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FOREWORD

The ADVANCES IN CHEMISTRY SERIES was founded in 1949 by
the American Chemical Society as an outlet for symposia and
collections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented
because their papers would be distributed among several
journals or not published at all. Papers are reviewed critically
according to ACS editorial standards and receive the careful
attention and processing characteristic of ACS publications.
Volumes in the ADVANCES IN CHEMISTRY SERIES maintain the
integrity of the symposia on which they are based; however,
verbatim reproductions of previously published papers are not
accepted. Papers may include reports of research as well as
reviews, because symposia may embrace both types of
presentation.
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PREFACE

THE WORLD IS BUILT FROM SILICON-BASED polymers. Silicate materials
in many shapes or forms account for more than 90% of the land mass.
Technologies associated with these materials have been developed through
recorded history, but the science underlying these materials is, relatively,
still in its infancy. The first systematic study of silicon chemistry was carried
out in the first two decades of this century. The first useful synthetic or-
ganosilicon polymers, the polysiloxanes, were developed in the late 1930s,
and a new industry based on these synthetic polymers was born in the early
1940s. This industry has grown rapidly worldwide to the point that it is now
a multi-billion-dollar endeavor.

Scientists in this field recognize that silicon polymers that have been
developed commercially constitute merely “the tip of an iceberg” or, pos-
sibly, a silicon tetrahedron. The bulk of the silicon industry today is, in fact,
based on one polymer system, poly(dimethylsiloxane) and a large family of
materials obtained by minor modifications of this polymer. Imagine the
prospects for other polymer systems based on silicon!

History will show that during the last decade of the 20th century new
families of silicon-based materials were harnessed to provide the growth
that, in the first decades of the 21st century, firmly established synthetic
silicon polymers as unique materials complementary to organic polymer
systems. Is this a rash prediction? Maybe.

In the 1987 Chemical Abstracts, the section on silicon polymers contains
more than 3000 entries and lists more than 1000 authors. The topics span
polysilalkylenes to polysilazanes. To pull together a representative group of
workers from this broad and, as yet, ununified field was an exciting challenge.
The International Topical Workshop “Advances in Silicon-Based Polymer
Science,” held in Makaha, HI, and on which this volume was based, was
designed to summarize the recent progress in the understanding of silicon
polymers, seek unifying principles, and provide insight into the possible
directions for future scientific and technological advances in the field. The
Workshop drew together current research in the areas of synthesis, prop-
erties, chemistry, and applications of silicon-based polymers. Plenary pre-
sentations provided critical overviews and perspectives of rapidly advancing
fields. Poster sessions provided a forum for the presentation of important
new research results.

The challenge of silicon-based polymers is all the more intriguing be-
cause of the rapid growth in the past decade in the number of structural
types available and our increasing understanding of the special and highly
flexible role that silicon plays in these materials. The familiar polysiloxanes
are renowned for their stability and insulating qualities. The study of poly-
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silanes (polysilylenes) is driven by useful and highly adjustable photo-
instability and capabilities for charge and energy conduction. Millennium-
old silicate ceramics have now been supplemented by the new ceramic
materials derived from pyrolysis of formable preceramic polymers based on
silicon. Progress has been made in converting natural silicates directly to
organosilicon polymers without the intermediacy of the direct process for
the formation of silicon monomers. The presence of silicon as a pendant
group on polyacetylene backbones gives novel polymers that are unequaled
in their capacity for selective gas permeation. As in the past, the remarkable
level of recent progress has been founded on the realization that silicon lends
unique characteristics to polymers. Silicon is most emphatically not simply
a “high-atomic-number carbon” when incorporated in polymers.

Various themes are evident in this volume; silicon-based polymer science
is presented from the fundamentals of synthesis and structure to the often
highly complex technological applications. In the first chapter, Barton and
Boudjouk state: “Our collective experience requires that we warn the reader
that the forthcoming material may well prove to be addictive!” We hope
they are correct.

We thank all the authors and participants for their contributions. We
particularly thank the sponsors of the Workshop for providing an unusually
high level of support, which permitted us to assist many who would otherwise
have not been able to attend.

Rumor has it that another group will be gathering in the same location
in 1991 to mine once more the golden sands of Makaha for polymeric treas-
ures. If our prediction for the future of silicon-based materials is true, much
remains to be discovered.

JoHN M. ZEIGLER
Sandia National Laboratories
Albuquerque, NM 87185

F. W. GORDON FEARON
Dow Corning Japan, Ltd.

Tokyo, Japan

July 14, 1989
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Introduction: My Favorite Element

Eugene G. Rochow

Myerlee Manor, No. 107, 1499 Brandy Wine Circle, Fort Myers, FL 33919

MY FAVORITE ELEMENT IS SILICON, and I am very happy to make this
contribution to this volume, because it brings together so many loose threads
from past years. Some threads that I had thought had been abandoned in
the past now suddenly come to light. Now I find not only siloxane polymers
as a topic of importance but also ceramic chemistry in all its broad aspects,
polysilanes, and hyperpure silicon made from intermediates for silicones.
Polysilanes made from those same intermediates are now being used as
coatings on more hyperpure silicon that came from the same direct process.
Not only have we come full circle, but we have circles within circles. This
development is astonishing and gives me a happy and contented feeling
about my favorite element.

Silicon: An Element with Many Possibilities

For some years I made a living as a ceramic chemist. I did not claim to be
one, but at least I got a job in that area in 1935. I always believed that
organosilicon chemistry should overlap with ceramic chemistry in various
ways. Very few people have that same point of view. When I left General
Electric (GE) and went to Harvard University, I did some experiments with
molten silicates; one of these was the measurement of electrode potentials
in molten silicates, the way pH is measured in aqueous solutions. I thought
that this field was very interesting, and the American Ceramic Society gave
me an award for the most significant paper in ceramic chemistry for that
year. Do you suppose I could get any student interested in pursuing the
field? No!

Many things can be done with silicon, and an overlap between disciplines
exists. Many of my attempts to bridge the gap were failures. I tried to make
the analogues of alloys by mixing molten silicates with melted thermally
stable silicones, but the silicates always melted at about 100 °C above the
decomposition point of the silicones. I gave up that line of research, and
now, the same thing is being accomplished, not by the metallurgical tech-
nique of mixing liquids and allowing them to solidify, but by a sort of powder
metallurgy technique going through sols and gels. When a silicate gel and
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an organosilicon gel are brought together and dehydrated under the appro-
priate conditions, a heterogeneous ceramic alloy with new and interesting
properties is formed.

My old friend methylphenylsilicone, which I patented in 1941, has
reappeared in a new and more elegant form as a block copolymer prepared
in a fancier way, with the accompanying improvement in properties. I also
investigated polyphenylsilanes as possible competitors of silicones, but the
polyphenylsilanes were less stable than the siloxanes, and so I abandoned
them. (All the emphasis at GE was on high-temperature insulation, and I
liked and needed the job!) Now the big leap to polyphenylsilenes has been
made, and the inherent instability of polyphenylsilenes is exploited by using
them as photosensitive coatings on silicon chips. Thus, my negative finding
has been turned upside down to good advantage.

For decades I avoided mixtures or copolymers of organic resins with
silicones, even abhorred them, because I did not want the pristine properties
of my silicone brain children to be degraded or ruined by adulteration. Now,
all manner of siloxane-organic copolymers (such as the polyimide block
copolymers) with disciplined structures and admirable properties have been
developed.

I neglected a lot of possibilities involving my favorite element. Some of
the neglect was for reasons that seemed compelling at the time. A vast
unexplored area of silicon-nitrogen compounds beckoned, and for several
years, a number of young co-workers and I fussed with methylsilazanes and
ways of polymerizing them. We made some progress and considered it a
great day when the hydrolyzability of the average SiN compound was licked.
We recrystallized one of our silazanes from 95% alcohol and recovered it
intact! But the search for stable methylsilazanes seemed to stretch on end-
lessly into the horizon, and of course, most young people live for the present
and cannot be bothered by the distant future. Eventually the work petered
out; we had to adopt Ulrich Wannagat's view that the field of organosili-
con—nitrogen compounds (which he called the “field of sin”) was really an
unending swamp, a morass that could swallow up any number of man-years
of work. The field was unproductive.

Now see what has happened! Many researchers have reverted to good,
solid inorganic chemistry and have used the methylsilazanes and other or-
ganosilicon compounds as precursors of silicon nitride and silicon carbide,
not in the massive lump form so familiar in ceramic chemistry, but as thin
coherent fibers that retain fantastic strength even at red heat and are useful
in ultramodern composites. A blessed bridge has sprung up between two
enormous areas of silicon chemistry, whose adherents had little or no in-
tercommunication whatever before this! Beautiful, ubiquitous, friendly sil-
icon gets another chance to show its true worth. The second-most abundant
element on this beautiful earth shows how versatile and how largely unex-
plored it is!
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Like a good bridge player, I look at all the wonderful things happening
today involving my favorite element silicon, and I begin to think hard about
what could possibly ruin the play of this magnificent hand. What could
possibly stem the great advances reported in this volume? The answer be-
came very obvious: a loss of support could cripple or kill the advances now
being made with silicon. If you do not believe me, just look at what happened
to the American space program.

Communicating with the Public

The great advances in silicon-based polymer chemistry are mostly mysterious
and incomprehensible to the general public, and we ourselves must take
the trouble to describe those advances in the popular, common language if
we want to keep the research momentum going. If we do not write for the
public, it will lose interest and withdraw its commercial and governmental
support.

Scientific and technical language is absolutely essential for our profes-
sional meetings and in our journals.

But the general public does not always understand chemical language
and may even harbor an active hostility toward technical jargon. Since the
beginning of the human race, people have always feared that which they do
not understand. The fear is expressed in many forms, ranging all the way
from ridicule to mob violence, with all stages in between. You have all
witnessed this or experienced it.

During the height of antiscience feeling in the early 1970s, I found my
own children hooting with laughter as they tried to read the list of ingredients
on a package of cookies and made their way slowly through the hydrogenated
soybean oil to the diglycerides and lecithin. Why were they deriding these
ingredients? “Well,” they said, (1) “They sound so funny!” (2) “They are
chemicals and so cannot be good for you,” and (3) “They are probably syn-
thetic and, therefore, downright poisonous.”

Let us deal with these points in order. First, “the names sound so funny.”
Well, foreign words always sound différent the first time we hear them, and
I caution my own children never to poke fun at foreign words or at the
people who utter them, for to do so is only to reveal one’s ignorance and
mark one as a fool. However, the reaction of ridicule for unfamiliar-sounding
names and expressions will go on.

The second objection is the entrenched view that anything with a chem-
ical name is not good for you. This objection is raised by the great scientif-
ically illiterate masses. The objection extends to all economic and social
levels and even among professionals. I once heard a Harvard professor of
English get up and say in the presence of the president and all the deans
that he had never taken a course in science and was proud of it. So widespread
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is the antiscience feeling and the entrenched opposition to scientific ter-
minology. This opposition arises from fear of the unknown.

Let us take a moment to examine why the ignorance of even elementary
science is so widespread. In the 25 years that I taught Chemistry I at Harvard,
I never found a student who was incapable of understanding the subject.
Everyone who graduates from Harvard is required to know how to swim,
and some of the students have a hard time. Of course, those with physical
handicaps are excused. Eventually, though, the faculty had to make some
other exceptions. They found that some individuals simply sank and could
not be taught to swim. But no one in my experience has ever been unable
to learn some chemistry. Regardless of background, preparation, or the lack
of it, all college students can learn chemistry, or enough of it to understand
the world around them and to be intelligent voters. Furthermore, I have
dealt with enough classes of high-school and grade-school students to know
that they, too, can grasp logical principles and apply them, if the principles
are delivered in their own language.

Why then do so few college students pursue degrees in science? Mostly,
it is because they are turned away by parents, advisors, and even teachers,
who have blocked out science from their own lives earlier and then advise
the youngsters to do the same. They say science is too hard. The attitude
is if you have trouble with your backhand in tennis use a forehand shot all
the time. This attitude does not work in today’s world. So why are the
parents, teachers, and advisors so ignorant in science? Because they, too,
were advised to shy away from it by their parents and teachers, and so on.
It is a self-perpetuating delusion, and we must all work to overcome it.

The third objection is that anything with a chemical name is probably
synthetic and, therefore, assuredly poisonous. To many thousands of college
students and to anyone else who would listen, I have explained that giving
another name to a substance, a material, or a food does not change its
character or its properties. Water is water whether we name it in English,
German, Sanskrit, or the precise terminology of the International Union of
Pure and Applied Chemistry. And yes, water is a poison if taken in sufficient
amount. Taken in gross excess, too much water disturbs the ionic balance
in the blood, leading to convulsions, coma, and even death. In excess, every
drug is a poison; conversely, every poison is a potential drug in the treatment
of one disease or another. Everything can be poisonous, whether we call it
by its chemical name or not; it is all a matter of quantity or proportion. We
must have due regard for proportion.

Then we come to that other epithet, “synthetic”. If we think about it
for a moment, is not everything we eat synthetic? Food is synthesized in
many stages, starting with the conversion of carbon dioxide and water to
simple sugars through the agency of sunlight in green plants. Every plant
product is synthetic, and because every animal in the world depends on the
plant life, every animal is a synthetic product. All of us are synthetic, too.
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Originally, we were synthesized by our mothers. Now, we ourselves syn-
thesize our body parts from the amino acids, carbohydrates, and minerals
obtained from ingested plant and animal foods that contain what we need
for the purpose.

Some may challenge me on the matter of mineral constituents of the
human body. How about the calcium for bones and teeth? How about the
sodium chloride we eat? How about the potassium, the phosphorus, and the
iron in all of us? All these elements were synthesized, too. They were
synthesized in stars like our sun, long ago. Everything has been synthesized
from the primordial hydrogen by nuclear reactions far off and long ago. When
I explained this concept to freshmen in Chemistry I in connection with
teaching them some elementary nuclear chemistry, one shiny-eyed Radcliffe
girl came up afterward and said, “Am I really made of stardust?” I said,
“Yes, and it actually shows!”

Cows produce synthesized milk, and bees produce synthetic honey.
Because milk and honey are synthetic, are they bad for us? No, we do not
consider them so. Then, why does this dichotomy exist? Why are the syn-
thetic products of plants and animals considered good and pure and whole-
some and natural, whereas the synthetic products of mankind are considered,
ipso facto, vile and poisonous? Why does this colossal put-down of mankind
exist? Why are plants and bees and beef cattle natural and noble and virtuous
and benevolent, whereas only people are evil and malevolent?

Nothing is inherently wrong with what man manufactures; its goodness
or badness depends merely on what use we make of it. There is nothing
bad about vitamin C just because it is manufactured; it is still ascorbic acid
(or one of its salts) and is just as effective as any other kind. So let us get
rid of this myth about “synthetic”. At every opportunity, we should explain
patiently why it is nonsensical to equate “synthetic” with “toxic”.

Lest you think I have wandered too far afield, let me summarize my
thesis this way. First, every practicing chemist is an ambassador for science
in general and for chemistry in particular. We must explain things to the
nonchemical public and correct misconceptions gently and patiently at every
turn, or else nothing will ever change. Second, the message about bland,
benevolent, and ubiquitous silicon must get across to the man and woman
in the street, for it is the public who will buy the products that come out
of the research discussed in this volume and who will instruct congressmen
about appropriations for research. Third, I urge researchers to write a simple,
straightforward account, in two or three sentences in nontechnical language,
about what they have done, why they have done it, and why it is important.
When they have written this summary, I ask them to try it out on their
family and friends, so that they understand and can spread the good word
about silicon, too.

I expect many workers to plead that they are too busy making rapid
advances in a very active field to take time to enlighten the general public.
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They may say that they can best serve science and silicon chemistry by
pressing on with their demanding laboratory work. Perhaps they are right,
but this view goes counter to my own experience.

In 1945, a publisher said to me, “This is a tremendously exciting new
field you are working in. Write a little book about it! Even if it is only 60
pages long, we'll publish it!” The result was An Introduction to the Chemistry
of the Silicones, which (in its second edition) was translated into six languages
and influenced many a book and many a researcher thereafter. I still find
phrases and features from it appearing in new publications, probably through
subconscious recollection on the part of the young author.

That little book was written at home, at night; it did not interfere with
laboratory time. It did lead to endless requests for American Chemical
Society (ACS) local-section talks, which involved dozens of long train trips
and many weeks away from home. Those ACS tours took a lot of time away
from experiments, and I found them nothing short of exhausting. Was it
worth the effort to preach the gospel of organosilicon chemistry by pen and
in the lecture room? The answer is a resounding yes!

I'll wager that many practitioners of silicon chemistry would not be where
they are if their mentor in graduate school (or his mentor before him) had
not been influenced by that effort. And the process is still going on. I was
asked two years ago to write “a slim volume on silicon and silicones for the
general reader,” that is, for the public rather than the committed chemist.
The result was a book (my 14th book) with that very title. If it sells only a
dozen copies but influences just one young person to take up organosilicon
chemistry, I shall have considered the effort worthwhile.

RECEIVED May 27, 1988. ACCEPTED revised manuscript October 25, 1988.
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Organosilicon Chemistry

A Brief Overview

Thomas J. Barton! and Philip Boudjouk?

!Chemistry Department and Ames Laboratory (Department of Energy),
Iowa State University, Ames, IA 50011
!Chemistry Department, North Dakota State University, Fargo, ND 58105

The chapter gives a brief overview of organosilicon chemistry and
serves as an introduction to the rest of the material in the volume.

ORGANOSILICON CHEMISTRY is a rich stratum under the long-plowed fields
of organic chemistry and contains largely untapped veins that are interlinked
to a wide variety of chemical, physical, and engineering disciplines. Our
collective experience requires that we warn the reader that the forthcoming
material may well prove to be addictive! The reader is also warned that
simple extrapolation from organic chemistry to organosilicon chemistry is a
dangerous predictive tool. As expected from their proximity in the periodic
chart, carbon and silicon often display close similarities in structures and
reactions, but it is the numerous differences that are most interesting and
important.

In this chapter, we will be skimming the rough topology of organosilicon
chemistry, and thus, we will give only the peaks of the highest mountains
and completely miss the valleys and often exclude the smaller hills. Our
purpose is not to be exhaustive but simply to prepare the reader for some
of the material that lies ahead in this volume, and we hope to whet your
interest in what we believe is a most fascinating and important subject.

0065-2393/90/0224-0003$12.00/0
© 1990 American Chemical Society
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4 SILICON-BASED POLYMER SCIENCE: A COMPREHENSIVE RESOURCE

Nomenclature

Organosilicon compounds can always be named by the oxa-aza convention
as organic compounds containing silicon atoms substituted for carbons in
the longest continuous chain. For example,

(CH S)SSi_CH 2“" Si(CH 3) Z_CH Z—Si(CH 3)3
2,2.4,4,6,6-hexamethyl-2,4,6-trisilaheptane

However, this method is rarely used, because at least for relatively uncom-
plicated molecules, the compounds are easier to name as derivatives of silane,
SiH,. For example,

Me,SiCl, dichlorodimethylsilane
Me,SiSiMe, hexamethyldisilane

If the silicon group is to be named as a substituent, the radicals are named
as follows:

H,Si- silyl

H,Si { silylene
H,Si-SiH ,— disilanyl
H,SiO- siloxy
H,SiNH- silylamino
H,SiOSiH — disiloxanyl
H,SiOSiH,0- disiloxanoxy

For example:
EtySi-CHy CH-CH,CH,
OSiMe;
1-triethylsilyl-2-trimethylsiloxybutane
Cyclosilanes can be named as illustrated by the following examples:

Ph,
St hexaphenylcyclotrisilane
or hexaphenylcyclopropasilane

Ph, Si— Si Ph,
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Me,
Si
Moy s si Me,
| dodecamethylcyclohexasilane
Me, Si___SiMe,
Si

Me,

Hydroxy derivatives are named analogously to alcohols by using the -ol
ending:

Me,;SiOH trimethylsilanol
Me,Si(OH), dimethylsilane diol
Me;Si-O-SiMe,OH pentamethyldisiloxanol
Ph,SiONa sodium triphenylsilanolate

Substituents other than hydroxyl are named exactly as they are in stand-
ard organic nomenclature. An exception is hydrogen, because H bonded to
Si is a functional atom. Therefore, it is often useful to refer to organosilicon

hydrides. The term organosilane does not indicate the presence of an Si-H
bond.

CH,CH,SiH,SiH, ethyldisilane

Me,SiNH, aminotrimethylsilane

Silazanes [H,Si(NHSiH,) ,NHSiH,] are called disilazane, trisilazane,
etc., depending on the number of silicons. For example,

Me;Si-NH,-Si-NH,-SiMe,
Me,

1,1,1,3,3,5,5,5-octamethyltrisilazane
Siloxanes are named in a similar fashion:

H,Si(OSiH,),0SiH n = 0, disiloxane

n = 4, hexasiloxane
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The naming of cyclosiloxanes is very simple, as shown by the following
example:

g{lez

0’ o

I é
Me, Si 1— Me

~o7 N\
OMe

methoxypentamethylcyclotrisiloxane

A special shorthand method, the “General Electric siloxane notation”,
is commonly used for methylsiloxanes. In this notation, the groups are ab-
breviated as follows:

|
Me IIVIC o
I |
Me;SiO- —O?iO— —O—S'i-O— —O—Sli—O—
Me (0] (o)
|
M D T Q
For example:
Me,Si—O-SiMe, MM
Me;Si(OSiMe,) OSiMe, MDM
(Me3Si0);S8i—-0-5i-0-Si(0SiMes); M;QDTM,
Me, Me
Me,
0-5¢
Me, Si (0]
e 3 D,
o, ,SiMe,
Si-O
Me,

The Nature(s) of Silicon Bonding

Most organosilanes are tetrahedral about silicon, which is consistent with
the use of sp3-hybridized orbitals on silicon.

R
]

Si i 352 3p? 3d°
y; l\...,,mR Si 3s* 3p
R R
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However, in contrast to carbon, numerous compounds are known in which
Si is penta- or hexacoordinated.

/7
(\ \QNj
v K,[RSiFs]
0= R
R

(a silatrane) N =

The formation of higher coordinated silicon is often explained in terms
of d-orbital involvement (3d : in trigonal bipyramidal complexes or 3d : and
d,:_p in octahedral complexes). However, it has long been recognized that
it is equally possible to describe the bonding without 3d orbitals by using
three-center molecular orbitals. No compelling data are available for either
bonding possibility, but it is of interest to note that if d orbitals are to be
used, some contraction must occur before they can be effectively hybridized
with the s and p orbitals. Indeed, in keeping with this requirement, higher
coordinated Si compounds are most easily formed from the halides, and the
ease of formation and complex stability both increase with increasing elec-
tronegativity (I < Br < Cl < F). Thus,

7\ 5 sicl, « 2NC,H,

SiCl, + 2N

but

/ ,
\ —> no reaction

MeSiCl, + N

(p—-d)mw Bonding. Experimental Si-X bond lengths are always shorter
than the sum of the respective covalent radii. The Si—C bond length is
brought very close to the experimental value if polar effects from the elec-
tronegativity differences are included, but Si-X bonds for more electro-
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negative Xs are still predicted to be too long, as shown by the following
bond length data:

Si-O in (H;Si),0 1.634 A (experimental)
1.77 A (calculated)
Si-F in SiF, 1.553 A (experimental)

1.71 A (calculated)

The most frequently used rationalization for these differences is (p-d)w
bonding, that is, the donation of lone-pair electrons from X into the vacant
3d orbitals of silicon. Thus, the electronegative atom X would both contract
the d orbitals and transfer electrons to create additional bonding. This con-
cept has been used to rationalize a number of unique structural features
such as the planarity about nitrogen in (H,Si),N.

i 120°
g
\ 13 -—
—§i-X > si=X Y siH,
/s ' /
H,Si

Acceptance of (p—d)m bonding in silicon compounds has not been uni-
versal and is now being challenged frequently by theoretical studies. The
question seems to be down to (p—d)m bonding versus polar effects, either
of which can explain most of the data. Whereas ab initio calculations have
better reproduced experimental bond lengths and dipole moments by in-
clusion of d functions in the Si basis set, this better reproduction may simply
be the result of compensation for an inadequate s—p basis set.

Of particular importance to this volume is the Si—O bond. In addition
to the previously mentioned difference in calculated and experimental bond
lengths, replacement of the carbons in dimethyl ether with silicons also
produces dramatic changes in bond angles, and this effect has also been
attributed to p — d back bonding.

HsC—O H;Si—O H;Si—0

S, Cen Ui,

111.5° 1206°  ° 144.1°

Once again, however, ab initio calculations reproduced both bond angles
and lengths without the use of d orbitals. It was concluded that, evidently,
the Si~O bond is much more polar than estimated from electronegativities.
Thus, both angles and lengths can be explained by coulombic repulsions.
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+ -
\8 8

—si—Q,
i3
8+

Most recently, an O NMR study of quadrupole coupling constants in sil-
icates has been interpreted as strong evidence for (p—d)w bonding between
silicon and oxygen. This question will be subject to considerable scrutiny
for some time to come.

Another important system for which (p—d)m bonding has been assumed,
but calculations deny, is the a-silyl anion, R;Si~CH,~, which is unusually
stable and easy to form. Current thinking is that a-carbanion stabilization
is due to the high polarizability of Si and the presence of low-lying o* orbitals.

n-BuLi
THF/TMEDA

(CH,),Si (CH,),Si~CH,Li

n-BuLi

_— 1
(CH),C G menz 1O reaction

In the previous reactions, THF is tetrahydrofuran, and TMEDA is tetra-
methylenediamine.

o-7 Conjugation. An extremely important aspect of silicon bonding
is hyperconjugation or c—m conjugation. Hyperconjugative interaction of the
Si~C bond with various 7 systems is well documented in allylic silanes by
a variety of spectroscopic methods. A particularly telling demonstration is
the dramatic lowering of the ionization potential (IP) of 1 (in which hyper-
conjugation is possible) and 2 (in which they8 Si~C bond is locked in the m
nodal plane).

SiMe;
«wn Me
SiMe,
1,IP=8.13¢eV 2,IP=842¢eV

Of equal importance and probably of more pertinence to the subject of
this volume is the ability of the Si-Si bond to hyperconjugatively interact
with 7 systems. In the case of Ar-SiR,, hyperconjugative electron release
by Si-R is possibly masked by the stronger electron acceptance by Si through
(p-d)m bonding. However, for the Ar—SiR,SiR; system, much greater elec-
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tron donation is expected because of the higher polarizability of the Si-Si
bond relative to that of Si—C, as clearly seen in the following examples:

Me;Si—-CH=CH, Me;Si-SiMe,~CH=CHj,
A pax 202 nm Amax 223 nm
Me,
Si—SiMe,
?}qu Me
Apax <200 nm Anax 233 nm

One of the most important manifestations of Si—~C hyperconjugation is
the well-established B stabilization of carbon-centered radicals and carbon-
ium ions by silyl groups.

+ore.
R3Si
w“}c N hyperconjugative stabilization
of a B cation or radical
center by Si—C bond
I SiR3
+o0re.
R3Si
A

This stabilization is extremely important in controlling the chemistry
and reactivity of a wide variety of organosilicon reactions. Relative to carbon,
an a-silyl group retards solvolysis, and a B-silyl group strongly accelerates
solvolysis. Therefore, tremendous control over carbocation chemistry is pos-
sible simply by the judicious placement of silyl groups. An excellent example
of this use of silyl groups is the extensive use in organic synthesis of allyl-
silanes through addition of an electrophile to the terminal carbon (anti-
Markovnikov addition!) to produce a B-silyl cation, which then eliminates
silicon to form a double bond at the other end.
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N \
—Si ; - p—
/ L\ _£+_9 —/S + lé _\-—E
N\ EX +
E
N
Van

For example,

sit A, ~
— + CH,CCl ——> 82%
OJ ’ -60 °C CH, ®2%)

Over the past few years, the debate over the origin of the B-silicon effect
on carbocations has narrowed to one of the relative magnitudes of inductive
and hyperconjugative factors. Theory and experiment are finally in agree-
ment that hyperconjugation is by far the dominant factor—29 kcal/mol cal-
culated to be from B-stabilization (!) versus 9 kcal/mol from induction and
polarization. The realization of these effects is dramatically revealed in the
S\l solvolyses of the conformationally locked cyclohexyl trifluoroacetates
(OTFA) (3-5). The relative solvolysis rates at 25 °C for compounds 3-5 are
1, 4 x 10% and 2.4 X 10% respectively. Compound 4 cannot attain the
necessary anti-coplanar relationship of the Si—~C and C-O bonds, which is
present in 5 and required for full hyperconjugative interaction with the cation
formed as the C—O bond suffers heterolysis.

H H Si Me,
S o N e H
H H
3 4 5
OTFA OTFA

Both a- and B-silyl radicals are stabilized relative to the all-carbon sys-
tems. Although these stabilizations are sufficiently large to control a great
deal of chemistry, their magnitudes (probably ~3 kcal/mol) are far less than
for the analogous cations. The relative reactivities for H' abstraction by the
tert-butoxy radical are as follows:

4.2 1.0
Et;,C-CH,-CH;,
2 55
Et,Si-CH,~CH,
The energies of various silicon bonds are given in Table I.

The experimental Si—H bond strengths are most interesting in that they
are remarkably insensitive to substitution on Si, with the dramatic exception
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Table 1. Silicon Bond Energies

Bond Compound Bond Energy (kcal/mol)
Si-H H,Si-H 90.3
Me,Si-H 90.3
Cl:Si-H 91.3
PhSiH.-H 88.2
Me,SiSiH~H* 85.3
(MCsSi)aSi—Ha 79.0
Si-C H,Si-CH; 88.2
MeSi-CH, 89.4 (74.8)"
Si-Si H,Si-SiH; 74
Me;Si-SiMe; 80.5 (63.0)®
Si-X Me;Si-Cl 113
Me;Si-Br 96
Me,Si-1 77
Cl;Si-Cl 111
F3Si-F 160
Me,;Si-OH 128
Me;Si-NHMe 100
Me;Si-SBu 99

‘Data were obtained by a photoacoustic technique.

*Values in parentheses were derived from AH; (enthalpy of fusion)
data obtained by mass spectroscopy and probably have some in-
herent error.

of silyl substitution. At this time it is unclear why successive silyl substitution
progressively weakens the Si—-H bond.

Many of the various silicon bonds have strengthened considerably over
the past 10-20 years! It seems that they are now leveling off, but different
techniques continue to produce different numbers.

The Si-Si bond is quite different from the C-C bond and actually re-
sembles more the C=C bond in its chemistry and properties. For example,
disilanes readily undergo electrophilic cleavage by the same reagents that
add to olefins by cleavage of the 7 bond.

Me;Si-SiMe; LN 2Me;SiBr
PhCO3H

Megsi‘SiMeg _— Megsi‘O—SiMeg

The Si—Si bond provided the first example of a 0-bond donor in the formation
of charge-transfer complexes with TCNE (tetracyanoethylene). Conversely,
the Si-Si bond can act as an electron acceptor to form disilanyl radical anions.

[Me,Si-SiMe;]**
[(NC),C = C(CN),]*
(\er = 417 nm)
Me,SiSiMe; —— [Me;SiSiMe;]* K+

MegsiSiMeg + (CN)QC = C(CN)2 —



Published on May 5, 1989 on http://pubs.acs.org | doi: 10.1021/ba-1990-0224.ch001

1. BartON & Boupjouk Organosilicon Chemistry: A Brief Overview 13

Perhaps most striking is the demonstration that the system (-Si-), is
electronically “conjugated”. An intense UV absorption results from a ¢ —
o* (or ¢ — 3dm) transition, which shifts position bathochromically with
increased silicon catenation (Table II). These examples show that the A,
quickly approaches a limiting value with increasing chain length. Thus,
alkylsilane polymers absorb at 305-320 nm.

Table II. Bathochromic Shift in Silicon Catenation

Silane A max (M)
Me;Si-SiMe, ca. 200
Me(Megsi)gMe 215
Me(Me;Si)sMe 234
Me(Me;Si)sMe 260
Me(Megsi)lgMe 285
Me(Megsi)lsMe 291
Me(Me;Si)uMe 293

Making and Breaking of Bonds to Silicon

The Rochow Process. Rochow found that alkyl and aryl halides react
directly with silicon when their vapors contacted silicon at elevated tem-
peratures to produce complex mixtures of organosilicon halides. The reaction
is promoted by a wide variety of metals from both the main group and the
transition series, but the most efficient catalyst is copper. The most studied
reaction of this type is the reaction between methyl chloride and silicon to
give dimethyldichlorosilane and methyltrichlorosilane. Dimethyldichloro-
silane is major feedstock silane for methylsilicon polymers.

Me,SiCl, (bp 70 °C; 30-800%)
MeSiCl; (bp 66 °C; 10-40%)
MeCl + Si >30C(:,°C ) Me,SiCl (bp 57.7 °C)

SiCl, (bp 57.6 °C)
MeSiHCI, (bp 40.7 °C)
(SiCl;H (bp 31.8 °C)

Me,SiCl, —> —Me,SiO(SiMe,),0SiMe -

Since the “direct reaction” produces all substitution possibilities of meth-
ylchlorosilanes, it is, indeed, remarkable that selectivity for the most desired
Me,SiCl, can be >90%! The mechanism of the direct reaction has not been
fully elucidated, but evidence points to the formation of a Si-Cu intermetallic
compound that more readily polarizes the C—Cl bond than either silicon or
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copper alone to generate highly reactive silicon subchlorides and methyl
radicals. The following scheme is a reasonable pathway to tetrasubstituted
silanes:

MeCl + (Si-Cu) — [MeCuCl] -» Me' + CuCl
CuCl + Si — [SiCl] + Cu
[Si]C] + Me® — MeSiCl - Me,SiCl,_, (x = 1-3)

Hydrosilation. The second most important method for preparing or-
ganosilanes on a large scale is the addition of hydrosilanes across a car-
bon—carbon double bond. The reaction is quite general and applies to a wide
variety of substituted alkenes, dienes, and alkynes.

RySi —H catalyst R3S\ /4
+

o= A

These reactions, which are catalyzed by a broad spectrum of agents
including pure and supported metals, metal salts, bases, ultraviolet light,
and free radical initiators, can give high yields of product at less than
100 °C and often at room temperature. Typically, homogeneous catalysts are
used, the most efficient of which is chloroplatinic acid, H,PtCls, known as
Speier’s catalyst. As an example, a 10 M concentration of this catalyst
relative to silane can produce quantitative hydrosilation of terminal alkenes
within minutes. Unfortunately, the catalyst is not recoverable, and on an
industrial scale, this loss adds significantly to the cost of production
(~$0.12/1b or $0.26/kg). Often, hydrosilation of dienes is better accom-
plished with palladium [e.g., Pd(PPh,),] catalysis.

. HthCl5 R’ ’
R,Si-H +/\R’ ———> R, Si/\/ + H/\/R
major minor SiRj
PPh; + Pd
o PPy tPd

+
R,Si A AN~
100 °Cc° l/\H/\ R;Si

94%

RsSi-H + 7

Normally, the less hindered addition product dominates, although some
control of the isomer distribution is possible by careful selection of the silane,
olefin, and/or catalyst. The hydrosilation of carbonyl compounds is also well
known:
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Rh(PPhy)sCl
R3Si—H + O=CR'2 > R3Si'—0' CI'IR,2

i, —

OSiR4

The mechanisms of all metal-catalyzed hydrosilations are thought to be
very similar. The pathway probably involves an adduct composed of the
silane, the alkene, and the metal. Transfer of the silicon to the carbon is
believed to occur after the mw-bonded olefin rearranges to a o complex.
Whereas the mechanism displayed in the following scheme involves olefin
insertion into Pt-H, equally possible is insertion into Pt-Si followed by
reductive elimination of the alkyl silane.

ClySiH _-SiCly
+ Pl —_— P, —— lI)th
R R H
SiCly I PO,
+ -~ R
PiL, / SiCl3
R R H

Hydrosilation can be promoted by peroxides that initiate the reaction
by hydrogen abstraction from the silane and propagate in a fashion similar
to that of classical organic free radical additions:

initiation
(RCOO), = R + 2CO,
R + Cl,Si-H — CI1;Si’ + H-R
propagation
Cl;Si' + CH,=CH, — CI;SiCH,CHy
Cl,SiCH,CH, + HSiCl; — Cl;SiCH,CH; + 'SiCl,
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If the olefin is perhalogenated, for example, tetrafluoroethylene, then the
B radical, Cl,SiCF,CF, can easily polymerize.

Reactions with alkynes may be controlled to add 1 or 2 moles of silane.
n-Butylacetylene gives a mixture of monoaddition products in which the

dominant isomer is usually the B adduct:
HH

C4Hy H
o B

H
R3Si-H + C4I‘!9CEC—H —_— — +
C4Hy

Monoaddition to phenylacetylene in the presence of platinum on carbon or
chloroplatinic acid generally gives the trans product, whereas under free
radical conditions, cis products are obtained.

The vast majority of hydrosilations have been carried out with Cl;SiH,
which is usually quite reactive, whereas R,SiH is often very unreactive.
However, activation of platinum catalysts with oxygen dramatically enhances
additions of alkylsilanes (1).

Redistribution Reactions. A redistribution reaction is one in which
there is no net change in the number and type of chemical bonds:

MX, s MX,Y S MX,Y, S MXY, S MY,

For group IV metals, the ease of redistribution parallels the size of the
central atom. Thus for systems in which M = Sn and X and Y are alkyl,
aryl, hydrogen, or electronegative groups such as halogens or alkoxy groups,
equilibration can often be reached under very mild conditions, that is,
<200 °C in the absence of a catalyst. The redistribution of groups on silicon,
however, is a feasible process only in the presence of a catalyst, normally a
Lewis acid such as aluminum chloride, and at elevated temperatures.

Because of the commercial importance of halosilanes, particularly the
dihalo and trihalo derivatives, in the production of silicone polymers, the
reaction in which M = Si has received considerable attention. For example,
the direct process produces Me,SiCl and MeSiCl; as part of a complex
mixture including the valuable Me,SiCl,, which is difficult to separate be-
cause of similar boiling points. Fortunately, the equilibration of alkyl groups
on silicon is not statistical, a fact that permits a very useful application of
the redistribution reaction:

Me,SiCl + MeSiCl; & Me,SiCl,

Dimethyldichlorosilane can be obtained in 77% yield by using AICl; as the
catalyst at 300 °C and 1000 atm (101,000 kPa). Remarkably, the reaction
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temperature can be reduced to 150 °C if a small quantity of CH;HSiCl, is
added.

The Si—H bond is particularly labile under Lewis acid conditions, and
when stoichiometric quantities of hydrosilanes are used, the reaction can be
hazardous. For example, the redistribution of the very stable phenylsilane
generates silane, which reacts explosively with air.

PhSiH, —<5 Ph,Si + SiH,

Whereas numerous reactivity studies have been reported for a wide variety
of silicon compounds and catalysts, caution is advised when comparing rate
data and accepting mechanistic proposals. The uncertainty arises from the
lack of uniformity of reaction conditions, especially regarding the presence
of water and oxygen, both of which have significant effects on rate and product
distribution.

Nevertheless, some general trends have emerged. The ease of migration
follows the order H > aryl > alkyl, and the migration of each of these groups
becomes less facile if an electron-withdrawing group is present on the silicon.
The activity of catalysts follows the order Al,Brg > Al,Cls > Al,I > Ga,Brg
> Ga,Cl,, BCl,, Fe,Clg. Protonic acids such as sulfuric and sulfonic acids
are usually more reactive than Lewis acids.

Cyclosilanes merit special comment because of their tendency to yield
polymeric products. Three- and four-membered rings containing silicon po-
lymerize readily under very mild conditions. Silacyclopentanes, on the other
hand, give linear polymeric materials [MW (molecular weight) = 1000-2500]
when heated with aluminum halides.

20_80 oc >80 °C CI'OSS-linked
SiMe, —Il’a;"" —CH,CHCH,CH,SiRl;-  — »  polymers

Prolonged heating of the product mixture leads to extensive cross-linking.
Silacycloheptanes also polymerize under these conditions. The silacyclo-
hexanes, however, resist ring opening and polymerization and react with
Lewis acids to give primarily molecular-disproportionation products. Com-
plex organosilanes that are not accessible by other routes can be prepared
in high yield via redistribution reactions:

l}dc
Mc. yle Si
rSl w ALy
—_— Me-Si . + Me,Si
Me;,Si iMe, P Si-Me

S~

Me
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Me

|

Me,Si SiMes Si
Me;Si AICI .
€3 3 Fl l + 2Me,Si

Interesting polymers containing phenyl rings as part of the backbone
have been prepared from 2-silaindane derivatives:

CH. CH,SiM
CHZ\ 2 go1Viey
SiMe, »
af
n

Extensive rate studies on aluminum-halide-catalyzed redistributions of
organosilanes support a mechanism in which polarization of alkyl silicon
bonds and an associative step are essential:

o 5t
R4Si—R%-evereeee AlBr
3 3 /\If/d SiR,
* — RR-Si ——> R,Si + R,SiR,
R,ySi-R’ R
8-A.1B1'3

Unlike Lewis-acid-catalyzed rearrangements of organic compounds, ionic
intermediates are not important in the mechanism. No evidence has been
found to support the existence of silylenium ions, R;Si*, and careful studies
have ruled out carbocations as well.

Base-catalyzed redistributions are also efficient and have been used suc-
cessfully in the synthesis of fluorosilanes. The high volatility of fluorosilanes

allows the easy separation of products.
RsSiFT + @—Sic13
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Organometallic Coupling Reactions. The most popular laboratory
method of generating silicon—carbon bonds is the reaction of an organo-
metallic compound with a functionalized silane. For example, a Grignard
reagent added to a chlorosilane in a polar solvent will give high yields of
the coupled product:

SiCl, + RMgX — R-SiCl,

These reactions usually follow the stoichiometry permitting stepwise sub-
stitution:

MeSiCl, + 1-C,,H,MgBr — 1-C ,,;H,SiMeCl,
1-C oH,SiMeCl, + PhMgBr — (1-C ,H,)PhSiMeCl

Other organometallic reagents, such as organolithium, organosodium, and
organozinc compounds, will also function in this capacity. Organolithium
reagents are often preferred because of their greater reactivity. Additionally,
the inherent reactivity of silicon allows the use of easily accessible leaving
groups. Thus OR, OC(O)R, and SR, in which R is an alkyl or aryl group,
can be displaced readily by an organometallic reagent.

