H scission. In either case,
the polysilazane thermosetting reaction occurs rapidly enough to make formation of
ceramic green bodies by injection molding techniques viable (8,9).

Peroxide-Substituted Polysilazanes

A further extension of the concept of thermosetting polysilazanes with peroxide
initiators has been the preparation of new polysilazanes with peroxide groups bound
directly to the polymer (20). Potential advantages of a peroxide-substituted
polysilazane over systems in which the peroxide is simply admixed with the polymer
include: 1) segregation of the peroxide upon storage cannot occur, 2) dissolution or
dispersion of a peroxide in the polysilazane is not necessary, and 3) homogeneous
distribution of the peroxide in solid, as well as liquid, polysilazanes is possible. We
have prepared a new class of peroxide-substituted polysilazanes by the reaction of a
hydroperoxide with a poly(methylvinyl)silazane. The liquid polymers may be
thermoset, even with extremely low levels of peroxide substitution. This chemistry
provides access to a class of polysilazanes previously unknown as ceramic precursors.
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Experimental Section. All reactions were performed under nitrogen using standard
inert atmosphere techniques and dried solvents. Reagents were obtained as follows:
(Me3SiNH)3 (3) from Hiils and tBuOOH in a 3.0 M solution in isooctane from
Aldrich. A cyclic silazane copolymer 4 was prepared by the coammonolysis of
methyldichlorosilane and methylvinyldichlorosilane (4:1) mol ratio in hexane. The
cyclic, vinyl-substituted polysilazane 4 has the formulation [(MeSiHNH)( g
(CH»=CHSiMeNH)( 7]x with x=8. Thermogravimetric analyses (TGA) were
performed at 20°C/min from 25-1000°C in nitrogen. Differential scanning
calorimetry (DSC) was performed at 10°C/min under nitrogen from 40-320°C. 29Si
NMR spectra were obtained in CgDg at 71.1 MHz with a gated decoupling pulse
sequence and a 4 sec pulse delay. Cr(acetylacetonate)3 was used as a Si atom
relaxation agent and tetramethylsilane was used as an internal standard (0.00 ppm).

Cyclic Silazane/Hydroperoxide Reactions. Monomeric alkylsilylperoxides have
been prepared by the reaction of hydroperoxides with linear (34-36) or cyclic (36)
silazanes. Equation 2 shows the reaction of fert-butyl hydroperoxide with a
silylamine to produce tert-butyltrimethylsilylperoxide and an amine (34).

Me3SiNHR + Me3COOH ——> Me3SiOOCMe3 + RNH) [0))

This idea was later extended to cyclic silazanes (equation 3) (36). The reactions
proceeded readily at room temperature to give good yields of the desired
silylperoxides. Reaction of one equivalent of hydroperoxide per Si-N bond in the
silazane gave complete substitution of the cyclic silazane trimer.

(MeySiNH)3 + 6 ROOH 3 MeySi(OOR); + 3 NH3 )

No examples, however, were reported in which a lower hydroperoxide/Si-N
stoichiometry was used. Such a ratio would be expected to produce silylperoxides
containing silylamine moieties. We adopted this strategy for the preparation of
peroxide-substituted polysilazanes.

The reaction of the cyclic silazane trimer, (MeSiNH)3 (3), with one
equivalent of tBuOOH per mol trimer in hexane at room temperature proceeded with
Si-N bond cleavage and ring-opening as shown in Scheme 1. The initial reaction is
postulated to be a rapid ring-opening of (MeSiNH)3 to give the linear intermediate 5
which was not observed. The Si-NH3 end group is not stable in the presence of
unreacted hydroperoxide, and further reaction of 5 with another equivalent of the
hydroperoxide occurs to produce 6 and ammonia. By 29Si NMR spectroscopy, the
final mixture obtained had 50% unreacted (MeSiNH)3 (8 -4.67, s, 3 Si) and 50%
product 6 (5 3.14, s, 2 Si; -5.71, s, 1 Si). The ratio of products indicates that
preferential reaction of tBuOOH with the Si-NHj group in intermediate § occurs.
Thus, instead of obtaining a 100% yield of 5 with one silylperoxide end group, the Si-
NH3 group of 5 further reacts with another equivalent of hydroperoxide to produce 6
(in a 50% yield based on tBuOOH) with two silylperoxide end groups.
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Scheme 1