—
R;Si-OR’ & &

) , R”’-M
R3Si~OC(O)R ———— RsSi-R”

R,Si-SR

In some organosilanes, particularly the strained cyclosilanes, even the
hydride is an efficient leaving group:

_R ‘ Si/R

l Ng M I\R,

Silicon—carbon bonds can be prepared by reductive silylation with an
active metal, a chlorosilane, and an organic substrate with electronegative
substituents. Although the mechanisms have not been elucidated, organo-
metallic intermediates are probably essential to the transformation:

Me;Si OSiMe;
M
ClLCHO + Me;SiCl _—
Cl H
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SiMe,
OMe Me,Si OMe
Li

Me,SiCl Me,Si OMe

SiMe,

OMe

Silylmetallic compounds can be prepared in synthetically useful quantities
and used to generate new silicon—carbon bonds:

Li -+ Li
PhySiCl ——  PhySili ~<———— PhySi-SiPhy
CO, R-X RCHO
\/
Ph;5i-CO,H Ph;Si-R Ph;Si-CH(OH)R

Reactions of Organosilanes

Nucleophilic Substitution.  Silicon readily expands its valence shell,
a property allowing organosilicon compounds to undergo nucleophilic sub-
stitution more easily than their carbon analogues. Chlorosilanes are the most
common substrates for displacement reactions producing high yields of sub-
stitution products, even with weak nucleophiles under mild conditions:

R,Si-SR’ R;Si-NR’,
R’'SH R’ 2NI'/
R'OH H,0

R;$i-OR" <——— R,SiCI ———> R3Si-OH

cnsci;/ \{‘m‘

R;Si—~OC(O)CH, R,Si-H
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Double displacements are commonly used for ring synthesis in which
X is normally a halogen and Y is one of the common nucleophilic groups or
carbon.

- Y
. -2X~ /
R,SiX, + ——» RySi
-Y Ny

Substitution at silicon centers is invariably bimolecular, there being no
well-documented examples of unimolecular, that is, Sy1-type, displacement
reactions that are commonplace in carbon chemistry. The ease with which
silicon expands its valence shell significantly lowers the energy of the tran-
sition states that require the attacking nucleophile to form a bond to the
silicon atom. The size of the silicon atom permits the nucleophile to approach
from different directions. Thus, not only does silicon undergo facile backside
attack to give the inversion product via a trigonal bipyramid geometry, but
silicon will also permit “flank” attack, which leads to a different trigonal
bipyramid and the retention product:

R

Nu: —» Si “—X

;‘\ 1

Inversion Retention

A comparison of the relative reactivities of norbornane and silanorbor-
nane illustrates the point. 1-Halonorbornane derivatives are very resistant
to nucleophilic substitution reactions under strenuously applied Sy1 and S\2
conditions. The low reactivities of these compounds result from the cage
structure that prohibits deformation to the planar geometry required for the
carbocation intermediates of unimolecular reactions and inhibits the backside
attack required for bimolecular substitutions at carbon.

1-Chloro-1-silanorbornane, on the other hand, is very reactive, at least
10° times more so than the carbon analogue and many times more reactive
than most chlorosilanes. Inspection of the geometry of the bridgehead silicon
shows that the bond angles about the silicon are very close to those of a
trigonal bipyramid. Thus, because only four groups are attached to the silicon
atom, the attacking nucleophile can approach and start to form a bond to
the silicon at the vacant apical position. With the ground-state geometry
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very close to that of the transition state, the activation energy for substitution
is lower than that for silanes with normal tetrahedral geometry.

unreactive highly reactive

Cl

Various theoretical studies (2, 3) reveal that nucleophilic substitution on
silicon always proceeds through a five-coordinate silicon adduct intermedi-
ate. Thus the Sy2 mechanism on Si never resembles that of carbon.

Because of the polar nature of the Si—C bond, it is cleaved more readily
than the C—C bond by ionic reagents. Cleavage of the Si—~C bond can be
achieved by either nucleophilic attack on Si or electrophilic attack on C. A
general rule is as follows: If a particular C-H bond is broken by an ionic
reagent, that reagent will more easily cleave the corresponding C-Si bond.

Nucleophilic cleavage of alkyl groups from Si is difficult and requires
forcing conditions. However when a stabilized carbanion is formed, this
cleavage can be quite facile. For example:

0
]
Me;Si—CK —i%—{—» Me;SiOR + KCHO

Mesi- N —E 5 Mesip + TN

. “OH
Ph3Si—-C=CPh ——Ha——b Ph;SiOH + HC=CPh
2

Electrophilic Substitution. The silicon-hydrogen bond is far more
polarized than the carbon—hydrogen bond. The electronegativities of silicon
and hydrogen result in a negatively polarized hydrogen, that is, a hydride.
This condition explains the occasional use of hydride as the leaving group
in nucleophilic substitution at silicon. The increased electron density on
hydrogen when attached to silicon also makes it more polarizable, however,
and thus susceptible to electrophilic substitution:

8+ 8-
R;Si-H + X, — R;Si-X + HX
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The relative rates of electrophilic substitution for halogens are 130:8:1 for
Br-Cl, Br,, and Cl,. The halogenation reactions are nearly quantitative at
or below room temperature. As a result, silicon hydrides are useful for storing
silanes for prolonged periods and eliminating loss through adventitious hy-
drolysis. These substitutions usually proceed with retention of configuration
presumably through an intermediate, like

A similar intermediate is proposed to explain the retentive oxidation of Si—-H
bonds with perbenzoic acid. In this reaction, Br* is replaced with OH* and
Cl" is replaced with CqH;CO,". Cleavage of alkyl groups from silicon can
be accomplished with strongly electrophilic reagents, such as hydrogen hal-
ides in the presence of aluminum halides:

Me,Si + HCI + AICl; —> Me,SiCl + CH,

Aryl groups, on the other hand, cleave from silicon more easily. Bromine,
for example, will perform the task quantitatively at room temperature:

Ph,Si + Br, — Ph;SiBr + PhBr
The Si—C bond is also broken in various elimination reactions. Thermally

induced o elimination of R;SiX can occur either from saturated or unsatu-
rated carbon to produce the corresponding carbene.

/SiMe_; A e
H3C—Q0 _— I:H3C—CH:| + Me;SiOMe
Me
H,C= —_——p [H2C=C: + Me;SiOMe
Me

B-Chlorosilanes are often thermally unstable toward elimination. For
example, Et,SiCH,CH,CI cannot be distilled at atmospheric pressure.

A or TOH

7 T %

R3S'\ Rssi —l
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v-Halosubstituted silanes can also undergo thermal elimination, al-
though AlX; catalysis is often used.

Me;SiCH,CH,CH,Br —=3 Me,SiBr + A (92%)

Reactive Intermediates

Reactive intermediates are species that are so kinetically unstable that they
cannot be isolated or observed under normal conditions. In organic chem-
istry, the radicals (R,C’), carbanions (R;C"), carbocations (R;C*), and car-
benes (R,C:) are the more-common intermediates. The area, and the re-
sulting chemistry, is far richer in organosilicon chemistry, because many of
the bonding situations that produce quite stable organic compounds are
highly reactive when Si replaces C.

Silenes (R;Si=CR,). Although a few stable molecules containing
the Si= C unit have been prepared recently as crystals from which structural
parameters could be obtained, the vast majority of the chemistry of silenes
has been investigated by indirect means with transient molecules. Silenes
can be generated from a wide variety of precursors through gas-phase ther-
molysis,

Me,Si— 600 °C Me;,Si=CH, P
——> + —> MeSi JBiMe,

@ >400 *C ) FiC-C=C—CF,
/Si y vacuum Si/ TN CF;
Me “—7 - | Me
© A Me CF3
(retroene)
Me, Si
R
R >400 °C .
Si=CH, +
vacuum M(‘Q ! 2
R (retro2+4) l R
dimer
SiMe; 749 o

—4 &3
S./OMC 10 torr

Me, (B elimination) I
dimer



Published on May 5, 1989 on http://pubs.acs.org | doi: 10.1021/ba-1990-0224.ch001

1. BARTON & BoUDJOUK Organosilicon Chemistry: A Brief Overview 25

via thermal rearrangements,

(/—\\—-OMeﬂ_C_. m—suvxeg —_— —> </_\>

. 1,5-SiMey) o —Me,SiOMe
Me,Si. ., ( €3 81 e Si— 0
SiMe, Me,

MopSTS L Me,Si?
B —
/

via photochemical isomerizations,

hv /S iMes
M%Sl—Sl—C:C—Ph —_— Me281—C=C\

Ph
Ph Ph
ZSsiMe, hv l X SiMe,
N Z
Ph Ph
si
MeSi\/ 1\./lc hv Z 1Me;,
W e §iMe;
OSiR ‘
hv 7 3 (from this photoisomerization stable,

]
(R3S1)38i-C-R" —> (R3Sl)281=C\R, isolable silenes have been produced)

via eliminations from silyl halides or esters,

/_+_

Meysi —7 B Me,zsii ——> MeSiCH
a Cl Li
_—
-HCl1 I~
/Si Si

Me ¢l Me
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SiMe; /SiMe3
Me,Si: —>  Me,Si=C
I_-Ei\SiMcBu'z -LiF ™ SiMeBu,’
F (isolable)

and via rearrangement of a-silyl carbenes.

h‘z Me

. . A or hy e Y
Me;Si-C-SiMe; ————»  Me3Si—C-SiMe; —» Me,Si=C

SiMe,

The chemistry of silenes can generally be predicted from known olefin
chemistry and from a consideration of the polar nature of the Si=C unit.

|

Rz C-0 ~ . v
| /%l_(f\
Si-
' R,C=0 7\ o P
2C= V
iApr O &
e R3SiOR" .. ~ THF
R3SiCSiOR’ €¢—— _Si=C
S S T, Co>
©: N _N:; Ssi—c
‘ 181- \
- Sll—l’c. \S R N:S{7L
- Si .-
]
Si—

The reactions of silenes should not be viewed merely as laboratory
curiosities. The synthetic routes to silenes are often quite efficient, and the
reactions usually proceed with excellent yield. Thus, silenes represent im-
portant building blocks in organosilicon chemistry.

Silenes have been the object of numerous theoretical studies. It now
seems generally agreed that the silicon-carbon 7 bond strength is 35-
36 kcal/mol or roughly half that of the carbon—carbon 7 bond. It should be
noted that whereas the inclusion of d orbitals does improve the computed
geometry, the  bond strength is unchanged.

Perhaps the most interesting reaction of silenes is one that finds little
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counterpart in carbon chemistry. Appropriately substituted silenes can iso-
merize to silylenes by a 1,2-shift of H (or SiMe,).

H\ .
Si=CH, o> /Si—CH3

R R

Although the rearrangement is almost isothermal, the barrier is a consid-
erable 41 kcal/mol.

Although the resonance energy of silabenzene is calculated to be about
three-fourths of that of benzene, silabenzenes are extremely reactive and,
thus, have been examined only in frozen matrices and in the gas phase. By
far the simplest route to silabenzenes is pyrolysis of the 1,4-dihydro deriv-
atives.

H Me
s/ Me
800 °C Sis
| [ —— m+
. vacuum -
7/ \ ?1
H Me Me

Silylenes (R,Sit).  Silylenes, which are considerably more stable than
the analogous carbenes, have a singlet ground state. With few exceptions,
their reactions are analogous to those of carbenes. Silylenes are generated
by a eliminations,

Me,,sl-\—jiMeq A b Me;SiOMe + :SiMe,

OMe
(migrating group can also be H, X or vinyl)

by thermal extrusions,

Aorhv + Me,Si:
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Me Me
. 108 °C
SiMe, _>14 - Me,C=CMe, + Me,Si:
Me Me

by photochemical extrusions,

1§4°z
MeqSi/ ~ Si Me, hy Me, .
Mezéi\ Si/ S Me, —_— Si 5 + Me,Si:
Me,

and by a variety of isomerizations.

Me;Si SiMe,
. A (1]
Si=CH;, ——» Si—CH,

Me Me

H\

] e o
Y4 )
Si— Si

-/

/
Me

x\Si/ S;

—si
— /2 (X = H or SiMe;)
X

The majority of silylene reactions are insertions that immediately re-
establish a tetracoordinated silicon. The most frequently observed insertions
are into Si-O,
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Me,Si: . .
Me,Si(OMe); ——» Mezﬁl—sllMez

OMe OMe
into Si—H,
Me,Si L
Et3Si—H R Et3Sl—S|lM62
H
into O-H,
Me,Si: .
ROH —» RoslxMez
H
into C-H (actually quite rare),
H;C—SiMe, H,C—SiMe,
(1] _—_—>
Me—Si—CH, Me—Sli——-CH2
H
into C=C,
Me,
Me,Si: /S‘\
Me,C=CMe, ——» Me,C— CMe,
—N— ||
. H—Si
Me-Si |
Me
=z I
Si

29
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into C=C-C=C,

S\ o — (L= O

Si .
R, IS{IZ
into C=C,
., N\ S./
Si o-
PhC=CPh + Me,Si: —> / : — th |
Pl
Ph Ph /Si\
into C=0,
Me Me Me Meo
\
O+ Mes,Sis % SiMes,
hv
Me'Me MeMe
and into C-C.
: e
[ 1] '/M .’Me é\Si
SiMe —» [=31 //" S{\—> L——_‘

Disilenes (R,Si=SiR,;). Most of the excitement in disilene chem-
istry in recent years stems from the discovery that relatively stable, isolable
disilenes can be prepared. Disilenes with small substituents are unstable
even at very low temperatures, but those with bulky substituents are stable
in solution and, in extreme cases, can be isolated as crystalline solids. Ex-
amples of the preparation of “stable” disilenes are
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,Sl BU2I
t‘Bllei
hv L
‘ —_— + t-Bu281=SlBu2‘
R,
Si hy
— RzSi: + RzSi=SiR2
RSi— SiR,
(R = neopentyl)
Me
Mes,Si: ——»  Mes,Si=SiMes, | Mes = Me
Me

Disilenes can undergo a variety of intramolecular reactions:

A (1]
Me,Si=SiMe, =——> MesSi-SiMe T—= Me3Si—?i=CHz

i I

CH, CH, H—.S.i—CHz N

/ — K \ . P SiM%
Me,Si SiMe Me,Si SiMe

1 . .
s iM
Me” ", H, 1\/3 )
Me
CH—H CH,
) [1,5-H]
T
i==si” Si— SiH

PN VAN
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The bimolecular processes of disilenes are rather predictable,

AN 7 Si— Si
Si—3Si 7/ \/ AN
| \ / S
H H Si —Si

/l T\

ch—o

with at least one notable exception:

N /
t-Bu Mes i — Si 1t
N SN
\Si=Si/ L IR J)\ -, /Si\ 1\
Mes/ \Bu' 0/

Because H-Si-SiH 5 is nearly isoenergetic with H,Si=SiH,, it is not
obvious which structure would be favored for hexasilabenzene, SicHg.
Whereas proponents of aromaticity may take heart from the theoretical cal-
culations that show the hexasilabenzene structure to be 34 kcal/mol more
stable than the tris(silylene) form, they will be reminded of how little aro-
maticity has to do with the magic of six 7 electrons by the revelation that
the hexasilaprismane is calculated to be 14 kcal/mol more stable yet.

Si H
| L A
_
HY —— SiH BSiZ S ST SiH,
EEE

/ HSi iH M4 is

HSi “——SsiH X5 s

H H,

most stable least stable
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Silanones (R,Si=0).  Despite the fact that the past few years have
yielded several reports of spectroscopic observation of several silanones in
frozen matrices, all we know of silanone chemistry to date comes from the
rationalization of reaction product structures in terms of silanone interme-
diates. The sheer weight of these data, coupled with theoretical calculations,
makes it difficult not to believe in the existence of free silanones. However,
the reader should be aware that often there exist alternative mechanisms
that do not involve the postulated silanone intermediates.

Silanones have apparently been produced by a wide variety of reactions,
a few of which are shown in the following schemes:

(o)
Me, Si’
[Me,Si=0]
hv

— +

(o)
+ COy + co

Me281
F3C‘ —'—CF3 3
| o F3—s <ICF + [Me,Si=0]
Si7
Mez CF3

(not 1solated)
MesSi—O 5, Mes,Si=0 Mes,Si—O
—_— + —>
Mes,Si Mes,Si=C__ ’/C—SiMesz
N \ 7/ N/
si=¢. —» | 1T — |l |
700N 0—o

Me Me
\S'

o~ NSR;
\ / —2 5 [Me,Si=0] + R;SiN3
N=N

/ "\
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RySi—O A [R,Si=0] may well not be a
|, —» +
Sce—cf Seed unimolecular process
N /N
7
i
—/\Si A — ~ /
>r:-=o 0O | — H—=—S$iT + [Me;Si=0]
HSf A0
/\
Me,$=0
Me,Sit ———— > [Me,Si=0] + Me,S (or R;3N)
or R;N=0

Cx;—/\v By [MezSi=O:|

Very few reactions of silanones have been proposed. Left to its own
devices, H,Si= O will dimerize with no calculated barrier and an enthalpic
gain of ~106 kcal/mol. The dimer is also subject to facile insertion by
silanone, and thus the observation of D; and D, products is often cited as
evidence for silanone intermediacy.

Me,Si=0
e E,~0 Mezsl—T M°251 Mezsli/O\SfMeg

+ |
0=SiMe, 0—SiMe,

i
Me,

Silanones are readily trapped by the Si-O, O-H, and Si-Cl bonds and
apparently by not much else. For example:

Et,Si~OSiHMe, MeQSIi—OR

Et,SiH ROH
\ / OH
[MqSi=O]

MeySi-O-SiMe, Me,Si(OMe), Mezsi—o—SiMe,

Cl

Me OMe

Silicon-Centered Radicals (R;Si’). Silyl radical chemistry is not
nearly as developed as its carbon counterpart. In striking contrast to its
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famous carbon analogue, Ph,SiSiPh, does not undergo thermolysis to Ph,Si’
[although MesSi, (Mes is mesityl) ruptures the Si—Si bond homolytically].
Numerous reports of the process R;SiH — R,Si" + H' are most likely to
involve chain abstraction, because the Si—H bond is now recognized to be
stronger than the Si~C bond. Very few clean routes to R;Si" are available:

(R3 Sl)zHg hy hv R3Si—C—Me

-t

The most common route, and usually the most convenient, is radical ab-
straction of H from R,SiH. For example:

R,Si-N=N-SiR,

ROOR

ClasiH m Clasi'

A comparison of the properties of 'CH ; and *SiH , is given in Table III. Unlike
carbon-centered radicals, chiral R,Si’ reacts with substantial retention of
configuration. From the following example,

Me
|_ (PhCOy), . cay,
H—Sj—Ph————> Rysi" ———> RySiCl*
Jp a=-53°
( .« >90% retention of configuration)
o=+33.7°
(Np is naphthyl.)

it may be concluded that the rate of inversion of silyl radicals is slow compared
with the rate of Cl abstraction from CCl,. Other reactions include

R,C=0 R,Si~O—CK

Or= O T o
<\ .
[R3Si:|

/ N~ | -
_ “BH o= .
stl—<< / R381—C‘1—<

Table III. Properties of C and Si Radicals

% s-Character Bond
Radical of Unpaired Electron Angle Structure
- CH; 0 120° planar

* SiH, 21 111° pyramidal




Published on May 5, 1989 on http://pubs.acs.org | doi: 10.1021/ba-1990-0224.ch001

36 S1LICON-BASED POLYMER SCIENCE: A COMPREHENSIVE RESOURCE

Silyl Anions (R;Si:™). For years aryl substitution was thought to be
necessary for the formation of silyl alkali compounds. This is not the case,
and trialkylsilyl alkali metal compounds are now readily available. The most
general and convenient method of generation is disilane cleavage. For ex-
ample:

Me;Si-SiMe; — > Me,Si + Me;SiLi

In the previous reaction, HMPA is hexamethylphosphoramide.
The reactions of R;Si™ are usually similar to those of R;C™.

H
R,;SiCO,H .
—SiR
Ph,CHCH,SiR5 Me,C-SiRs
Ph,C=CH, co, Me,C=
R,SiLi
o)
0
EtCl
R3SiEt
iRy

Trialkylsilyl alkali metal compounds are readily oxidized by a variety of
aromatic compounds, ketones, amides, and anhydrides. Thus electron trans-
fer is likely to be the first step of the majority of R;Si™ reactions.

. NaOMe naphthalene . ‘
MeSi, —» iNg ———» MesSi +
672 THMPA Me,SiNa o

Of considerable synthetic potential are alkylpentafluorosilicates:

[R—SiFs] K,
Ph NB P P
L s A _owsaw, |
) ¥ OsiF

SCN

R-SiCly

(NBS is N-bromosuccinimide.)
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Silylenium Ions (R3Si*). Because silicon is considerably more elec-
tropositive than carbon, R;Si* can be expected to be significantly more
stable than R;C*. Indeed R;Si™* is always encountered in the mass spectra
of organosilicon compounds, and theoretical calculations support the stability

of R,Si™.
H331—6H2 - H23+i—CH3 (thus, H;Si—CH,™ is incapable of existence!)
E, (activation energy) = 0; AE = 49 kcal/mol (from calculations)

Only in 1982 was apparently solid evidence presented for the direct
observation of a silylenium ion:

(n-PrS),SiH + Ph,C*ClO,” — (n-Pr),Si*ClO,” (1982)
Ph,SiH + PhC*ClO,” — Ph,Si*ClO," (1986)
At the time of this writing, this area remains controversial. On the one hand,
we have ®C and "H NMR spectra, along with conductance studies, in support
of the presence of free silylenium ions in solution, whereas *Si and *Cl

NMR data are used to support the claim that Ph;SiClO, is simply a covalent
ester in solution, as it has long been known to be in the solid state.

Molecular Rearrangements

Organosilicon compounds are, in general, quite prone to intramolecular
rearrangements. The majority of these rearrangements are actually intra-
molecular nucleophilic substitutions on silicon and can be viewed as

R;Si 3( —_ R:,Si\X —_— R3Si\ X>
+

Thus, most rearrangements proceed with retention on silicon. We will, in
this section, simply try to provide at least one example each of the most
common organosilicon rearrangements.

1,2 Rearrangements. Dyatropic (Two Concurrent Group Migra-
tions).
Si(CD Si
. |( s 140-170 °C II(CD3)3

R,C—O ~ R,C

MesSi /‘ E, = 31 keal Sie,

\/
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4 F\\ F
e 4
. A \ s . I fast
MeC-SiCly ——> 51 Cl |—»Me-C-SiFCl — »MeC—SiF,Cl
F, slow F ~ S | Cl
N /7 2
v a

Antonic.
OH

| ,Na, K, RLi, RyN, etc.
R,Si—CR) » HCR,—OSiR;

(ASt = —35—40 eu; therefore, concerted)

u "OK
MeSi-C-R——— MeeSl—IC—R “H—20‘> Me;Si0O—CHR
OK OK

Cationic.

§i > +
solvolysis Br
Me;SiCH,CD)Br ———» ————» Me;SiCD,CH,Br
- Br

SiMe, (\ s’-M%
AlMeCl

~-C=CH —» R—C—C=CH -TI_6> R~-C-C=CH,
2

Me;Si Me;Si SiMe;

Involving Carbenes.
\ \ Z (49%)
o k/
SiR:
T| ? ’ R"OH

R3Si—CK E—-’ :C-K R3Si0—(‘:Hli

OR
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%
—Si /) A \Si . :Si X
I— —
Free Radical.
Me,Si Me;Si Me;Si
- — @
_—
Me;Si * SiMes MesSi
o Ea = ~40 kcal .
Me,Si—CH, >  Me,Si—CH,
Miscellaneous.

o

0OSiM
. A €3 several
f E /SIM“’3 — / (mechanisms )

LiOR _Tf\ »

Ph,Si—CH,CI —%  Ph,Si—CH,Z-Cl — Ph,Sj~CHs

OR OR
H
h
CpEe—CH,SiMe,H —— CpFe/] — > CpFe—SiMe;
/\ | ~siMe,
CO CO co co CO
(Cp is cyclopentadienyl.)
200 °C - +

M%S‘\/O-P(OR)Z ———— Me,Si ——0-P(OR); —> Mezsi—O—P(OR)z
-
Me\ Et
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1,3 Rearrangements. Between C and O.

T —

CH,—C-K Ny ——\R

/OM"' 70 °C
H,C—C
\OSiMeC12

R

RS . .
3 \ ﬁ 80-175 c RS RsSi-0

» Cl)MeSi—CH,~C-OMe
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The fact that Me;Si migrates in a 1,5-sigmatropic fashion on the cyclo-
pentadiene ring 10° times faster than does hydrogen is often cited as dramatic
evidence for its superior migratory aptitude. However, on the cyclohepta-
triene ring, 1,5-migration of H is faster than that of Me;Si. The explanation
lies in the nature of the polar transition state.
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Silicon-Containing Polymers

James E. Mark

Department of Chemistry and the Polymer Research Center, University
of Cincinnati, Cincinnati, OH 45221

The major categories of homopolymers and copolymers are discussed.
These include (1) linear siloxane polymers, [-SiRR' O-], (with various
alkyl and aryl R and R’ side groups); (2) sesquisiloxane polymers
possibly having a ladder structure; (3) siloxane-silarylene poly-
mers, [-Si(CH 3);08i(CH 3)5(CsH )m~] . (in which the phenylenes are
either meta or para substituted); (4) silalkylene polymers,
[=Si(CH 3)s(CH )] n; (5) random and block copolymers and blends
of some of polymers 1—4; (6) polysilanes and polysilylenes, [-SiRR'-] .;
and (7) polysilazanes, [-SiRR'NR''~],. The structure, flexibility,
transition temperatures, permeability, and other physical properties
are reviewed. Applications, including uses as high-performance
fluids, elastomers, coatings, surface modifiers, separation mem-
branes, photoresists, soft contact lenses, body implants, and con-
trolled-release systems, are discussed. Also of interest are the
conversions of silicon-containing materials to novel reinforcing fillers,
to ceramics by the sol-gel technique, and to high-performance fibers
by controlled thermolyses.

SEMIINORGANIC POLYMERS typically have inorganic elements making up
at least part of the chain backbone, with organic groups as side chains (I-3).
In the polymers discussed in this chapter, silicon atoms contribute the in-
organic character and are present either alone in the backbone (silanes) or
with atoms of oxygen (siloxanes), carbon (silalkylenes and silarylenes), or
nitrogen (silazanes).

Of these, the siloxanes or silicone polymers have been studied the most
and are also of the greatest commercial importance (3-8). Increasingly im-
portant, at least for some specialized applications, are the polysilanes (3, 9),
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and the polysilazanes (10, 11) are probably not far behind. In the more
general category of semiinorganic polymers, the only other commercially
important class at the present time are the non-silicon-containing poly-
phosphazenes [-PRR'N-], (3, 12).

This chapter is restricted to the silicon-containing polymers, a very broad
field in its own right, and emphasizes the physical properties and applications
of these materials.

Siloxane-Type Polymers

Preparation. Siloxane-type polymers are generally prepared by a
ring-opening polymerization of a trimer or tetramer (11, 13)

[ (SiRzOZ§ 57— [-SiR,0-], 1)

in which R can be alkyl or aryl and n is the degree of polymerization. In
this reaction, macrocyclic species are formed to the extent of 10-15 wt %.
The lower molecular weight products are generally stripped from the poly-
mer before it is used in a commercial application. Low-molecular-weight
macrocyclic species are also of interest from a more fundamental point of
view in two respects. First, the extent to which they occur can be used as
a measure of chain flexibility (14). Second, the separated species can be used
to test theoretical predictions of the differences between otherwise identical
cyclic and linear molecules (15).

In some cases, an end blocker such as YR'SiR,OSiR,R'Y is used to give
reactive —~OSiR,R’Y chain ends (16). Some of the uses of these materials are
described in the section on reactive homopolymers.

Polymerization of nonsymmetrical cyclic molecules gives stereochemi-
cally variable polymers, [-SiRR'O-],, analogous to the totally organic vinyl
and vinylidene polymers [-CRR'CH ,-],. In principle, these polymers can
be prepared in the same stereoregular forms (isotactic and syndiotactic) that
have been achieved for some of their organic counterparts (I, 17). Unfor-
tunately, the stereoregular forms have not been prepared, and only the
stereoirregular form (atactic) has been obtained. Unlike the other two ster-
eochemical forms, the atactic form is inherently noncrystallizable.

Polymerization of mixtures of monomers, such as (SiR,O);— with
{SiR’;0) , can be used to obtain random copolymers. The copolymers
are also generally highly irregular but in the chemical rather than stereo-
chemical sense. Correspondingly, they also show little, if any, crystalliza-
bility. Homopolymerizations and copolymerizations of this type are discussed
in detail elsewhere (13, 17).

Homopolymers. Flexibility. The most important siloxane polymer
is poly(dimethylsiloxane) (PDMS), [-Si(CH 3),0-], (8). PDMS is also one of
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the most flexible chain molecules known, both in the dynamic sense and in
the equilibrium sense. Dynamic flexibility refers to a molecule’s ability to
change spatial arrangements by rotations around its skeletal bonds. The more
flexible a chain is in this sense, the more it can be cooled before the chains
lose their flexibility and mobility and the polymer becomes glassy. Thus,
chains with high dynamic flexibility generally have very low glass transition
temperatures (T s) (18). Because exposing a polymer to a temperature below
its T, generally causes it to become brittle, low values of T, can be very
advantageous, particularly in the case of fluids and elastomers.

The T, of PDMS, ~-125 °C (19), is the lowest recorded for any polymer.
The reasons for this extraordinary flexibility can be seen from Figure 1.

"Si—o , o Si
CH, o L ~C
5 NS o

Si ©
CHy AN CHy
/
CHy CHy
Figure 1. PDMS chain showing some structural information relevant to its

high flexibility. (Reproduced with permission from reference 14. Copyright
1969 Wiley.)

First, the Si—O skeletal bond has a length (1.64 A) that is significantly longer
than that of the C—C bond (1.53 A) central to all of organic chemistry. As a
result, steric interferences or intramolecular congestion is diminished (14).
This circumstance is true for inorganic and semiinorganic polymers in gen-
eral. Almost any single bond between a pair of inorganic atoms (Si-Si, Si-C,
Si—N, P-N, etc.) is longer than the C—C bond. Second, the oxygen skeletal
atoms are not only unencumbered by side groups; they are as small as an
atom can be and still have the multivalency needed to continue a chain
structure. Third, the Si~O-Si bond angle (180 — 6") of ~143° is much more
open than the usual tetrahedral bond angle of ~110°. These three structural
features have the effect of increasing the dynamic flexibility of the chain (14)
and the equilibrium flexibility, which is the ability of a chain to be compact
when in the form of a random coil. Equilibrium flexibility is generally meas-
ured indirectly by the mean-square end-to-end distance or the radius of
gyration of the chain in the absence of excluded-volume effects. This type
of flexibility has a profound effect on the melting point (T,,) of a polymer.
Only a polymer that is crystallizable can have a melting point, and
crystallinity in a polymer has advantages. In the case of thermoplastics, the
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crystallites can provide the rigidity required in most molded objects. Such
polymers are generally only partially crystalline (20), and the amorphous
regions in which the crystallites are embedded have a different role. The
chains in these regions have enough mobility to absorb impact energy by
increasing their molecular motions. They degrade this energy harmlessly
into heat and thereby increase the impact resistance of the polymer. In the
case of elastomers, crystallites can act as reinforcing agents, particularly if
they are strain induced, as will be described later.

Examples of ways of making a polymer less flexible, or more rigid, are
shown in Figure 2 (21). Polymers can be made less flexible by combination
of two chains into a ladder structure; insertion of rigid units such as p-
phenylene groups into the chain backbone, or the addition of bulky side
groups. The sesquisiloxane polymer shown in Figure 2 (top right) would be
in the last category (22, 23). Attempts have been made to prepare the
sesquisiloxane polymer by using the reaction shown in Scheme I (24), but
the structure shown may not have been obtained.

¢ ¢ ¢

1 |
—S:I—O-S:l—o—%l-o—

| | o o 0
—Si—0— Sll —O—Sll-O—

¢ ¢ ¢

. SSS

Figure 2. Ways of making a polymer more rigid. (Reproduced from reference
21. Copyright 1984 American Chemical Society.)

Ph Ph _ PR
ph _ Fh Ph o 4 i Ogl—

o Tsi’ hy o}

PhsiCl, — ¢ o o r o
_$1og S o—$t~o 0?0 A T

70" MO O By ph - Ph

Ph

Scheme 1. Possible preparation of a sesquisiloxane ladder polymer. Phis C¢H s.
(Reproduced with permission from reference 24. Copyright 1981 Prentice
Hall.)
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Figure 3 (21) explains the effect of rigidity on T,. Because the Gibbs
free energy change (AG,,) for the melting process must be zero, the melting
point must be the ratio of the enthalpy of fusion to the entropy of fusion
(AH,/AS ). When the polymer chains depart from the crystalline lattice in
the melting process (Figure 3, top), they become disordered into random
coils and entropy increases (AS > 0). However, if the chains are combined
into a ladder structure (Figure 3, bottom), they cannot become disordered
as much. Thus, the entropy change AS’ < AS diminishes, and T,, = AH,/
AS , increases correspondingly. The same argument holds for the two other
methods of increasing T,

AS>0 J
845

1K AS'<AS /m
!
i =

Figure 3. Increase in melting point with increase in chain rigidity. (Reproduced
from reference 21. Copyright 1984 American Chemical Society.)

Another advantage of the ladder structure is its resistance to degradative
chain scission. The structure will not be degraded into two shorter ladder
structures except in the very unlikely event that two single-chain scissions
occur directly across from one another (25).

Generally, structural changes that increase a chain’s equilibrium rigidity
also increase its dynamic rigidity and thus increase T,. Conversely, the very
high flexibility of PDMS is the origin of its low T, (40 °C) (19), as well as
its very low T,. Thus, the general effect of increased rigidity is to increase
a polymer’s “softening temperature”, which is T, if the polymer is crystalline
and T, (typically ~%4T, in kelvins) if the polymer is not crystalline (25).

Insertion of a silphenylene group, —-Si(CH,),C¢H ,~, into the backbone
of the PDMS repeat unit yields the siloxane meta and para silphenylene
polymers (Chart I) (26). The T, of the meta polymer increases to —48 °C,
but no crystallinity has been observed to date (27). Because the repeat unit
is symmetric, crystallinity may be induced by stretching (Figure 4). The
explanation for this case is the same as that given for the effect of rigidity
on T, (Figure 3), except that the chains are prevented from being completely
disordered by the stretching force rather than by the structural changes in
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\\ 7/ PG T, = —48°C
Si Si =9
cf 'l \ m
Hy CHy CHy CH,
CHy, o
g B T, = —18°C
b §
= 148 °C

e
V4
\

Chart 1. meta (top) and para (bottom) silphenylene polymers and their tran-
sition temperatures. (Reproduced with permission from reference 26.
Copyright 1988 Wiley.)

Figure 4. Increase in melting point with stretching. (Reproduced from ref-
erence 21. Copyright 1984 American Chemical Society.)
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the chains. As expected, the p-silphenylene group has a larger rigidifying
effect; the group increases T, to —18 °C and gives rise to crystallinity, with
aT,, of 148 °C. The resulting polymer is a thermoplastic siloxane. Apparently,
o-silphenylene units have not been introduced in this way; they are probably
much harder to incorporate because of steric problems. And even if o-
silphenylene units could be incorporated, they would not be expected to
have as large a rigidifying effect on the chain.

Silarylene polymers with more than one phenylene group in the repeat
unit could be of considerable interest because of the various meta and para
combinations that could be synthesized.

Even some flexible siloxane polymers form mesomorphic (liquid-crys-
talline) phases. Some illustrative data are given in Table I (27-29). Both
poly(diethylsiloxane) and poly(di-n-propylsiloxane) show two crystalline mod-
ifications, as well as a mesomorphic phase. The other major class of semi-
inorganic polymers, the polyphosphazenes, are also relatively flexible and
show similarly interesting behavior (12, 30).

Table I. Transition Characteristics of Liquid-Crystalline
Siloxane Polymers

Polymer ~T (°C) Nature
[-Si(CH,),0-1. —40  crystalline — isotropic
[-Si(C:H5);0-]. -60 crystalline — crystalline’

0  crystalline’ = mesomorphic
40  mesomorphic — isotropic
[-Si(n-CsH,)O-], —-55  crystalline — crystalline’
60 crystalline’ — mesomorphic
205 mesomorphic —> isotropic

Permeability. Siloxane polymers have much higher permeability to
gases than most other elastomeric materials. Therefore, these polymers have
long been of interest for gas separation membranes, the goal being to vary
the basic siloxane structure to improve selectivity without decreasing perme-
ability. Some of the polymers that have been investigated in a major project
(31) of this type are [-Si(CH,RO-],, [-Si(CH,XO-],, [-Si(CsH5)RO-],,
[-Si(CH;)5(CHy)p=1,, [-Si(CHy)y(CH,),Si(CH,),0-],, and
[-Si(CH3),(C¢H ) ,.Si(CH,),0-],, in which R is typically an n-alkyl group
and X is an n-propyl group made polar by substitution of atoms such as Cl
or N. Unfortunately, structural changes that increase the selectivity generally
decrease the permeability and vice versa.

In contrast to the polysiloxanes, the polysilanes [-SiRR’-], have low
permeability (32). This difference raises the interesting question of whether
the decreased permeability is due to the absence of skeletal oxygen atoms
or to the fact that polysilanes tend to be glassy rather than elastomeric at
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room temperature. An important comparison would therefore be between
a polysilane and polysiloxane having the same side groups, at a temperature
high enough for both polymers to be elastomeric or low enough for both to
be glassy.

Also of great interest is the recent observation that the presence of a
trimethylsilyl group, —Si(CH ), as a side chain in an acetylene repeat unit
increases the permeability of the polymer to a value above that for PDMS!
The specific polymer is poly(1-trimethylsilyl-1-propyne), and some compar-
isons between it and PDMS are given in Table II (33). Remarkably, its
permeability coefficient (P) is about an order of magnitude higher than that
of PDMS, but its selectivity (as measured by the ratio of the P values for
oxygen and nitrogen) is not much less. The greatly increased values of P are
due apparently to the unusually high solubility of gases in this polymer (31,
34). Studies of the effects of substituting the trimethylsilyl group onto other
polymer backbones are in progress.

Another type of membrane designed as an artificial skin coating for burns
also exploits the high permeability of siloxane polymers (35, 36). The inner
layer of the membrane consists primarily of protein and serves as a template
for the regenerative growth of new tissue. The outer layer is a sheet of
silicone polymer that not only provides mechanical support but also permits
the outward escape of excess moisture while preventing the ingress of harm-
ful bacteria.

Soft contact lenses prepared from PDMS provide a final example (Figure
5). The oxygen required by the eye for its metabolic processes must be

Table II. Permeability of Two Si-Containing Polymers

Polymer Gas P (x10%) Po,/Py,

[-Si(CH,),0-]., O, 6.0 L9
N. 3.1 :

[-C(Si(CH3)5)] = C(CH3)-], O, 72 17
N, 42 ’

“The permeability coefficient is expressed in units of cubic centimeters (at standard temperature
and pressure) X centimeters per square centimeter per second per centimeter of mercury.

Hydrophilic
coating

Figure 5. Use of grafting to change only the surface properties of a polymeric
material.
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obtained by inward diffusion from the air rather than through blood vessels.
PDMS is ideal for such lenses (36) because of its high oxygen permeability,
but it is too hydrophobic to be adequately wetted by the tears covering the
eye. This hydrophobicity prevents the lens from feeling right and can also
cause very serious adhesion of the lens to the eye itself. One way to remedy
this problem is to graft a thin layer of a hydrophilic polymer to the inner
surface of the lens. Because of the thinness of the coating, the high perme-
ability of the PDMS is essentially unaffected.

Unusual Properties of PDMS. Some of the unusual physical properties
exhibited by PDMS are summarized in List I. Atypically low values are
exhibited for the characteristic pressure (a corrected internal pressure, which
is much used in the study of liquids) (37), the bulk viscosity m, and the
temperature coefficient of n (4). Also, entropies of dilution and excess vol-
umes on mixing PDMS with solvents are much lower than can be accounted
for by the Flory equation of state theory (37). Finally, as has already been
mentioned, PDMS has a surprisingly high permeability.

List I. Unusual Properties of PDMS

Characteristic pressure, unusually low

Bulk viscosity (1), unusually low

Temperature coefficient of 1, unusually low

Entropies of dilution, significantly lower than predicted by theory

Excess volumes on mixing, significantly lower than predicted by
theory

Permeability, unusually large

Although the molecular origin of these unusual properties is still not
known definitively, a number of suggestions have been put forward. One
explanation involves low intermolecular interactions, and another involves
the very high rotational and oscillatory freedom of the methyl side groups
on the polymer (8). Still another theory focuses on the chain’s very irregular
cross section, which is very large at the substituted Si atom and very small
at the unsubstituted O atom (37).

Reactive Homopolymers. Types of Reactions. In the typical ring-
opening polymerization mentioned previously (see Preparation of Siloxane-
Type Polymers), reactive hydroxyl groups are automatically placed at the
ends of the chains (7, 13). Substitution reactions carried out on these chain
ends can then be used to convert them into other functional groups. These
functionalized polymers can undergo a variety of subsequent reactions (Table

II).
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Table ITI. Reactive Siloxane Polymers

X Reactant

OH Alkoxysilanes [e.g., Si(OC:Hs),]
H Unsaturated groups

CH=CH, Active H atoms and free radicals

NoOTE: Polymers of the type
XSi(CH.,),0[-Si(CH3);0-],Si(CH,):X are considered.

Hydroxyl-terminated chains, for example, can undergo condensation
reactions with alkoxysilanes (also known as orthosilicates) (7, 38). A difunc-
tional alkoxysilane leads to chain extension, and a tri- or tetrafunctional
alkoxysilane leads to network formation. Corresponding addition reactions
with di- or triisocyanates represent other possibilities. Similarly, hydrogen-
terminated chains can be reacted with end-linking molecules containing
unsaturated groups, and conversely, vinyl-terminated chains can be reacted
with molecules having active hydrogen atoms (7, 38).