I\‘/Ie I\I'Ie I\:Ie
(Me,SiNH); + 'BuOOH —— [tBuOO-Sli-NH-SIi-NH-SIi-NHz]

3 Me Me Me

5
¥e I\fe I\:Ie -NHj Me Me N.[e
['BuOO-§i-NH-$i-NH-$i-NH,] + 'BuOOH —— 'BuOO-8i-NH-Si-NH-Si-00'Bu
Me Me Me 1\'/Ie Me I\I/Ie
5 6

The reaction mixture which contained 6 had no other products by 29Si NMR
spectroscopy. This peroxide-substituted silylamine was successfully prepared by
control of the reaction stoichiometry to supply the hydroperoxide as the limiting
reagent, which prevented complete conversion to an alkyl silylperoxide as in equation
3. This approach was then used to prepare a peroxide-substituted polysilazane.

Synthesis and Characterization of a Peroxide-Substituted Polysilazane. Clearly,
peroxides bound to silazane moieties could be readily prepared from cyclic silazanes.
The polysilazane 4, [(MeSiHNH)( g (CHy=CHSiMeNH)( 2]x, of interest for
thermosetting, is actually a mixture of cyclic oligomers with an average ring size of
eight Si-N units. Thus, if the methodology shown in Scheme 1 is used with a very
small quantity of hydroperoxide R"OOH, a small percentage of cyclics in the
oligomeric polysilazane 4 will be ring-opened to provide linear polysilazanes end-
capped with silylperoxide groups, e.g., R"OO-(RRSiNH)x-SiRR'OOR".

To prepare a peroxide-substituted polymer, polysilazane 4 was reacted with 5
mol% (6.6 wt%) 'BuOOH at room temperature in hexane to give silylperoxide-
substituted polysilazane 7. A high level of hydroperoxide was used so that the
substituted polymer could be examined by NMR spectroscopy for formation of the
tBuOOSi end groups. The substitution was confirmed by 295i NMR spectroscopy.
To determine whether polymer 7 would thermoset, a DSC analysis was performed.
The DSC showed an exotherm beginning at 118°C with a peak temperature of 155°C,
coinciding with the initiation of cure. Because of the relatively high level of peroxide
substitution in 7, a heat of reaction of 105 cal/g was observed. When a bulk sample
(10 g) was cured, an exotherm began at 124°C and reached 204°C within several
minutes. The polymer thermoset to a hard, brittle glass with a char yield by TGA of
76 wt% at 1000°C under nitrogen.

The level of silylperoxide substitution required to cure 4 and produce a solid
with a good char yield was investigated. The data in Table I show the maximum
exotherm reached during cure and TGA results obtained from the vinyl-substituted
polysilazane 4 reacted in hexane at room temperature with the indicated weight
percentage of tBuOOH. Accurate dispensing of the hydroperoxide was possible
because it was supplied as a 3.0 M solution in isooctane. In each reaction, a 1-2°C
exotherm and gas evolution (ammonia) accompanied the hydroperoxide addition.
Following in vacuo removal of the hexane, each liquid polymer was thermoset in a
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preheated 160°C oil bath. In each case, the cure exotherm began when the sample
reached about 130°C and the maximum exotherm temperature exceeded 200°C for a
10 g polymer sample (Table I).