A pair of vinyl or other unsaturated groups could also be joined by their
direct reactions with free radicals. Similar end groups can be placed on
siloxane chains by the use of an end blocker during polymerization (16).
Reactive groups such as vinyl groups can be introduced as side chains by
random copolymerizations involving, for example, methylvinylsiloxane tri-
mers or tetramers (7).

Block Copolymers. One of the most important uses of end-function-
alized polymers is in the preparation of block copolymers (16). The reactions
are identical to the chain extensions already mentioned, except that the
sequences being joined are chemically different. In the case of the
—OSiR,R'Y chain ends mentioned previously, R’ is typically (CH,); 5 and Y
can be NH,, OH, COOH, or CH =CH,. The siloxane sequences containing
these ends have been joined to other polymeric sequences such as carbon-
ates, ureas, urethanes, amides, and imides.

Elastomeric Networks. Elastomeric networks are formed by reacting
functionally terminated siloxane chains with an end linker with three or
more functionalities and have been used extensively to study the molecular
aspects of rubberlike elasticity (26, 38—42). These networks are preferred
for this purpose, because relatively few complications from side reactions
occur during their preparation. They are model networks in that a great deal
is known about their structure by virtue of the very specific chemical re-
actions used to synthesize them. For example, in the case of a stoichiometric
balance between chain ends and functional groups on the end linker, the
critically important molecular weight M, between cross-links is equal to the
molecular weight of the chains prior to their end linking. Also, the func-
tionality of the cross-links (the number of chains emanating from one of
them) is simply the functionality of the end-linking agent. Finally, the mo-
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lecular weight distribution of the network chains is the same as that of the
starting polymer, and few, if any, dangling-chain irregularities are formed.

Because these networks have a known degree of cross-linking (as in-
versely measured by M), they can be used to test the molecular theories
of rubberlike elasticity, particularly with regard to the possible effects of
interchain entanglements (26, 38—42). Intentionally imperfect networks can
also be prepared (Figure 6) (38). Such networks have known numbers and

(a) Excess difunctional chains

(b) Monofunctional chains

eV

Figure 6. Two end-linking techniques for preparing networks with known
numbers and lengths of dangling chains. (Reproduced from reference 38.
Copyright 1985 American Chemical Society.)
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lengths of dangling chains (those chains attached to the network at only one
end), and thus the effects of these irregularities on elastomeric properties
can be determined. In the first method (Figure 6a), the stoichiometry is
unbalanced, so that there is an excess of chain ends over functional groups
on the end-linking molecules. The limitation of this method is the fact that
the dangling chains must have the same average length as the elastically
effective chains (those chains attached to the network at both ends). The
second method (Figure 6b) avoids this limitation by the use of monofunc-
tionally terminated chains of the desired length.

These reactions can be used also to form networks that interpenetrate
(Figure 7) (38). For example, one network could be formed by a condensation

Figure 7. Two interpenetrating networks. (Reproduced from reference 38.
Copyright 1985 American Chemical Society.)

end linking of hydroxyl-terminated short chains and the other by a simul-
taneous but independent addition end linking of vinyl-terminated long
chains. Interpenetrating networks are of interest, because they can be un-
usually tough and can have unusual dynamic mechanical properties (36, 43).

One of the most interesting types of model networks is the bimodal
network (Figure 8), which consists of very short chains intimately end linked
with the much longer chains that are representative of elastomeric materials
(38—40, 44). In Figure 8 (44), the short chains are drawn arbitrarily thicker
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)

/ —

Figure 8. Bimodal network. (Reproduced with permission from reference 44.
Copyright 1979 Hiithig and Wepf Verlag.)

than the long chains. These materials have unusually good elastomeric prop-
erties, specifically the large values of both the ultimate strength and maxi-
mum extensibility. Possibly, the short chains contribute primarily to the
ultimate strength, and the long chains contribute primarily to the maximum
extensibility. Also, not only do short chains improve the ultimate properties
of elastomers, but long chains also improve the impact resistance of the
much more heavily cross-linked thermosets (45).

Cyclic Trapping. Ifrelatively large PDMS cyclic molecules are present
when linear PDMS chains are end linked, then some of the cyclic molecules
will be permanently trapped by one or more network chains threading
through them (46), as illustrated by cyclic molecules B, C, and D in Figure
9 (47). Interpretation of the fraction trapped as a function of ring size by
using rotational isomeric theory and Monte Carlo simulations provides very
useful information about the spatial configurations of cyclic molecules (47).

This technique can be used to form a network with no cross-links what-
soever. Mixing linear chains with large amounts of cyclic molecules and then
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R
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Figure 9. Trapping of cyclic molecules during end-linking preparation of a
network. (Reproduced from reference 47. Copyright 1987 American Chemical
Society.)

difunctionally end linking them can give sufficient cyclic interlinking to yield
a “chain mail” or an “Olympic” network (48, 49) (Figure 10) (50). Such
materials could have highly unusual equilibrium and dynamic mechanical
properties.

Copolymers. Random Copolymers. Random copolymers may be
prepared by the copolymerization of a mixture of monomers rather than the
homopolymerization of a single type of monomer (7, 13). One reason for
preparing random copolymers is to introduce functional species, such as
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Figure 10. Preparation of a “chain mail” or “Olympic” network consisting
entirely of interlooped cyclic molecules. (Reproduced with permission from
reference 50. Copyright 1985 Butterworth.)

vinyl groups or hydrogens, along the chain backbone to facilitate cross-
linking. Another reason is to introduce sufficient chain irregularity to make
the polymer inherently noncrystallizable.

Block Copolymers. As already mentioned, the sequential coupling of
functionally terminated chains of different chemical structure can be used
to make block copolymers, including those in which one or more of the
blocks is a polysiloxane (16, 51, 52). If the blocks are relatively long, sepa-
ration into a two-phase system almost invariably occurs. Frequently, one
type of block will be in a continuous phase, and the other block will be
dispersed in the continuous phase in domains having an average size in the
order of a few hundred angstroms. Such materials can have unique me-
chanical properties not available from either species when present simply
in homopolymeric form. Sometimes, similar properties can be obtained by
the simple blending of two or more polymers (53).

Applications. Medical Applications. The medical applications of si-
loxane polymers are numerous (7, 8, 36). For example, prostheses, artificial
organs, facial reconstruction, and catheters take advantage of the inertness,
stability, and pliability of the polysiloxanes. Artificial skin, contact lenses,
and drug delivery systems take advantage of the high permeability of these
polymers, as well.

Nonmedical Applications. Illustrative nonmedical applications are
their uses as high-performance elastomers; membranes; electrical insulators;
water repellents; antifoaming agents; mold release agents; adhesives; pro-
tective coatings; release control agents for agricultural chemicals; encapsu-
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lation media; and hydraulic, heat-transfer, and dielectric fluids (7, 8). These
applications are based on the same properties of polysiloxanes just mentioned
and also on their ability to modify surfaces and interfaces (for example, as
water repellents, antifoaming agents, and mold release agents).

Silica-Type Materials

Sol-Gel Ceramics. A relatively new area involving silicon-containing
materials is the hydrolysis of alkoxysilanes or silicates to give silica (54). The
process, which involves polymerization and branching, is complicated, but
a typical overall reaction may be written:

Si(OR), + 2H,0 — SiO, + 4ROH @)

Production of ceramics by this novel route has a variety of advantages. First,
much lower temperatures can be used, and higher purity products are ob-
tained. Second, the microstructure of the ceramic can be better controlled,
and it is relatively simple to form very thin ceramic coatings. Third, ceramic
“alloys” are much easier to form by the hydrolysis of a mixture of organo-
metallic materials, for example, silicates and titanates to give a SiO,-TiO,
alloy.

In Situ Precipitations. The same hydrolyses can be carried out
within a polymer to generate particles of the ceramic material, typically with
an average size of a few hundred angstroms (38, 40). Considerable reinforce-
ment of elastomers, including PDMS, can be achieved in this way. Because
of the nature of this in situ precipitation, the particles are well dispersed
and essentially unagglomerated. A typical transmission electron micrograph
of such a filled material is shown in Figure 11 (55). The particles are also
relatively monodisperse, with almost all of them having diameters in the
range 100-200 A.

Polymer-Modified Glasses. Ifthe hydrolyses in silane—polymer sys-
tems are carried out with relatively large amounts of silane, then the silica
generated can become the continuous phase, with the elastomeric polysi-
loxane dispersed in it (56—58). The resulting composite is a polymer-modified
glass or ceramic, and its hardness can be varied by control of the molar ratio
of alkyl R groups to Si atoms (Figure 12) (58). Low values of the R/Si ratio
yield a brittle ceramic, and high values yield a relatively hard elastomer.
The most interesting range of values, R/Si ~ 1, can yield a relatively tough
ceramic of reduced brittleness.
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Eh

Figure 11. Electron micrograph of a PDMS network containing in situ pre-
cipitated silica particles. (Reproduced with permission from reference 55.
Copyright 1984 Wiley.)
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Figure 12. Hardness of a silica-PDMS composite as a function of the relative
numbers of alkyl groups and silicon atoms. (Reproduced with permission from
reference 58. Copyright 1987 Springer Verlag.)
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Polysilanes

Synthesis. The polysilanes can be produced from silyl dichlorides by
the Wurtz-type coupling (9):

SiRR'Cl, —> [-SiRR’-], 3)

In this reaction, R and R’ are CH,, C¢H;, C,H,, C¢H 5, etc. The resulting
polymers can be linear or cross-linked, and glassy, elastomeric, or partially
crystalline.

Flexibility. One of the interesting differences between polysilanes
and their organic counterparts involves chain flexibility. For example, rel-
evant calculations of conformational energy have been carried out recently
on polysilane, [-SiH,-],, itself (59, 60). Some resulting energies, shown as
a function of two consecutive skeletal rotation angles ¢, are presented in
Figure 13 (60). The results suggest that the lowest energy conformation
should be a sequence of gauche states (b = *120°) of the same sign (59,
60). This result is in contrast to polyethylene, [~-CH,~],, which has the
opposite preference for trans states (¢ = 0°). Such preferences generally
dictate the regular conformation chosen by a polymer chain when it crys-
tallizes. Polyethylene does in fact crystallize in the all-trans planar zig-zag
conformation (14). Whether polysilane crystallizes in the predicted helical
form generated by placing all of its skeletal bonds in gauche states of the
same sign remains to be determined.

The calculations also predict that polysilane should have a higher equi-
librium flexibility than polyethylene (60). Solution characterization tech-
niques could be used to test this prediction. Dynamic flexibility can also be
estimated from such energy maps, by determining the barriers between
energy minima. Relevant experimental results could be obtained by a variety
of dynamic techniques (61).

Applications. Some applications of polysilanes include their use as
semiconductors, photoresists, photoinitiators, nonlinear optical materials,
and ceramic precursors (9). Their use as ceramic precursors can be illustrated
by the following reactions:

[-Si(CHy)y-], —— [-SiH(CH;)CH,-1, (4)
[-SiH(CH,)CH,-], =225 nSiC + nH, + nCH, )

These reactions are used to prepare high-performance silicon carbide fibers
by the controlled thermolysis of poly(dimethylsilane).
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Figure 13. Map of conformational energy for rotations about the Si—Si skeletal
bonds in polysilane, [-SiH s~] .. The energies (in kilocalories per mole) relative
to the minima (designated by the plus signs) are shown as contour lines.
(Reproduced from reference 60. Copyright 1986 American Chemical Society.)

Polysilazanes

Synthesis. Polysilazanes, [-SiRR'NR''-],, can be prepared by a va-
riety of techniques. A typical preparative reaction is the ammonolysis of
methyldichlorosilane (10):

nCH,SiHCl, + nNH, — [-SiHCH,NH-], + 2nHCl ©)
Applications. The polysilazanes have not been studied as extensively

as the polysilanes, and the applications of these polymers are just beginning
to be developed. One of the most important applications is thermolysis to
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yield silicon nitride (Si;N,) ceramics (10) by using reactions similar to those
used to prepare silicon carbide ceramics from polysilanes.
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Formation of Linear Siloxane Polymers

John C. Saam

Dow Corning Corporation, Midland, MI 48686-0995

Although regarded as a mature and established field, siloxane po-
lymerization has some distinguishing features that are well described
in the literature but are often overlooked. These features, as well as
some of the more-recent observations and current thinking in this
field, are reviewed briefly in this chapter. Two topics not usually
included in other reviews, copolymerization and condensation po-
lymerization, are also discussed.

THE HISTORY OF LINEAR POLYSILOXANES dates back at least 116 years (1),
and research activity in this area steadily accelerated during this period as
synthetic methods improved and as the fundamental nature of polymers
became clear. The industrial prominence of poly(dialkylsiloxane)s was a par-
ticularly strong impetus to the development of this field (2). Thus, a large
body of literature has accumulated, which has been extensively reviewed.
The reviews by Wright (3), Sigwalt (4), and Kendrick et al. (5) are excellent
and current, whereas that by Voronkov et al. (6) covers the earlier literature.
Siloxane polymerization has now become sufficiently commonplace, so that
it is sometimes discussed in general textbooks on polymer chemistry (7).
This chapter will not duplicate the already existing reviews either in
their comprehensiveness or special emphasis. Instead the distinguishing
features of siloxane polymerization will be highlighted briefly, and perspec-
tives will be given on copolymerization and condensation polymerization.
Both generic classes of polymerization, chain growth and step growth,
are practiced in the formation of linear polysiloxanes. Ring-opening polym-
erization of cyclodialkylsiloxanes, ordinarily considered a chain growth proc-
ess, is initiated by either acids or bases. Initiation by free radicals is not a
consideration because of the partial ionic character and high energy of the

0065-2393/90/0224—0071$06.00/0
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siloxane bond (8). The chief step-growth processes are condensations, of
which the most important is the condensation of silanol accompanied by the
elimination of water.

Equilibrium Ring-Opening Polymerization

Ring-opening polymerization can be described by the following generic equa-
tion

Si
/ —

AB + nO == B(Si~ Si0),A 1)
i

in which the species AB is an acidic or basic initiator. A partial listing of
initiators is given in List I. Sometimes a potent accelerating effect is seen
when small amounts of Lewis bases accompany the basic catalysts. Water,
alcohols, or silanols, on the other hand, will retard polymerization. At very
low levels, however, water is essential for certain acid-initiated processes.
A sampling of monomers consisting of strained and unstrained rings is given
in List II. (Henceforth, the (CH),SiO unit will be represented as D, and
(CH3);Si0 4, will be represented as M.)

List I. Typical Initiators for Cyclosiloxane
Polymerization

Basic initiators
GOH*, GOSi=, GOR®, GR, GSR

Acidic initiators

Acid clays, HF, HI,, HC]-FeCl,, H,SO,, CF.,SO,H
G can be an akali metal or a quaternary ammonium
or phosphonium group.
"R can be alkyl, polystyryl (when G is Li, Na, or K),
or poly(trimethylsilylvinyl) (when G is Li).

Reaction 1 is represented as reversible, but conditions can be adjusted
so that reversibility can be greatly suppressed with the proper choice of
monomer, initiator, solvent, and temperature. This is particularly true with
strained rings and if lithium silanolates are chosen as initiators (9, 10).

Termination is usually effected by neutralization of the acidic or basic
initiators. During this step, care must be taken to ensure that traces of acidic
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List II. Typical Cyclosiloxane Monomers Used
in Ring-Opening Polymerization

Strained rings
[(CH,),5i0]; or Dj
[CF,CH,CH,(CH)SiO],
[(CeH),5i0]4
CH,-Si—(CHj),
| ~o
CH,-SiZ(CH),

Unstrained rings
D4’ D5’ D6’ D7

or basic residues, which might catalyze the reverse reaction, are removed.
Thus, an inherent advantage of initiating with quaternary ammonium or
phosphonium hydroxides is the ease of their removal by simply heating to
more than 135 °C to induce their decomposition (11). As with most inorganic
polymers (12), reversibility dominates the process when the rings are not
strained and the initiators are strong acids or bases, such as H,SO, or KOH.
Even trace amounts of base can cause marked changes in the stability of the
polymer at higher temperatures by inducing the formation of cyclosiloxanes
and causing eventual evaporation of the polymer when conditions are chosen
so that the vapor pressure of the equilibrium cyclosiloxanes exceeds the
latent pressure (13).
Under these conditions, the system is described by two equilibria:

~D,* + D, &= ~D¥., @)
and
K3
-~ Dn~ + ~Dm~ _)<_ ~Dn+y~ + ~Dm—y~ (3)

Both processes are siloxane redistributions. Reaction 2 amounts to chain
growth by x units and has been studied extensively (14-17), whereas reaction
3, which does not give a net change in number-average molecular weight,
results in an exchange of y repeat units between chains (14-16). The value
of K, for poly(dimethylsiloxane) is between 0.4 to 0.6 L/mol, whereas Kj is
close to 1.0 (14, 15). The redistribution in reaction 3 begins early in the
process (17), and when both equilibria are finally reached, a Gaussian dis-
tribution of molecular sizes results (14, 15). Thus, the system is very dynamic,
and every D unit, whether located in a ring or chain, is subject to redistri-
bution and participates in both equilibria.

Knowledge of the relative amounts of rings and chains at equilibrium
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permits an approximation of the thermodynamics of reaction 2 through equa-
tion 4 (12):

AH,

ln(l-—w,,)=—-—-—<A—S—2

RT R

+ In Do) 4)

In equation 4, w, is the weight fraction of chains, AH, is the enthalpy
for equilibrium 2, AS, is the entropy for equilibrium 2, R is the gas constant,
T is temperature, and D, is the total molar fraction of D units. A number
of workers (18-20) have reported that w, is independent of temperature and
that therefore AH, = 0. These findings are consistent with the fact that the
siloxane bonds on either side of the equilibrium 2 are identical in number
and kind. Therefore, in the absence of ring strain or special group interac-
tions, no net change in enthalpy can occur and temperature cannot affect
equilibrium. Hence, with unstrained rings, the process is driven by entropy.
The implication is that more degrees of freedom are allowed in the chain
than in the rings, a conclusion that is consistent with the unrestricted rotation
of the monomer units about the siloxane bond in poly(dimethylsiloxane) (21).

The critical conditions of temperature and dilution at equilibrium for
polymer formation can be defined by setting w, to 0 in equation 4. With
AH, = 0, equation 4 reduces to

In(1-w,) = -—(A—s—z + In Do) (5)
and at critical conditions,
AS
- —1_-{—2- = ll'l [Do]crit (6)

in which [D,].; is the critical molar fraction of D units below which
no polymer is present. Thus, unlike many polymers at equilibrium with
their monomers, poly(dimethylsiloxane) has no definable “unzipping tem-
perature”, but it has a clearly definable “unzipping dilution”. The un-
zipping dilution is roughly 30 vol % siloxane at equilibrium for poly-
(dimethylsiloxane).

The yield of polymer, w,, is highly sensitive to the size of the substituent
groups in the siloxane system (22). In the series CH;RSiO, w, decreases in
the order R = H > CH,; > C,H; > C;H, > CF,CH,CH,. This order is
not altered by dilution. Critical dilution points, as well as the equilibrium
constants for the individual cyclic species, are given in reference 21 for each
of the systems. Results were interpreted in terms of the Jacobson—
Stockmayer theory (23), which assumes a Gaussian distribution of chain ends



Published on May 5, 1989 on http://pubs.acs.org | doi: 10.1021/ba-1990-0224.ch003

3. Saam Formation of Linear Siloxane Polymers 75

at juxtaposition for intramolecular bond formation, a random-walk model for
chain conformation, and an entropically driven process. Application of the
theory to the prediction of individual concentrations of rings at equilibrium
was successful only when ring sizes exceeded 15-20 units. Details are avail-
able in the original work (20, 22), as well as in an excellent review (3).
Table 1 is a compilation of literature data (24—26) for the relative amounts
of various species when reaction 2 is thought to be at equilibrium. Meas-
urements were made at the same dilution but at different temperatures and
with different solvents and catalysts. The results should be identical if the
equilibrium is accurately represented by reaction 2 and if the systems are
truly at equilibrium. Comparison of conditions 1 and 3 show that under quite
different conditions w,s are nearly identical, although some discrepancies
are evident in the amounts of higher molecular weight cyclosiloxanes formed.
Still, the similarities are remarkable when the disparity in the times of
publication and analytical methods are taken into consideration.

Table 1. Influence of Conditions on the Position

of Equilibrium 2

Conditions Polymer Dy DsDy
1. 135 °C, toluene,

KOH* 29 33 31.0
2. 20 °C, benzene, Li

cryptate® 70 2.7 11.5
3. 20 °C, methylene chloride,

CF3;SO;H* 28 32 27
4. 20 °C, methylene chloride,

CF;3;SO;H—(CF;380,),0°¢ 0 38 22

Notk: All values are concentration (wt %) at equilibrium. The initial
monomer was D, at 1.0 mol/L.

“Reference 24.

"Reference 25.

‘Reference 26.

On the other hand, the products under conditions 2 and 4 in Table 1
show considerable discrepancy from what would be considered a normal
distribution of equilibrium products. Although the data were taken at a point
when there seemed to be little change occurring in the system, it can still
be argued that equilibrium was not achieved in these examples. Later work
with lithium cryptate, one of the deviants in Table I, indicates agreement
in the distributions of D,, D5, and Dy reported by earlier workers (26).
Unfortunately, no data were given for w, in that publication.

A larger counterion, such as R,N* is alleged to suppress “backbiting”
or the reverse reaction and reduce the concentration of cyclosiloxane by-
products (4). However, more convincing evidence will have to be presented
to show that these data were indeed taken at equilibrium.
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The molecular weight of the polymer at equilibrium during cyclosiloxane
polymerizations is controlled by including a hexaalkyldisiloxane such as MM
or an oligomeric species such as MDM or MD,M. The equilibrium is rep-
resented as follows:

MD,M < MD,,_yM + D, (7)

The conversion of end groups, p, is then correlated with molecular

size. When p is defined in this way, the relation can be expressed as follows
28, 29).

1

M
=1 —-—2=1 —— 8
p=1 M, 1 X, ®8)

In equation 8, M, is the monomer molecular weight, M,, is the number-
average molecular weight of the chains, and X, is the number-average de-
gree of polymerization. Other somewhat more complex definitions for p take
into account the equilibrium cyclosiloxane content (14, 15, 24). General
relationships have also been defined that give with a reasonable degree of
accuracy the distribution of chains and rings when an end-stopper is present
(15, 29, 30).

Mechanisms of Ring-Opening Polymerization

Base-Initiated Polymerization. Although the base-initiated mech-
anism for reaction 2 was once thought to proceed via free ionic intermediates
(31), little evidence supported this mechanism. Conductivities of solutions
of alkali metal silanolates in moderately polar solvents are essentially nil (32),
and most workers now agree that reactive intermediates consist of ion pairs
or charge-separated ion pairs (4-5). The key intermediate is believed to
involve coordination of the countercation of the ion pair at the chain end,
for example potassium, with the cyclosiloxane in a manner analogous to the
crown ethers or cryptates (33), as shown by structure 1.
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In 1, x is the number of siloxane units in the ring.

Additional support for such species is found in the efficient transport of
potassium ion through membranes via its coordination with Dy, which
supposedly forms structures similar to 1 (34). The relative reactivity of D,
on the basis of rates of ring-opening polymerization initiated by potassium
silanolate is Dy > D; > Dy > D; > D¢ > D, > D; (31, 33). This trend is
consistent with the tendency of the counterion to coordinate more readily
with the larger rings (34). The more recently observed activation energies
and entropies are also consistent with a mechanism proceeding through an
intermediate similar to 1 (33). This mechanism would require an organized
transition state and, hence, a large negative activation entropy and a reduced
activation energy with increased ring size because of electrophilic assistance
provided by the incipient cation in 1.

Rates of reaction (R,) in ring opening polymerizations initiated by alkali
metals are typically proportional to a fractional order of the initiator and
close to first order in cyclosiloxane:

R, = [CH,8i=]""[D,] ©)

Values of n in equation 9 can vary from 1 for cryptate-coordinated lithium
silanolates (25, 27) and R,NOSi= (35) to 4 for LiOSi=. The latter result was
reported to be dependent on dilutions (36). In the absence of polar solvents,
n = 2 is commonly reported for potassium silanolate initiators (37, 38). The
fractional order is attributed to strongly associated ion pairs at the chain
ends. These ion pairs must dissociate to provide a low concentration of
unassociated ion pairs prior to propagation. In the case of potassium silan-
olate, this dissociation is pictured as the initiation of the polymerization (37),
as shown by equations 10 and 11.

K’
~Si—0( ~O-Si~ = 2 ~Si0O"K* (10)
\\K+/
2 3

o)
~Si0"K* + D, = 1 == ~(Si” M).Si0"K+ (11)

The potassium silanolate exists largely as the associated species 2, which
is considered unreactive. The molecular weight distribution inevitably shows
a low-molecular-weight “tail” when these catalysts are used and is attributed
to the fraction of the chain ends in the inactive form 2 (37).

The redistribution of siloxane units between chains via equilibrium 3
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can be attributed to the existence of intermediates such as 4, which is similar
to 2, except that siloxane units other than those at the ends become involved:

~Si~ = SiOSi0O"K* + Si(0Si),-,0K (12)

Intermediate 4 was proposed originally to explain a rapid specific re-
distribution in which n = 1 (17) but the intermediate is more generally
represented in equation 12. Likewise, intermediates such as 5, which would
be similar in nature to 1, could also be responsible for redistributions be-
tween chains.

9
ST TS
~$i— 0K 0| = ~SiOSi + ~Si(0Si),0K
SSi | \Si -1
~o *
5

(13)

Each of the intermediates in the preceding processes (equations 10-13),
1, 2, 4, and 5, involves coordinated cyclic structures that incorporate the
cationic portion of the ion pair at the chain end. Thus, the extent of reactions
12 and 13, as well as the forward and reverse of reaction 11, should be
sensitive to the polar nature and the spatial requirements of the counter-
cation. These reactions, for example, might be suppressed by the presence
of species more basic than siloxane that can competitively complex more
strongly with the countercation (33).

A large effective cation size should suppress the cation—siloxane coor-
dination, favor the free ion pair 3 in reaction 10, and enhance charge sep-
aration. The anticipated effects would be values of n approaching 1 in the
rate equation 9, greatly enhanced rates of polymerization, and suppressed
formation of cyclosiloxanes. Evidence that these effects are achieved is in-
dicated by the effects seen with R,N * countercations (35), the lithium cryp-
tates (25, 27), and the crown ether—potassium silanolate complexes (39, 40).
Additional evidence for the influence of the countercation on the equilibria
is seen in deviations of the amounts of oligomer produced in equilibrated
poly(dimethylsiloxane) from the normal distribution caused by specific in-
teractions between the potassium silanolate chain ends (37, 38). More de-
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finitive experiments are required, but the equilibria occurring during basic
siloxane ring-opening polymerization as originally represented in equations
2 and 3 are probably too general, and the chain ends must be included
somehow in the representation of these processes.

Acid-Initiated Polymerization. Acid-initiated polymerization of cy-
closiloxanes has not received nearly as much attention in the published
literature until recently. Consequently, the uncertainty and controversy over
the mechanism is greater than that for base-initiated polymerizations. A
recent paper by Sigwalt (41) reviews the more current activity on this subject.
This focused primarily on initiation with trifluoromethanesulfonic acid in
polymerizations of D, and D,. Very little reliable published information
exists on the most common initiator, sulfuric acid, despite a long history of
continued application (42).

Acid-initiated polymerization resembles the base-initiated process in
terms of yields of polymer and other products formed at equilibrium. The
pathway to the final product, however, is quite different, because the overall
rate equation and relative reactivities of the monomers differ considerably
from those of the base-initiated process. The polymerization of D, when
catalyzed by either sulfuric acid (43) or trifluoromethanesulfonic acid (26)
proceeds as a step-growth polymerization as evidenced by traces of the
molecular weight distribution as monomer is converted (44). After an initial
induction period, the molecular weight of the polymer fraction increases,
whereas the molecular weight distribution steadily broadens until it fits the
distribution expected for a step-growth polymer (43). Low-molecular-weight
polymer, oligomers, and cyclosiloxanes other than D, (Ds-Dy), on the other
hand, appear quickly and then remain invariant throughout the polymeri-
zation (26). Relative reactivities based on observations of kinetics during
acid-initiated polymerization fall into the sequence D; > MM > MDM >
MD,M > D,, whereas the sequence for polymerizations initiated by base
is D3 > D, > MD,M > MDM > MM (45). The effect of this difference in
acid-initiated polymerization is to give a continuous monotonic approach to
an equilibrium molecular weight in D, polymerizations, whereas a maximum
is often seen in base-initiated polymerizations when MM or MDM are pres-
ent as end stoppers.

On the basis of initial rate studies, the rate equation for polymerization
of D, with trifluoromethanesulfonic acid (TfOH) takes the following form
(46):

R, = [TfOHPYD,]*" (14)

Studies of the kinetics at higher conversions show a first-order depen-
dence on D, but the apparent first-order rate constant decreases with initial
D, concentration according to k ~ [D,],™*® (26). In this work, the order in
acidic initiator was 2.7, with either D, or D4 as monomers. Polymerizations
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of D; with TfOH showed the same near-third-order dependence on acid
and a strong reciprocal dependence on the initial D5 concentration. Water
had a potent effect on rate, although conflicting observations between two
different schools of workers (26, 47) are apparent. Whereas an activating
effect was seen in one case (47), just the opposite was seen in another (26).
Differences between the two observations are probably due to the 10-fold
differences in the concentration of TFOH used.

An unusual distribution of cyclosiloxanes appears during the TfOH-
initiated polymerization of D, before the final equilibrium composition is
reached. The cyclosiloxane byproducts had ring sizes in the series Dy, (in
which x is an integer) with few of the other cyclosiloxanes present. One
group explains the phenomena in terms of the newly formed reactive chain
end preferentially reacting with its opposite chain end rather than a monomer
unit in the chain. This hypothesis would explain the observed retarded
propagation: Early in the polymerization, new chain ends form cyclic struc-
tures, but later, they are too far from their point of origin for ring closure
to be probable (48). Other investigators have found fault with this argument,
however, and an alternative mechanism involving ring expansion has been
offered (41).

Although still subject to controversy and in need of more supportive
evidence, a reasonable, albeit complex, mechanism for the acid-initiated
process can be written that is consistent with most of the observations made
so far. The mechanism consists of four parts: initiation, step growth, chain
growth, and termination. The process outlined in equations 15-18 was orig-
inally proposed by Wilczek and Chojnowski (49), and although it differs in
detail, it resembles the mechanism proposed by Sigwalt (41, 50). The acidic
initiator, indicated by HA, represents TFOH, but a similar mechanism may
be written for HA = H,SO,, at least in situations in which the system would
be homogeneous.

initiation:
Si Si
( 0 + HA = S0 HA = HOS{ SiA (152)
si”” Si
~—~SiA + HA « H,O =< —~ SiOH + 2HA (15b)
~~ SiA + HA == — SiA » HA (15¢)
step growth:
-~ SiA + ~— SiOH = — SiOSi — + HA (16a)

~~ SiOH <5 —~ §i0Si — + H,0  (16b)
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chain growth:

Si Si
~—~SiA « HA + 0 = — Si—*O «HA,~ (17a)
(Si/ \Si)
Si Si
~— §i—*0 « HA,- + 0
\Si) (Si/
_Si
 5i08i > 8i*—0_ )+ HA,~ (17h)
Si
termination:
Si Si
o+ o« H — — . A
— Si o\Si) HA; = — SiA + (sl-/O HA (18)

A rate equation based on such a mechanism explains the apparent -1
order in [Dj], but not the higher negative orders sometimes observed.
Likewise, the derived rate equation predicts a second-order dependence on
TfOH, rather than the sometimes-observed near-third-order dependence.
Formation of the unusual sequence of rings, D3, can result from intramo-
lecular versions of reaction 16a or 16b or, alternatively, from reaction 17b
leading to ring expansion rather than ring opening.

Rate retardation by water can be explained readily by destruction of the
essential silyl ester via equation 15b, although the reported dramatic rate
enhancement has yet to be explained satisfactorily, despite previous attempts
(41, 47, 49). The intermediates advocated in the previous scheme are, at
best, only partly correct and understood. This fact, combined with the com-
plexity of the process, suggests that complete explanations will come only
with considerably more effort.

Copolymerization

The classical Mayo—Lewis scheme relating comonomer feeds to relative
reactivity ratios (51) is often applied to copolymerization of cyclosiloxanes.
This scheme presumes that no depropagation of the copolymer occurs, that
the copolymerization rate constants depend only on the ultimate comonomer
units, and that instantaneous comonomer feed ratios and copolymer com-
positions are used in the analysis of data. When these assumptions hold, the
Mayo-Lewis method is very useful for the analysis of copolymerization data.
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Otherwise, the method can be very misleading; it failed badly when pub-
lished data from certain copolymerizations were scrutinized by a specially
developed analytical method for copolymerization data (52, 53). For these
reasons, any published data on copolymerization reactivity ratios must be
approached with caution, and the reader should be assured that the criteria
just mentioned have been properly met. These precautions are especially
true for siloxane copolymerizations, because reversibility can be established
quickly, and rapid redistribution of comonomer units between rings and
chains via equilibria 2 and 3 will confound any meaningful study of co-
monomer reactivity ratios.

Therefore, all early studies of copolymerizations must be examined crit-
ically when the ring size of any of the comonomers exceeds three. For
example, published values of r, and r, are regarded as having only quali-
tative significance in studies of the copolymerization of D, with
[CH,=CH(CH,)SiO], initiated by potassium hydroxide at 150 °C (54, 55).
These data failed (Saam, unpublished results) the method of analysis of
copolymerization data developed by Kelen et al. (53). Likewise quantitative
results have little meaning in the copolymerization of D, with (CH;HSiO),
and (CH;HSiO); initiated by aluminum sulfate at an unspecified temperature
(56). For both studies, Dy and D, appeared to be qualitatively less reactive
than their comonomers, but even this conclusion should be made with res-
ervations.

More significant data are obtained from copolymerizations of strained
cyclosiloxanes with initiators such as LiOSi=, in which reversibility is min-
imized (57, 58). Some examples are given in Table II. The potent effect of
solvent is seen in the copolymerization of D, with [(C¢H;),SiO];. The co-
polymer tends to be blocklike when the copolymerization is conducted in
benzene with about 1% dimethyl sulfoxide as a promoter but changes to an
alternating structure when only 10% of THF (tetrahydrofuran) is present.
Copolymerization of the [CH ;(C¢H )SiO]; isomers with D3, with no diluent
or promoter but with a sodium silanolate initiator, had a strong tendency to
form block polymers. This tendency was partly ameliorated when the D,
was replaced with the co-cyclosiloxanes indicated. The results show that
aromatic monomers have a strong tendency to polymerize preferentially,
but this tendency changes dramatically with changes of the countercation
or the solvent. These results undoubtedly reflect the importance of the
nature of the ion pair at the reactive chain end and its sensitivity to changes
in the type of solvent and countercation.

The lack of reliable information on kinetic parameters for the co-
polymerization of important cyclosiloxanes with ring sizes exceeding three
is a serious deficiency. Industrial and routine laboratory syntheses rely almost
entirely on such monomers, and in many cases, the processes are copolym-
erizations. An understanding of these constants would give valuable infor-
mation on copolymer microstructure and its control. Unambiguous studies
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of such copolymerizations have been hampered by reversibility until re-
cently, when alternatives to the Mayo—Lewis model have been advocated
that rigorously take into account reversibility, predict microstructure at var-
ious stages of conversion, and determine how microstructure is influenced
by kinetic factors (59-61). Therefore, the application of these models to the
kinetics of reversible cyclosiloxane copolymerizations would be useful.

Copolymerization at equilibrium appears to be an entirely random proc-
ess, according to three separate studies of KOH-initiated copolymerizations
of D, with [CH,=CH(CH,)SiO], (62) and [(C¢H ;5),SiO], (63, 64). The con-
clusions in each case were based on the analysis of signal intensities of pentad
and triad sequences in high-resolution **Si NMR of the copolymers. Two of
these studies (62, 64) showed that the random sequence distribution per-
sisted over a broad range of composition, and one (62) showed that this
result was unaffected by temperature. The findings indicated that, as with
homopolymerization, there was no enthalpic driving force. The same study
also showed that the composition of the cyclosiloxanes at equilibrium and
the sequencing of their comonomer units matched exactly those of the co-
polymer chains. The binomial distribution, which presumes random statis-
tics, accurately described the distributions of the various equilibrium
cyclosiloxanes observed by gas chromatography.

The random nature of the copolymerization equilibria can be considered
a consequence of two concurrent entropically driven equilibria similar to
reactions 2 and 3. These copolymerization equilibria, however, would in-
volve the comonomers interacting reversibly with two different chain ends
and the reversible transfer of the different comonomer units between chains.
Expressed in another way, the equilibria could be written in a manner similar
to the Mayo-Lewis model but with rate constants replaced by equilibrium
constants, K;;, K, K,, and K,;, and comonomer concentrations replaced
by the total concentrations of the different siloxane units in the system, M
and M,, regardless of their locations in the rings or chains.

~M* + M, &5 MM, r = Ku/Kyp (19a)
~M* + M, <25 MM, (19b)
~Mp* + M, <=5 MyM, 1, = Kup/Kyy (19¢)
~My* + M; <25 M,M, (19d)

In the preceding reactions, M ;* and M,* are the active chain ends, and
the copolymerization ratios r, and r, are unity in an entropically driven
process (62).

Step-Growth Polymerization

In practice, step-growth polymerization in linear polysiloxanes consists of
either homocondensations of silanol-ended siloxanes or heterocondensations
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of silanol-ended species with monomers containing good leaving groups,
such as halogen, amino, or amido. Heterocondensations can provide con-
venient synthetic pathways to specifically structured polymers and copoly-
mers (64, 65). Heterocondensation between SiCl- and SiOH-ended species
is important industrially in the formation of cyclosiloxanes and linear siloxane
oligomers from the hydrolysis of chlorosilanes (2). A review of heterocon-
densations of chlorosilanes and silanols is contained within a broader dis-
cussion (66) of hydrolytic polycondensations in both linear and nonlinear
organosiloxanes. The emphasis in this section will be on only silanol homo-
condensation.

Silanol polycondensation is catalyzed by strong acids or bases, as well
as by species as mild as amines or carboxylic acids combined with their
quaternary ammonium salts (67). With strong acids or bases, the process is
highly reversible, and the equilibrium can be represented as follows:

nHOSi SiOH < (n — 1)H,0 + HO(Si SiO),H (20)
The equilibrium constant can be defined as:

[SiOSi][H,0]

= DA 21

[SiOH]? @1)

On the basis of this definition, the number-average degree of polymer-
ization, X, for the polymer at equilibrium is given by the approximation

X ~ 2(KK;)"By”? (23)

in which K, is Henry’s constant and Py o is the partial pressure of water
vapor. The approximation is more valid if the partial pressure and the con-
centration of water in the nonpolar media are sufficiently low so that pressure
and concentration can replace fugacity and activity in equations 21 and 22.
Equation 22 was first tested by Martellock (68) and found to be valid in the
depolymerization of poly(dimethylsiloxane) at 150 °C at varied Py.o (68).
Equation 22 can be expressed in terms of thermodynamic constants:

_ —AH + AH,  AS + AS, 1

ln X RT R - 5 ln PHZO (233.)
—AH + AH, — AH AS + AS;, — AS

]. X = h v h v

n AT + R (23b)

In these equations, the subscripts h and v are used to indicate terms
that refer to Henry’s constant and vapor pressure of water, respectively.
Equation 23b closely predicted the molecular weights of poly(di-
methylsiloxane) at equilibrium in emulsions stabilized by dodecylbenzene-
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sulfonic acid. The expected reciprocal dependence of In X on temperature
was seen, and both the enthalpy and entropy terms were close to those
expected from published values (69). Therefore, the adherence of the emul-
sion condensation polymerizations at equilibrium to equation 23b provides
a convenient means of regulating molecular weight by adjusting temperature.
Equation 23a should also be effective whenever Py o can be adjusted in-
dependently of temperature.

The equilibrium 20 is important not only in the synthesis of linear
polysiloxanes but also in their applications. The effects of water vapor on
inducing chain cleavage at high temperature are not only reduced molecular
weights but also a dramatic increase in the rates of chemically induced stress
relaxation at 250 °C in cross-linked poly(dimethylsiloxane) networks under
load (70). Slow hydrolytic bond cleavage in cross-linked networks is seen
even in studies of stress relaxation in air at room temperature, and appre-
ciable rates of stress relaxation in the loaded networks are measured at
temperatures as low as 70 °C (71). The stress relaxation is greatly accelerated
by ammonia but essentially eliminated when the experiments are conducted
in dry air. Spontaneous adhesion of poly(dimethylsiloxane) networks to polar
substrates at room temperature is also attributed to silanols formed via equi-
librium 20 from the network chains (72). Consistent with the observations
in their earlier paper, the authors saw an acceleration of adhesion in ammonia
and loss of adhesion in dry air. Thus, equilibrium 20 appears to be ubiquitous
and could be playing a larger role than hitherto appreciated in both synthesis
and properties. Equilibrium 20 might even occur concurrently in ring open-
ing polymerizations in which water or other hydroxylic species might be
present in trace amounts (73). This case is seen in acid-initiated ring opening
polymerization, as already mentioned (reactions 16a and 16b). Unpublished
work (Saam and Stebleton) suggests that the condensation process plays a
controlling role in base-catalyzed ring-opening polymerizations when carried
out with KOH initiators in the presence of traces of hydroxylic species.

The rate equation (equation 24) for strong-base-catalyzed silanol con-
densation was based on model studies with trimethylsilanol that were in-
tended to mimic silanol condensation polymerizations (73).

_ d[SiOH] _ k,[MOSi],[SiOH]
dt  k, + k[SiOH],

(24)

The catalyst in these studies was a tetramethylammonium silanolate.
[SiOH], represents the initial trimethylsilanol concentration, and k,, k;, and
k. are rate constants. Use of alkali metal silanolates complicated the kinetics
because of the self-association outlined in reaction 10. A reaction scheme
consistent with the rate equation is given by equations 25-27.

~SiOH + MOH s ~SiOM + H,0 (25)
6
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H
/N

~SiOH + 6 = Si-O O-Si~ (26)
N\
M- HzO
7

7 = ~Si0Si~ + MOH « H,0 + H,0 (27

The intermediate 7 is similar in some aspects to intermediate 2 in re-
action 10. The kinetics becomes second order in silanol and first order in a
weak base for the polycondensation of dialkylsilanediols (74). The mechanism
was proposed to proceed via the following reactions:

B’ + ~SiOH == ~SiO"BH* (28)
8
8 + ~SiOH == ~Si0Si~ + B’ + H,0O (29)

In the preceding scheme, B’ represents a weak base such as (C,Hg);N.

The rate equation with strongly acidic catalysts is also second order in
silanol and first order in catalyst (75). The mechanism is proposed to proceed
via protonation of silanol, followed by an electrophilic attack of the conjugate
acid on nonprotonated silanol. The condensation processes outlined in re-
actions 16a and 16b for sulfonic acids is also an applicable mechanism for
the acid catalysis. The condensation polymerization in emulsion catalyzed
by dodecylbenzenesulfonic acid is second order in silanol, but the rate has
a complex dependence on sulfonic acid concentration (69). This process was
most likely a surface catalysis of the oil-water interface and was complicated
by self-associations of the catalyst—surfactant.

Conclusions

The present refinement in linear siloxane polymerization is a monumental
achievement resulting from the astute observations and ingenuity of many
chemists over the past 120 years. The workers cited in this chapter are only
some of the more recent contributors. Still, much work is yet to be done,
and the critical reader should be left with many questions. For example,
the equilibria 2 and 3 are traditionally the basis for explaining the distribution
of molecular sizes and byproducts, but they exclude any role for the reactive
chain ends. Yet, the accumulating evidence of the critical role of the coun-
terions at the reactive ends in the mechanism of the process suggests that
the equilibria may have to be rewritten to include the reactive ends. De-
finitive experiments are needed to settle the point.

The kinetics of the rapid exchange of siloxane units between chains
(equation 3) also needs better definition. The only published account giving
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data that defines the crucial equilibrium for condensation—cleavage of linear
polysiloxanes by water (reaction 20) is old and difficult to find despite its
obvious importance. In this case, the observations need to be verified, ex-
panded, and put on sound thermodynamic ground. Mechanisms, especially
for condensation polymerization in both the acid- and base-catalyzed proc-
esses, need more rigorous verification.

For some important areas, background is entirely lacking or is sparse.
The kinetics of reversible copolymerization of cyclosiloxanes is a good ex-
ample. Prior studies were at best qualitative because of the improper ap-
plication of the Mayo-Lewis scheme and the lack of suitable alternatives.
Quantitative information on copolymerization kinetics is needed to describe
copolymer microstructure, which is important in determining the physical
and chemical properties of copolymers. The newer models for reversible
copolymerization, combined with computer and *Si NMR analyses, should
be powerful tools for gathering and interpreting data unambiguously. Al-
though work has begun in observing copolymerizations at equilibrium, the
challenge will be in studies carried out prior to equilibrium. Another area
where there is a deficiency is the stereoregular synthesis of polysiloxanes.
Such processes should provide extremely interesting materials, and they
should be achievable with the aid of knowledge gained by predecessors.
Siloxane polymerization therefore is far from a stagnant field, and answers
that can be found only in the laboratory are needed to some very challenging
questions.
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Thermal and Rheological Properties
of Alkyl-Substituted Polysiloxanes
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Racine, WI 53403

The thermal and rheological properties of a series of poly-
(dimethylsiloxane-co-methylalkylsiloxane) (PDM—-PMAS) copolymers
containing 3.5 mol % methylalkylsiloxane units of various alkyl
lengths were investigated. Calorimetric results show that the alkyl
side chains are crystallizable. The side-chain melting temperatures
and heats of fusion normalized for side-chain weight fraction in-
creased with increasing side-chain length. The steady-shear melt vis-
cosity of the polymers with C , C 5, and C 4 side chains decreased
with increasing side-chain length. Low-strain oscillatory meas-
urements indicated the formation of a network structure at room
temperature for polymers with C s and C s side chains, which can
be attributed to intermolecular crystallization of the paraffinic side
chains.

POLYSILOXANES WITH PENDANT SIDE CHAINS are interesting materials from
both the theoretical and practical points of view. A number of polysiloxanes
with various side chains, such as liquid crystals (1, 2), carbazole groups (3),
electron-donor and electron-acceptor groups (4), polystyrene (5), and func-
tional groups (hydroxyl or carboxyl) (6), have been synthesized. Polysiloxanes
are known for their useful properties, which include flexibility, heat resist-
ance, water repellence, and biological inertness. These properties, combined
with the ease with which a tailored polymer structure can be prepared,
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prompted investigators to consider these types of polymers in a number of
applications, including their uses as drug carriers, mold-releasing agents,
and photoconductive polymers. Our own particular interest has been the
thermal and rheological behavior of polysiloxanes with crystallizable side
chains. In a recent work (7), we reported that the alkyl side chains of
poly(methylalkylsiloxane) (PMAS) are crystallizable and exist in the hexag-
onal unit cell. We also observed that the melt viscosity of PMAS increased
with increasing side-chain length.

In this chapter, the properties of a series of poly(dimethylsiloxane-co-
methylalkylsiloxane) (PDM-PMAS) of various alkyl side-chain lengths are
discussed. These polymers contain 3.5 mol % methylalkylsiloxane units and
are prepared from the same precursor; thus, any effects due to variations in
the percentage of alkyl substitution and main-chain molecular weight dif-
ferences and effects due to block distribution of the alkyl substituents are
eliminated.

Experimental Procedures

Synthesis. Synthesis of the copolymers was performed by a hydrosilylation
reaction of poly(dimethylsiloxane-co-methylhydrosiloxane) (Petrarch System, Inc.)
and a-olefins of various lengths (Aldrich). A round-bottomed flask equipped with a
magnetic stirring bar, condenser, and calcium chloride tube was charged with a 50%
solution of the reactants (up to 10% molar excess of a-olefin) in dry toluene. A solution
of hydrogen hexachloroplatinate(IV) in diglyme-isopropyl alcohol (150 ppm Pt) was
then added to the reaction mixture. The reaction mixture was stirred at 60 °C for
3 h. At the end of this period, the mixture was refluxed with activated charcoal for
1 h and filtered while hot. Finally the solvent and excess a-olefins were removed
under reduced pressure (67 Pa at 100 °C). The reaction proceeded to completion as
evidenced by the absence of the Si—H absorption at 2130 cm™ in the IR spectra.
Residual a-olefin in the purified polymers was determined by gas-liquid chroma-
tography. In all polymers, residual a-olefin was less than 1.5 wt %.

Thermal Analysis. Differential scanning calorimetry (DSC) was performed
with a DSC module (Du Pont 910) interfaced with a thermal analyzer (model 9900).
The instrument was calibrated with indium and high-purity water. Samples ranging
in size from 1 to 3 mg were initially heated to 100 °C to erase any prior thermal
history. The samples were held at 100 °C for 1 min and then cooled to —20 °C at a
rate of 10 °C/min. At -20 °C, the cooling rate was decreased to 2 °C/min until
—100 °C and further to —150 °C at 10 °C/min. Each sample was scanned at a heating
rate of 20 °C/min. The glass transition temperature (T, was determined as the
midpoint of the change in heat capacity, and the melting temperature (T.,) was the
temperature at the onset of the melting endotherm.

Rheological Experiments. Melt viscosity and low-strain oscillatory experi-
ments were performed on a Rheometrics RDS-7700 dynamic spectrometer equipped
with a 0.2-2.0-g-cm torque transducer. The samples were mounted on 25-mm-
diameter parallel-plate fixtures with a gap of 0.5 mm. Prior to each scan, samples
were heated to 50 °C and then cooled slowly to room temperature. Steady-shear



Published on May 5, 1989 on http://pubs.acs.org | doi: 10.1021/ba-1990-0224.ch004

4. RASOUL ET AL. Properties of Alkyl-Substituted Polysiloxanes 93

measurements were obtained at shear rates from 0.03 to 1000 s~!. Dynamic meas-
urements were obtained by using frequencies between 0.01 to 100 rad/s at 75%
strain, except for polymers with C,s and C,s side chains, for which 2% strain was
used.

Results and Discussion

Thermal Analysis. As expected, PDM-PMAS polymers showed
melting endotherms associated with the melting of the paraffinic side chains
similar to those previously observed for PMAS polymers (7). Both side-chain
melting temperatures (T ,s) and heats of fusion (AH,s) normalized for side-
chain weight fraction increased with increasing side-chain length. However,
for a given side-chain length, T, and AH; are depressed for PDM-PMAS
polymers relative to those for PMAS (Figures 1 and 2). Table I lists the side-
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Figure 1. Side-chain melting point (T ) versus the number of side-chain carbon
atoms (N.). Key: O, PDM~PMAS; and A, PMAS. The data for PMAS were
obtained from reference 7.

chain T s for PDM-PMAS copolymers and the corresponding AHs. The
decrease in side-chain T,, and AH for PDM-PMAS compared with PMAS
(7) are being analyzed at present in terms of the increased spacing between
alkyl groups in the PDM~PMAS polymers and its influence on crystal thick-
ness, lateral crystal size, and entropy of melting,

The thermal transitions associated with the backbone were investigated
also. The glass transition temperatures for all PDM-~PMAS copolymers and
their precursor were identical (-120 °C). Other thermal events associated
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Figure 2. Side-chain heat of fusion (AH;) versus the number of side-chain
carbon atoms (N.). Key: O, PDM—-PMAS; A, PMAS; and O, n-alkanes. The
data for PMAS were obtained from reference 7.

Table I. Thermal Events for PDM-PMAS Copolymers and Precursor

Side Chain Backbone

Material T. (°C) AH; (k] /mol) T (°C) AH; (J/g)
Precursor — — -58 12.6
Copolymers?

C 10 —_— —_ J— J—

Cy 8 3.0 — —

Cu 14 5.5 -68 33.5

Cu 29 14.2 —65 24.7

Cis 42 17.6 -62 22.0

Coy 50 32.5 —62 23.9

°— means material did not exhibit thermal event.
*The PDM~-PMAS copolymers differ in the length of the alkyl side chains.

with the backbone of these polymers are summarized in Table I. The melting
temperature of the backbone (T,,) is not influenced by the length of the
paraffinic side chain, except for polymers with C,, and C;, side chains, for
which no backbone melting endotherm was observed, presumably because
of the higher miscibility of shorter paraffinic chains with poly(di-
methylsiloxane). The C,,and C , side chains are probably too short to phase-
separate from the backbone, and thus they disrupt backbone crystallization.
Neither PMAS polymers nor their precursor studied earlier exhibit backbone
melting transitions. Figure 3 shows representative DSC traces of
poly(methylhexadecylsiloxane) (a C,s PMAS) and PDM-PMAS copolymers
with C ¢ and C, side chains. The precursor and most of the PDM-PMAS
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Figure 3. Representative DSC traces: (1) poly(methylhexadecylsiloxane) (a C 15

PMAS), (2) poly(dimethylsiloxane-co-methylhexadecylsiloxane) (PDM—PMAS

with a C s side chain), and (3) poly(dimethylsiloxane-co-methyldodecylsiloxane)
(PDM-PMAS with a C ; side chain).

copolymers show bimodal or multimodal backbone melting endotherms,
when observed. A detailed study of the backbone melting behavior is re-
ported elsewhere (8).

Rheological Behavior. Figure 4 shows the room-temperature steady-
shear viscosity as a function of shear rate for PDM-PMAS polymers and
their precursors. Polymers with C,, C,, and C, side chains exhibit New-
tonian behavior over the range of shear rates monitored.

The order of decreasing viscosity is as follows: C,, > C, > Cy, >
precursor. This order is contrary to that of fully substituted PMAS polymers
(7). The decrease in viscosity in this order probably results from the decrease
in side-chain miscibility with poly(dimethylsiloxane). Longer side chains,
such as C, side chains, are expected to phase-separate and form a more-
ordered polymer compared with short side chains (C,,). However, C,, and
C 4 side chains are not long enough to crystallize above room temperature.

Polymers with longer side-chains (C ¢ and Cg) exhibit non-Newtonian
viscosity at room temperature, and the viscosity decreases with increasing
shear rate. Because the side-chain T s for C ¢ and C 4 polymers are above
room temperature, network formation via intermolecular crystallization of
the paraffinic side-chains is believed to be responsible for the unusually high
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Figure 4. Steady-shear viscosity versus shear rate for PDM~PMAS. Key: O,
precursor; A, N, = 10; O, N, = 12; 0, N, = 14; A, N, = 16; and @, N.
= 18. N, is the number of side-chain carbon atoms.

viscosity of these polymers at low shear rates. Indeed, low-strain oscillatory
measurements indicate some type of network structure, as evident from the
relatively constant value of the storage modulus G’ for polymers with C
and C 4 side chains at low frequencies (Figure 5). The higher level of G’ for
the polymer with C 4 side chain can be due to lower molecular weight
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Figure 5. Storage modulus (G') versus frequency of oscillation for PDM—~PMAS
copolymers. Key: 0, N, = 14; A, N, = 16; and @, N, = 18. N, is the number
of side-chain carbon atoms.
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between cross-links. However, because all the polymers were prepared from
the same precursor, the high level of G’ is more probably due to the fact
that crystals of polymers with C ¢ side chain are thermally labile (T, is close
to room temperature).

In Figure 6, the loss modulus (G'') is plotted versus the frequency of
oscillation. PDM-PMAS copolymers with C,y, C,, and C, side chains and
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Figure 6. Loss modulus (G'') versus frequency of oscillation for PDM-PMAS
polymers. Key: O, precursor; A, N, = 10; O, N, = 12; 0, N, = 14; A, N,
= 16; and @, N. = 18. N, is the number of side-chain carbon atoms.

the precursor exhibit a normal viscous liquid behavior, with G'’ directly
proportional to frequency and increasing in the same order as the steady-
shear melt viscosity. For polymers with C and C 4 side chains, G’ is greater
than G'’ at any frequency because of the elastic nature of the network. G"
is closer to G’ for polymers with C,4 side chains compared with polymers
with C 4 side chains. This result indicates that PDM-PMAS copolymers
with longer side chains are more structured. Figures 5 and 6 represent only
part of the isothermal frequency response of these structured fluids, and we
are currently investigating the use of time-temperature superposition to
extend the range of frequency.

Conclusions

1. A DSC study shows that the alkyl side chains of PDM-PMAS copolymers
are crystallizable and that both the melting point and the heat of fusion
increase with increasing side-chain length.
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The steady-shear melt viscosity of the same materials with C,,, C,,, and
C, side chains increase with decreasing side-chain length.

Low-strain oscillatory measurements show that PDM—-PMAS copolymers
with longer side-chains (C,; and Cg) form a network structure at tem-
peratures below the side-chain T,,. Intermolecular side-chain crystalli-
zation may be responsible for this behavior.
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Pyridinyl- and 1-Oxypyridinyl-Substituted
Silanes and Siloxanes

New Catalysts for Interfacial Transacylation
Reactions
Wilmer K. Fife, Martel Zeldin, and Cheng-Xiang Tian

Department of Chemistry, Indiana University~Purdue University
at Indianapolis, Indianapolis, IN 46223

Catalysis of the synthesis of benzoic anhydride and the hydrolysis of
benzoyl chloride, diphenyl phosphorochloridate (DPPC), and benzoic
isobutyric anhydride in dichloromethane—water suspensions by
water-insoluble silanes and siloxanes, 3- and 4-trimethylsilylpyridine
1-oxide (3b and 3c, respectively), 1,3-bis(1-oxypyridin-3-yl)-1,1,3,3-
tetramethyldisiloxane (4), and poly[methyl(1-oxypyridin-3-yl)-
siloxane] (5) was compared with catalysis in the same systems by
water-soluble pyridine 1-oxide (3a) and poly(4-vinylpyridine 1-oxide)
(6). All catalysts were effective for anhydride synthesis and promoted
the disproportionation of benzoic isobutyric anhydride. Hydrolysis
of benzoyl chloride gave benzoic anhydride in high yield (=80%) for
all catalysts except 3a, which gave mixtures of anhydride (52%) and
benzoic acid (39%). The order of catalytic activity for DPPC hy-
drolysis was 5 > 4 > 3b > 3a > 3¢ > 6. The results suggest that
hydrophobic binding between catalyst and lipophilic substrate plays
an important role in these processes.

SILANES AND SILOXANES that contain pyridinyl and 1-oxypyridiny] substit-
uents represent an intriguing new class of catalysts for transacylation reac-
tions (I-4). Interconversions of carboxylic and phosphoric acids with their
derivatives (e.g., amides, anhydrides, and esters) are among the most im-
portant chemical processes observed in biological systems and used by the

Note: This chapter is Part 5 in a series of articles (1—4).

0065-2393/90/0224—-0099%06.00/0
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chemical industry. The reactions in vitro are usually carried out in homo-
geneous solution. By contrast, the corresponding processes in vivo frequently
must accommodate multiple phases. For example, the transport of metab-
olites across the mitochrondrial membrane during fatty acid metabolism
requires transacylation steps at the two faces of the membrane (5). In recent
years, chemists have turned increasingly to studies of chemical reactions
under conditions that attempt to mimic biological processes (6-13). The
multiple-phase aspects of cellular chemistry have contributed many insights
and incentives that have led to important new advances in polymer chem-
istry, including such areas as catalysis and synthetic methodology (14).

Applications of Phase-Transfer Catalysis

The advantages and possibilities associated with organic reactions carried
out in mixtures of immiscible solvents were first investigated systematically
by Makosza (15), Starks (16, 17), and Brandstrom (18, 19) during the 1960s.
The methodology that brings together reagents soluble in separate liquid
phases is known as phase-transfer catalysis (PTC) (Scheme I) (20-24). In a
typical PTC process that transfers alkyl groups, R, from one nucleophilic
agent (:L") to another (:Nuc"), a phase-transfer catalyst (CAT *) is required.
The catalyst is usually a tetraalkylammonium or tetraalkylphosphonium salt
whose lipophilic cation carries the reactant nucleophile (:Nuc~) to the organic
layer for reaction with the substrate. The process is complicated by the
possibility of reaction in the interfacial region between the bulk water and
organic-solvent phases (25, 26).

Only a few examples of PTC methodology have been reported for trans-
acylation reactions, despite their widespread use and importance. Smalley
and Suschitzky (27) first noted the effectiveness of pyridine l-oxide as a
catalyst for converting suspensions of benzoyl chloride and sodium benzoate
in water to benzoic anhydride. More recently, Yamada and co-workers (28)
prepared symmetrical and mixed anhydrides, even acetic benzoic anhydride,
under two-phase conditions (i.e., organic solvent—water) in the presence of

Nucleophile Catt ‘Nuc™ + Mt L = M* :Nuc + Cat+ L

Exchange
N H,0 Phase
VWV Ga¥aa%a'a’a’a’a a s a 'l
VWAAMA AN NN
CH,Cl, Phase
Product Cat*:Nuc + RL = R-Nuc + Cat'iL
Formation

Scheme 1. PTC transalkylation. (After reference 17.)
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1-methyl-2(1H)-pyridinethione. Roulleau et al. (29) used conventional PTC
methodology to convert acid chlorides to their corresponding symmetrical
anhydrides, with tetrabutylammonium chloride as the phase-transfer catalyst
in toluene-aqueous sodium hydroxide suspensions. Fife and co-workers
(30-36) investigated the utility of multiple-phase methodologies for trans-
acylation reactions under a wide variety of conditions. In 1986, Mathias and
Vaidya (37) reported the first use of a polymeric tertiary amine, poly(4-
diallylaminopyridine), as a phase-transfer catalyst in amide formation. Fi-
nally, Mack and co-workers (38) have demonstrated successful transacylation
in solid-liquid, two-phase systems with crown ethers as catalysts.

Neutral nucleophilic catalysts such as tertiary amines and amine N-oxides
represent especially attractive candidates for promoting reaction between
organic-solvent-soluble acid derivatives and water-soluble carboxylate or
other basic ions. Reactions (equations 1 and 2) between these catalysts and
acid derivatives lead to the formation of intermediates (1 and 2) of greater
water solubility than the reactant and enhanced reactivity toward negatively
charged carboxylate or other basic ions in the aqueous phase (equation 3).
Although reaction between 2 and carboxylate ion in dichloromethane solution
is expected to be and is rapid, in aqueous solution, this process is also
extremely fast (35) and perhaps diffusion controlled. Thus two important
transacylation reactions that are particularly adaptable to multiple-phase
methodology in immiscible organic solvent—water media are anhydride syn-
thesis and hydrolysis of acid derivatives (equations 4 and 5).

(0]
RJ\L + O = O L 1)
N N
+
0" R
1
(0]
RJ’\L + O # O L @)
)’ y
I+
0" (0]
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In this chapter, we describe results from a series of experiments in
which phase-transfer catalysts bearing the 1-oxypyridinyl group were used
in a variety of transacylation reactions. These reactions include acid anhy-
dride synthesis, as well as hydrolysis of a mixed anhydride and two acyl
chlorides. The reactions were carried out in vigorously stirred suspensions
of dichloromethane and water. Particular attention was directed to molecular
size (monomeric, dimeric, and oligomeric species), structural characteristics
(vinyl versus siloxane chain), and solubility (water versus dichloromethane)

of the catalysts.

Pyridinyl and 1-Oxypyridinyl-Substituted Phase-Transfer
Catalysts

Investigations carried out in our laboratories since 1981 have demonstrated
the effectiveness of PTC methodology using the 1-oxypyridinyl group in
monomeric (pyridine 1-oxide, 3a; 3-trimethylsilylpyridine 1-oxide, 3b; and
4-trimethylsilylpyridine 1-oxide, 3c¢), dimeric (1,3-bis[1-oxypyridin-3-yl]-
1,1,3,3-tetramethyldisiloxane, 4), and polymeric (poly[methyl[1-oxypyridin-


file:///Phase
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3-yl]siloxane], 5; and poly[4-vinylpyridine 1-oxide], 6) forms as phase-transfer
nucleophilic catalysts in dichloromethane—water suspensions to effect trans-

Me, MeMe ,Me
N/

X \/
(% | /31\0 _Si |
) J )
I;I+ I;I+ 1:I+
o o o’
32 X=H 4
3b X = 3-trimethylsilyl
3¢ X = 4-trimethylsilyl
Me (o)
\Si/ *ﬂ n
0 ®
P
s N
(o) o-

5n=5-15 6 n=2000

acylation reactions rapidly, conveniently, and in high yield (3, 4, 30-36).
Catalysts 3b, 4, and 5 were recently prepared and characterized as part of
a continuing study of pyridinyl- and 1-oxypyridinyl-substituted silanes and
siloxane in our laboratory (1-4).

The silicon-containing species represent a particularly interesting group
of phase-transfer catalysts, because they are highly soluble in dichloro-
methane and virtually insoluble in water. Furthermore, their distribution
behavior in dichloromethane—water suspensions is just opposite that of the
well-known pyridine 1-oxide (3a) and its polymeric analogue, poly(4-vinyl-
pyridine 1-oxide) (6), which are highly soluble in water. Polysiloxane 5 is a
polymeric catalyst with a highly flexible backbone (i.e., low glass transition
temperature [T,]) in contrast to the relatively rigid vinyl-derived chain in
6. The results from a series of investigations that compared the catalytic
properties of the silicon-containing catalysts 3b, 3¢, 4, and 5 with those of
3a and 6 in the synthesis of benzoic anhydride, hydrolysis of benzoyl chloride,
hydrolysis of diphenyl phosphorochloridate (DPPC), and hydrolysis of ben-
zoic isobutyric anhydride are described in the following sections.

Anhydride Synthesis. A wide variety of pyridine 1-oxides are highly
selective catalysts for the conversion of acid chlorides and sodium carbox-



Published on May 5, 1989 on http://pubs.acs.org | doi: 10.1021/ba-1990-0224.ch005

104 SILICON-BASED POLYMER SCIENCE: A COMPREHENSIVE RESOURCE

ylates to symmetric and mixed carboxylic anhydrides (equation 6). Some
examples of the synthetic methodology are summarized in Table I. The
method produces anhydrides of high purity in excellent yield. The dichlo-
romethane-water medium effectively compartmentalizes the reaction mix-
ture to protect the water-sensitive acid chlorides and anhydrides in an inert,
immiscible organic phase. Catalytic effectiveness, which is taken to mean

0 (0]
Catalyst
R” "Cl + R” "O"Na' T1CH,ClyH,0 )
room temperature, 10 min
o O
AN+ ma

Table I. Synthesis of Benzoic Anhydride from Benzoyl
Chloride and Sodium Benzoate

Catalyst Anhydride (%)
None 0.0
3a 90.0
6 80.2
3b 87.9
3c 89.2
4 85.6
5 88.2

NotE: Equimolar quantities (5 mM) of benzoyl chloride and sodium
benzoate in 20 mL 1:1 (v/v) dichloromethane-water (containing
0.5 M HCOj;") were vigorously stirred at 22—-23 °C for 10 min, and
the benzoic anhydride was isolated and identified as described in
reference 3.

the yield of the anhydride product, appears to be independent of catalyst
structure and solubility characteristics.

A mechanism (Scheme II) similar to the generally accepted PTC process
(Scheme 1) has been developed to explain anhydride formation (30). Acid
chlorides such as benzoyl chloride have a low solubility in water and, there-
fore, are concentrated in the dichloromethane layer. In the absence of a
catalyst, benzoyl chloride is relatively inert to anhydride formation or hy-
drolysis under comparable experimental conditions (Table I). However, pyr-
idine 1-oxide, which distributes relatively uniformly between the two layers,
reacts quickly with the acid chloride to form 1-acyloxypyridinium chloride
(2) in the dichloromethane layer. Intermediate 2 dissolves preferentially in
the aqueous layer, where it rapidly reacts with carboxylate ion to form the
anhydride and releases the catalyst (35).

The process is actually more complex than is suggested by Scheme II.
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Scheme I1. Anhydride formation via acyl group transport to the aqueous phase.

Fife and Xin (35) found that, under PTC conditions, the reaction between
benzoyl chloride and a mixture of 1.0 equivalent of sodium p-toluate and
1.0 equivalent of sodium isobutyrate in the presence of 0.1 equivalent of
pyridine 1-oxide gave an anhydride product mixture that contained approx-
imately twice as much benzoic p-toluic anhydride as benzoic isobutyric an-
hydride on a molar basis (equation 7). Therefore, the process must include
an important component that selects for the more lipophilic p-toluate ion.
The differential partitioning of the competing carboxylate ions at the di-
chloromethane—water interface is a reasonable explanation for this observed
selectivity, because product composition correlates with the Hansch (39)
hydrophobicity parameters for competing carboxylate ions (40).

Alternatively, the cationic intermediate 2 may serve as a phase-transfer
agent for nucleophiles as well as acyl groups. Thus, 2 could participate in
an ion-pair extraction process that transports carboxylate ions to the organic
phase (Scheme III) (I8, 19). However, an electrostatically driven rapid re-
action between 2 and a carboxylate ion in the aqueous layer would minimize
contributions from this pathway. To the extent that the process leading to
anhydride includes components represented by Schemes II and III, anhy-
dride formation could very well be occurring in both the bulk dichloro-
methane and water phases and at the interface.
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Hydrolysis of Benzoyl Chloride. Early experiments demonstrated
that 3b, 3¢, 4, and 5 are efective catalysts for the conversion of benzoyl
chloride to benzoic anhydride in well-stirred suspensions of dichloro-
methane—0.5 M aqueous sodium bicarbonate (equation 8) (2, 3). The results

(0]
| A a- RJLO'Na+ | N 0
T: “NaCl T: R,JL o
(0] (0]
(6] (0]
oY Y
R R

Scheme III. Anhydride formation via carboxylate ion transport by ion-pair
extraction.
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from these experiments are summarized in Table II. The hydrophilic catalyst
6 exhibited essentially the same behavior as the lipophilic catalysts 3b, 3c,
4, and 5. Thus, two products are obtained in the presence of all the catalysts:
benzoic acid and benzoic anhydride. Benzoic anhydride is presumed to be
formed by the reaction between sodium benzoate, the initial product, and
2 (Scheme II). A high percentage of anhydride is obtained with the organic-
phase-soluble catalysts 3- and 4-trimethylsilylpyridine 1-oxide (3b and 3c)
and related siloxanes (4 and 5), as well as the water-soluble poly(4-vinyl-
pyridine 1l-oxide) (6). Only pyridine 1-oxide (3a) gives a high degree of
hydrolysis.

Table II. Hydrolysis of Benzoyl Chloride

Catalyst Anhydride (%) Acid (%)
None 0.0 0.3
3a 52.3 39.5
6 81.0 8.3
3b 91.6 4.9
3c 80.2 2.7
4 79.1 2.2
5 89.3 5.0

NoTtE: The reactions were carried out in dichloromethane-water
(containing 0.5 M HCO3;") at 22-23 °C for 30 min. See reference
3 for procedural details.

Catalysts 3b, 3c, 4, and 5 are restricted to the organic phase because of
their limited solubility in water. Thus, these catalysts are expected to be
acylated by benzoyl chloride in the organic phase to form 2, which in the
early stages of reaction is hydrolyzed to the benzoate ion (Scheme II). Be-
cause 2 is positively charged, it has enhanced access to hydroxide and other
negatively charged ions. As the reaction progresses, the benzoate ion be-
comes an effective competitor for 2 because of its increasing concentration,
as well as its greater lipophilicity relative to bicarbonate or hydroxide ions
(6). The similar behavior of hydrophilic polymer 6 and the lipophilic catalysts
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suggests that benzoylation of 1-oxypyridinyl residues modifies the phase-
distribution properties of the 1-benzoyloxypyridinium sites in 6 and in the
silicon-containing catalysts 3b, 3c, 4 and 5 such that they become chemically
indistinguishable. Alternatively, acylation of 6 may occur more slowly than
for the other catalysts and, therefore, could be the rate-limiting step in the
process. Thus, the benzoate ion becomes an effective competitor for 2 at an
early stage of the reaction.

The markedly different results obtained with 3a are consistent with its
rapid benzoylation in the organic phase and subsequent migration into the
aqueous phase for a comparatively indiscriminate reaction with the nucleo-
philes present (Scheme II). In any event, the results indicate that the car-
boxylate ion has comparable access to 2 in both 6 and the lipophilic catalysts
during this process.

Hydrolysis of DPPC. The catalytic effectiveness of 3, 4, 5, and 6 in
the hydrolysis of DPPC was determined in well-stirred suspensions of di-
chloromethane-0.5 M aqueous sodium bicarbonate (equation 9; Table III).

Catalyst
121 CHzClz/I'IzO
room temperature, 16 h

1
(PhO),PCl + 2HCO; (PhO),PO™ + 2CO, + CI'  (9)

Table III. Hydrolysis of DPPC

Catalyst (CeHsO)zPOCl (%) (CsHsO)zPOOH (%) M tie (min)
None 96.0 4.3 50,000
Tetrabutylammonium chloride 20.6 69.1 500
3a 62.1 28.4 1,500
6 79.4 5.4 10,000
3b 51.3 49.8 1,000
3c 73.4 19.8 3,000
4 29.2 68.5 600
5 19.6 72.2 500

NoTE: The reactions were carried out in dichloromethane—water (containing 0.5 M HCOj;") at
22-23 °C for 16 h. See reference 3 for procedural details.

Half-lives (¢,,) were taken as estimates of catalytic effectiveness. The order
of catalytic activity was 5 > 4 > 3b > 3a > 3¢ > 6, which is quite similar
to the order for catalysis of hydrolysis of DPPC suspended in 0.5 M aqueous
sodium bicarbonate (5 > 4 > 3b > 6 > 3a) (3). Clearly, the 1-oxypyridinyl-
substituted polysiloxane 5 was the most effective catalyst of those studied
under both sets of conditions: (1) DPPC and catalyst in dichloromethane-0.5
M aqueous sodium bicarbonate suspensions and (2) DPPC and catalyst in
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0.5 M aqueous sodium bicarbonate. The order of catalytic activity coincides
with the expected order for association between catalyst and lipophilic sub-
strate. Therefore, catalytic activity seems to be dependent on the binding
of DPPC to the catalyst prior to hydrolysis. Similar associations between
lipophilic substrates and lipophilic domains in enzymes are well known.
Furthermore, these so-called hydrophobic interactions are believed to play
an important role in the ability of an enzyme to recognize its substrate, as
well as to contribute to the catalytic process (5).

Hydrolysis of Benzoic Isobutyric Anhydride. Reactions of mixed
anhydrides can be complicated by disproportionation reactions (equation
10). The process may be operative in any investigation of anhydride hy-
drolysis, but it would go undetected in studies with symmetrical anhydrides
or in studies that just monitor reaction rates by consumption of base. To
obtain a more complete understanding of the catalytic behavior of 3, 4, 5,
and 6 in transacylation reactions, the hydrolysis of benzoic isobutyric an-
hydride was investigated.

O O O O O O

2 R)ko’u\k' —_— R)Lo’lkR + R'/U\OJ\R' (10)

"H NMR analysis was used to fully characterize product mixtures, be-
cause the chemical shifts of aliphatic protons are different for benzoic iso-
butyric anhydride and isobutyric anhydride, a possible disproportionation
product (36). The results are given in Table IV. In all cases, disproportion-
ation accompanied the hydrolysis of benzoic isobutyric anhydride in stirred
suspensions of dichloromethane-0.5 M aqueous sodium bicarbonate. All
catalysts behaved similarly, despite the major solubility differences of 3a and
6 versus 3b, 3¢, and 5. For the hydrolysis of benzoic isobutyric anhydride,
as with the other studies described in this report, 1-oxypyridinyl-substituted

Table IV. Hydrolysis of Benzoic Isobutyric Anhydride
Recovered Starting

Catalyst Material Disproportionation (%) Hydrolysis
None 90.0

3a 71.0 22.5 5.7

6 40.2 39.6 6.9

3b 40.4 35.2 10.9
3c 39.9 37.0 13.6

5 36.0 40.1 9.9

NOTE: Reactions were run and worked up as described in Table II, footnote. Product analysis
was by integration of 'H-NMR signals for the methyl protons in the isobutyryl group of benzoic
isobutyric anhydride (3 (CDCly): 1.30, d) and isobutyric anhydride (3 (CDCly): 1.24, d).
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polysiloxane (5) is one of the most effective transacylation catalysts we have
investigated.

The reaction mechanism for the hydrolysis of anhydrides is presumed
to be similar to that described for acid chlorides (Scheme II). A notable
difference between the reaction of acid chlorides and anhydrides, however,
is the extent of reversibility in formation of 2. The reaction between 2 and
chloride ion to give acid chloride (reversal of intermediate formation; equa-
tion 2) is much less favored than the corresponding reaction between 2 and
the carboxylate ion in both organic and aqueous phases.

Conclusions

The results of these studies and others reported previously demonstrate that
the l-oxypyridinyl group is an effective catalyst for the transacylation reac-
tions of derivatives of carboxylic and phosphoric acids when incorporated in
small molecules and polymers. Furthermore, this catalytic site exhibits high
selectivity for acid chlorides in the presence of acid anhydrides, amides, and
esters. Therefore, catalysts bearing this group as the catalytic site can be
used successfully in synthetic applications that require such specificity. The
results of this work suggest that functionalized polysiloxanes should be ex-
cellent candidates as catalysts for a wide variety of chemical reactions, be-
cause they combine the unique collection of chemical, physical, and
dynamic-mechanical properties of siloxanes with the chemical properties of
the functional group. Finally, functionalized siloxanes appear to mimic ef-
fectively enzyme-lipophilic substrate associations that contribute to the
widely acknowledged selectivity and efficiency observed in enzymic catalysis.
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Polysiloxane-Based Polymer—Electrolyte
Complexes

Johannes Smid, Daryle Fish, Ishrat M. Khan, E Wu, and Guangbin Zhou

Polymer Research Institute, College of Environmental Science and Forestry,
State University of New York, Syracuse, NY 13210

Comblike polysiloxanes with oligooxyethylene side chains were syn-
thesized from poly(hydrogen methylsiloxane), and the conductivities
and thermal properties of their solvent-free LiClO, complexes were
measured. The side chains were of the type ~O(CH,CH:0),CH,
(PMMS-8), ~(CH,);0(CH,CH,0).CH; (PAGS polymers withn = 7
or 11), and *(CHz)aOCHzCH(OH)CHzSO3‘Na+ (PAGSOg—Na +).
Cloud points were determined in water for PMMS-8 in the presence
of various salts. Maximum conductivities of the LiClO, complexes
with PMMS-8 and PAGS polymers reached values close to 107/Q)-
cm at 25 °C, and ratios of ethylene oxide units to Li* were between
20 and 25. Mechanical properties were improved by cross-linking or
by blending with high-molecular-weight poly(ethylene oxide). The
conductivity of the cation conductor PAGSO; Na* at 75 °C was
<10-%/Q-cm, but the addition of tetraethylene glycol (TEG) raised
the conductivity to 2.8 X 10%/Q-cm when the TEG/Na* ratio
was 1.

THE SEARCH FOR PLASTIC, solvent-free electrolytes for use in solid-state
batteries is being actively pursued in several laboratories (1—4). A number
of reports have stressed the need for facile motion of the macromolecular
chain in order to promote the ion conduction process in the polymer matrix,
because this process occurs primarily via a free-volume mechanism (1—4).
Comblike polymers with oligooxyethylene side chains constitute effective
media for ion conduction of solubilized alkali salts (5-8). The low glass
transition temperature (T,) of poly(dimethylsiloxane) suggests that polysi-
loxane could serve as a suitable backbone for such a comb polymer, and
receut studies (9-12) indicate this to be the case indeed.

0065-2393/90/0224—0113$06.00/0
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In this chapter, we briefly review our work on the synthesis and con-
ducting properties of complexes of lithium perchlorate and polysiloxane comb
polymers with oligooxyethylene side chains. Included in the discussion are
blends with high-molecular-weight poly(ethylene oxide) (PEO) and some
preliminary work on cation-conducting polymers with bound sulfonate
groups.

Experimental Procedures

The polymers (see structures 1-3) have been designated as PMMS, PAGS, and
PAGSO;3; Na*. PMMS-8 (the number refers to the average number of oxygen atoms

CH, CH,
-(-Sli—o—)-n -(—S|i-0—)-n
o o,
| cH,cH,0).CH, (|3H2
o,
Lcoch,cH,),0CH,
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CH, CH,
+s|i-o-)T—<-s|i-o+,,
(|:H2 (|:H2
clﬂ2 (|:H2
(I3H2 (I3H2
(|) Lcoch,cH,),0CH,
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3: PAGSO;"Na*
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in the oligooxyethylene side chain) was synthesized by reacting methoxypoly(ethylene
glycol) (M., [weight-average molecular weight], 350) with poly(hydrogen methylsi-
loxane) (PHMS; M,, 2650) in tetrahydrofuran (THF), with zinc octanoate as catalyst.
PAGS-8 was obtained by hydrosilylation of PHMS with allyl methyl poly(ethylene
glycol) (AMPEG) in THF, with platinum divinyltetramethyldisiloxane as catalyst.
AMPEG was synthesized from allyl chloride and a methoxypoly(ethylene glycol) with
an average M,, of 350 or 500.

The single-ion conductor, PAGSO;"Na* (m/n = 0.4 or 1.0, in which m and n
are the number of siloxy units in the structure), was made by consecutive hydro-
silylation of PHMS with AMPEG and allyl glycidyl ether. The neutral polymer was
sulfonated with aqueous NaHSO;, which quantitatively converted the epoxy group
into ~-CH(OH)CH;SO3". Excess NaHSO; was removed by repeated ultrafiltration
of the polymer solution with a cutoff membrane having a M, of 1000. The polysul-
fonate was azeotropically dried with benzene and finally in vacuum at 50 °C for
several days.

Polymer electrolyte complexes of PMMS or PAGS with LiClO, were made by
solution casting from methanol or THF. In some cases, PEO with a number-average
molecular weight (M,) of 4 X 10° was added to enhance the toughness of the films.
The polymer—electrolyte mixtures were dried under vacuum at 60 °C for several
days.

The polysiloxanes were characterized by Fourier transform-IR (FTIR) spec-
troscopy, 'H and ®Si NMR spectrometry, and by GPC. AC conductivities of the
polymer electrolytes were measured under dry helium by using an automatic ca-
pacitance bridge (General Radio Corporation). Glass transition (T and melt (T.)
temperatures were recorded on a differential scanning calorimeter (Perkin Elmer
DSC-4). More detailed experimental procedures are published elsewhere (9, 12).

Results and Discussion

The reaction of PHMS to yield PMMS-type comb polysiloxanes is essentially
quantitative for methoxypoly(ethylene glycol)s of M, up to 500. Substitution
yields diminish for longer glycols, as indicated by the presence of residual
Si~H groups in the IR and 'H NMR spectra. *Si NMR spectra and GPC
data revealed that PMMS-8 is contaminated with nearly 25% cyclic products
and that it also contained a considerable number of branched trisiloxy units.
Both cyclic products and trisiloxy units are the result of redistribution proc-
esses common in nucleophilic siloxane reactions. The hydrosilylation reaction
yielding the PAGS polymers is also quantitative, but no cyclic products are
formed.

The T s of the comb polysiloxanes increased with the oxyethylene unit
content: —78 °C for PMMS-8 and —60 °C for PAGS-12. Melt endotherms
resulting from side-chain crystallization were found in the DSC (differential
scanning calorimetry) scans at T,, = -1 °C for PAGS-8 and at 24 °C for
PAGS-12. A broad melt endotherm centered at —1 °C was found for PMMS-
8. The endotherm sharpened considerably when a fractionated sample of
methoxypoly(ethylene glycol) was used in the synthesis of PMMS-8.

The comb polysiloxanes are soluble in most common solvents. They can
be precipitated from aliphatic hydrocarbon solvents. The expected small
hydrodynamic volume of the comb polymer is demonstrated by GPC and
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viscosity data. For example, the intrinsic viscosity of PMMS-8 is lower than
that of its precursor, PHMS. The only polymer with some water solubility
is PMMS-8. Lengthening of the side chain makes the PMMS polymers less
water soluble, contrary to what is found for similar polymers with a
poly(methacrylate) backbone (abbreviated as PMG polymers) or polysilox-
anes with poly(oxyethylene) grafts (7, 13).