Table I. Peroxide-Substituted Polysilazane Cure/TGA Results
Thermoset Cure
Wt. % 'BuOOH Reactant Exotherm T(°C) TGA Yield (Wt.%)
0.03 217 71
0.16 207 75
0.32 210 73
1.60 241 75

A solid, crosslinked polysilazane was produced in about 5 minutes in each case.
Thus, even very low levels of peroxide substituents on the polysilazane were effective
in the thermoset cure. The TGA yields compare quite favorably with that obtained
when [(MeSiHNH)( g(CH=CHSiMeNH)() 7]x (4) is mixed with 0.5 wt% dicumyl
peroxide and heated under the same conditions. In that case, a char yield of about 75
wt% is observed.

The effectiveness of this approach was somewhat unexpected in light of the
general rule that silylperoxides are inefficient free radical initiators. Previous work
with the crosslinking of polyethylene showed that silylperoxides require higher
initiation temperatures, are less efficient and more thermally stable, than typical
organic peroxides (37). Also, silylperoxides undergo oxygen extrusion reactions to
form alkoxysilanes which are not active as free radical generators (equation 4) (34).

Me3SiOO0SiMes Me»Si(OMe)OSiMe3 (CY)

Despite the expectation that the silylperoxide substituents might be inefficient
initiators, the vinyl-substituted polysilazanes containing such moieties thermoset
readily producing highly crosslinked solids which had good pyrolysis yields.

Ceramic Processing Utilizing Polysilazane Thermosets

Preceramic polymers have the potential to improve traditional ceramic processing
methods (2). In particular, ceramic injection molding may be enhanced by the
replacement of organic binders with thermosetting polysilazanes. Table II compares
the attributes of the two binder systems.

Table II. Comparison of Ceramic Injection Molding Process
with Organic Binder and Preceramic Polymer Binder
Organic Binder Preceramic Polymer Binder
Thermoplastic Thermoset
Hot Mix/Cold Mold Cold Mix/Hot Mold
Binder Must Be Burned Out Binder "Burns In"
High Shrinkage During Firing Lower Shrinkage During Firing
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The complete molding process is further illustrated in Figure 1. In traditional ceramic
injection molding, a ceramic powder and auxiliaries (e.g., sintering aids) are
combined in a thermoplastic polymer (e.g., polyethylene) producing an extremely
high viscosity mix. This mixture is heated until it flows and then injected into a cold
mold to solidify the mixture and produce a ceramic green body. Once the green body
is removed from the mold, it is subjected to a binder burnout step. During this phase,
the green body is heated very slowly from ambient to a temperature at which the
binder begins to volatilize. Binder removal must be very slow so that deformation of
the molded object is avoided. Binder burnouts of up to one week are not uncommon.
Once the binder is completely removed, the ceramic is fired to the temperature
necessary to produce a fully sintered (densified) article.

By replacing the organic binder with a polysilazane thermoset, the binder
burnout step may be essentially eliminated so that the cycle time from injection
molded part to densified ceramic is greatly reduced. An injection molding scheme
using the polysilazane binder system is depicted in Figure 1. The vinyl-substituted
polysilazane, e.g. polymer 2, is first combined with the ceramic powder and additives
such as sintering aids and peroxide initiators in a Ross double planetary mixer. The
peroxide-curable polysilazanes typically have very low viscosities (i.e. 25-150 cps),
so mixtures with high loadings (50-55 vol%) of ceramic or metal particulate fillers are
both fluid and non-dilatant at ambient temperature (8,9). The powder-filled mixture
is injected at less than 500 ksi (ca. 3500 MPa) pressure into a heated (>150°C) mold.
The polysilazane binder phase thermosets in less than 5 minutes to produce the
molded green body which is quite strong. Silicon nitride powder-filled green parts
having as little as 8 wt% binder, for example, have four point bend strengths which
typically exceed 8 MPa (Matsumoto, R.L.K., Lanxide Corporation, presented at the
920d American Ceramic Society meeting, Dallas, TX, April, 1990).

Because the thermoset polysilazane has no measurable glass transition, the
green body will not deform upon heating. The molded part may be heated rapidly to
the sintering temperature without going