PAGS-8 and PAGS-12 are also water insoluble. The tendency toward
side-chain crystallization and the hydrophobic backbone of the polymer con-
tributes to their poor water solubility. Cloud points could be measured in
3% aqueous solutions of PMMS-8 in the presence of various salts (Figure
1). Consistent with data reported for nonionic surfactants and polymers with
oxyethylene moieties, the cloud points are sensitive to the type of salts added,
especially that of the anion. Fluorides and sulfates are effective salting-out
agents, whereas thiocyanates raise the cloud points.

70
60;
50;
OSCN~
R —
404 b— Y
o
- \\O 8r~
= 30 .\
[of b
20
104
-
so; -
o 1 1 T
0 0-3 0-6 09 12

MOLARITY OF SALT

Figure 1. Change in cloud point of a 3% aqueous PMMS-8 solution on addition
of sodium salts. (Reproduced from reference 19. Copyright 1988 American
Chemical Society.)
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Thermal and Conducting Properties of Polymer-LiClO, Mix-
tures. Plots of the conductivity, o, of homogeneous, transparent mixtures
of LiClO, with PMMS-8 and PAGS-12 exhibit distinct maxima at ratios of
ethylene oxide units to lithium (EO/Li*) of ~20-25 (Figure 2). This behavior
is typical for amorphous polymer electrolyte complexes (7, 8). An increase

LiYEO

Figure 2. Plots of conductivity, o, for LiClO s complexes with PMMS-8 (®) and

PAGS-12 (W) as a function of the molar ratio of LiClO, to ethylene oxide units

(Li*/EO). Also plotted is the T, of the PMMS-8 complex (A) versus Li*/EO.
(Reproduced with permission from reference 12. Copyright 1988 Elsevier.)
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in salt content of the plastic electrolyte raises the number of charge carriers
and impedes side-chain crystallization. For example, DSC scans show a
broadening of the melt endotherm of PMMS-8 when LiClO, is added; the
peak disappears entirely when the EOQ/Li* ratio reaches 21. Both factors
enhance the conductivity, but increase in salt content also raises the T,
(Figure 2) and lowers the conductivity. Side-chain motion is especially
hindered by the chelation of Li* with as many as four oxygen-binding
sites (14).

The T, may also increase as a result of increased interactions between
ion pairs and the formation of ion clusters. The increase in T, is nearly linear
with the ratio Li*/EO, even up to a ratio of 0.5 for LiCF,SO, solubilized
in PMMS-8 or in the identical poly(methacrylate) comb polymer (Figure 3).
The rise in T, is much more rapid for the poly(methacrylate) comb polymer
than for the polysiloxane. The free-volume mechanism of ion conduction is
confirmed in our system by the linearity of temperature-dependent con-
ductivity plots when the Vogel-Tammann—Fulcher (VTF) expression ¢ =
AT exp [-K(T - T,)] (in which T, is the ideal T, and A, and K are
constants) (1, 2, 9) is applied.

The mechanical properties of the LiClO, complexes with the comb
polysiloxanes improved considerably when the materials were cross-linked
with TEG either by using a PMMS or PAGS polymer containing ~5-10%
unreacted SiH groups or by adding 1 wt % benzoyl peroxide and heating
the polymer electrolyte mixture at 100 °C for 24 h. An alternative approach
that permits the plastic electrolyte to be solution cast into tough, flexible
films is to add high-molecular-weight PEO (M, 4 X 10°). The DSC scans
of the PMMS-8-PEO polyblends clearly reveal the presence of crystalline
PEO domains. When LiClO, is added, the crystalline domains become more
diffuse. When the ratio EO/Li" is 5, the material becomes entirely amor-
phous and transparent (Figure 4). At an EO/Li* ratio of 20-25, at which
the conductivity reaches its maximum, the crystalline PEO domains impart
mechanical strength to the plastic electrolyte, but they also reduce the
conductivity relative to that of a PEO-free mixture of PMMS-LiClO, of
comparable salt content (Figure 5).

In Table I, the conductivities, o, for a number of polymer-LiClO,
systems at 25 and 70 °C are presented. All conductivities were measured at
an EO/Li" ratio of 25, that is, close to the expected conductivity maximum
of these systems. The more hydrophobic backbone of PAGS-8 relative to
PMMS-8 results in a lower value for PAGS-8, but an increase in the ethylene
oxide unit content makes PAGS-12 comparable with PMMS-8. DSC scans
clearly show higher T, values for the cross-linked materials, which result in
lower conductivity values for their LiClO, complexes (Table I). Blending
with PEO has the same effect, because crystalline domains impede ion
transport. The decrease in o with salt content is less dramatic for the PEO
blends than for the pure comb polymers (Figure 5), probably because the
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Figure 5. Plots of log conductivity versus the ratio Li*/EO for homogeneous
mixtures of LiClO, and PEO (A) and PMMS-8 (B) and blends of PEO-PMMS-
8 with 30 wt % PEO (C) and 50 wt % PEO (D). (Reproduced with permission

from reference 12. Copyright 1988 Elsevier.)

Table I. Conductivities (o) of Polysiloxane-LiClO, Complexes at EO/Li*

Ratios of 25

Polymer 25 °C 75 °C
PMMS-8 7.0 25
PMMS-8 (cross-linked) 2.0 13
PMMS-8-30 wt % PEO 3.9 —
PMMS-8-50 wt % PEO 2.0 _
PAGS-8 3.0 —
PAGS-12 7.6 46
PAGS-12 (cross-linked) 4.8 30
PAGS-12-50 wt % PEO 0.54 18

NotE: Data were obtained from reference 12. All values are multiplied by 10°/Q-cm.
“— means not determined.
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crystalline PEO domains eventually become amorphous when the EO/Li *
ratio approaches 5.0 (Figure 4).

Single-Ion Conductors. Determination of transference numbers in
polymer-electrolyte complexes (15, 16) indicates that frequently a large
fraction of the current is carried by the anion. Optimization of cation transport
to improve the efficiency of solid alkali batteries has been attempted by
immobilizing the anion. Examples are comb poly(methacrylates) with bound
—CF,COO" substituents (5), poly(ethylene glycol) networks with phosphate
groups (17), and plasticized poly(styrenesulfonate) (18). Recently, we carried
out conductivity measurements on the polymer—electrolyte complex
PAGSO; Na™ (Table II). For m/n = 0.4 (EO/Na* = 17), the conductivity
o at 25 °C is only 107/Q-cm. This value and that at 75 °C are doubled when
the m/n ratio is increased to 1.0 (EO/Na* = 8). The T s for the two poly-
mers (m/n = 0.4 and 1.0) are —67 and —60 °C, respectively. The conduc-
tivity goes up dramatically when TEG is added. The conductivity o for
PAGSO; Na™* with m/n = 1 increases at 75 °C by more than a factor of 30
when the TEG/Na* ratio reaches 1 (Table II). Temperature-dependent
studies show that o is 10°/Q-cm at 56 °C for this system. A strong con-
ductivity enhancement was observed also when sodium poly(sty-
renesulfonate) was plasticized with TEG (18).

Table II. Conductivities (o) of PAGSO; Na*
o (X 10%/Q-cm)

m/n TEG/Na* DMTEG/Na* 25 °C 75 °C
0.4 0 0 0.1 0.4
1.0 0 0 0.2 0.8
0.4 1.0 — 1.2 7.3
0.4 — 1.0 0.12 0.7
1.0 1.0 — 6.0 28.0

NortE: TEG is tetraethylene glycol, and DMTEG is dimethyltetraethylene glycol.
“— means not determined.

The effect of the dimethyl ether of TEG (DMTEG) was far less spec-
tacular than that of TEG (Table II). The low conductivity of PAGSO, Na*
relative to that of salts such as sodium triflate solubilized in the neutral comb
polymers is expected, because the ion pair PAGSO, Na™* is much tighter
than CF;SO; Na*. We also found that sodium methanesulfonate,
CH;SO; Na*, is not soluble in DMTEG. This finding suggests that the
polymer-bound ~CH,SO, Na™ ion pairs are aggregated into larger clusters
in PAGSO; Na*. This finding would also explain why this polymer is a solid,
whereas its glycidyl precursor is a viscous melt, and why added DMTEG
increases the conductivity of PAGSO, Na™* by s relatively small factor.

Methanol is also a poor solvent for CH,SO; Na ™, but the salt dissolves
when TEG is added. Apparently, the multiple binding sites in TEG and its
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terminal hydroxyl groups are both needed to effectively chelate the bound
—CH,SO; Na* ion pair. TEG breaks up the ion clusters and probably en-
larges the interionic ion pair distance as the cation interacts with the oxygen-
binding sites and the sulfonate ion with the hydroxyl group (I18). The overall
effect is a large increase in the conductivity. With TEG present, the
PAGSO; Na™ polymer—electrolyte complex becomes a transparent waxy
solid that can be cast into films.
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The nature of the siloxane bonding geometry is elucidated. When
silicon is attached to oxygen, charge transfer occurs from the oxygen
lone pairs to the Si-O covalent region. Therefore, the character of
the lone pairs is diminished and the sp® hybridization geometry is
altered. The electronic charge transferred from the oxygen lone pairs
creates an excess charge in the covalent region between silicon and
oxygen. This excess charge shortens the Si—O bond. The conformation
of substituted polysiloxanes was studied with a new method that
provides a detailed description of polymer chain behavior below the
glass transition temperature (T,) and in the melt state by allowing
partial (side chains only) or total (side chains and backbone) torsional
relaxation of the bonds. The calculations corroborate the experimen-
tally measured torsional barriers in hexamethyldisiloxane and predict
a twisted conformation. The substituted polysiloxanes that are dis-
cussed contain the following pairs of substituents at Si: H, CH3; CH,
CH(}; Csz, CHQ,' Csz, CgHs,' CH3, CsHs,‘ CsHs, CsHs. The role Of
side-chain torsional freedom or rigidity in determining the crystalline
forms of poly(diethylsiloxane) is explained.

To DESIGN THE PROPER POLYMER for the right application efficiently, the
polymer chemist must establish a conceptual bridge between the structure
of the polymer and its physical properties. One of the most important struc-
tural features of polymer chains is the flexibility of their backbones. Polymer
chemists routinely deal intuitively with polymer chain flexibility, and they
modify this flexibility through structural alterations of the polymer. How-

0065-2393/90/0224-0125$06.00/0
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ever, the intuitive understanding of of chain flexibility leads to situations in
which such modifications have unpredictable effects upon a large variety of
polymer physical properties. If the nature of chain flexibility is well under-
stood and properly characterized, the relationships between structure and
properties can be determined, and these relationships can be used to design
polymer structure for the desired changes of properties.

A promising solution for the mathematical prediction of chain flexibility
is conformational analysis. Generally, conformational analysis identifies sta-
ble isomeric states for polymer chains and the energy barriers between them,
which are the major elements needed to define chain flexibility in a precise
manner. However for polymers, conformational analysis can become a cum-
bersome task, because the architecture of polymer chains allows a large
number of degrees of freedom, which must be studied simultaneously. To
obtain meaningful information, the analysis must be simplified, and only the
most significant conformational elements must be studied.

More specifically, conformational analysis can provide information on
stable isomeric states, which are defined as minima on energy—deformation
plots, and on the energy barriers between these minima. Through these
minima, the population of each state at different temperatures at thermo-
dynamic equilibrium can be determined, and a description of the kinetics
of the transition from one isomeric state to another can be obtained. There-
fore, conformational analysis can define chain flexibility completely. Thus,
conformational analysis is the key element required to establish the con-
ceptual bridge between polymer structure and physical properties.

Among polymers, the polysiloxanes constitute an excellent family to
study in terms of flexibility, because they have a high degree of flexibility.
This chapter reports the results of the conformational analyses of substituted
polysiloxanes by describing the isomeric states of the side chains and provides
the background for a quantitative interpretation of their flexibility. In this
study, the effects of adjacent-bond relaxation were analyzed when confor-
mational analysis was performed for one bond in the substituted polysilox-
ane short chains. Experimental data on relaxation of substituted
poly(methylsiloxane)s have been published recently (I, 2). These experi-
mental data allowed us to evaluate and calibrate the theoretical results dis-
cussed in this chapter. The siloxanes used in this study have the following
pairs of substituents at silicon: CH;, H; CH,, CH;; CH;, C¢Hy; CH;;, C,H;
C,H,, C,Hy C.H;, C.Hs,.

General Approach

The basic strategy in studying the conformation of polymers is to identify
the principal factors that are responsible for their physical properties. Poly-
siloxanes constitute a suitable class of polymers, because they show two
levels of flexibility in terms of molecular structure: torsional flexibility, which
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is common to the majority of organic polymers, and bending flexibility.
Torsional flexibility is defined as the ability of atoms to rotate around chemical
bonds. Torsional flexibility does not necessarily involve distortion of the
valence geometry, that is, the bond lengths and bond angles of the chemically
bonded atoms may be considered unchanged during the torsional rotation.
Bending flexibility generally occurs when the steric hindrance between non-
bonded atoms is very large for particular energetically unfavorable torsional
angles. Bending flexibility is also present in most organic polymers with an
angular amplitude of several degrees, but it is more prominent in polysi-
loxanes. The Si-O-Si bond angle can vary from 135 to 180°, with only small
changes in conformational energy. In contrast, the O-Si—O bond angle is
rigid, and a detailed analysis of its bending flexibility is required.

Computational Method

The conformational analysis reported herein is based on studies of the vari-
ation of nonbonding interaction for torsional deformations. The effects of
bending flexibility upon these deformations were considered by repeating
the conformational analysis of torsional deformations for different values of
the Si—~O-Si bond angle. The conformational analysis involved a systematic
deformation for a specific bond and the full torsional relaxation of all other
bonds in the system. This approach gives an accurate description of the long-
range steric interactions. The results were obtained with the CHEMLAB
II molecular-modeling package (3) and with an original program, SCAN,
which allowed full torsional relaxation of the adjacent bonds. The molecular
mechanics potentials used are described in this section.

Nonbonding Potentials. Previously (4), a set of molecular mechanics
potentials was generated and compared with the ab initio results for or-
ganosilicon compounds. The nonbonding interactions include two terms:
steric and electrostatic. The steric potential is calculated by using a Hill
function with van der Waals radii approximately 20% larger than the original
values (5). The electrostatic potential is based on net atomic charges cal-
culated by using molecular orbital methods from a Mullikan population
analysis. The net atomic charges are calculated with the extended Hiickel
theory method (6). A dielectric constant of 8.7 offers the best fit with the ab
initio electrostatic interactions. This approach provides results in good agree-
ment with the ab initio calculation of nonbonding interactions without the
use of additional empirical torsional potentials.

Scanning with Full Torsional Relaxation of Adjacent Bonds.
Torsional relaxation of adjacent bonds was carried out as follows. The torsional
angle of one bond, which was assigned as the principal bond, was scanned
systematically. In this process, the principal bond is fixed at a specific tor-
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sional angle. Then the nearest bonds are scanned successively in increments
of 5°. The torsional angle corresponding to the lowest energy becomes the
new value for the corresponding bond, and the next adjacent bond is scanned.
This process is continued for all other bonds included in the molecular
structure. To avoid variance in the final energy, this sequential scanning is
performed twice. The sequential scanning is repeated two more times with
the starting angle at —30° and in increments of 2° until the final point at 30°,
around the value corresponding to the most stable conformation obtained.
One more scan is performed from -10 to 10° in increments of 1°. The energy
corresponding to this final conformation is recorded as the value associated
with the torsional angle of the main bond. Then everything is repeated for
a new value of the torsional angle of the main bond.

The advantage of sequential scanning versus simultaneous scanning of
all bonds is the shorter computer time required for the calculations. This
advantage becomes significant for molecular systems with many torsional
degrees of freedom. Both methods have similar accuracies in predicting the
optimum conformation. The sequential method cannot guarantee that the
global minimum is achieved instead of a local minimum. However, because
the bonds are scanned for a full torsional rotation, the chances to stop the
minimization process in a local minimum are lower than when a regular
optimization method is used. For this reason, in each case, several starting
points and various torsional sequences were calculated for the relaxation of
the bonds, and the conformation corresponding to the lowest energy was
recorded.

Results and Discussion

Three aspects of chain flexibility in polysiloxanes will be discussed in this
section: (1) the nature of the bending flexibility of the Si~O-Si angle, (2)
the effects of this flexibility on the conformational analysis performed with
simple scanning and with scanning that allows for torsional relaxation, and
(3) the conformational analysis of various pendant groups attached to the
polysiloxane bond.

Bending Flexibility. For a siloxane backbone, two different bond
angles are formed: Si-O-Si and O-Si-O. The Si-O-Si bond angle is very
flexible; it measures between 140 and 180° and has a small barrier of lin-
earization (0.3 kcal/mol) (7). In contrast, O-Si—O is characterized by a rigid
bond angle measuring between 102 and 112°, depending on the nature of
the two substituents on Si. When the two substituents on Si are methyl
groups, this bond angle is 112°, and when the substituents are hydrogens,
this bond angle decreases to 104° (4). Two problems are discussed in this
section: the nature of the unusual flexibility of Si—~O-Si bond angle and its
implications.
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Flexibility of the Si—~O-Si Bond Angle. Bond angles are often measured
but seldom explained or interpreted, because a large number of compounds
show small deviations from the standard values corresponding to the appro-
priate orbital hybridization. In this context, the siloxane bond is extremely
interesting because of its unusually short bond length, large bond angle,
and low barrier of linearization.

Disiloxane is a pertinent test compound with which to study the siloxane
bond. A large body of experimental data is available for disiloxane. Its rel-
atively small molecular size provides an attractive problem for theoreticians.
When electronic effects are claimed to be responsible for a certain geometric
element of a specific bond, the relative energy of the molecular orbitals and
the electron occupation of these orbitals are understood to be the deter-
mining factors. Rationalization of such properties of polyatomic molecules
can often be done in terms of Walsh diagrams (8). Yet, these diagrams do
not show any interpretable relationships between the orbital energy and the
angular geometry for disiloxane. However, useful qualitative information can
be obtained from electronic charge distribution.

(p—d) ™ bonding is not a valid concept for the unusual bending flexibility
of the Si—O-Si angle (4, 9, 10). A new basis set, 3-21G* (modified) (9), which
uses an appropriate polarization function at oxygen and silicon atoms, ac-
curately predicts a large variety of structural and electronic properties of the
siloxane bond. The standard 3-21G* basis set does not include the polari-
zation function at oxygen and fails to predict the correct value for the Si—-O-Si
angle.

The molecular wave functions of disiloxane have been generated with
a Gaussian 82 program (10) using the two different basis sets. These two
basis sets, modified and standard, were compared in terms of the difference
between the electronic charge densities. The calculated wave functions were
used to compute the electronic charge densities. The electronic charge den-
sity has been calculated with a modified version of the PSI77 program (11).
The modification consisted of the inclusion of the corresponding basis sets
and addition of the capability to generate the plot that shows the result of
subtraction of the electronic charge density calculated with one basis set
from the electronic charge density calculated with another basis set.

The plot of electronic charge density differences calculated with the two
basis sets is shown in Figure 1. The blue region indicates a deficit of electronic
charge when the correct basis set is used, compared with the electronic
charge calculated with the standard 3-21G* basis set. The yellow regions
show a surplus of electronic charge. The figure indicates that the electronic
charge localized at lone pairs on oxygen is transferred to the covalent bonding
region between Si and O when a correct basis set is used to calculate the
charge density. The lone pairs at oxygen are diminished, and the sp® hy-
bridization geometry is altered. The consequence is a wider Si—~O-Si bond
angle. This effect cannot be described by using a standard 3-21G* basis set.
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Therefore, charge transfer has two major effects: (1) the Si—O-Si bond angle
widens, and (2) the additional charge transferred to the covalent region
between Si and O shortens the bond length.

Influence of Flexible Bond Angle on Torsional Conformations.
Hexamethyldisiloxane was used as a test compound for several procedures
applied in conformational analysis. This compound is relatively simple, and
structural data are available in the literature. The experimental value for the
Si—-O-Si bond angle in hexamethyldisiloxane is 148 = 3°, as measured by
electron diffraction (12). The electron diffraction data indicate a staggered
conformation (C,, symmetry), although a model with twist angles around
Si—~O bonds of about 30° cannot be excluded.

The torsional barrier around the Si-O bond is in the order of a few
tenths of kilocalories per mole (I13). This barrier was studied as a test for
different Si—-O-Si bond angles. To illustrate the influence of bending flexi-
bility upon bond torsions, the molecule of hexamethyldisiloxane was rotated
around the Si—O bond for two values of the Si—-O-Si bond angle: 145 and
150°. The same compound was used to show the differences between simple
scanning and the scanning with torsional relaxation.

The results of a simple scanning around the Si—O bond (Figure 2) shows
that the most stable conformation corresponds to the twist conformation at
30° for both Si—O-Si bond angles considered. Two additional local minima,
which have equal energies, are found at 90 and 150° about the Si-O bond.
The relative energy between the absolute minimum and the local minima
decreases when the Si—-O-Si bond angle becomes wider. For a bond angle
of 150°, a barrier of 0.2 kcal/mol exists between the absolute minimum at
30° and its symmetrical position at ~30°. Then, a higher barrier of 0.5 kcal/
mol separates the absolute minimum from the first local minimum, although
a low barrier of 0.3 kcal exists between the local minima. For a bond angle
of 145°, the energy barriers between minima increase by a factor of 2, and
the energies of the local minima increase.

Scanning with torsional relaxation gives a similar profile. However, sig-
nificant differences are evident. The values of the torsional angles at the
absolute minimum and at the local minima are shifted by 15° to the left and
to the right, respectively (Figure 3). The barrier between the absolute min-
imum and the local minimum next to it becomes sharper, and the second
barrier between the local minima becomes wider. The barrier peaks are
located at the same angle, but the barrier heights increase for the eclipsed
conformation and decrease for the staggered conformation.

Despite the simplicity of this molecule and its symmetry, significant
changes in the Si-O bond torsions occur when adjacent bonds are relaxed.
A comparison between the results of the standard method and the new
scanning method is shown in Figure 4. For this particular case, rotation of
one methyl group around the Si-C bond is not sensitive to the variation of
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Figure 2. Plot of torsional energy of Si-O bond in hexamethyldisiloxane for
two values of Si~O-Si bond angles. The data were obtained by using the
simple-scanning method.

the Si—~O-Si bond angle. The calculated torsional barrier is 1.6 kcal/mol, in
excellent agreement with the experimental value (13).

These comparisons show that variation of the Si—~O-Si bond angle sig-
nificantly alters the values of the potential barriers between conformational
minima and the relative energies of these minima. Relaxation of adjacent
bonds has an important effect on bond torsions; it modifies the potential
barriers, as well as the energies and positions of the minima.

Conformational Analysis of Pendant Groups. Torsional relaxation
of pendant groups plays an important role in polymer phase transitions. A
thorough computational study would require the simulation of several long
chains by using molecular dynamics or Monte Carlo approaches. However,
with some simplifying assumptions, conformational analysis of oligomers can
provide useful indications of the molecular characteristics that influence the
behavior of polymer chains in various phases. These phases are determined
by the ability of polymer chains to order themselves. This ordering is con-
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Figure 3. Plot of torsional energy of Si-O bond in hexamethyldisiloxane for
two values of Si—O-Si bond angles. The data were obtained with the method
using torsional relaxation of adjacent bonds.

trolled by chain conformation, chain flexibility, and the reorientation of
pendant groups.

The thermodynamics of the phenomena involving polymer chain or-
der—disorder characteristics cannot be approached by studying oligomers,
because important interactions occurring in large polymeric ensembles are
neglected when short chains are studied. However, conformational analysis
of short chains provides a description of the possible isomeric states that can
occur in the long chains and the probability of the relative occurrence of
these states. The assumption in this work is that, from a conformational point
of view, the main difference between the melt phase and the glassy state of
polymers is that in the melt phase a complete torsional relaxation is allowed
but in the glassy state the backbone is frozen and only the pendant groups
can have torsional relaxation.

Torsional relaxation of pendant groups, which can occur at temperatures
below or above the glass transition temperature (T), plays an important role
in polymer chain dynamics. Even at low temperatures, despite the fact that
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Figure 4. Comparison of results of simple scanning and method using torsional
relaxation of adjacent bonds for the same bond in hexamethyldisiloxane. A
$i~0-Si bond angle of 150° was used.

Boltzmann statistics predict no torsional transitions for energy barriers in
the range of 2 to 4 kcal/mol, this motion has been observed experimentally.
This observation has not been explained satisfactorily, but a tunneling effect
may be responsible (14).

The torsional movement of the side chains is characterized by an acti-
vation energy that is strongly dependent on the type and size of the side
chains. The bonds adjacent to the side groups belong to the backbone chain.
At temperatures below T,, the activation energy for backbone relaxation is
very high (75 kcal/mol for poly(dimethylsiloxane) [PDMS; 1]). Whether local
and limited relaxation occurs for the backbone at temperatures below T is
uncertain. At temperatures above T,, the activation energy for backbone
relaxation is much lower. For PDMS, a value of 2.75 kcal/mol was deter-
mined experimentally (1).

To study the relaxation of pendant groups, two conformational analysis
cases were carried out. For both cases, one bond at the pendant group was
scanned systematically. In the first case, the relaxation of the other bonds
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was restricted if the bonds belong to the backbone, that is, the backbone
was frozen, and only the side chains were allowed to relax. This case simulates
the molecular structure in a temperature domain below T,. In the second
case, all bonds, including the backbone and the pendant groups, were al-
lowed to relax when one bond at the pendant group was scanned system-
atically. This second case simulates the conformational behavior of the
polymer in the melt state.

A substituted trisiloxane structure (Figure 5) was used in this study. The
initial structure has a planar cis—trans conformation. The terminal silicon
atoms are bonded to a pair of substituents (X and R in Figure 5), a methyl
group, and the oxygen of the siloxane bond. The central silicon is bonded
to a pair of substituents and to the corresponding oxygens belonging to the
backbone. When the substituents are not the same, they are oriented in
opposite direction with respect to the orientation of the substituents at the
central silicon atom. For example, in the case of methyl-phenyl substitution,
if the phenyl group at the central silicon atom is oriented above the plane

X

A

()——Sl

/\\(x AP

X

X KX

Figure 5. General structure used to analyze torsional potentials of substituted
siloxanes. Top, in the glassy state (at temperatures below T,) and bottom, in
the melt state.
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formed by the Si and O atoms, the phenyls at the terminal silicon atoms are
directed below the plane of reference.

The starting structures were optimized for their torsional angles by using
the sequential scanning method previously described. Then, EHT (extended
Hiickel theory) charges were recalculated for the optimized conformations
with optimum torsional angles. With the newly optimized structures as a
starting point, one bond was scanned in increments of 10°. The other bonds
were relaxed with the sequential scanning procedure previously described.

With the central Si atom as reference, the reported torsional angles are
defined with respect to the position of the pendant group of interest and
the other silicon substituent. For example, for the methyl group in PDMS,
the hydrogens were rotated by using the torsional sequence H-C-Si-C.
For larger pendant groups like ethyl, the sequence H-C-C-Si is used to
define the torsional angle. The convention for torsional angle measurement
assigns a zero value to the cis conformation.

The valence geometry used in this study is given in Table I. All bond
angles and bond lengths were maintained at the same values to allow the
comparison of the effect of substituents on torsional behavior. Each case was
studied in the solid and the melt states, by using the two relaxation modes
previously described. The results (Table II) indicate two types of barriers.
For the solid state (at temperatures below T), only the pendant groups relax
(Table II, column N). For the liquid state, full relaxation is achieved during
systematic scanning of pendant groups (Table II, column R). This mode is
assumed to describe the polymer in the melt state.

CH ;-Si Torsion in PDMS. The torsional potential curve has three
degenerate minima because of the threefold symmetry of the methyl group.
For this reason, Figure 6 shows only the behavior of one-third of the full
rotation. The barrier height is 1.7 kcal/mol when the backbone is allowed
to relax and 2.4 kcal/mol when the backbone is frozen. The experimental
value is 2.2 kcal/mol (1), but this value is based on results determined at
two temperatures: above and below T,. Our results indicate that at least
one more experimental measurement, at T, for the Si—-CH ; bond, is needed.
These calculations predict that the new measured value will set the data

Table I. Valence Geometry of Oligomers

Bond Length (A) Bond Angle (°)
Si-O 1.656 Si—-0O-Si 148
Si-C 1.890 0-Si-0 110.7
Si-H 1.492 0-Si-C 109.47
C-C 1.540 H-C-H 109.47
C-H 1.09 Si-C-C 120
C.—C., 1.40 C.o—CoCu 120
C.~H 1.08 Cua—CuHar 120

NoTtE: C,, is aromatic carbon.
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Table II. Potential Barriers Between Stable Isomeric States of Side Chains
for Two Cases: Full Relaxation (R) and Torsional Relaxation (N) of the
Side Chains

Energy Barrier

Angle Energy __ (keal/mol)
Substitution Bond ) (kcal/mol) R N
CH;, CH; CH-Si 60 0 1.7 2.4
CH; H CH-Si 60 0 0.7 0.7
CH,;, C,H; CH-Si 40 0 1.9 2.2
CH:-C 60 0 4.1 4.2
C.H:-Si 180 0
294 0.9 3.3
CH;, CeHs CH,-Si -11 0 1.1 1.1
CeHs-Si 55 0 4.9 >40
135 1.3 4.9
CeHs, CeHs CeH;s-Si 220 0 10 >40
130 2.0 8
C.H;, C.H; C.Hs-Si 150 0 19 19
200 3.9 9.4
-80 17 18
-30 14.4 20.5
80 0.9 1.6

point above the actual line formed by two points at this time in the plot of
activation energy. Therefore, two different slopes should be observed at
temperature domains below and above T .

CH ;-Si Torsion in Poly(methylsiloxane). When one Si substituent is
hydrogen and the other is methyl, the torsional barrier of the Si-CH ; bond
decreases to 0.7 kcal/mol, compared with PDMS. In this case, no significant
differences were found between the bond torsions at temperatures above T,
and those below T,. The torsional curves practically superimposed.

Side-Chain Torsions in Poly(methylethylsiloxane). Three bond rota-
tions can be considered for the side chains of poly(methylethylsiloxane)
(PMES).

CH ;-Si Torsion. Comparison of the rotations of the same bond in
PDMS and PMES shows that the torsional angle corresponding to the min-
imum is shifted in PMES by 20°. The most stable conformation does not
occur exactly at the trans orientation of the hydrogens in this case. This fact
can be explained in terms of steric repulsions induced by the relaxation of
the ethyl group vicinal to methyl. The difference between the two cases
(below and above T) is not as large as that for PDMS. The energy barrier
is 1.9 kcal/mol at temperatures above T, and 2.2 kcal/mol at temperatures
below T,.
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Figure 6. Torsional potential of CH ;~Si bond in poly(dimethylsiloxane) (PDMS)
in solid and liquid states.

CH,~CH, Torsion. The methyl group in ethane is further away from
the backbone, and the relaxation of the bonds belonging to the backbone
will have a minor influence on this bond. Therefore, a major difference
between the two cases considered is not expected. The barrier is 4.2 kcal/
mol for the solid state and 4.1 kcal/mol for the melt state.

C,H s~Si Torsion. The torsion of the ethyl group is more complicated.
Figure 7 shows the results of conformational analysis. For clarity, the un-
reasonable values of energy were eliminated. In the melt state, two stable
orientations exist. The most stable state corresponds to the trans confor-
mation, and the local minimum corresponds to the gauche conformation.
The energy difference between these two minima is 0.9 kcal/mol. The barrier
from trans to gauche is 3.3 kcal/mol. At temperatures below T,, only one
sharp minimum is found. However, if the initial conformation of the back-
bone corresponds to that of the local minimum when the backbone is allowed
to relax, the absolute minimum for the frozen backbone will coincide with
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Figure 7. Torsional potential of C,HsSi bond in poly(methylethylsiloxane)
(PMES) in solid and liquid states. For the solid states, two conformations of
the backbone were studied (see text).

the local minimum for the relaxed phase, which has been used as starting
point. The profile of the conformational curve follows the profile of the
conformational analysis that includes backbone relaxation. The barriers are
significantly larger, and a local minimum occurs. This minimum corresponds
to the absolute minimum in the mobile phase, but because of the inability
of the backbone to relax, this additional minimum is energetically unfavored.

This case shows that the reported conformations of side chains are not
unique when the the backbone is frozen. This chapter does not intend to
discuss all possibilities. Rather, only the most favorable conformations that
are associated with the starting structure corresponding to the most stable
conformation of the backbone are covered.

Side-Chain Torsions in Poly(methylphenylsiloxane). Two bond torsions
are possible for the side chains in poly(methylphenylsiloxane) (PMPS).

CH ;~-Si Torsion. The CH,~Si bond torsion in PMPS has the same
features as those of the previous systems. No relevant differences were
observed between the potential barriers in the solid state and the melt state.
The potential barrier is low, only 1.1 kcal/mol.

CH s~Si Torsion. The torsion of the phenyl group has a twofold sym-
metry. A big difference exists between the torsional curves corresponding
to the solid and the melt states. In the solid state, when the backbone cannot
relax, a very sharp minimum occurs at 240°. The potential barrier between
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this minimum and its equivalent located at 60° is greater than 40 kcal/mol.
Experimental measurements of the activation energy suggest a much lower
value of 7.4 kcal/mol (2). However, the same problem of limited number
of experimental determinations applies in this case, as for the torsional barrier
of methyl groups in PDMS. When the backbone is allowed to relax, the
potential wells for the minima at 240° and that at the symmetrical position
at 60° become wider. A local minimum exists between them. The energy of
this local minimum is 1.3 kcal/mol greater than the energy of the absolute
minimum. The energy barrier between the absolute minimum and the local
minimum is 4.9 kcal/mol. This value is lower than the measured value of
7.4 keal/mol. This disagreement supports our conclusion that in some cases
the activation energy of pendant groups at temperatures below T is different
from that at temperatures above T,. Therefore, the phenyl group prefers an
orientation parallel to the Si—O bond. This orientation corresponds to the
absolute minimum shown in Figure 8. Also, a stable position with higher
energy is found for the phenyl ring when it is oriented between CH; and
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Figure 8. Torsional potential of CsHs—Si bond in poly(methylphenylsiloxane)
(PMPS) in solid and liquid states.
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O but not between the two oxygens attached to Si, as viewed through a
Newmann projection.

C;H s~Si Bond Torsion in Poly(diphenylsiloxane).  The profile of the
conformational curve of the C¢Hs~Si bond in poly(diphenylsiloxane) (PDPS)
(Figure 9) has features in common with that of the same bond in PMPS.
The potential well is wider, but the energy barrier between-the degenerate
stable states is also very high when the backbone is rigid. In the case of the
flexible backbone, the minimum at 130° has an energy 2 kcal/mol higher
than those of the absolute minima located at 50 and 210°. The barriers
between the degenerate absolute minima and the minimum at 130° are
higher than the corresponding barriers in PMPS. Because of the large bar-
riers between the stable states, the side chains in PDPS are very rigid even
when the backbone is allowed to relax.
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Figure 9. Torsional potential of C¢H s—Si bond in poly(diphenylsiloxane) (PDPS)
in solid and liquid states.
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C;H ;~Si Bond Torsion in Poly(diethylsiloxane).  Poly(diethylsiloxane)
(PDES) is a thermotropic liquid-crystal material. It exists in the mesomorphic
state for a certain temperature range after melting of the crystalline phase
(15). This property is due primarily to the side chains. This material has two
crystalline forms, o and 8, and these crystalline forms go through isomorphic
transitions from al to a2 and from B1 to B2 when the temperature increases.
These transitions occur because of ethyl group reorientation (16), which has
an activation energy of 9.3 kcal/mol. The previous experimental results (16)
did not identify the initial and final orientations. In this study, we identified
these orientations by using conformational analysis.

In previous examples of substituted polysiloxanes, the relaxation of the
side chains with the rigid backbone was assumed to describe the polymer
chain in the amorphous glassy state. This assumption, relaxation of side
chains only, can be used to study the crystalline states of PDES. Certainly,
this simplification is extreme, but it can be useful to understand the available
orientation of the pendant groups when the polymer chains undergo tran-
sition from one crystalline form to another. The present approach does not
address the chain reorientation or the interchain interactions in the crys-
talline state.

Figure 10 shows the conformational behavior of the C,H ;~Si bond. Many

76
© SOLID

= - LiQuip
g 711
3
Q
=3

66 -
>
o
&
Y 61
w

56 T

T T T T T T - L T v T L T T
0 40 80 120 160 200 240 280 320 360
Me-C-Si-C TORSIONAL ANGLE

CRYSTALLINE FORM 2

CRYSTALLINE FORM 1

Figure 10. Torsional potential of C ;H s—Si bond in poly(diethylsiloxane) (PDES)

in solid and liquid states. PDES exists in two crystalline forms, each of which

has two isomorphic forms because of ethyl group reorientation, which has an

activation energy of 9.3 kcal/mol (theoretical value, 9.4 kcal/mol). Experi-
mental values were obtained from reference 16.
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local minima are present. Also, many differences between PDES with frozen
backbone and PDES with relaxed backbone are evident. When the backbone
is rigid, the absolute minimum corresponds to a torsional angle of 150° and
is followed by a local minimum with an energy 3.9 kcal/mol higher. The
barrier from the absolute minimum to the local minimum is 9.4 kcal/mol.
This energy barrier is practically coincident with the activation energy of
the isomorphous transformation of crystals. The local minimum corresponds
to a torsional angle of 200°. Therefore, the isomorphous transition occurs
when the ethyl group reorients by 50°.

Two additional local minima with very high energies (17 and 14.4 kcal/
mol higher than the energy of the absolute minimum) are found. The energy
decreases, a plateau is formed between 70 and 100°, and finally, the energy
descends to the absolute minimum.

When backbone relaxation is included, the profile of the torsional con-
formational curve is different. The barrier between the absolute minimum
and the first local minimum, which characterizes the isomorphic crystalline
transition, becomes much lower, and this local minimum becomes insignif-
icant. The high energy barriers, which generate the second and third local
minima, disappear also, and a wide plateau for torsional angle is found
between 230 and 300°. The highest energy barriers for a torsional angle of
0° are identical for the two cases. When the torsional angle approaches 80°,
an additional local minimum occurs. Its energy is only 0.9 kcal/mol higher
than the energy of the absolute minimum. The barrier from the absolute
minimum to this local minimum is 1.6 kcal/mol.

Apparently, the structure of trisiloxane should be symmetrical when
both substituents at Si are the same. However, the symmetry disappears
because the optimum conformation of the backbone is cis—trans instead of
trans—trans. Hence, the isomorphic transition of crystalline forms of PDES
can be explained. In the liquid state, this material can form liquid crystals
because various conformations for the side chain are possible. The most
stable conformation of the ethyl group corresponds to a position of the methyl
group in twisted trans orientation with respect to the ethyl group attached
to the Si atom.

Conclusions

This study is the first step towards a quantitative prediction of chain flexibility
based on conformational analysis. Torsional relaxation of the adjacent bonds
is very important. The present approach differentiates between the polymer
relaxations in the glassy state and in the melt state. It provides insight into
the crystallinity of a system and succeeds in explaining the isomorphic trans-
formations of PDES. Chain flexibility is influenced by at least two types of
factors: the number of isomeric states available and the torsional freedom
in a given state, which is determined by the shape of the potential well.
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These results corroborate the experimentally measured data and predict
torsional barriers. Furthermore, the calculations provide a detailed picture
at the molecular level of the available isomeric states and show that the
mobility of the side chains at temperatures below T, should differ from that
at temperatures above T, for some cases. Additional experiments will test
our conclusion. The theoretical description of the isomeric states provides
grounds for predicting the crystalline and amorphous forms of the polymeric
materials in the solid and liquid states.
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The synthesis of difunctionalized aminopropyl-terminated poly-
(dimethylsiloxane) via equilibrium polymerization of the cyclic
tetramer in the presence of the functionalized disiloxane was
demonstrated. The use of tetramethylammonium and tetrabutyl-
phosphonium siloxanolate anionic catalysts for these reactions was
studied. The reactions of the tetramethylammonium and tetrabu-
tylphosphonium catalysts were limited to ~80 °C because of the
known transience of these species at higher temperatures. The dis-
appearance of the cyclic tetramer and disiloxane was monitored by
HPLC (high-pressure liquid chromatographic) and GC (gas chro-
matographic) techniques, which indicated that the tetramethylam-
monium and tetrabutylphosphonium catalysts were much more effi-
cient than the potassium catalyst, even when the potassium catalyst
was used at much higher (e.g., 160 °C) temperatures. This behavior
may be related to the higher degree of dissociation and, possibly, the
enhanced solubility of the tetramethylammonium and tetrabutyl-
phosphonium catalysts relative to the much more studied potassium
catalyst. The number-average molecular weight was independent of
the catalyst concentration and was influenced only by conversion and
the molar ratio of the tetramer to the disiloxane. GPC (gel permeation
chromatographic) characterization was also possible by derivatizing
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the amine to ketimine functionalities. Supercritical-fluid-fractiona-
tion studies of the functionalized siloxanes yielded samples with rel-
atively narrow molecular weight distributions, which were compared
with polysiloxane standards produced in our laboratory. The num-
ber-average molecular weights determined by titration methods and
those determined by GPC experiments were in excellent agreement.

THE IMPORTANCE AND UTILITY of multiphase copolymer systems have been
well documented in the literature (I—4), with emphasis on their unique
combination of properties and their potential material applications. Or-
ganosiloxane block polymers are a particularly interesting type of multiphase
copolymer system because of the unusual characteristics of polysiloxanes,
such as their stability to heat and UV radiation, low glass transition tem-
perature, high gas permeability, and low surface energy (I, 2, 5). The in-
corporation of polysiloxanes into various engineering polymers offers an
opportunity for many improvements, such as lower temperatures for the
ductile-to-brittle transitions and improved impact strength.

Siloxane-containing block copolymers are often prepared by step-growth
or condensation polymerization of preformed difunctionalized siloxane oli-
gomers with other difunctionalized monomers or oligomers. Our current
work (3, 4, 6-8) on siloxane chemistry includes the preparation of a number
of functionalized oligomers, with emphasis on equilibration processes with
the commonly available cyclic tetramer, octamethylcyclotetrasiloxane (D),
in the presence of a functionalized disiloxane or end blocker.

Despite the importance and synthetic utility of these siloxane equili-
bration reactions, relatively little has been reported with respect to the
detailed kinetics and mechanisms involved, especially in the presence of
functionalized end blockers. A major focus of our efforts (3, 4, 6-8) is the
investigation of various aspects of siloxane equilibration reactions to establish
the exact nature of the active polymerization species and the effect of various
reaction parameters on the preparation of well-defined difunctionalized si-
loxane oligomers.

The synthesis and equilibration reaction kinetics involved in the prep-
aration of aminopropyl-terminated polysiloxanes has been studied most
extensively because of the utility of the amino-terminated species as
components of a large number of segmented copolymers such as imides,
amides, and ureas.

The rate of disappearance of the starting materials was followed as one
approach to determine the effect of catalyst type and concentration on the
rate of the ring-opening polymerization. Results are presented in this chapter
for the potassium-siloxanolate-catalyzed system, as well as for the analogous
tetramethylammonium- and tetrabutylphosphonium-siloxanolate-catalyzed
systems.
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Because of the random nature of the equilibration processes, the re-
sulting siloxane oligomers generally possess a Gaussian molecular weight
distribution. In addition, a ring—chain equilibrium results in the presence
of a certain amount of low-molecular-weight cyclic species at the end of the
reaction. In addition to the synthesis of difunctionalized siloxane oligomers,
a number of studies have been conducted to explore the usefulness of su-
percritical-fluid-fractionation techniques for the preparation of well-defined
aminopropyl-functionalized polysiloxanes of narrow polydispersity (9, 10).
The isolation of oligomer fractions with narrow molecular weight distribu-
tions (MWD) was interesting from a fundamental viewpoint, because incor-
poration of these narrow-MWD fractions into segmented copolymers would
allow the determination of the effect of the polydispersity of the individual
blocks on the properties of the resulting copolymer systems. Studies of the
mechanical and morphological properties of such systems would result in a
better understanding of structure—property relationships in multiphase co-
polymer systems.

Experimental Procedures

Materials. Octamethylcyclotetrasiloxane, D4, was generously supplied by
General Electric Company. 1,3-Bis(3-aminopropyl)tetramethyldisiloxane (to be re-
ferred to subsequently as aminopropyldisiloxane) was obtained from Petrarch Sys-
tems, Inc. These materials were dried over calcium hydride and vacuum distilled
prior to use. Potassium hydroxide, tetramethylammonium hydroxide pentahydrate,
and tetrabutylphosphonium bromide used in the preparation of the siloxanolate
catalysts were used as received from Aldrich.

Catalyst Preparation. The potassium siloxanolate catalyst was prepared by
charging finely crushed potassium hydroxide, D4, and toluene to a flask equipped
with an overhead stirrer and an attached Dean—Stark trap with condenser. Argon
was bubbled through the solution from below the level of the liquid to promote the
elimination of water via a toluene azeotrope as the reaction proceeded. Typically, a
D,/KOH molar ratio of 3:1 was used with enough toluene to form an approximately
50% (wt/vol) solution. The catalyst was allowed to form at 120 °C for 24 h, during
which time the toluene-water mixture was eliminated and collected in the
Dean-Stark trap. The clear catalyst was then diluted to an ~35% (wt/vol) solution
with dry toluene and stored in a desiccator until use.

The tetramethylammonium siloxanolate catalyst was prepared similarly by charg-
ing tetramethylammonium hydroxide, D,, and an azeotropic agent to the flask and
heating the reaction at 80 °C for 24 h. The lower reaction temperature was necessary
to avoid decomposition of the ammonium catalyst. Under most conditions, this pro-
cedure produces an active catalyst that is not completely homogeneous. Although
not precisely defined, some carbonate is known to be present in addition to the
siloxanolate.

The tetrabutylphosphonium siloxanolate catalyst was prepared by reacting the
potassium siloxanolate catalyst with a solution of tetrabutylphosphonium bromide in
toluene. The reaction resulted in a precipitate of KBr and the formation of homo-
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geneous tetrabutylphosphonium siloxanolate. The number of moles of siloxanolate
catalyst per gram of catalyst solution in all cases was determined by titration with
0.10 N HCL

Equilibration Reactions. D, and the aminopropyldisiloxane were charged into
a three-necked flask equipped with a magnetic stirring bar, a reflux condenser, an
argon inlet, and a rubber septum for the removal of samples via a syringe during
the course of the equilibration reaction. The flask was heated in a controlled-tem-
perature bath until the temperature of the reaction mixture had stabilized, and the
desired amount of siloxanolate catalyst was added. Samples were removed at various
reaction times and quenched in a dry-ice~isopropyl alcohol bath for later chromato-
graphic analysis. After 24-48 h, the equilibration reaction was terminated for analysis
and isolation of the resulting siloxane oligomer. The transient tetramethylammonium
and tetrabutylphosphonium siloxanolate catalysts were readily decomposed by heat-
ing for 30 min at >145 °C. The potassium siloxanolate catalyst required neutralization
with acetic acid, which was followed by washing with water and drying of the oli-
gomer. The cyclic species were removed by vacuum distillation at 100 °C and
40 Pa.

Characterization. Number-average molecular weights (M.s) of the stripped
oligomers were determined by potentiometric titration of the primary-amine end
groups with 0.10 N HCL.

The D, content of the samples was determined by reverse-phase high-pressure
liquid chromatography (HPLC) with a Varian 5500 liquid chromatograph. A DuPont
Zorbax ODS (Cj5) column was used with a Wilmad infrared detector set at
12.45 wm to monitor the Si~CHj; vibration. The mobile phase was an 83:17 mixture
of acetonitrile and acetone at a flow rate of 0.8 mL/min. A Rheodyne injector valve
operating on compressed air was used with a 10-uL sample loop for reproducible
injection volumes. Ethyl acetate was used to dissolve the samples for analysis.

Capillary gas chromatography (GC) was used to determine the aminopropyl-
disiloxane concentration. An 11-m column (0.2-mm internal diameter) coated with
a dimethylsiloxane stationary phase was used. Temperature-programming techniques
and a flame ionization detector were used. Tetradecane was used as an internal
standard. Details of the chromatographic conditions have been reported earlier (8).
A Varian Vista 402 data station simplified the calibration and analysis for both the
HPLC and GC methods.

Gel permeation chromatographic (GPC) analysis was not possible directly on
the primary-amine-functionalized oligomers because of their tendency to be adsorbed
on the GPC columns rather than to elute. A method has been developed in our
laboratories (9, 10) for derivatization of the amine end groups with benzophenone
to form an imine functionality. This method allows FPC (fixed-partial-charge) analysis
of the oligomers.

The titration-determined molecular weights of the individual samples were used
to calculate the amount of benzophenone required to completely derivatize the amine
functionalities. A 10 mol % excess of benzophenone was used to ensure complete
derivatization. The reaction was done in bulk at 80 °C by heating the siloxane oligomer
and benzophenone for 24 h in the presence of 3-A molecular sieves. GPC analysis
was then carried out at 30 °C with a Waters 590 GPC apparatus equipped with
ultrastyragel columns with particle sizes of 500, 10, 10%, and 10* A. A Waters 490
programmable wavelength detector set at 218 nm was used with THF (tetrahydro-
furan) as the solvent.
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Figure 1. Setup for supercritical fluid fractionation. Abbreviations are as

follows: TC, temperature controller; T, thermocouple; PC, pressure controller;

and P, pressure gauge. The experimental conditions were as follows: super-

critical solvent, ethane; pressure profiling, 800—4000 psi (1 psi = 6895 Pa);
and temperature, 80 °C.

Supercritical Fluid Fractionation. In general, the methods previously re-
ported (9, 13) were used. The setup is shown in Figure 1.

Results and Discussion

Siloxanolate Catalysts. The initial step for the study of the kinetics
of base-catalyzed siloxane equilibration reactions was the preparation of a
number of well-defined siloxanolate catalysts. The catalysts were prepared
separately, prior to the equilibration reactions, so that a homogeneous mois-
ture-free system with a known concentration of active centers might be
obtained. The catalysts studied included potassium, tetramethylammonium,
and tetrabutylphosphonium siloxanolate.

Although the hydroxide salts of these bases are effective as catalysts for
siloxane equilibrations, the solid hydroxides of both potassium and tetra-
methylammonium are quite hygroscopic and generally contain significant
amounts of water. Also, tetrabutylphosphonium hydroxide (TBPH) is avail-
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able only as an aqueous solution and decomposes during attempts to con-
centrate the solutions to >~40% solids (11). Because the presence of water
can complicate the kinetics of the equilibration process (2), steps must be
taken to dehydrate the catalysts so that useful kinetic data can be obtained.
The approach used in this study was to prepare the siloxanolates of the bases
by reacting the hydroxides with D, (Scheme I). Another consideration was
the fact that the hydroxide salts of the previously mentioned catalysts are
not readily soluble in siloxane media, whereas preparation of their siloxan-
olates yields a catalyst that is homogeneous from the start of the equilibration
reaction.

The catalytic solutions were characterized by potentiometric titration of
the siloxanolate groups with alcoholic HCI. Titration with acid generally
yielded two end points: The first end point was attributed to the siloxanolate
group, and the second was attributed to the carbonate species. Previous
workers (12) have also reported two end points for the titration of tetra-
methylammonium hydroxide (TMAH) with HCI, with phenolphthalein and
methyl orange as indicators. They attributed the end points to hydroxide
and carbonate components, because TMAH readily absorbs carbon dioxide
from the air. The carbonate species was reasonably assumed to have no
catalytic effect on the siloxane equilibration reactions.

Equilibration Reaction Kinetics. This study investigated the effect
of various reaction parameters on the synthesis and equilibration reaction
kinetics in the preparation of well-defined difunctionalized siloxane oligo-

CH3 A CH3z  CHj
§i-0 + MOH ~— HO(Si-0)3S-0"+M
CH3 "4 Hy CHjy
D4 ,] Ds
CH3 GH3 -Hy0 CH3 CHj
M*-0-(§1-0),-Si-0" *M  €——  HO-(S0)x-Si-O0" *M
CH3 CHg CH3 CHj

Scheme 1. Preparation of siloxanolate catalyst. M* is K*, (CH3)/N*, or
(CHs)P*.
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mers. As pointed out earlier, the aminopropyl-terminated species was stud-
ied most extensively, because it is readily incorporated into a variety of
segmented copolymer systems. A principal area of interest was the effect of
catalyst type and concentration on the rate at which aminopropyl-terminated
polysiloxane oligomers of well-defined end groups and controlled molecular
weight are formed. Previous workers in this area have focused on the reaction
kinetics either in the absence of an end blocker (I3) or in the presence of a
nonfunctionalized end blocker such as hexamethydisiloxane (12).

The reaction scheme for the preparation of aminopropyl-terminated di-
functionalized oligomers is illustrated in Scheme II. The reaction proceeds
by the anionic equilibration of the cyclic siloxane tetramer, D, in the pres-
ence of 1,3-bis(3-aminopropyl)tetramethyldisiloxane. The equilibration proc-
ess begins immediately upon addition of the siloxanolate catalyst, and
samples were removed as a function of time for the purpose of the kinetic
study.

With Potassium Siloxanolate. The first set of kinetic data refers to the
disappearance of D, as a function of time for the commonly used potassium
siloxanolate catalyst. The reaction temperature was held constant at 80 °C,
and the targeted molecular weight was 1500 g/mol. Several concentrations
of potassium siloxanolate were studied, including 0.087, 0.134, and 0.207
mol %, on the basis of the total moles of starting material. The rate of reaction
of D, increased, but even with 0.207 mol % potassium siloxanolate catalyst,

e P O
Sle +  HoN{CHo3-Si-O-Si+CHala-NHp
CHg ¢ CHg CH3
D4 AMINOPROPYLDISILOXANE
80°C

SILOXANOLATE CATALYST

GHa
HoN<{CH2)3-§i-0O+-§i-O9x-§i-(CH2l3-NH2  + CYCLIC SPECIES
CH3 CH3 CHj

Scheme I1. Synthesis of aminopropyl-terminated poly(dimethylsiloxane)s.
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significant amounts of D, remained after 1 h of reaction at 80 °C (Figure 2).
As the reactions were allowed to proceed, the level of D, continued to
decrease until the equilibrium concentration of D, had been attained.

In addition to the ability of the catalyst to react rapidly with the cyclic
tetramer, incorporation of the aminopropyldisiloxane was critical for the
preparation of difunctionalized oligomers of controlled molecular weight.
Samples were removed as a function of time and analyzed for their amino-
propyldisiloxane content to determine the efficiency of the catalyst ions in
this respect. For the same series of catalyst concentrations at 80 °C and a
targeted molecular weight of 1500 g/mol, the aminopropyldisiloxane end
blocker was not readily incorporated into the polysiloxane oligomer. For
example, an initial disiloxane content of ~16.5 wt % was required to produce
the 1500-g/mol oligomer with D,. After 24 h at 80 °C and a potassium
siloxanolate concentration of 0.207 mol %, only 33% of the initially charged
aminopropyldisiloxane had been incorporated into the oligomer. After 40 h,
the aminopropyldisiloxane level had decreased to 6.3 wt % (62% incorpo-
ration). On the basis of this value, a M, of 2270 g/mol would be predicted.
Titration of the bulk reaction mixture indicated a M, of 1400 g/mol. The
catalyst was neutralized at this point, and the oligomer was vacuum stripped

wn
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Figure 2. Disappearance of D, in the presence of 0.207 mol % potassium
siloxanolate. The targeted M, was 1500, and the reaction was carried out at
80 °C.
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to remove any low-molecular-weight nonfunctionalized cyclic species and
the unreacted aminopropyldisiloxane. The molecular weight of the vacuum-
stripped oligomer, as determined by titration of the amine end groups, was
2140 g/mol. Indeed, the inefficient incorporation of the aminopropyldisi-
loxane end blocker had produced an oligomer with a molecular weight higher
than was desired.

The lack of molecular weight control in this system was more evident
at the lower concentrations of catalyst studied. For example, a potassium
siloxanolate concentration of 0.087 mol % produced a 4200-g/mol oligomer
after 24 h of reaction time. This value is almost 3 times the desired molecular
weight. These results and previous studies (8) indicate clearly that the po-
tassium siloxanolate catalyst did not readily incorporate the aminopropyl-
disiloxane at moderate catalyst concentrations.

With Tetramethylammonium Siloxanolate. The second system studied
was the tetramethylammonium-siloxanolate-catalyzed equilibration process.
The reaction temperature was held at 80 °C to avoid decomposition of the
siloxanolate end groups. The effect of catalyst concentration on the disap-
pearance of D, is shown in Figure 3. The reaction of D, proceeded fairly

[Da}/[Ddlo
0.50 0.75 1.00

0.25

0 10 20 30 40
REACTION TIME (MINUTES)
Figure 3. Effect of tetramethylammonium siloxanolate concentration on the

disappearance of D,. The targeted M, was 1500, and the reaction was carried
out at 80 °C. Key: A, 0.032 mol %; @, 0.062 mol %; and ®, 0.095 mol %.
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rapidly at all three catalyst levels, and the amount of D, remaining after
only 20 min was very close to the equilibrium value. The disappearance of
the aminopropyldisiloxane for the same three reactions is shown in Figure
4. Again, the incorporation of the aminopropyldisiloxane was much slower
than the incorporation of D,, but the tetramethylammonium catalyst incor-
porated the aminopropyldisiloxane much more efficiently than did the po-
tassium siloxanolate catalyst.

After 24 h of reaction time, the catalyst in these systems was decomposed
by heating the reaction mixtures at >145 °C for 30 min. Then, the oligomers
were analyzed to determine the equilibrium concentration of cyclic species,
and the reaction mixture was subjected to vacuum stripping to remove the
low-molecular-weight materials.

The M s of the resulting oligomers were determined by titration of the
amine end groups with HCI (Table I). Oligomers with controlled molecular
weights were obtained readily in 24 h at tetramethylammonium siloxanolate
levels of >0.03 mol %. The generation of predictable M s and Gaussian
distributions is consistent with the achievement of equilibrium conditions
during these polymerizations.

[DSX]/[DSX],
0.50 0.75 1.00

0.25

0 50 100 150 200 250 300  35C
REACTION TIME (MINUTES)

Figure 4. Effect of tetramethylammonium siloxanolate concentration on the

disappearance of aminopropyldisiloxane (DSX). The targeted M, was 1500,

and the reaction was carried out at 80 °C. Key: A, 0.032 mol %; @, 0.062 mol
%; and ®, 0.095 mol %.
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Table 1. Equilibration Reaction Results
with Tetramethylammonium Siloxanolate

Siloxanolate M,
(mol %) (g/mol)°
0.032 1910
0.055 1400
0.062 1540
0.095 1490

NOTE: The targeted M, was 1500 g/mol, and the reaction was
carried out at 80 °C for 24 h.
“Values were determined by titration.

With Tetrabutylphosphonium Siloxanolate. The final catalyst investi-
gated in this study was tetrabutylphosphonium siloxanolate. Again, the re-
action temperature was held at 80 °C because of the transience of the catalyst.
The disappearance curves for D, and aminopropyldisiloxane are shown in
Figures 5 and 6, respectively.

The disappearance of D, in the presence of the tetrabutylphosphonium

[D}/[Dd)s
0.50 0.75

0.25

-2

0 20 40 60 80 100
REACTION TIME (MINUTES)

Figure 5. Effect of tetrabutylphosphonium siloxanolate concentration on the

disappearance of D4. The targeted M, was 1500, and the reaction was carried

out at 80 °C. Key: *, 0.027 mol %; A, 0.038 mol %; @, 0.066 mol %; and @,
0.098 mol %.
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[DSX]/[DSX],
0.50 0.75 1.00

0.25

0 50 100 150 200 250 300 350
REACTION TIME (MINUTES)

Figure 6. Effect of tetrabutylphosphonium siloxanolate concentration on the

disappearance of aminopropyldisiloxane (DSX). The targeted M, was 1500,

and the reaction was carried out at 80 °C. Key: *, 0.027 mol %; A, 0.038 mol
%; ®, 0.066 mol %; and ®, 0.098 mol %.

catalyst was again quite rapid at 80 °C, and the equilibrium level was reached
in a reasonable amount of time. In addition, the disappearance of the ami-
nopropyldisiloxane with this catalyst was extremely fast relative to the
potassium and tetramethylammonium siloxanolate catalysts. At tetra-
butylphosphonium siloxanolate concentrations of >0.06 mol %, the amino-
propyldisiloxane content was very close to its equilibrium concentration in
less than 2 h at 80 °C. Although thermodynamic equilibrium had probably
been reached sooner in this system, the reactions were again allowed to
proceed for 24 h, at which time the reaction temperature was increased to
>145 °C for 30 min to decompose the catalyst. The molecular weight data
for the vacuum-stripped oligomers are shown in Table II. The excellent
molecular weight control achieved in the presence of the tetrabutylphos-
phonium catalyst was another good indication of its efficiency.

Comparison of Catalysts. The concentration of siloxanolate catalyst in
all three systems studied ranged from 0.03 to 0.20 mol %, on the basis of
the total moles of starting materials. At these concentrations of catalyst, the
reactions of D, with the tetramethylammonium and tetrabutylphosphonium
siloxanolate catalysts were fairly comparable, whereas the reaction with po-
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Table II. Equilibration Reaction Results
with Tetrabutylphosphonium Siloxanolate

Siloxanolate M,
(mol %) (g/mol)
0.027 1360
0.038 1480
0.098 1420
NotE: The targeted M, was 1500 g/mol. The reaction was carried
out at 80 °C for 24 h.

“Values were determined by titration.

tassium siloxanolate proceeded more slowly, even at much higher reaction
temperatures.

As a result of the method of catalyst addition and because of its fairly

viscous nature even as an ~35 wt % solution in toluene, the same catalyst
concentration could not be reproduced exactly from one catalyst system to
another for comparison. The rate differences were sufficient, however, to
compare the effects of catalyst concentrations and to examine the efficiency
of the different catalysts.

in

[D)/[D.),

The disappearance of D, is compared in Figure 7 for reactions conducted
the presence of 0.134 mol % potassium siloxanolate or 0.066 mol %

0.50 0.75

0.25

0 20 40 60 80 100
REACTION TIME (MINUTES)
Figure 7. Effect of potassium (0.134 mol %, ®) and tetrabutylphosphonium

(0.066 mol %, &) siloxanolate catalysts on the rate of reaction of D, The
targeted M, was 1500, and the reaction was carried out at 80 °C.
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tetrabutylphosphonium siloxanolate. Even when the concentration of po-
tassium siloxanolate is twice that of tetrabutylphosphonium siloxanolate, the
disappearance of D, was still much slower in the presence of the potassium
siloxanolate.

The tetramethylammonium and tetrabutylphosphonium siloxanolate cat-
alysts are compared in Figure 8. The greater efficiency of tetrabutylphos-
phonium siloxanolate relative to the potassium and tetramethylammonium
siloxanolate for incorporation of D, has been described in the past (2) for
nonfunctionalized siloxane systems. Despite the rate differences, all three
systems were effective in reducing the D, concentration to the same equi-
librium level in a reasonable amount of time.

The major difference in catalytic efficiency among these three siloxanolate
systems was in the rate of incorporation of the aminopropyldisiloxane. This
area has not been examined in detail in the past, and the results presented
in the previous tables and figures provide valuable information on the
effectiveness of the various catalysts for the preparation of aminopropyl-
functionalized oligomers. The data presented show that the tetramethyl-
ammonium catalyst reacts with the aminopropyldisiloxane somewhat more
slowly than does the tetrabutylphosphonium catalyst. The difference is
clearly observed in Figure 9, which shows that the aminopropyldisiloxane
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Figure 8. Effect of tetramethylammonium (0.095 mol %, ®) and tetrabutyl-
phosphonium (0.066 mol %, W) siloxanolate catalysts on the rate of reaction
of Dy. The targeted M, was 1500, and the reaction was carried out at 80 °C.
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[DSX],/[DSX],
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Figure 9. Effect of tetramethylammonium (0.095 mol %, @) and tetrabutyl-

phosphonium (0.066 mol %, @) siloxanolate catalysts on the rate of reaction

of aminopropyldisiloxane (DSX). The targeted M, was 1500, and the reaction
was carried out at 80 °C.

disappears faster in the presence of 0.066 mol % tetrabutylphosphonium
siloxanolate than in the presence of 0.095 mol % tetramethylammonium
siloxanolate. However, both of the catalysts were significantly more efficient
than potassium siloxanolate. Because incorporation of the aminopropyldisi-
loxane is necessary for the preparation of controlled-molecular-weight oli-
gomers, the fact that the titration-determined molecular weights of the
oligomers prepared with the potassium catalyst were significantly higher
than what was targeted is not surprising.

Mechanism of Equilibration. The generally accepted mechanism
for the base-catalyzed ring-opening polymerization of cyclosiloxanes involves
attack of the basic catalyst at the silicon atom (15). It has been proposed,
and generally accepted, that the active species is a partially dissociated
siloxanolate anion (13). In the results presented in this chapter, significant
differences in reaction rates were observed as the corresponding cation of
the siloxanolate species was varied. The more rapid disappearance of D,
and aminopropyldisiloxane in the presence of these catalysts increased in
the following order:

[-Si0O"K*] < [-SiO"N(CH,),*] < [-SiO"P(C,H,)*]
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Similar relative rates for the disappearance of D, in the presence of
these catalysts have been observed in the past for nonfunctionalized systems.
The order of reactivity follows the expected order of increasing dissociation
of the ion pair. As the ion pair dissociates, the concentration of the more
active species increases. The slower reaction rate of the aminopropyldisi-
loxane relative to D, was expected to some extent on the basis of electro-
negativity differences, but the dramatic differences in the efficiency of
incorporation of the aminopropyldisiloxane have not been reported previ-
ously. Additional factors may be contributing to the observed results, such
as the expected increased solubility of the more organic (CH;),N* and
(C,H),P" ions relative to the K* ion. The better solubility may also lead
to an increased dissociation of the siloxanolate species.

Supercritical Fluid Fractionation. The versatility of aminopropyl-
terminated polysiloxane oligomers for incorporation of siloxane components
into various block and segmented copolymer systems was elaborated on
earlier. The presence of two functional groups in these materials is a distinct
advantage, but the Gaussian molecular weight distributions produced by
equilibration processes may limit the range of properties that may be ex-
hibited in the resulting materials. Indeed, the properties of a siloxane-
containing block copolymer are highly dependent on the nature of the
difunctionalized precursors, as well as on the degree of microphase sepa-
ration of the respective blocks in these segmented copolymer systems.

Superecritical-fluid-fractionation techniques have been explored to sep-
arate the aminopropyl-terminated oligomers into fractions of narrow poly-
dispersity. The fractions have been fully characterized in terms of their
structure, molecular weight, molecular weight distribution, and function-
ality. The results of selected studies are presented in this section.

The first set of fractionation data is for a 1900-g/mol oligomer, as de-
termined by titration of the amine end groups in the vacuum-stripped oli-
gomer. This particular sample was fractionated into 18 fractions, and the
molecular weight data are presented in Table III. Although the initial frac-
tions (1 through 3) were relatively broad because of an anomaly in the
fractionation process, fractions 4 through 18 were of increasingly higher
molecular weight and extremely narrow molecular weight distributions. The
molecular weight distributions reported in Table III were calculated with
respect to polysiloxane standards. Indeed, the molecular weight values de-
termined by titration of the amine end groups were in good agreement with
those calculated by GPC.

The GPC traces for the parent oligomer and several of the fractions
derived from it are reproduced in Figure 10. The efficiency of this technique
at producing difunctionalized fractions of narrow polydispersity is evident
from Table III and Figure 10. The presence of two functional groups in
these fractions was confirmed by comparing the M, determined by titration
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Table III. Fractionation of Aminopropyl-Terminated
Poly(dimethylsiloxane)

M n M n
Fraction (g/mol)* M,/M,? (g/mol)®
Control 1900 1.58 1400
1 1700 —° —
2 1300 — —
3 1000 1.33 500
4 840 1.13 700
5 1050 1.22 600
6 1300 1.14 1000
7 1550 1.12 1300
8 1800 1.12 1700
9 1900 1.13 1800
10 2300 1.06 2100
11 2550 1.12 2600
12 2900 1.12 2900
13 3250 1.15 3500
14 3900 1.12 4000
15 4450 1.10 4600
16 5100 1.09 5300
17 5900 1.18 6700

18 — — —

“Values were determined by titration.

*Values were determined by GPC and were based on polysiloxane
standards. M, is weight-average molecular weight.

‘— means not determined.

of the amine end groups with the value obtained by VPO (vapor pressure
osmometric) analysis for several samples. The results are presented in Table
IV. The excellent agreement of the molecular weight values confirms the
the presence of two functional groups in these materials before and after the
fractionation process.

Polysiloxanes are readily fractionated by supercritical-fluid-extraction
techniques because of their excellent solubility characteristics. Indeed,
poly(dimethylsiloxane)s with molecular weights up to 100,000 g/mol have
been dissolved by superecritical fluids (14). In the present study on amino-
terminated polysiloxanes, similar results were obtained. However, the de-
sired molecular weight of difunctionalized precursors for segmented copol-
ymer systems generally is less than 20,000 g/mol.

The next set of fractionation results are for a 7500-g/mol parent oligomer
that was separated into 11 fractions with molecular weights ranging from
2400 to 17,700 g/mol (Table V). Because this sample had been vacuum
stripped prior to the fractionation process, earlier fractions containing non-
functionalized cyclic species were not obtained. The molecular weight dis-
tributions of these fractionated materials are significantly lower than that of
the parent oligomer.
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Figure 10. GPC chromatograms of aminopropyl-terminated poly(di-
methylsiloxane) and its fractions.

Table IV. Molecular Weight Characterization
of Aminopropyl-Terminated Poly(dimethylsiloxane) and
Its Fractions

M, M, (g/mol)

Fraction (g/mol)* by VPO?
Control 1900 1710

4 850 760

6 1300 1330

7 1550 1520
10 2300 2420
14 3900 3970

“Values were determined by titration.
*WPO is vapor pressure osmometry. The analyses were done in
toluene at 63 °C.
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Table V. Fractionation of Aminopropyl-Terminated
Poly(dimethylsiloxane)

M n
Fraction (g/mol)* M,/M,?
Control 7,500 1.82
1 2,400 —
2 2,800 1.25
3 4,560 1.18
4 6,800 1.17
5 7,000 1.13
6 6,950 1.12
7 8,650 1.12
8 12,840 1.11
9 13,600 1.08
10 14,100 —
11 17,700 —

NoTE: The supercritical solvent was ethane.

“Values were determined by titration.

*Values were determined by GPC and were based on polysiloxane
standards. M, is weight-average molecular weight.

‘— means not determined.

Conclusions

Significant differences were observed in the rate of incorporation of D, and
1,3-bis(3-aminopropyl)disiloxane for similar concentrations of potassium, tet-
ramethylammonium, and tetrabutylphosphonium siloxanolate catalysts. The
rate differences affected the reaction times that were required to obtain a
completely equilibrated reaction mixture with the desired molecular weight.
The potassium catalyst required excessively long reaction times or high
concentrations before sufficient incorporation of the aminopropyldisiloxane
was realized. The tetramethylammonium and tetrabutylphosphonium cata-
lysts were much more efficient for the preparation of controlled-molecular-
weight aminopropyl-terminated polysiloxane oligomers.

The use of supercritical-fluid-extraction techniques in the fractionation
of polysiloxanes has been demonstrated by the data presented. The poly-
dispersities of the fractions were comparable with those generally attainable
only by anionic-polymerization techniques, with which the incorporation of
two functional groups is often difficult to attain. The ability to isolate these
well-defined fractions will lead to important fundamental studies on struc-
ture—property relationships in multiphase copolymer systems.
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Novel Poly(imide-siloxane) Polymers
and Copolymers

Frank L. Keohan and John E. Hallgren

Corporate Research and Development Center, General Electric Company,
Schenectady, NY 12301

The synthesis and properties of poly(imide—siloxane) polymers and
copolymers based on 5,5'-bis(1,1,3,3-tetramethyl-1,3-disiloxane-
diylnorbornane dicarboxylic anhydride are described. High-molec-
ular-weight thermoplastics and elastoplastics were prepared readily
in solution from aromatic diamines, organic dianhydrides, and this
unique anhydride-terminated siloxane. The thermal and mechanical
properties of a variety of copolymer compositions are described.
Average siloxane block length and overall siloxane content had the
greatest effect on these properties.

AROMATIC POLYIMIDES comprise an important class of high-temperature
polymers. Whereas their thermal and oxidative stability, physical strength,
high softening temperature, and solvent resistance are highly valued, the
materials are difficult to fabricate by conventional means. The physical prop-
erties of linear polyimides can be altered dramatically by the incorporation
of siloxane blocks into the polymer backbone (I-3). Therefore, considerable
effort by both industrial and academic laboratories has been focused on the
synthesis and properties of siloxane—polyimide copolymers (4).

In principle, this approach is quite flexible and allows the tailoring of
material properties for specific applications. Polymers with properties rang-
ing from those of typical thermoplastics to those of elastoplastics can be
prepared by varying the siloxane content and siloxane block sizes. Significant
reductions in polymer softening temperatures, as well as solubility enhance-
ment, have been achieved by this copolymerization approach (5). In addition,
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dramatic improvements in adhesion to a variety of substrates have been
observed (6, 7).

The first reported (8) siloxane—polyimide polymer was synthesized from
1,3-bis(aminopropyl)-1,1,3,3-tetramethyldisiloxane and pyromellitic dian-
hydride. This material was described as a soluble, thermoplastic polyimide.
Many other siloxane—polyimide polymers have been prepared via similar
methodology using other dianhydrides and diamines (9).

The traditional approach used in poly(imide-siloxane) synthesis is the
reaction of aminopropyl-terminated dimethylsiloxane oligomers with aro-
matic dianhydrides and additional diamines (9-13). Typically, subambient
temperatures and dipolar aprotic solvents are used. The resulting high-
molecular-weight polyamic acid solution can be heated to effect imidization
and solvent evaporation. This procedure is analogous to the synthetic method
used to prepare conventional polyimides for films and coatings.

The polymers and copolymers described in this chapter were derived
from the novel anhydride-terminated disiloxane, 5,5'-bis(1,1,3,3-tetra-
methyl-1,3-disiloxanediyl)norbornane-2,3-dicarboxylic anhydride (DiSiAn)
(14). Both siloxane—polyimide polymers and copolymers based on DiSiAn
and its polysiloxane derivatives were investigated. This chapter describes
the synthesis, characterization, and physical properties of these materials.

Experimental Procedures

General Procedures. DiSiAn was prepared by the literature procedure (15)
and purified by filtering a toluene solution through a silica gel column and recrys-
tallizing from ether. BPADA [4,4'-bis[2,2-bis(4-hydroxyphenyl)propane]phthalic an-
hydride, polymer grade], m-phenylenediamine (mPD), 4,4'-oxydianiline (ODA),
4,4'-methylenedianiline (MDA), and 2-hydroxypyridine (Aldrich Chemical Com-
pany) were recrystallized prior to use. Octamethylcyclotetrasiloxane (D4, GE, poly-
mer grade) was dried over molecular sieves and distilled. Reagent-grade toluene, o-
dichlorobenzene, and chlorobenzene (Mallinckrodt) were used as received.

The number of dimethylsiloxy repeat units, D,, was determined by 'H-NMR.
Intrinsic viscosity (IV) measurements were performed in chloroform. Thermal tran-
sitions were measured by differential scanning calorimetry (DSC) at a heating rate
of 40 °C/min. Thermogravimetric analysis (TGA) was performed at a heating rate of
10 °C/min. 'H and *Si NMR spectra were obtained with Varian Associates XL-200
or XL-300 spectrometers in the FT (Fourier transform) mode. Dynamic mechanical
analyses (DMA) were performed on a Rheometrics Dynamic spectrometer (model
7700) at a heating rate of 2 °C/min. Tensile measurements were performed on thin
films cast from chloroform solution or injection-molded ASTM bars by using an
Instron 4200 tensile tester at a crosshead speed of 2 in./min (5 cm/min) and an initial
gauge length of 0.5 in. (1.3 cm).

Synthesis of Dy~DiSiAn. A 2-L, three-neck, round-bottom flask equipped
with a Dean—Stark trap, water-cooled condenser fitted with a nitrogen inlet, pressure-
equalizing addition funnel, and magnetic stirring bar was charged with 111.81 g
(0.242 mol) of DiSiAn, 430.12 g (1.450 mol) of D4, and 260.0 mL of chlorobenzene.
The mixture was heated to reflux, and ~15 mL of solvent was removed by azeotropic
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distillation to dry the mixture. The solution temperature was reduced to 100 °C, and
a mixture of 3 mL of concentrated sulfuric acid and 1.5 mL of fuming sulfuric acid
was added. The solution became homogeneous within 10 min and was maintained
at 100 °C under a nitrogen atmosphere for 48 h.

An excess of sodium bicarbonate was added to quench the equilibrium reaction.
Decolorizing charcoal was added, the slurry was filtered, and the solvent was removed
under reduced pressure. Small amounts of unreacted cyclic siloxanes were removed
by vacuum distillation at 67 Pa and pot temperatures of up to 100 °C to obtain 486.82
g of a clear, colorless oil in 90% overall yield. 'H NMR and *Si NMR analysis
indicated the formula D 19~DiSiAn.

Synthesis of Siloxane—Polyimide Elastoplastics. In a typical polymerization, a
5-L, three-neck, round-bottom flask equipped with an overhead mechanical stirrer,
a Dean-Stark trap with condenser and a nitrogen inlet, and a thermometer was
charged with 484.00 g (0.2406 mol) of Dy—DiSiAn, 41.61 g (0.431 mol) of mPD,
19.52 g (3 wt %) of 2-hydroxypyridine, and 2 L of o-dichlorobenzene. The mixture
was warmed to 100 °C for 1 h to dissolve the monomers and the catalyst. The polyamic
acids precipitated and then redissolved when the mixture was warmed to 150 °C for
2 h. To the oligomer solution was added 99.13 g of BPADA dissolved in 200 mL of
o-dichlorobenzene. The mixture was maintained at 150 °C for an additional 2-h period
to ensure incorporation of the dianhydride and then warmed to reflux. After ap-
proximately 100 mL of a solvent—water mixture had been removed, the solution was
maintained at 180 °C for 40 h. The mixture was cooled to room temperature and
diluted with ~1 L of methylene chloride. Polymer was isolated from the solution
by a slow addition of the polymer solution to 4 L of methanol. The resulting slurry
was filtered, and the polymer was redissolved in 4 L of methylene chloride, extracted
three times with 2 N aqueous HCI to remove catalyst, washed with water, dried
with magnesium sulfate, reprecipitated into methanol as before, filtered, and dried
in vacuo at 100 °C to obtain 522 g (85%) of a rubbery material with an IV of 0.50
dL/g. IR, 'H NMR, and ®Si NMR spectroscopic analysis indicated the absence of
amic acid functionalities that could be present if imidization is incomplete.

Synthesis of Siloxane—Polyimide Thermoplastics. In a typical siloxane-
polyimide thermoplastic preparation, a 2-L, three-neck flask equipped with an over-
head mechanical stirrer, Dean—Stark trap with condenser and nitrogen inlet, and a
thermometer was charged with 106.41 g (0.230 mol) of DiSiAn, 119.71 g (0.230 mol)
of BPADA, 49.74 g (0.460 mol) of mPD, 8.55 g (3 wt %) of 2-hydroxypyridine, and
635 mL of o-dichlorobenzene. The mixture was warmed to 100 °C for 1 h to dissolve
the monomers and catalyst. Polyamic acids precipitated and redissolved when the
mixture was heated to 150 °C for 1 h. The solution was then warmed to reflux, and
~15 mL of water of reaction was removed by azeotropic distillation. The mixture
was maintained at 180 °C for 16 h. The solution became noticeably more viscous.
The polymer was isolated and purified as described previously to obtain 232 g (90%)
of polymer with an IV of 0.54 dL/g. The isolated polymer was characterized spec-
troscopically. DSC indicated a T, (glass transition temperature) of 196 °C.

Results and Discussion

Thermoplastic Polymers and Copolymers. One-step solution
polycondensation routes were used to prepare a variety of thermoplastic
DiSiAn-derived polymers and copolymers (Schemes I and II, respectively).
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The polymerizations were carried out in refluxing o-dichlorobenzene in the
presence of 2-hydroxypyridine as catalyst. In the absence of catalyst, only
low-molecular-weight polymers (IV < 0.3 dL./g) could be isolated from so-
lution. However, when 2-hydroxypyridine was used as a condensation cat-
alyst, copolymers having IVs in excess of 0.45 dL/g could be prepared
readily. The results are summarized in Table I.

High-molecular-weight polymers derived from DiSiAn and mPD, MDA,
or ODA were more difficult to prepare than the corresponding copolymers
containing BPADA. BPADA-containing copolymers were also difficult to
synthesize when the molar ratio of DiSiAn to BPADA exceeded 50%. The
addition of aromatic dianhydrides in these syntheses increased polymeri-
zation rates and yielded higher molecular weight polymers. Incorporation
of organic imide blocks resulted in an ~20 °C increase in T, in each case.

Attempts to substitute benzophenone tetracarboxylic dianhydride
(BTDA) for BPADA failed to produce high-molecular-weight copolymers
because of the insolubility of the BTDA-mPD oligomers. A variety of sol-
vents and solvent combinations were tried but were unsuccessful in solu-
bilizing the intermediate oligomers.

Both siloxane—polyimide copolymers and BPADA-derived copolymers
exhibited excellent solubility in a variety of dipolar aprotic solvents, including
tetrahydrofuran, n-methylpyrrolidone, and dimethyl sulfoxide, as well as
chlorinated hydrocarbons such as o-dichlorobenzene and methylene chlo-
ride. The polymers and copolymers were typical thermoplastics exhibit-
ing little elongation at failure. The tensile properties are summarized in
Table II.

Films of the copolymer derived from DiSiAn and mPD were quite brittle
and made tensile specimen fabrication difficult. Copolymers containing
BPADA were much less brittle, and the tensile properties of the Di-
SiAn—BPADA-mPD-based copolymer showed a marked improvement over
the DiSiAn—-mPD polymer. As noted previously, the copolymers were much
easier to prepare and, in general, were of higher molecular weight, which
may have contributed to the improved physical properties of the copolymers.

Table 1. DiSiAn—Polyimide Polymers and Copolymers

T (°C) of 5%

v T, Weight Loss®
Diamine Dianhydride (dL/g) (°C)r N, Air
mPD DiSiAn 0.52 174 490 460
MDA DiSiAn 0.48 181 480 460
ODA DiSiAn 0.52 184 495 480
mPD DiSiAn—-BPADA 0.60 196 470 460
MDA DiSiAn-BPADA 0.69 198 435 400
ODA DiSiAn-BPADA 0.76 202 460 400

“Data were obtained by DSC.
*Data were obtained by TGA.
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Table II. Tensile Properties of DiSiAn—Polyimide Polymers and Copolymers

Tensile Strength Elongation
Diamine Dianhydride (kPa) (%)
mPD DiSiAn 45,000 4.5
MDA DiSiAn 28,000 3.0
ODA DiSiAn 29,000 3.2
mPD DiSiAn—-BPADA 50,000 5.1
MDA DiSiAn—-BPADA 39,000 5.0
ODA DiSiAn—-BPADA 40,000 6.3

Elastoplastic Copolymers. The thermal and tensile properties of
DiSiAn-based thermoplastics could be varied over a limited range by the
choice of aromatic diamine and the incorporation of organic dianhydrides.
More-dramatic changes in the physical properties of the poly(imide-siloxane)
polymers could be effected either by increasing the siloxane block length or
by increasing the overall siloxane content. Block copolymers with elasto-
plastic characteristics were prepared from anhydride-terminated
poly(dimethylsiloxane) oligomers with an average degree of polymerization
between 15 and 30.

Anhydride-terminated poly(dimethylsiloxane) oligomers were synthe-
sized by the acid-catalyzed equilibration of DiSiAn and octamethylcyclo-
tetrasiloxane (D,) (Scheme III). A wide range of oligomer chain lengths
(n = 1 to >100) were prepared in this manner and characterized by 'H and
#Si NMR spectroscopy.

The synthesis of siloxane—polyimide elastoplastics requires an approach
slightly different from that used in preparing the thermoplastic materials
because of differences in reactivity between the aliphatic-anhydride-termi-
nated siloxane oligomers and the aromatic dianhydrides. A one-pot conden-
sation of the anhydride-terminated siloxane oligomers, BPADA, and the
diamine in o-dichlorobenzene solution in the presence of 2-hydroxypyridine
as catalyst leads to a siloxane-deficient polyimide. To circumvent this defi-
ciency, a two-step synthetic scheme was used in which the anhydride-ter-
minated siloxane oligomers were first capped with an excess of the diamine.
The aromatic dianhydride was then added to the resulting amic acid oligo-
meric mixture and warmed to complete imidization (Scheme IV).

The properties of three such elastoplastic copolymers derived from
BPADA and D,—DiSiAn in a 1.3:1 molar ratio and various diamines are
summarized in Table III.

The structure of the aromatic diamines used in these elastoplastics had
only a minor effect on the copolymer physical properties, as was observed
for thermoplastics. The ratio of hard blocks to soft blocks in these segmented
polymers could be varied, but such variations will result in a wide range of
properties.

A series of copolymers based on D ,~DiSiAn, BPADA, and mPD were
prepared in which the siloxane content was varied between 8 and 45% (by
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Table III. Properties of Dy~DiSiAn—-BPADA

Copolymers
v Tensile Strength Elongation
Diamine (dL/g) (kPa) (%)
mPD 0.46 10,000 110
MDA 0.55 8,300 ¢ 120
ODA 0.74 13,000 230

NoTE: BPADA and Dy~DiSiAn were used in a 1.3:1 molar ratio.

weight). Tough, transparent films could be cast from chloroform solutions
of all of these copolymers. The properties of these materials are listed in
Table IV.

A plot of elongation at break versus siloxane content (Figure 1) illustrates
the transition from thermoplasticity with limited ultimate elongation to elas-
toplasticity. At siloxane content levels below 25%, the ether—imide blocks
form the continuous phase. The result is a strong, rigid plastic. Above 25%
siloxane, however, phase inversion results in a continuous siloxane phase
with a much higher elongation and reduced tensile strength. Figure 2 shows
the inverse relationship between siloxane content and tensile strength.

The elastoplastic materials prepared from D,-DiSiAn in which n was
10-30 did not exhibit true elastomeric behavior. A stress—strain plot for a
typical Dy~DiSiAn-derived elastoplastic copolymer is shown in Figure 3.
This sample exhibits an initially high modulus of up to ~8% elongation with
a yield of over 100%. Most of the samples exhibited only small elastic re-
covery after deformation. The siloxane block lengths used in this study may
not have been long enough to produce the morphology necessary for good
elastomeric properties.

Attempts to synthesize copolymers from D,~DiSiAn in which n was
>30 failed. Invariably, two immiscible o-dichlorobenzene solutions resulted.
Typically, one phase contained low-molecular-weight polymer rich in
poly(dimethylsiloxane), and the other contained high-molecular-weight ma-
terial rich in organic block. Phase separation during polymerization was not
encountered when the average siloxane blocks were less than 30 units long.

The thermal transitions of these materials could not be observed by DSC

Table IV. Properties of Dy~DiSiAn—-BPADA-mPD

Copolymers
Siloxane v Tensile Strength ~ Elongation
Content (%) (dL/g) (kPa) (%)
8 1.00 37,000 6
13 0.42 30,000 7
22 0.45 23,000 8
35 0.51 15,000 90

45 0.46 10,000 110
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analysis. However, DMA was a reliable and sensitive technique for meas-
uring the Ts of these copolymers.

A copolymer of D,—-DiSiAn, BPADA, and mPD was prepared and
examined by DMA. The DMA indicated a distinct transition at 120 °C
corresponding to the siloxane block and a weaker transition at 75 °C cor-
responding to the imide hard block. This behavior is consistent with a phase-
separated material with short, well-dispersed hard blocks. The physical prop-
erties of this copolymer are shown in the following list. The elastoplastic
properties of the material are also consistent with this type of microstructure.

Properties of D, —DiSiAn—-BPADA-mPD Copolymer

Average siloxane units 21
Siloxane content (%) 60

IV (dL/g) 0.66
Tensile strength (kPa) 13,000
Elongation at failure (%) 1,000

Temperature of 5% weight loss in N, (°C) 475
Temperature of 5% weight loss in air (°C) 440

Summary

High-molecular-weight poly(imide-siloxane) polymers and copolymers have
been successfully synthesized from DiSiAn, its polysiloxane homologues,
and a variety of organic diamines and dianhydrides. The polymers that were
prepared ranged from rigid thermoplastics with T,s in excess of 200 °C to
low-modulus elastoplastics. The mechanical properties were sensitive pri-
marily to the overall siloxane content and average siloxane block size. The
copolymers prepared from DiSiAn and D ,—DiSiAn in which n < 30, BPADA,
and various aromatic diamines had excellent solubility in many chlorinated
and dipolar aprotic solvents.

Elastoplastic copolymers derived from D,~DiSiAn in which n is between
10 and 30 exhibited high ultimate elongations. However, the materials dis-
played limited recoverable elongation. DMA of a typical elastoplastic re-
vealed a weak thermal transition around 75 °C corresponding to the organic
imide hard block. The small size and dispersivity of the hard blocks in these
systems may inhibit the microphase separation necessary for development
of true elastomeric properties.
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Interpenetrating Polymer Networks

Barry Arkles! and Jane Crosby?
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Polysiloxane—thermoplastic interpenetrating polymer networks
(IPNs) are a unique class of polymer—polymer composites that sig-
nificantly extend the process and mechanical property range of
silicone elastomers and allow modification of the behavior of
thermoplastics. The materials are characterized by reactive proc-
essing consistent with traditional thermoplastic technology and the
development of physical properties consistent with semi-IPNs gen-
erated from polysiloxanes cross-linked in a variety of thermoplastic
matrices, including polyurethanes, polyamides, and polyolefins. The
semi-IPNs are prepared by melt-mixing hydride- and vinyl-function-
alized polysiloxanes with thermoplastics and inducing cross-linking
with a platinum catalyst in a second melt-process step. Polysiloxane
composition, cross-link density, and total content affect the process
and mechanical behavior of the semi-IPNs. Polysiloxane—
thermoplastic IPNs may be used in biomedical materials, gears and
bearings, and applications in which the dimensional stability of crys-
talline resins must be enhanced.

INTERPENETRATING POLYMER NETWORKS (IPNs) are a special class of polymer
blends in which the polymers exist in networks that are formed when at
least one of the polymers is synthesized or cross-linked in the presence of
the other. Classical or true IPNs are based solely on thermosetting polymers
that form chemical cross-links. More recently, two classes of thermoplastic
IPNs have been developed. Apparent IPNs are based on combinations of
physically cross-linked polymers. Semi-IPNs are based on combinations of

0065-2393/90/0224-0181%06.00/0
© 1990 American Chemical Society
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cross-linkable and nonreactive linear polymers. Polysiloxane (silicone) in-
terpenetrating polymer networks have had a significant role in the devel-
opment of thermoplastic semi-IPNs.

The first attempts to commercialize thermoplastic IPNs were based on
apparent-IPN technology. In contrast to the true IPNs or semi-IPNs, in
which the cross-links that stabilize the polymer networks are chemical (i.e.,
covalent bonds), the apparent IPNs are stabilized by physical or virtual bonds
(i.e., glassy regions of block copolymers, ionic domains of ionomers, or
crystalline regions in semicrystalline polymers). A series of apparent IPNs
of styrene—ethylene-butylene-styrene (SEBS) block copolymers and crys-
talline thermoplastics (polyamides and polyesters), offered by the Shell
Chemical Company, was developed by Davison and Gergen (1, 2). These
normally incompatible resins have been blended in combination with pol-
ypropylene or mineral oil to form co-continuous, interpenetrating phases.
The IPN structure is stabilized by the physical cross-links in the styrene end
blocks of the copolymers and the crystalline regions of the thermoplastic
resin. The polymer networks prevent gross phase separation and lead to
extended load sharing between the polymer phases. Thermoplastic iono-
meric IPNs have also been reported (3).

The semi-IPNs are intermediate systems in which a thermosetting poly-
mer network is formed within a thermoplastic polymer; the coexisting struc-
tures are stabilized by physical cross-links in the thermoplastic phase. Wertz
and Prevorsek (4, 5) have used dicyanatobisphenol A as a thermosetting
monomer that is first mixed in the melt state with a thermoplastic matrix
resin and later cross-linked during injection molding to develop resins offered
by Allied-Signal Corporation. Silicone—thermoplastic semi-IPNs (Rimplast)
(6, 7) are formed by a similar reaction-molding process, but the thermosetting
polymer network is formed by the addition of functionalized silicone oli-
gomers that have been predispersed in a thermoplastic resin.

The different chemical structures of thermoset true IPNs and thermo-
plastic apparent and semi-IPNs can be represented conceptually as line
drawings (Figures 1-3). True IPNs consisting of two, totally continuous,
interlocking networks are shown in Figure 1A. Figure 1B is a geometrical
abstraction of a true IPN. Neither phase can be extracted from the IPN.
The semi- or pseudo-IPNs represented in Figure 2 consist of one chemically
cross-linked phase within a linear thermoplastic polymer matrix. The ther-
moset phase cannot be extracted from the IPN. Physical cross-links in the
crystalline regions of the linear thermoplastic are reversibly broken at ele-
vated temperatures, and these breaks allow the materials to flow. Figure 3
depicts the physical cross-links of the styrene end blocks of the structured
SEBS rubber as circles. Because there are no chemical cross-links in the
apparent IPNs, either resin phase can be extracted independently.

The preservation of thermoplastic character in the semi-IPNs is of great
commercial value. The requirements of thermoplastic processing demand
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Figure 1. True IPNs. The different polymer systems are cross-linked to them-

selves but not to each other. The polymers thus form networks that inter-

penetrate each other. (A) Traditional three-dimensional depiction; (B) geo-

metrical abstraction, in which the cross-links are depicted as junctions of
vertical and horizontal lines.

\ I/

Figure 2. A semi-IPN. Only one polymer is cross-linked. The other thermo-
plastic polymer is so long that the polymers cannot disentangle.

Figure 3. An apparent IPN. None of the

polymers is cross-linked, but a third pol-

ymeric component, which is compatible

with the other two polymers and is usu-

ally a block copolymer, holds the system
together.

homogeneous rheology. At the same time, requirements for network for-
mation, that is, the development of distinct domains, demand heterogeneous
morphology. In many ways, the balance between the two requirements,
homogeneous rheology and heterogeneous morphology, defines the syn-
thetic challenge and performance parameters of the thermoplastic IPNs.
Although chemical structures are used to classify IPNs, the morphology
of a polyblend defines it as an interpenetrating polymer network. The net-
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work structure imposes compatibility between otherwise incompatible res-
ins; this compatibility allows the expression of both components. However,
molecular interpenetration of the two phases in the network can lead to
composite properties that are not anticipated. The properties of an IPN are
not strictly additive functions of component properties; phase morphology
and phase interactions that promote interfacial bonding can lead to unex-
pected increases in impact strength, modulus, and heat deflection temper-
atures. Many of these changes can be associated with changes in crystallinity.

Silicone-Thermoplastic Semi-IPNs

Chemistry and Processing. The silicone-thermoplastic semi-IPNs
have two indirect antecedents: the full IPN silicone-urethane systems re-
ported by Frisch (8) and Hourston (9), which are not amenable to thermo-
plastic processing, and semi-IPNs of cross-linked silicone in a silicone fluid
matrix, which are used in prosthetic gels (10) and for which homogeneous
morphology precludes the development of enhanced mechanical properties.
In silicone-thermoplastic semi-IPNs, hydride- and vinyl-functionalized sil-
icone fluids are intimately blended in the melt state with a thermoplastic
resin. Examples of the silicones are given in structures 1-4. No reaction
takes place among the fluids during this extrusion step. A catalyst is then
applied topically to the resin—blend pellets. When the pellets are remelted
in a forming process (e.g., profile extrusion or injection molding), the heat-
activated catalyst mixes with the vinyl- and hydride-functionalized silicone
fluids and initiates a vinyl-addition (hydrosilylation) reaction, and a high-
molecular-weight cross-linked siloxane network is developed in the finished
part (Figure 4).

The addition polymerization of silicone~thermoplastic semi-IPNs is ideal

o o

CH,=—CH-Si—0—SI—01Si—CH=CH,
&Ho | oHy |cHy
n
1
CH, CH,
(CH;),SI0+Si— él— Si(CHa)s
I T
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for a continuous reaction-molding or extrusion process. Although the reaction
is initiated in the melt at elevated temperature, it will proceed in the solid
state. The reaction is fast and will proceed to completion, and no chemical
byproducts are formed. Conventional thermoplastic injection-molding ma-
chines or extruders can be used in forming the IPNs; no special devolatili-
zation is needed. The rheology of a typical system is shown in three stages
(Figure 5): unmodified base polymer, base polymer-silicone polyblend, and
silicone semi-IPN. In general, the melt viscosity of the base polymer-silicone
polyblend is lower than that of the basic polymer and that of the developed
semi-IPN.

A silicone semi-IPN modified thermoplastic urethane illustrates this
technology. The following composition is mixed in the melt state by pumping
a preblend of the silicones into a counter-rotating twin-screw extruder with

Figure 4. Addition vulcanization of polymer.
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—— TP———Si-TP— Si—IPN-TP—————|
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Figure 5. Typical changes in rheology accompanying the transition from a
thermoplastic (TP), to a silicone~thermoplastic polyblend (Si-TP), and to a
silicone-interpenetrated thermoplastic (Si-IPN-TP) for polypropylene.

thermoplastic urethane at melt temperatures of 210-215 °C: 7500 g of poly-
ether urethane (Pellethane 2103; Dow Chemical Company), 2450 g of
poly(dimethylsiloxane-co-diphenylsiloxane) (15-17%; vinyldimethylsiloxane
terminated; 5000 ctsks.), and 50 g of poly(diphenylsiloxane-co-methylhydro-
siloxane) (30-35% methylhydrosiloxane; copolymer terminated; 30 ctsks.)

The mixture is pelletized, and 1 g of a platinum—tetramethyl-
tetravinylcyclotetrasiloxane complex (2.5% Pt) is tumbled onto the pellets
and then deactivated by the addition of 0.05 g of 3-methylisobutynyl alcohol.
The apparently homogeneous material contains two unreacted silicones in
a thermoplastic urethane matrix.

The polysiloxane network is formed during part fabrication. In injection
molding, the acetylenic alcohol, which acts as a fugitive inhibitor of the
vinyl-addition reaction, is volatilized at low temperature as the pellets enter
the feed throat. The platinum complex is activated at the process temperature
of the urethane (170-185 °C). The vinyl-addition reaction is initiated by the
melt state, and the parts generated demonstrate mechanical properties con-
sistent with the formation of a silicone IPN. The fabricated parts are trans-
lucent. The physical properties of this formulation (PTUE 205) are given in
Table 1.
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The technology of silicone~thermoplastic semi-IPNs is highly flexible
because IPN compositions and morphology can be varied. The four main
factors controlling IPN morphology and properties are (1) base component
composition, (2) total IPN content, (3) polymer compatibility and interfacial
tension, and (4) cross-link density. Because the silicone network forms in-
dependently of the matrix resin, theoretically, an IPN can be developed in
any thermoplastic polymer. Those desirable features of silicones, including
physiological, release, wear, and thermal properties, can be translated into
thermoplastics and thermoplastic elastomers. Some resins that have been
transformed into semi-IPNs include the following:

Polyethylene

Polypropylene

Polyamide (6, 6,6, 6,12, 11, 12)
Polyacetal
Poly(butylene)(terephthalate)
Polyurethane

Styrene block polymers
Polyolefin elastomers

Polyester elastomers
Melt-processable fluorocarbons

Intrinsic Properties. IPN properties can also be tailored by varying
silicone concentration. In some systems, dramatic changes in polymer mor-
phology and crystallinity have been observed in loadings as low as 3%. At
the other end, polysiloxane loadings of up to 55% have been achieved. Some
successful semi-IPN formulations are the following:

e Poly(caprolactam-inter-dimethylsiloxane-co-vinylmethylsilox-
ane)

¢ Poly(propylene-inter-dimethylsiloxane-co-octylmethylsilox-
ane-co-vinylmethylsiloxane)

o Poly(styrene-block-butadiene-block-styrene-inter-dimethylsi-
loxane-co-diphenylsiloxane-co-vinylmethylsiloxane)

The chemical compatibility of the network and matrix polymers determines
the extent of solubility of one resin in the other and, hence, the degree of
molecular interpenetration. The backbone substitution groups of the silicone
prepolymers are carefully chosen to achieve an appropriate degree of com-
patibility with a specific matrix polymer (11). Although most silicone oli-
gomers are not highly soluble in high-molecular-weight thermoplastic resins,
total incompatibility would lead to gross phase separation (i.e., delamination)
during fabrication. At the other extreme, fully soluble silicones result in
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alloys in which morphology consistent with network formation is not ob-
served. An example of a low-cross-link-density siloxane acting as a plasticizer
is shown in Table II for a silicone-aliphatic urethane system. As phenyl
groups are introduced into the silicone, solubility increases, network prop-
erties diminish, and physical and thermal properties decrease radically.

Various degrees of phase separation have been observed in IPN com-
posites (12). The final structure consideration, cross-link density, in con-
junction with the intrinsic compatibility of the polymers, determines the
domain size of the reacting phase. Increasing cross-link density leads to
smaller domains and greater phase continuity in the cross-linking phase and
an increase in “trapped” matrix polymer chains. The greater degree of mo-
lecular interpenetration in highly cross-linked systems results in network-
imposed compatibility.

Cross-link density in silicone—thermoplastic semi-IPNs is controlled by
the molecular weight and number of reactive groups of the silicone oligo-
mers. Highly branched and lightly branched siloxane networks of distinctly
different behavior have been developed in the silicone-thermoplastic semi-
IPN series. Although every semi-IPN base polymer system develops a dis-
tinct morphology, the case of nylon 6,6 is instructive. No dominant structures
are observed for the highly branched polymers in scanning electron micro-
graphs (SEMs). The polymer with higher cross-link density presumably
forms a more rigid, extended network throughout the matrix thermoplastic.
The highly branched networks exhibit greater phase separation. In SEMs
of 10% of a lightly branched silicone in nylon 6,6 IPNs, the silicone networks
form spherical domains ranging from 6 to 12 pm in diameter. These struc-
tures are absent in the highly cross-linked system (Figure 6.) Even in the
case of the lightly branched silicone, the majority of the silicone is not
involved in gross phase separation, but in the fine structure as demonstrated
by the silicon EDX (X-ray dispersive microscopy).

Changes in the crystallization behavior of the thermoplastic phase of the
IPN have been observed in DSC (differential scanning calorimetry) exper-
iments (13). In Figure 7, a series of DSC scans on silicone-nylon 6,6 com-
posites of various silicone contents are presented. The characteristic melt
peak of the nylon matrix is observed in all of the thermograms, but a second,
slightly lower temperature melt peak becomes more pronounced as the
concentration or the cross-link density of silicone polymer in the IPN is

Table II. Comparison of IPN-Modified and Unmodified Aliphatic
Ether Urethanes

Tensile
Material Strength (MPa) Elongation (%)
Unmodified urethane 33.1 800
Urethane—poly(dimethylsiloxane) (10%) IPN 20.7 700

Urethane-poly(phenylmethylsiloxane) (10%) IPN 6.2 1000
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Figure 6. 6,6-Polyamide-i-low cross-link PDMSO at 1000 X magnification.
(Top) Scanning electron micrograph; (bottom) EDX Si.



Published on May 5, 1989 on http://pubs.acs.org | doi: 10.1021/ba-1990-0224.ch010

10. ARkLES & CRrosBY Interpenetrating Polymer Networks 191

jk/ PAGS
PA 6,6-IPN (1% linear silicone)

PA 6,6-IPN (1% branched silicone)

V PA 6,6-IPN (5% linear silicone)
PA 6,6-IPN (5% branched silicon)
PA 6,6-IPN (10% linear silicone)

210 230 270 300

Heat Capacity————— > endo

exo &

Temperature (°C)

Figure 7. DSC thermograms of nylon 6,6 IPNs. PA is polyamide.

increased. Although double-melting endotherms have been observed in ny-
lon 6,6 (14), they were attributed to a reorganization phenomenon during
the DSC scan; the lower melting peak decreased in size and increased in
temperature with increased annealing time, results suggesting that a sec-
ondary, less-ordered crystalline phase was being converted to a more favored
form.

The double-melt endotherms of the silicone-nylon 6,6 IPN do not dis-
appear with thermal cycling. Instead the peaks are further resolved in the
DSC when samples are scanned to 50 °C above the melt point, cooled slowly
to room temperature, and rescanned (Figures 7 and 8). The stability of the
melt endotherm associated with the presence of IPN suggests the presence
of an interpenetrated polymer phase of various crystalline structures.
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endo

Rescan after cooling
20 °C/min to room temperature

Heat Capacity

:

210 240 270 300
Temperature (°C)

Figure 8. Multiple DSC thermograms of 30% glass fiber-reinforced, highly
branched silicone-nylon 6,6 IPN.

Extrinsic and Mechanical Properties. The technology of sili-
cone-thermoplastic semi-IPNs was originally developed with thermoplastic
polyurethanes for biomedical applications (15). Silicone rubbers possess the
good blood-contacting and low-physiological-response properties required
in biomaterials but lack high tensile strength and modulus and are difficult
to process. Silicone—polyurethane IPNs provide a range of favorable property
combinations in easily injection-molded materials. The mechanical and phys-
iological properties of these IPNs can be compared with those of pure sili-
cones and base polymers:

e Compared with pure silicones

1. Processing on conventional thermoplastic equipment with
less processing variables compared with liquid silicone rub-
ber systems
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2. Greater tear, tensile, and flexural strengths

3. Lower mating surface wear (Silica-free formulation reduces
abrasion.)

4. Lower oxygen permeability and reduced moisture trans-
mission

5. Increased elastic recovery at low extensions

6. Reduced blood-polymer interaction (Filler-free silicone
surface reduces thrombogenic response.)

e Compared with thermoplastic urethane
1. Silicone release characteristics

2. Lower wear and friction (Wear is reduced by a factor of 5-6;
the coefficient of friction is reduced by 20-30%.)

3. Improved dielectric properties

4. Reduced blood-polymer interaction (Filler-free silicone
surface reduces thrombogenic response.)

5. Increased permeability to oxygen, which is useful in self-
supporting enrichment applications

6. Improved high-temperature performance

7. Increased elastic recovery at high extensions

In the IPNs, the mechanical properties of the matrix resin are preserved,
and wear, lubricity, and abrasion resistance are improved. In systems with
high cross-link densities, the resilience and resistance of the resins to creep
(set) is enhanced. The properties of a series of thermoplastic—polyurethane
IPNs (TPU-IPNs) are listed in Table 1.

Applications. The silicone-aromatic urethane grades demonstrate
tear and tensile strengths 3 to 5 times those of silicones and wear rates that
are lower by a factor 5 or 6 when compared with urethanes and by factors
greater than 10 when compared with silicones. The silicone—aromatic ure-
thanes are currently being evaluated in a wide range of medical device
applications. The silicone-aliphatic urethane systems may have significant
potential for long-term implant applications. Silicone-thermoplastic semi-
IPNs have been extended to other thermoplastic elastomers and engineering
thermoplastics for use in the medical industry.

Silicone~SEBS IPNs are the only sterilizable thermoplastic systems that
resist coring and are capable of self-sealing after being pierced with hypo-
dermic syringes. These IPNs are used in injection sites both because they
allow dual-shot fabrication and because they are free of contamination from
vulcanization aids found in their natural rubber predecessors.
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Silicone-nylon 12 IPN is a candidate material for self-supporting medical
devices such as implantable pumps, catheter guides, and connectors.

Silicone-thermoplastic semi-IPNs and fiber-reinforced IPNs based on
high-modulus-engineering thermoplastic matrices have also been developed
(16, 18). Initially these materials were of interest as internally lubricated
composites for bearing applications, in which the IPN combined the high-
modulus and high temperature properties of the engineering thermoplastic
with the improved tribological properties and release characteristics of a
silicone. The mechanical, friction, and wear properties of nylon 6,6 and
several silicone-nylon 6,6 IPNs are shown in Table III. As the volume
fraction of silicone or the cross-link density increases, a higher continuity
IPN is formed, and wear resistance and coefficients of friction improve dra-
matically. Tensile strengths are maximized, and flexural-modulus values are
unchanged at low silicone concentrations. The heat deflection temperatures
of all of the IPNs are are greater than that of nylon 6,6; the greatest increase
is seen in the highly branched silicone networks, in which a more rigid
structure is formed.

The mechanical properties of a 30% glass fiber-reinforced silicone-nylon
6,6 IPN approximate that of a conventional glass-reinforced composite (Table
III). Strength and stiffness are reduced slightly in the IPN composite, but
increases in elongation and Izod impact strengths indicate an increase in
ductility. By contrast, low-molecular-weight silicone fluids are often used in
combination with polytetrafluoroethylene (PTFE) as internal lubricants for
engineering thermoplastics. Although silicone fluids are good lubricants,
they tend to reduce the mechanical properties of the composite, and they
migrate to the molded surface and contaminate surface mounts or trap
abrasive wear debris.

The silicone—thermoplastic IPN composites exhibit superior mechanical
properties (Table IV), and the network structure of the silicone prevents
migration. The value of the IPN has been demonstrated in a molded journal
bearing for use in high-speed paper-handling equipment. For example, part
wear was reduced to a greater extent in a PTFE-lubricated, silicone-nylon
6,6 IPN bearing, compared with an uncross-linked silicone fluid, PTFE-
lubricated nylon bearing, which attracted abrasive paper dust to the wearing
surfaces.

Unique crystallization behavior leads to an unusual apparent property
advantage of the silicone-thermoplastic semi-IPNs: low and uniform shrink-
age behavior (17). This characteristic is of particular value in crystalline
thermoplastic resins, like nylons, polyesters, polypropylene, and acetal, that
exhibit high and nonuniform mold shrinkage rates. Shrinkage differential
leads to part warpage, a condition that is further aggravated in fiber-rein-
forced composites. The IPN greatly stabilizes the mold shrinkage behavior
in both fiber-reinforced and nonreinforced composites.

Results of a study of mold shrinkage and warpage are shown in Table
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Table IV. Properties of Nylon 6,6 Resin and Silicone~Thermoplastic Semi-IPNs

RL-4610  RL-4620 R-5000
ASTM Nylon 6,6 (Linear (Linear  (Branched
Property Method  (Unmodified) Silicone)  Silicone) Silicone)
Specific gravity D792 1.14 1.13 1.12 1.13
Mold shrinkage of a
1/8-in. (0.32-cm)

section (%) D955 0.015 0.012 0.008 0.006
Tensile strength (MPa) D638 81.4 86.2 69.6 76.6
Tensile elongation (%) D638 60 20 5 20
Flexural modulus (MPa) D790 2827 2827 2483 2827
Izod impact strength (J/m)

Notched D256 48 48 48 48

Unnotched D256 >2135 1120 800 1067

Heat distortion
temperature at

1.82 MPa (°C) D648 66 71 82 93
Wear factor

(107" in.*/min)* 200 155 12 100
Coefficient of friction

Static (uS) 0.20 0.19 0.07 0.14

Dynamic (uD) 0.28 0.19 0.08 0.16

107 in.*/min is equivalent to 1.64 X 10~* cm®/min.

Table V. Mold Shrinkage and Warpage of Nylon 6,6 and
Silicone—Nylon 6,6 IPN Composites

Mold Shrinkage
Code Material (%) Warpage*
R-1000 Nylon 6,6 0.015 0.050
RL-4620  Nylon 6,6-linear silicone IPN 0.008 0.018
R-5000 Nylon 6,6-branched silicone IPN 0.006 0.010
RF-1006  Nylon 6,6-30% glass fibers 0.004 0.270
RF-5006  Nylon 6,6-branched silicone—30% glass fibers 0.003 0.035

“Warpage of an injection-molded disk (4 by 1/16 in.; 10.2 by 0.16 cm).

V. A series of 4-in. (10.2-cm)-diameter, 1/16-in. (0.16-cm)-thick edge-gated
disks were injection molded under normal nylon-processing conditions.
Warpage in the lightly branched and highly branched IPN parts were 2.5-
and 5-fold lower, respectively, than the warpage in molded nylon 6,6 resin.
The warpage in the 30% glass-reinforced nylon 6,6 IPN was 10-fold lower
than that in a 30% glass-reinforced nylon 6,6 composite. The greater di-
mensional control afforded by the IPN enables crystalline matrix composites
to be used in high-tolerance moldings.

A 30% glass-fiber-reinforced, PTFE-lubricated, nylon 6,6 IPN was
molded in a high-tolerance gear designed for use in the business machine
industry. Although excellent chemical resistance and high fatigue endurance
limits of glass-reinforced nylon made it an attractive candidate, total com-
posite error (TCE) for molded glass-reinforced nylon was 0.0055", which
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corresponds to a class 6 American Gear Manufacturing Association (AGMA)
rating. The nylon IPN exhibited lower TCE (0.0028"), produced a class 8
AGMA gear with an overall shrinkage comparable with that of 30% glass-
reinforced polycarbonate. The internal lubrication and isotropic shrink char-
acteristics of the silicone-thermoplastic se mi-IPN resulted in a high-quality
gear with the desired chemical resistance and fatigue endurance.

Hybrid and Secondary Cross-Linked Silicone IPNs

Hybrid versions of silicone-thermoplastic semi-IPNs have been developed
(19). A hybrid interpenetrating network is one in which the cross-linked
network is formed by the reaction of two polymers with structurally distinct
backbones. Hydride-functionalized siloxanes can be reacted with organic
polymers with pendant unsaturated groups such as polybutadienes (5) in the
presence of platinum catalysts. Compared with the polysiloxane semi-IPNs
discussed earlier, the hydride IPNs tend to maintain mechanical and mor-
phologically derived properties, whereas properties associated with siloxanes
are diminished. The probable importance of this technology is in cost-effec-
tive ways to induce thermoset characteristics in thermoplastic elastomers.

Another variation of silicone—~thermoplastic semi-IPN technology is the
use of secondary cross-linking (20). The incorporation of multiple alkoxysilane
groups into the interpenetrating network allows a staged cross-linking re-
action. The first reaction is the platinum-catalyzed vinyl-addition reaction.
The second cross-linking is a hydrolysis condensation that takes place after
the thermoplastic processing. This technology is anticipated to be useful in
wire and cable insulation and to displace earlier technology, which utilizes
peroxide grafting of vinyl silanes (Scheme I).

Conclusion

The silicone semi-IPN structure imparts unique behavior to thermoplastic
composites without affecting mechanical strength and stiffness. Apart from
the direct effects associated with the incorporation of thermoset character
into a thermoplastic, the structure has particular value by functioning as (1)
a nonmigrating internal lubricant, (2) a shrinkage and warpage modifier, (3)
a flow modifier, and (4) a release agent. As a polymer—polymer composite,
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the IPN expresses the strengths of its components, as well as unique thermal,
mechanical, and physiological characteristics. The silicone semi-IPN struc-
tures present a new avenue for developing thermoplastic elastomers with
the mechanical and thermal properties of compression-molded cross-linked
rubbers. Because of their synthetic flexibility, silicone IPNs have a broad
range of possibilities. Their importance lies not only in these possibilities
but also in the examples they provide of what the technology of reactive
processes and interpenetrating polymer networks has to offer.
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Non-Gaussian Effects and
Intermolecular Correlations in Bimodal
Networks of Poly(dimethylsiloxane)

Vasilios Galiatsatos! and James E. Mark

Department of Chemistry and the Polymer Research Center, University
of Cincinnati, Cincinnati, OH 45221

Strain—birefringence measurements were carried out on unswollen
networks of poly(dimethylsiloxane) (PDMS) at elongation at 0-90 °C.
An increase in the mole percent of short chains in the networks
increased the non-Gaussian deviations from linearity of the depen-
dence of birefringence on stress. Birefringence—temperature meas-
urements showed the deviations to be insensitive to temperature, as
would be expected for an intramolecular effect. In addition, these
measurements yielded values of the optical configuration parameter
and its temperature coefficient that are in good agreement with other
published results for bimodal PDMS networks. The magnitudes of
the intermolecular correlations were estimated from the optical an-
isotropies and were found to decrease as the mole percent of short
chains increased. This observation is also consistent with intermo-
lecular interactions not being the origin of the observed non-Gaussian
effects.

STUDIES OF THE MECHANICAL PROPERTIES of polymer networks have
yielded a great deal of important molecular information on the elasticity of
polymer chains (I-3). For many systems, however, this approach is being
supplemented increasingly by studies of the optical properties of the same

‘Current address: Goodyear Research Laboratories, Department 410 F, 142 Goodyear Boul-
evard, Akron, OH 44305
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networks (2, 3). This approach has been used for poly(dimethylsiloxane)
(PDMS) [-Si(CH,),0-], (4-8), in part because of its superb optical prop-
erties, specifically its transparency that also makes it very attractive for
applications such as contact lenses (9).

This chapter reports birefringence measurements carried out on PDMS
networks that have a bimodal distribution of chain lengths. Such networks
are of considerable interest, because their high extensibility permits them
to be deformed into ranges of elongation in which both their mechanical (3,
5-7, 10~12) and optical (5-7) properties exhibit markedly non-Gaussian be-
havior. The desired data were obtained from networks with various short-
chain—long-chain compositions in the unswollen state at 0-90 °C. The results
were used to characterize (1) the non-Gaussian behavior in terms of the
stress optical coefficient C (2) and (2) intermolecular correlations as repre-
sented by the nonintrinsic part of the optical anisotropy (6, 13).

Theory

The relationship between the measured relative retardation (R) and the
stress-induced birefringence (An) is given by R = tAn (2), in which ¢ is the
sample thickness. The stress optical coefficient C is defined by An = C7 (2),
in which 7 is the true stress (t = f/A; f is the force in newtons per square
millimeter, and A is the cross-sectional area of the network sample). This
coeflicient is thus simply the slope of the line in a plot of An versus 7. Finally,
the optical configuration parameter Aa is defined by

45kT n An
Aa= ( o )( T z>2) (*) W

in which k is the Boltzmann constant and n is the refractive index of the
network. This parameter may be calculated also by using rotational isomeric
state theory (13) and is an important quantity for testing theoretical aspects
of the optical behavior of networks.

The stress optical coefficient C merits special attention, because it leads
directly to the parameter I, that characterizes the optical anisotropy of the
network chain under strain. T', is defined by (13)

)

in which a; is the anisotropic part of the polarizability tensor contributed
by the structural unit indexed by i, r is the end-to-end distance of the chain,
and T is the temperature in kelvins. The average unperturbed end-to-end
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distance of the chain is denoted by <r?>_. In terms of C, I'; is given by

2TnkTC
= — 3
T2 2m(n? + 2)? ®)

in which n is the refractive index.

Experimental Details

The PDMS chains used were hydroxyl terminated and were obtained from Petrarch
Systems, Inc. (Bristol, PA). Their number-average molecular weights (M,) were 660
and 880 g/mol for the short chains and 21.3 X 10° g/mol for the long chains (7).
Their polydispersity indices would be expected to be ~2.

Two sets of networks were prepared. In the first network, the M, of the short
chains was 660 g/mol (660-21.3 X 103), and in the second network, it was 880 g/
mol (880-21.3 X 10%). The compositions of the networks are given in Table I. The
chains were end linked with tetraethoxysilane, with stannous 2-ethylhexanoate as
catalyst. The reactions were carried out for 2 days under a protective atmosphere of
nitrogen at room temperature. Additional details are given elsewhere (7, 8, 14). All
sample sheets thus prepared were gently extracted to remove the approximately
3 wt % soluble material they contained.

Strips (ca. 30 mm by 80 mm by 1 mm) were cut from the extracted sheets. The
thicknesses of the strips were determined from their densities by weighing them
after their lateral dimensions had been determined by means of a cathetometer.

The tensile force and birefringence were simultaneously measured as functions
of the strain. In brief, the samples were suspended vertically between two clamps;
the lower clamp was fixed, and the upper clamp was connected to a force transducer
(Statham “strain” gauge). The output of the transducer was monitored by a Hew-
lett—Packard chart recorder (7, 8). Values of the birefringence An were determined
by using a single-frequency He-Ne laser according to well-established procedures
(2, 7, 8). Values were calculated directly from the sample thickness and the relative
retardation R, which was measured with a Babinet-type compensator. The meas-
urements on the 660-21.3 X 10° samples were carried out at 0-90 °C, and those
on the 880-21.3 X 10° samples were carried out at 25 °C.

Table 1. Optical Properties of Bimodal PDMS Networks

M, of Mol % of Optical
Short Chains Short Chains Anisotropies _
(g/mol) in Network® T(C) C(x 109" T,(A) T, (A%
660 90.8 10 1.37 0.21 0.17
92.0 1.17 0.18 0.14
880 60.0 25 1.74 0.28 0.24
70.0 1.52 0.25 0.21
93.4 0.71 0.12 0.08

“The short chains were combined with long chains with M, = 21.3 x 10° g/mol.
bC is the stress optical coefficient in square millimeters per newton.
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Results and Discussion

Typical birefringence—stress results, for the 660-21.3 x 10° networks, are
shown in Figure 1. The anomalous downward curvature at large a at this
composition, 92.0 mol % short chains, is larger than that obtained at 90.8
mol % (7) but much less than that obtained at 93.4 mol % (8), even though
the short chains were somewhat larger in this case (M, = 880 g/mol). The
curvature does not seem to depend on temperature, as it would if strain-
induced crystallization was important (5). Values of C calculated from the
least-squares representation of these data and from the corresponding data
for the other networks are given in Table I. The decrease in C with increase
in mole percent of the short chains is characteristic of this type of non-
Gaussian behavior (8).

Some of the birefringence—temperature results for the same networks
are given in Figure 2. Again, no changes of birefringence with temperature
were observed that would suggest a significant intermolecular contribution
to the non-Gaussian behavior. Values of 10%¥Aa calculated from equation 1
for one of the 660-21.3 X 10° networks are shown as a function of tem-

8 —71—T1 71T T T 1

21— ° _

I N S S| | 1
(o] 0.4 0.8 1.2 1.6

f/A, N mm

Figure 1. Dependence of birefringence on true stress of bimodal PDMS network

containing 92.0 mol % short chains. The measurements were carried out at

elongation in the unswollen state at 20 (O), 40 (©), and 60 (@) °C. The slopes
of the lines are C, the stress optical coefficient.




Published on May 5, 1989 on http://pubs.acs.org | doi: 10.1021/ba-1990-0224.ch011

11. GaLiaTsATOs & MARK Bimodal Networks of Poly(dimethylsiloxane) 205

perature in Figure 3. The value at ~25 °C is 3.8 cm®, with a temperature
coefficient (10®dAa/ dt) of 0.038 cm?®/K. These results are in excellent agree-
ment with the values of 3.2 cm?® and 0.037 cm®/K obtained during a previous
study of bimodal PDMS networks (5) but are somewhat different from the
values of 5.2 cm® and 0.063 cm®/K reported for unimodal PDMS networks

t,°C
Figure 2. Temperature dependence of birefringence for PDMS network con-

taining 90.8 mol % short chains. Each curve is labeled by the value of the
elongation or relative length of the sample.

T T T 1T 1T T 71T 177171

»
T
|

10%®° Aa, cm®
H
T
1

N
-

0 20 40 60 80 100
t, °C

Figure 3. Temperature dependence of optical configuration parameter for
PDMS network containing 90.8 mol % short chains.
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(4). There is a large uncertainty in the intrinsic optical anisotropy of PDMS
chains because of its very small value (4, 5).

Values of the optical anisotropy I', calculated from equation 3 are given
in Table 1. These values were resolved into an intrinsic contribution I'y® =
0.04 A% (6) and an excess contribution I',* due to intermolecular correlations
(6, 15) according to the following equation:

[, =Ty + I 4)

Values of the correlational contribution are listed in Table I. The correlational
contributions decrease with an increase in the mole percent of short chains
in the network. This trend is also consistent with the conclusion that inter-
molecular interactions have little to do with the non-Gaussian behavior ex-
hibited by bimodal PDMS networks.

Acknowledgment

It is a pleasure to acknowledge the financial support provided by the National
Science Foundation through Grant DMR 84-15082 (Polymers Program, Di-
vision of Materials Research).

References

1. Flory, P. J. Principles of Polymer Chemistry; Cornell University Press: Ithaca,

NY, 1953.

Treloar, L. R. G. The Physics of Rubber Elasticity; Clarendon: Oxford, 1975.

Mark, J. E.; Erman, B. Rubberlike Elasticity: A Molecular Primer; Wiley-

Interscience: New York, 1988.

4. Liberman, M. H.; Abe, Y.; Flory, P. J. Macromolecules 1972, 5, 550.

5. Zhang, Z.-M.; Mark, J. E. J.' Polym. Sci., Polym. Phys. Ed. 1982, 20, 473.

6. Erman, B.; Flory, P. J. Macromolecules 1983, 16, 1601, 1607.

7. Galiatsatos, V. Ph.D. Thesis, University of Cincinnati, 1986.

8. Galiatsatos, V.; Mark, J. E. Macromolecules 1987, 20, 2631.

9. Arkles, B. CHEMTECH 1983, September, 542.

10. Mark, J. E. Acc. Chem. Res. 1985, 18, 202.

11. Mark, J. E. Polym. J. 1985, 17, 265.

12. Mark, J. E. Brit. Polym. J. 1985, 17, 144.

13. Flory, P. J. Statistical Mechanics of Chain Molecules; Wiley-Interscience: New
York, 1969.

14. Llorente, M. A.; Andrady, A. L.; Mark, J. E. J. Polym. Sci., Polym. Phys. Ed.
1981, 19, 621.

15. Galiatsatos, V.; Mark, J. E. Polym. Bull. 1987, 17, 197.

RECEIVED for review May 27, 1988. ACCEPTED revised manuscript October 26, 1988.



Published on May 5, 1989 on http://pubs.acs.org | doi: 10.1021/ba-1990-0224.ch012

12

New Inorganic—-Organic Hybrid
Materials Through the Sol-Gel
Approach

Garth L. Wilkes, Hao-Hsin Huang, and Raymond H. Glaser

Polymer Materials and Interfaces Laboratory, Department of Chemical
Engineering, Virginia Polytechnic Institute and State University,
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To meet the challenges of new material requirements, scientists must
strive constantly to develop new systems. One recent approach has
been to prepare inorganic-organic hybrid materials by using the
sol-gel method common to ceramists. This technique allows a con-
siderable range of chemistry to be used and may lead to the devel-
opment of a whole array of systems that have potential applications
(structural, optical, etc.). This chapter provides an overview of the
general status of this approach, with emphasis on the work that comes
from our laboratory. The chemistry discussed in this chapter involves
the use of silicon-containing species in the preparation of polymeric
network systems.

MANY YEARS AGO, LORD TAYLOR of the Royal Society remarked that “The
development of a civilization depends on new materials.” This statement
remains true in today’s modern world of technology and will undoubtedly
continue to be valid in the future.

The three general categories of materials are metals, ceramics (inorganic
materials), and polymers. This broad classification is based mainly on the
nature of the chemical bonds, which are metallic, ionic, and covalent. How-
ever, these latter divisions do not have particularly distinct boundaries in
most cases, because the chemical bond is often a hybrid of these three types.
For example, most covalent bonds have some degree of ionic character

0065-2393/90/0224-0207$06.00/0
© 1990 American Chemical Society
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because of the differences in electronegativity or electron affinity of the
bonded atoms, and metallic character can be present, depending on the
level of electron mobility.

Through the combinations of different types of primary and secondary
bonding and processing methods, materials with new properties can be
produced for electrical, optical, structural, or related applications. This chap-
ter addresses some of the principles of developing new hybrid materials by
combining inorganic metal alkoxides and organic oligomers and polymers.
These species are combined by using the general sol-gel reaction scheme
familiar to ceramic chemists. However, in addition to the sol-gel reaction,
other approaches such as ring opening and free-radical polymerization may
also be incorporated. Under appropriate conditions, the combined reactions
of the different precursor species can be used to develop high-molecular-
weight networks, which, eventually, lead to the production of hybrid solids.

This chapter will not belabor in great detail the synthesis and struc-
ture—property behavior of those systems that have been prepared within
our laboratory. Rather, some of the basic concepts involved in preparing
these hybrid sol-gel materials will be reviewed. An overview of methods,
including those routes taken by other researchers, will be presented. How-
ever, greater emphasis will be given to those materials that we have pre-
pared, primarily because only limited structure—property studies have been
carried out by other workers in the field. Further details of our studies on
many of the hybrid materials (initially denoted as “ceramers”) can be found
elsewhere (1-9).

General Considerations of the Sol-Gel Process

The sol-gel reaction has been used to prepare inorganic-organic hybrid
materials. In this general reaction, hydrolysis and condensation of a metal
alkoxide species such as tetraethylorthosilicate (TEOS) take place, and a
network is formed in the process. During the build-up of this inorganic
network, appropriately functionalized organic (or potentially organic—
inorganic) moieties that can also undergo the same condensation reaction as
the hydrolyzed metal alkoxides are also incorporated. This method can lead
to either an alloylike material, if molecular dispersion is obtained, or a system
with more of a microphase morphological texture.

To understand the preparation of hybrid solids by the sol-gel method,
the principles of the general sol-gel reaction (in the sense of inorganic
constituents only) must be understood. In the last two decades, a tremendous
amount of research effort has been devoted to the sol-gel area, and great
progress has been made in understanding the reaction mechanisms. We will
not do a thorough review of the entire sol-gel field; interested readers may
refer to other studies and reviews (10-26). However, a general explanation
of the sol-gel reaction is appropriate.
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The Sol-Gel Reaction. The general sol-gel reaction scheme is com-
posed of a series of hydrolysis steps in conjunction with condensation steps
(Scheme I). Both the hydrolysis and condensation steps generate low-mo-
lecular-weight byproducts. These byproducts often cause serious compli-
cations in the preparation of thick crack-free solid materials because of the
drying stresses incurred by their removal.

For example, Scheme I shows that hydrolysis of a silicon alkoxide results
in the generation of an alcohol such as ethanol (in the case of TEOS). This
small molecule must be removed from the system for suitable network de-
velopment and solidification. Such removal would lead, in the limit, to a
tetrahedral SiO, network. In addition, the condensation reaction of hydro-
lyzed silicon alkoxide results in the generation of water, which must also be
removed. However, water can also promote additional hydrolysis during the
reaction, as is obvious from Scheme I. Finally, Scheme I indicates that these
reactions are promoted in either acidic or alkaline environments.

If these catalytic species are in sufficient quantity and are retained, the
thermochemical stability and perfection of the final network may suffer.
Indeed, the nature of the catalyst and, in particular, the pH of the reaction
have a very pronounced effect on the hydrolysis and condensation reactions.
These effects have been well reviewed in the literature (27-31), but the
kinetics of individual reactions under acidic or basic conditions needs to be
elucidated further. In fact, Chapter 13 by Keefer in this volume addresses
the influence of pH on the nature of the network build-up that occurs in
the hydrolysis and condensation of common metal alkoxides such as TEOS.
In brief, the presence of acid tends to produce more-linear or polymerlike
molecules in the initial stages. These molecules would then coalesce in the
drying process and eventually form a high-density material. In contrast, an
alkaline environment tends to produce more of a dense-cluster (Eden cluster)
growth leading to dense particulatelike structures. These particles would
later bridge to form a very inhomogeneous system in terms of density fluc-
tuations.

Si(OR), + H,
(HO)Si(OR), + H,
(HO),Si(OR), + H,
(HO),Si(OR) + H,
=Si-OR + HO-Si
=Si-OH + HO-Si= <

—_

HO)Si(OR); + ROH
HO),Si(OR), + ROH
HO),Si(OR) + ROH
i(OH), + ROH

Si-O-Si= + ROH
Si-O-Si= + HOH

© O © O

w

Y A Y

A
]

Scheme 1. Sol-gel reaction scheme. All reactions are catalyzed typically by
the presence of an acidic or an alkaline medium.
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Factors Affecting Sol-Gel Reactions. Figure 1 illustrates the gen-
eral influence of pH on the hydrolysis and condensation reactions. This figure
should be viewed cautiously, because it is only a general scheme and does
not indicate the relative rates of hydrolysis or condensation as each individual
alkoxide group in a given metal alkoxide species is removed or reacted.
Further details regarding the relative rates of reaction as followed by NMR
can be found elsewhere (32). Finally, in the later stages of the network-
forming reaction, further restrictions on functional-group reactivity are con-
trolled by steric and diffusion effects, as well as by the nature of the chemical
environment (such as local pH and vitrification).

Mixed metal alkoxide systems are also of interest as a means of creating
additional hybrid systems. However, recognition of the large differences in
their hydrolysis and condensation rates is crucial. For example, if titanium
isopropoxide is made to react under the same conditions as might be used
for TEOS, hydrolysis and condensation rapidly occur and lead to particulate
rather than network formation of TiO,. Cocondensation with TEOS under
these conditions does not occur because of the fast precipitation of the
titanium dioxide species. Indeed, of the general metal alkoxides, those based
on silicon tend to be more easily controlled because of their slower hydrolysis

Condensation

[

Relative Rate
(Not To Scale)

Hydrolysis

|

L
2 7 12
PH
Figure 1. General effect of pH on the relative rates of hydrolysis and conden-

sation for TEOS. (Reproduced with permission from reference 31. Copyright
1987 American Institute of Physics.)
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and condensation rates relative to the majority of other metal alkoxides (33).
However, some control of reactivity of any given metal alkoxide is possible
through the choice of the alkoxy group that influences the polarizability of
the metal-alkoxide bond. In addition, the size of the alkoxy group can
influence the level of reactivity through steric or leaving-group-stability ef-
fects. Therefore, a species such as tetramethylorthosilicate (TMOS) tends to
be more reactive than TEOS. Discussion of these points has been given by
Bradley et al. (34).

Control of Reactivity. One way to overcome large differences in the
reactivity of two metal alkoxide species is to use a chemically controlled
condensation (CCC) procedure, which was first proposed by Schmidt and
Seiferling (35). In their procedure, hydrolysis of theifast-reacting alkoxide
species is slowly initiated by the controlled release of water from the ester-
ification of an organic acid with an alcohol. The starting reaction mixture
contains only the reacting alkoxides and the chosen acid—alcohol system (no
water). Once the fast-reacting alkoxide has been partially hydrolyzed and
condensed, water is added to complete the overall reaction and to incorporate
the slower reacting alkoxide (such as TEOS).

A different method was used by Parkhurst et al. (36) to incorporate
titanium ethoxide into TEOS-based silica gels. In their procedure, the TEOS
species is allowed to hydrolyze partially and condense in the presence of an
acid catalyst and water before the fast-reacting titanium ethoxide is added.
Once introduced, the titanium ethoxide quickly hydrolyzes and condenses
into the preexisting immature TEOS-based network rather than precipitating
as titanium dioxide.

In our laboratory, we have developed a hybrid procedure that uses
aspects of both of these earlier methods to incorporate titanium isopropoxide
into TEOS-based gels that contain functionalized oligomeric species of either
poly(tetramethylene oxide) (PTMO) or poly(dimethylsiloxane) (PDMS). In
our approach (Scheme II), the TEOS moiety, as well as the triethoxysilane-
end-capped PTMO or silanol-terminated PDMS species, is partially hydro-
lyzed and condensed by using a CCC system of glacial acetic acid and
isopropyl alcohol (no water). The titanium isopropoxide is added later. There-
after, the entire system is gently heated (refluxed) to facilitate the completion
of the hydrolysis and condensation reactions. With this method, very trans-
parent materials can be produced (7, 9). This result indicates a good dis-
persion of the titanium species, at least on a size scale distinctly smaller than
the wavelength of light; otherwise, high turbidity would result because of
the differences in the refractive indices of the components. Further details
on the nature of these materials will be discussed later in the chapter.

The CCC route may be applied to other mixtures of metal alkoxides
possessing quite different reactivities; Schmidt and Seiferling (35) have com-
mented on this possibility for zirconium alkoxides. Limited data have been
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hydrolysis
Si(OR), + 4H,0 —> Si(OH), + 4ROH
(RO),Si—~(PTMO)-Si(OR); + 6H,0 —=>
(HO),Si~(PTMO)-Si(OH); + 6ROH
polycondensation
Si(OH), + (HO),Si—~(PTMO)-Si(OH), —*>

|
O O o o

|

S |

o | |
~Ti-0-8$i-O-Si~(PTMO)-Si-0O-S$i-O-Ti- + 8R'OH + H,0

|
O 0 o O O O
|

Scheme I1. Titanium incorporation in TEOS-based gels containing function-
alized oligomers. R is C;H;s, and R’ is CH(CH);. The reactions for polycon-
densation and titanium incorporation are not balanced stoichiometrically.

.
O 0 o O O O
|
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presented on the structure of the final materials prepared. However, the
data indicate that good dispersion may have been obtained. Clearly, the
general CCC approach allows the building of systems with high dispersion
of a variety of metal oxide species—a novel route for new materials.

Control of Morphology. An interesting modification for preparing
somewhat related but different hybrid materials by using the sol-gel reaction
of TEOS (although other metal alkoxides might be used) has been undertaken
by Mark et al. (37—40). In their work, the starting material is a cross-linked
PDMS elastomer network prepared by an end-linking procedure on end-
capped PDMS. Such networks can be prepared by a number of methods
(39, 40). The important feature is that once this network has been prepared,
it is swollen by TEOS in the presence of alcohol. After swelling, the TEOS-
imbibed network can be exposed to an alkaline or acidic environment. Be-
cause of the diffusion of the water and catalyst, the pH changes accordingly,
and the reaction of TEOS takes place. This reaction will promote the de-
velopment of inorganic SiO, (not necessarily pure SiO,) particulates or oli-
gomerlike species within the network. Such species, if developed into
particulate form, can serve as an in situ means of preparing reinforced PDM$
elastomers, in contrast to the conventional route of adding silica fillers by
compounding.

As Mark et al. (37, 38) have shown, an alkaline catalyst such as ethylamine
will promote the particulate species of condensed TEOS with a size in the
order of 10 nm. These particles are well dispersed in the PDMS matrix, as
has been demonstrated by transmission electron microscopy (TEM). An
example of this morphology is shown in Figure 2, which illustrates the good
dispersion of SiO, particles as promoted by alkaline catalysis. In contrast, if
an acidic catalyst such as glacial acetic acid is used, the final morphology is
quite different and is less well defined, as indicated by the TEM studies
(38). This result is not surprising, in view of the fact that linear or oligomerlike
species tend to form from the hydrolysis and condensation reactions of TEOS
in an acidic environment. Therefore, acid catalysis is less amenable to distinct
SiO, particulate formation in the swollen networks and, hence, leads to poor
contrast in the TEM micrographs.

Hybrid Materials Incorporating Monomeric or Functionalized
Oligomeric Species

The general sol-gel reaction has been modified to prepare hybrid materials
(ceramers) incorporating functionalized monomers or oligomers. The func-
tional groups can react, or partially react, with the hydrolysis products of
the metal alkoxide (e.g., the silanol groups of hydrolyzed TEOS) to incor-
porate the oligomer or monomer of interest. With this approach, a new
range of material properties can be produced by combining the features of
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Figure 2. Transmission electron micrograph of hydrolyzed and condensed

TEOS particulates dispersed in a PDMS network as promoted by an alkaline

catalyst. (Reproduced with permission from reference 38. Copyright 1985
Butterworth.)

the inorganic sol-gel alkoxide moieties with those of a variety of organic or
inorganic species.

Incorporation of PDMS Oligomers. One successful system pre-
pared in our laboratory (1-4) is based on the incorporation of low-molecular-
weight (550-1700) PDMS oligomers terminally functionalized with silanol
groups into a TEOS network. In brief, if the oligomeric species can be
maintained in solution with the reactive sol-gel components and if hydrolysis
of the metal alkoxide is sufficiently rapid so as to provide hydrolysis products
of the alkoxide for reaction with the silanol-terminated oligomers, good dis-
persion of the functionalized oligomer in the final network of the two com-
ponents can be achieved. If, however, the hydrolysis of the alkoxide is not
sufficiently rapid, self-condensation of the functionalized oligomers leads to
chain extension and molecular weight build-up and finally results in poor
dispersion of the oligomeric or polymeric component.

Earlier studies (I—4) reported from this laboratory demonstrated that
functionalized PDMS can be successfully incorporated into a hybrid network
by using TEOS as the metal alkoxide. When analyzed for structural features,
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Figure 3. Effect of acid catalyst (HCI) content on the temperature dependence

of the dynamic mechanical parameter tan & for a series of TEOS(48)-

PDMS(1700)-50-X~80C materials. See text for sample nomenclature. (Re-
produced from reference 4. Copyright 1987 American Chemical Society.)

these materials showed some degree of localized phase separation of the
PDMS component. However, the dispersion of the oligomer into the alk-
oxide-based material could be enhanced by higher levels of the acid catalyst.
A higher concentration of acid catalyst would promote a higher rate of hy-
drolysis and provide a greater concentration of TEOS hydrolysis products
to react with the silanol-functionalized oligomers. Therefore, better overall
dispersion of the oligomer is achieved. Proof of this improved dispersion has
been obtained and presented on the basis of small-angle X-ray-scattering
(SAXS) measurements in conjunction with dynamic mechanical meas-
urements (3, 4) and, more recently, solid-state NMR investigations (Glaser,
R. H.; Huang, H.; Wilkes, G. L.; Bronnimann, C. E., unpublished results).

As one example, Figure 3 shows the ratio of loss to storage modulus
(tan 3) in the dynamic mechanical spectra of a series of materials made with
a silanol-terminated PDMS (weight-average molecular weight [M,,] 1700)
and TEOS as a function of acid catalyst content. [With regard to the sample
nomenclature used in Figure 3, TEOS(48)-PDMS(1700)-50-0.045-80C in-
dicates that the material was prepared with 48 wt % of TEOS, 52 wt % of
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the functionalized oligomer (PDMS in this case) with M, of 1700, 50% of
the stoichiometric amount of water for the hydrolysis reaction, an HCl/TEOS
molar ratio of 0.045, and a reaction temperature of 80 °C. This nomenclature
is used throughout this chapter. ]

The tan § data in Figure 3 indicate that as the acid catalyst content
increases, the glass transition region (dispersion) associated with the general
PDMS oligomer becomes highly broadened (The glass transition tempera-
ture [T,] of pure PDMS is approximately —120 °C.) This broadening at
considerably higher temperatures indicates restrictions on molecular mo-
bility and indirectly suggests further oligomeric dispersion into the more-
immobile cross-linked condensation products of the TEOS components.

Figure 4 shows a series of SAXS scans for the materials just discussed.
The variable s is an angular-dependent parameter defined as (2/\) sin (8/2),
in which 8 is the radial scattering angle and X is the wavelength of X-ray (in
nanometers). I(s) represents the smeared intensity. The decreasing magni-
tude of the scattering power (as indicated by the area under the scattering
curves) suggests progressively more homogeneous materials with increasing
catalyst content, that is, the scattering approaches very low levels as acid
content increases. An invariant analysis of these same SAXS scans gives more
positive support to this conclusion (4).

120
TEOS (48) -PDMS (1700) -50-X-80C
100}
>—
i—- L
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@ so
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| 40}k
)
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0 i
<
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090 o010 o020 030 040 050 060 0.7

Figure 4. SAXS profiles for TEOS(48)~PDMS(1700)-50-80C materials with
different levels of acid catalyst. See text for sample nomenclature. (Reproduced
from reference 4. Copyright 1987 American Chemical Society.)
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NMR and Raman data have indicated nearly equivalent levels of network
formation for all of these systems. This result suggests that comparisons of
the general SAXS intensity profiles of these materials indeed provide a
comparative indication of increasing homogeneity (better mixing) of the
TEOS and siloxane components as acid catalyst content increases. Although
further work is needed to support this conclusion, these subtle changes in
catalyst content apparently have significant effects on mechanical response.
One example is the dynamic mechanical response indicated in Figure 3.
Further indications of systematic effects on mechanical response with chem-
ical composition have been presented elsewhere (4).

Structural Modification of Oligomers. More recently, data from
our laboratory have indicated that if siloxane oligomers are end capped with
triethoxysilane groups (Scheme III), oligomers with higher functionality can
be obtained, and therefore, the chances of reacting with the hydrolyzed
products of TEOS or other metal alkoxides are higher. Figure 5 illustrates
a material prepared from such a multifunctionalized PDMS oligomer with
a M,, of 1000 with TEOS. The dynamic mechanical data indicate that no
significant degree of softening occurs in the temperature range expected for
pure PDMS. This finding indicates that the oligomer must be highly im-

hydrolysis

Si(OR), + 4H,0 —> Si(OH), + 4ROH
(RO),Si—~(PDMS)-Si(OR), + 6H,0 ——>
(HO),Si~(PDMS)-Si(OH); + 6ROH

polycondensation

Si(OH), + (HO),Si~(PDMS)-Si( OH); ——>

O o
+ H,0
(0] (0]

Scheme II1. Use of end-capped siloxane oligomers. R is C.Hs. The polycon-
densation reaction is not balanced stoichiometrically.

l

| | (l)
~Si~0-Si—(PDMS)-Si —O-Si

|

T

|
|
|
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Figure 5. Dynamic mechanical behavior of a triethoxysilane-end-capped PDMS
oligomer with a M. of 1000 reacted with TEOS: log storage modulus (E') and
tan d.

mobilized through cross-linking with the hydrolysis products of TEOS. Also,
the lack of a well-defined glass transition suggests a good dispersion of the
oligomer.

The use of functional groups comparable to those that exist on the
alkoxide group is certainly a logical method of preparing hybrid systems.
Schmidt and Seiferling (35) have suggested similar procedures for producing
hybrid materials by using oligomeric species that contain unreacted func-
tional groups that can be reacted (or triggered) after the sol-gel process is
complete. For example, Scheme IV illustrates the coupling of an oligomeric
species terminated with one functional group that can react with the metal
alkoxide, with the other terminal point containing an allyl or a vinyl group
that could later undergo a free-radical or ionic reaction. The reaction of such
allyl or vinyl groups could lead to further chain extension, branching, or
cross-linking, depending on the nature of the reactive species within the
media (e.g., a species such as a divinylbenzene would provide a means of
additional network formation by the free-radical approach). Further discus-
sion of the work by Schmidt et al. (35, 41) is given elsewhere and will not
be reviewed here, except to indicate that multiple reaction schemes (free
radical, ring opening, etc.) might be utilized if the reactive medium so
permits.

Incorporation of PTMO Oligomers. Another approach used in our
studies is to incorporate oligomeric species whose chemistry contrasts to
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Scheme IV. Use of oligomers with unreacted functional groups. (Reproduced
with permission from reference 41. Copyright 1984 Elsevier.)

that of the metal alkoxide. In particular, we have used triethoxysilane-func-
tionalized PTMO oligomers rather than the silanol-terminated PDMS oli-
gomers discussed earlier. These functionalized PTMO systems have been
prepared with a variety of molecular weights and then reacted with TEOS,
TMOS, or mixed metal alkoxide systems of TEOS and titanium isopropoxide
(5, 7-9). This work shows that a variety of chemical reactions can be used
to generate a diversity of material characteristics. Indeed, the functionalized
PTMO oligomers react well with the hydrolysis products of the metal alk-
oxide; however, they tend to form a local phase separation or microdomain
structure somewhat similar to the segmented or block polymers familiar to
the polymer chemists (42—44). A distinct indication of this local phase sepa-
ration is provided by Figure 6, which shows the SAXS profiles. In these
profiles, distinct maxima (although broad because of slit smearing) strongly
indicate a correlation distance over which a periodic fluctuation in electron
density occurs. Such a shoulder or pseudo-Bragg peak appears in the PTMO-
based systems, whereas it is absent in the PDMS-containing hybrid materials
discussed earlier.

Analysis of these SAXS profiles suggests that this correlation distance
(ca. 1/s, an indicator of pseudo-Bragg spacing; Figure 6) or average peri-
odicity in electron density fluctuations is in the order of about 10 nm. This
length is not unreasonable when the general chain or coil dimensions of the
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/"\-\ TEOS(60)—PTMO(X)—100—0.04—RT
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Figure 6. Effect of molecular weight of PTMO oligomer on the SAXS profiles
of a TEOS(60)-PTMO(X)-100-0.04—RT system. RT is room temperature. See
text for sample nomenclature.

PTMO oligomers are taken into account, along with the size of clusters that
may form from the highly condensed hydrolysis products of TEOS (7).

A simplified model based on the interpretation of the mechanical data
in conjunction with the SAXS results is provided in Figure 7. This highly
schematic model indicates that compositional variations in the materials
occur over a correlation distance given approximately by the value 1/s. The
general matrix is probably rich in PTMO, although some mixing with partially
condensed TEOS is likely because of its broadened and raised glass transition
response, whereas the dispersed regions are richer in TEOS condensation
products. Further details regarding the justification for this model can be
found elsewhere (7). Similar SAXS behavior is found for those systems con-
taining titanium isopropoxide, although these materials are made by using
the modified CCC method described earlier (7).

In contrast to the materials prepared by using PDMS oligomers, the
PTMO-containing materials typically provide a much more enhanced strain-
to-break mechanical response, as well as tensile strength, for an equivalent
volume content (4, 7). An indication of this behavior is shown in Figure 8,
which illustrates three examples of the stress—strain behavior of materials
prepared with TEOS and functionalized PTMO(2000) at constant water and
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Figure 7. Proposed model of the local morphological structure in the

PTMO-TEOS hybrid systems, in which 1/s is an estimate of the correlation

distance. (Reproduced from reference 7. Copyright 1987 American Chemical
Society.)

TEOS(X)—PTMO(2000)—100—0.04—RT

STRESS (MPa)

0 L N 1
0 X 60 0 120

STRAIN (2)

Figure 8. Effect of TEOS content (X) on the tensile behavior of a series of
TEOS(X)-PTMO(2000)-100-0.04—RT materials. RT is room temperature. See
text for sample nomenclature.
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acid contents. The initial weight percentage of added TEOS ranged from
50 to 70 wt %. The data indicate clearly that the strain-at-break ranges from
several percent to over 100%, whereas the tensile strength may be as high
as 30 MPa. In contrast, the tensile strength measured for materials incor-
porating PDMS-functionalized oligomers terminated with single silanol
groups never exceeds 6 MPa, and the strain-at-break typically is less than
20% (4). The use of triethoxysilane groups, which provides higher function-
ality to the organic oligomers and therefore more potential links with the
hydrolysis products of TEOS, results in a considerable enhancement in
mechanical properties.

The PTMO-containing materials display a glass transition dispersion that
is broader and higher than that of the pure PTMO component. The T, of
pure PTMO of reasonable molecular weight is about —75 °C (45). Figures
9a and 9b show the dynamic mechanical behavior (log storage modulus [E']
and tan d) of a series of PTMO-containing materials as a function of TEOS
content. These materials were made with a functionalized PTMO(2000) and
various TEOS contents, with the acid and water contents held constant.

The data in Figure 9a indicate a systematic change in mechanical be-
havior as restrictions on PTMO mobility increase as the result of a greater
metal alkoxide content. As either Figure 9a or 9b indicates, the glass tran-
sition dispersion behavior of the PTMO oligomers and the general overall
modulus temperature response vary quite dramatically with changing TEOS
content. Indeed, with TEOS at 10 wt %, the general softening or glass
transition response of the network prepared by the sol-gel approach is typical
of pure PTMO. In fact, an enhancement of modulus at about -50 °C is
observed. This rise is caused by partial crystallization of the oligomers, a
common response of PTMO oligomers in this molecular weight range (46).
Subsequent melting of these crystals occurs at about —25 °C. However, as
the TEOS content increases above 30 wt %, not only is the glass transition
dispersion broadened and shifted to higher temperatures but the inducement
of crystallizability (as indicated by a rise in modulus after the glass transition)
is completely eliminated. This lack of crystallizability is due, without doubt,
to restrictions caused by the presence of the TEOS-based components in-
teracting with the PTMO oligomers.

One of the unfortunate features associated with the PTMO-containing
systems is slow chemical aging at ambient temperature after gelation and
solidification. This aging is believed to be caused by the glass transition
dispersion of the PTMO, which, in these hybrid systems, is broadened into
the ambient-temperature region. This broadened dispersion restricts local
mobility caused by apparent localized vitrification, which in turn limits reac-
tivity and further network development. Unless the materials are annealed
at higher temperatures, these systems will undergo continued slow network
development over several weeks, which will be limited only by the diffusion
and mobility restrictions in the near-glassy environment.
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Figure 9. Effect of TEOS content (X) on the dynamic mechanical behavior
of a series of TEOS(X)-PTMO(2000)-100-0.04-RT materials: a, log stor-
age modulus; b, tan 8. RT is room temperature. See text for sample nomen-
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An example of this effect is illustrated in Figure 10, which shows a series
of stress—strain curves as a function of time for a material made with tri-
ethoxysilane-end-capped PTMO(2000) (50 wt %) in conjunction with titanium
isopropoxide (30 wt %) and TEOS (20 wt %). Over a period of many days,
the material clearly stiffens in terms of modulus build-up; hence, the time-
dependent mechanical characteristics would have to be recognized for any
application. However, such materials can be further cured thermally to
achieve a more stable mechanical response with time. Therefore, if this
aging phenomenon is noted, it can be dealt with accordingly.

Incorporation of Other Oligomeric Species. Oligomeric species
that are glassy in pure form at ambient conditions can also be incorporated
into sol-gel network systems, in addition to those possessing a more rub-
berlike backbone such as PDMS or the PTMO components discussed in the
previous sections. Indeed, materials incorporating triethoxysilane-function-
alized poly(ether ketone) (PEK) oligomers (which possess a T, in the order
of 180 °C in the pure form) have been successfully made through a sol-gel
reaction with TEOS. The limitations on the extent of reaction (cross-linking)
in such a system because of the more glasslike or stiffer oligomer are clearly
much greater than those imposed by the broadened T, of the PTMO dis-

20 30 WT% TITANIUMISOPROPOXIDE:

20 WT% TEOS:50 WT% PTMO(2900MW)

AGED 3 DAYS A
AGED 7 DAYS B
151 AGED 33 DAYS C
AGED 105 DAYS D

—_ —C

E —~ D — //

E e - —

= ./_/ - _——

0 10 o T B
) - / ,,,,,

w o

E g / ,,,,,

(72] /'/ ,,,,

0 10 20 30 40 50 60 70 80 90 100 110 120
STRAIN (%)

Figure 10. Effect of aging on the tensile behavior of a titanium isopropox-
ide-TEOS-PTMO(2900) (30:20:50 wt %) system after casting and drying at
22 °C.
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cussed previously. The level of network development can be extremely
restricted, because vitrification is approached through molecular weight
build-up in a way similar to that explained by Gillham (47) for common glassy
network systems such as epoxides, etc. As mentioned earlier, thermal treat-
ment of such materials that allows further curing will result in network
enhancement that will raise mechanical integrity and glass transition be-
havior accordingly. Studies concerning materials made by the incorporation
of triethoxysilane-functionalized PEK oligomers into TEOS will be reported
shortly (Noell, J. L.; Mohanty, D. K.; Wilkes, G. L. J. Appl. Polym. Sci.,
in press). In brief, their structure has a microdomain-type morphology sim-
ilar to that of the PTMO-functionalized oligomers described earlier.

Conclusion

Hybrid network materials that use the sol-gel reaction scheme familiar to
ceramists and inorganic chemists can be prepared. The final properties of
these materials depend on the choice of metal alkoxide and functionalized
oligomer. This method of preparing new and novel materials is in its early
stages and will, with time, lead to some useful applications in structural and
electronic-related materials, new catalyst or porous supports for chromatog-
raphy, etc. The range of chemistry available for producing such hybrid
organic—inorganic systems is immense. We hope that this brief overview
will stimulate new research for the design of new materials accordingly.
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Structure and Growth of Silica
Condensation Polymers

Keith D. Keefer

Ceramics Development Division, Sandia National Laboratories,
Albuquerque, NM 87185

Inorganic silicate polymers are prepared by the hydrolysis of silicon
alkoxides and subsequent condensation of the resulting silanols. The
structures can be described only in a statistical fashion by means of
fractal geometry. The structures are controlled by the relative rates
of the hydrolysis reactions that generate reactive silanol groups and
the condensation reactions of those groups. Under alkaline condi-
tions, hydrolysis tends to be slow with respect to condensation, and
nonfractal colloidal structures form by a nucleation- and reaction-
limited growth process. Under acidic conditions, hydrolysis tends to
be fast with respect to condensation, and “polymeric” fractal struc-
tures with D (mass fractal dimension) = 2.1 are formed by reaction-
limited cluster aggregation. The exact structure in real systems may
only approach these idealized cases.

THE CONDENSATION POLYMERIZATION of tetrafunctional silicate monomers
is the basis of the so-called “sol-gel” process for making glass. The goal is
to produce dense, water- and carbon-free “glass” by a low-temperature,
chemical route rather than by conventional high-temperature melting. These
completely inorganic polymers ideally would have all of the desirable prop-
erties of fused silica: hardness, transparency, chemical durability, and ther-
mal resistance. Low-temperature chemical processing would permit these
materials to be used as protective or dielectric coatings on a variety of
substrates, such as organic polymers or integrated circuits, which could not
withstand contact with a molten glass.

The reactive functional groups in the polymerization reaction are sil-

0065-2393/90/0224-0227$06.00/0
© 1990 American Chemical Society
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anols, SiOH groups. These groups are generated concurrently with the
polymerization reaction by the controlled hydrolysis of silicon compounds,
typically alkoxides (equation 1).

H* or ~OH

Si(OR), + H,0 Si(OR),0OH + ROH 1)
In this equation, R may be H, an alkyl group, or SiOR.

The silanols generated by the hydrolysis reaction spontaneously undergo
a condensation polymerization to form a siloxane (S—0O-Si) linkage and either
a water molecule from the reaction of two silanol groups or an alcohol mol-
ecule from the reaction of a silanol with an alkoxide group:

2Si(OR);0H — (RO),SiOSi(OR); + H,0 @)
Si(OR),0OH + Si(OR), — (RO),SiOSi(OR);, + ROH ®3)

The condensation of two alkoxides to form an ether and a siloxane bond is
generally not observed.

The chemistry of these hydrolysis and condensation reactions is very
complicated. Both reactions are pH sensitive. Acids and bases catalyze the
hydrolysis reactions, although each to a different extent (1). The condensation
reaction is also highly pH dependent. Water is consumed in the hydrolysis
reaction but liberated in the condensation reaction. To fully activate all of
the silanols initially requires twice as much water as is consumed in the net
reaction. To use less water means the reactions will be closely coupled. The
reactions are usually conducted in a solvent, because the alkoxides are im-
miscible with the water required for hydrolysis. The usual solvent is the
alcohol corresponding to the alkoxide group of the silicon source, which is
also a byproduct of the reactions.

Because each monomer is potentially tetrafunctional, all sorts of partially
hydrolyzed and partially condensed species are possible. For example, 10
distinct dimers may be formed. Many cyclic species can occur. Many of the
species in solution are metastable with respect to anhydrous, amorphous
Si0,, and rearrangements occur with time (2). The complexity of this system
means that the structure and growth of these polymers can be described
only in a statistical and geometric fashion rather than by a more conventional
description in terms of topologies (such as chains and cross-links) and mo-
lecular weights. The most useful and intuitive description of the structure
of these polymers is in terms of fractal geometry.

Fractal Structures

Random structures are inherently more difficult to describe than the ordered,
periodic structures of crystals. With the exception of a few special cases,
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such as random-walk polymers, little of a quantitative nature could be said
about random structures until the development of fractal geometry and the
accompanying realization that the structures that result from many random
processes are, in fact, fractal (3-5).

Fractal structures have the peculiar property of self-similarity; their
appearance is unchanged after a change in magnification. This property is
more formally described as dilational symmetry, which is analogous to the
translational and rotational symmetries of a crystal. Just as the structure of
a crystal appears unchanged after a vector translation of an integral number
of unit cells, a fractal structure appears unchanged after a scalar multipli-
cation. The macroscopic structure of a crystal can be generated from a de-
scription of the relative locations of its component atoms and its vector
symmetry, and a fractal structure can be generated from a statistical de-
scription of its components and its scalar symmetry.

The scaling properties of fractal structures, both surface and mass struc-
tures, are quantified by their fractal dimensions. A mass fractal dimension
(Dg) may be defined in the following way. The mass (M) of an object may
be expressed as a power law of its radius (R).

M « RP' @)

For an ordinary (Euclidian) object, the exponent, Dy, is equal to the di-
mension of the space in which the object exists. For example, in three
dimensions, the mass of a sphere scales as its radius to the third power. In
contrast, for a fractal object, the exponent Dy is not equal to the dimension
of space and, in general, is not an integer. However, Dy is analogous to the
dimension in the equation for Euclidian objects and is called the fractal (from
fractional) dimension.
A surface fractal dimension (D,) may be defined in a similar manner:

S « RD: (5)

In equation 5, S is the surface area.

Mass fractal dimensions are always less than the dimension of the space
in which the fractal object exists. Therefore, as a fractal structure grows, its
mass increases less rapidly than the volume it occupies. Therefore, the
density of a fractal object is not constant but decreases with increasing size.
Surface fractal dimensions, on the other hand, must lie in the range of one
less than the dimension of space up to the dimension of space. The surface
area of these objects increases with increasing mass at a faster rate than for
Euclidian objects. As a result, the surfaces are very convoluted. Both types
of structures are observed in silica polymers.

Real objects can appear fractal only over a limited range of length scales.
At very short length scales, one will probe a real object’s nonfractal atomic
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and molecular structures, and the finite size of real objects sets an upper
limit to fractal behavior.

Much of the current interest in fractal geometry stems from the fact that
fractal dimensions are experimentally accessible quantities. For polymers
and colloids, the measurement techniques of choice are scattering experi-
ments using X-rays, neutrons, or light. These measurements may be made
on liquids or solids and can be performed readily as a function of time and
temperature. Both mass and surface fractal structures yield scattering curves
that are power laws, the exponents of which depend on the fractal dimension
(6). For mass fractal structures the relation is

I(h) = AR~ 6)

in which I is the observed intensity, h (h = 4w sin ®/\ and 2® is the
scattering angle) is the magnitude of the scattering vector, and A is a pro-
portionality constant that depends on the number of particles and their mass
and scattering cross-section.

For surface fractal structures the analogous expression is

I(h) = BhP5 (7

in which B is the proportionality constant related to the total surface area
in the scattering volume (7). (Equation 7 is a generalization of Porod’s law,
to which it reduces in the case of nonfractal, D, = 2, surfaces.)

Fractal dimensions are easily extracted from log-log graphs of I(h) versus
h. Mass fractal structures will give slopes between —1 and -3, and surface
fractal structures will give slopes between —3 and —4. If the scattering curves
are recorded with a slit geometry rather than a point geometry (as is com-
monly the case), the integration of the observed scattering curve over an
effectively infinite slit leads to a smearing that introduces a factor of h into
the equations. Thus, in such experiments, mass fractal structures will give
a slope between 0 and -2, and surface fractal structures will have slopes
between -2 and -3.

The determination of fractal dimensions from the power law behavior
of small-angle X-ray-scattering curves requires that the particles be quite
large. From consideration of the effects of finite particle and monomer sizes
described previously, it can be seen that power law scattering can only be
observed over an angular range corresponding to R, >> 1/h >> a, in which
R, is the electronic radius of gyration of the particle, and a is the dimension
of a monomer.

If the particles are small, this condition may never be met. It is still
possible, however, to determine a fractal dimension for such particles in a
scattering experiment. This method makes use of Guinier’s law, which ap-
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proximates the low-angle behavior of the scattering curves according to
equation 8

- kR
I(h) « N(AMY exp ( )

®)

in which N is the number of scattering particles and AM is the difference in
the number of electrons in the particle and in an equal volume of solvent
and is proportional to the molecular weight in dilute solution. The value of
the scattered intensity at 0° is therefore proportional to the product of the
number of scattering particles and the square of their molecular weight.

In a growth experiment in which the total scattering mass remains con-
stant and larger particles are formed out of smaller ones, the number of
particles will be inversely proportional to their molecular weight, and the
intensity at 0° will increase in direct proportion to the molecular weight (8,
9). Data are analyzed with Guinier’s law by graphing In I(h) versus h%. When
the Guinier approximation is valid, the data will fall on a straight line whose
slope is equal to R,*/3 and whose intercept is 1(0). The particle radius and
its mass are therefore determined independently from Guinier’s law, and
from equation 4, the slope of a log-log plot of 1(0) versus R, for varying
amounts of growth will be equal to the mass fractal dimension.

The concept of a fractal dimension enables the structures of silicate
species to be divided into two classes: (1) those with a dimension less than
3, which may be considered to be true polymers, and (2) those with a
dimension of 3, which are perhaps best described as colloidal particles (5).
The colloidal class may be further subdivided into particles with fractally
rough surfaces (D, > 2) and particles with “smooth” surfaces (D, = 2). In
this chapter, the term “polymer” will be used for any product of the con-
densation reaction, regardless of fractal dimension, although the term “pol-
ymeric” will be used for structures with dimensions less than 3, and the
term “colloidal” will be used for structures with dimensions equal to 3, in
keeping with the terminology used in the literature (9).

Sol-Gel Processing

The most common process for making inorganic silica polymers is the reaction
of water with silicon tetraethoxide (TEOS) in a solvent of ethanol. The major
factor controlling the properties of the silica polymers is the solution pH,
with water concentration being second. In acidic' solution, the resulting
polymers yield gels that are clear, have very fine porosity, and form fully
dense silica at relatively low temperatures (<800 °C). In contrast, in alkaline
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solution, the resulting polymers yield gels that are porous, translucent, and
become dense at higher temperatures (10).

Small-angle X-ray-scattering measurements have shown that the differ-
ent properties of the acid- and base-catalyzed materials are related to pH-
controlled differences in the structure of the macromolecules. In acidic so-
lutions, highly ramified, low-fractal-dimension (D; = 2.1) polymers are
formed; and in alkaline solutions, non-mass fractal (D; = 3) colloidal particles
are formed (these particles may have fractally rough surfaces, as will be
discussed later) (9, 11, 12). The low-fractal-dimension polymers can collapse
on drying to form fairly dense materials. These materials have a high specific
surface and very fine porosity. The large amount of surface water retained
in these materials acts as a flux when the gel is heated, and this flux promotes
the formation of a dense glass. The colloidal particles in the alkaline solutions,
on the other hand, do not collapse as readily when they dry and, thus, give
systems of interparticle pores that are relatively large and, hence, translu-
cent. These gels retain less water and therefore become dense at a higher
temperature.

Hydrolysis Reactions

Effect of pH. The structure of the silica polymers generated in these
reaction depends primarily on the relative rates of the hydrolysis and con-
densation reactions (11). These rates, in turn, depend on the solution pH,
the water concentration, and the alkoxide used. Lower molecular weight
alkoxides hydrolyze faster than higher molecular weight alkoxides, and ob-
viously, higher water concentrations favor hydrolysis. The major factor is
the solution pH. The hydrolysis reaction is catalyzed by both acids and bases,
and so the minimum in the hydrolysis rate occurs at a nominally neutral
pH. The condensation reaction, however, is fastest at a pH of about 5-6
(12), as will be discussed later. Under the acidic conditions usually used in
sol-gel processing (pH 3-7), the condensation reaction is the rate-limiting
step, whereas at higher pH, hydrolysis turns out to be the rate-limiting step.

Mechanism. Under acidic conditions and with adequate water, the
hydrolysis of silicon tetraethoxide (and tetramethoxide) is fast and complete
(13). A plausible reaction mechanism that accounts for a number of important
observations is simple acid-catalyzed nucleophilic substitution. A hydronium
ion should readily attack the basic alkoxide oxygen to form an activated
complex that decomposes to an alcohol and a silanol. Although silanols are
fairly acidic, at low pH they should remain protonated. Such a mechanism
implies that the reaction is readily reversible from a kinetic standpoint.
However, orthosilicic acid, Si(OH),, is apparently much more thermody-
namically stable than the alkoxide, and so the reaction goes to completion.
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Base-catalyzed hydrolysis of silicon alkoxides proceeds much more slowly
than acid-catalyzed hydrolysis at an equivalent catalyst concentration (I), the
tetraalkoxides being particularly resistant to attack (14). Hydrolysis proceeds
stepwise, with each subsequent alkoxide group more easily removed from
the monomer than the previous one (14). Alkoxide groups are much more
difficult to remove from polymers than from monomers.

These observations are easily explained by another simple reaction
mechanism, nucleophilic substitution of an alkoxide on silicon (12). In this
case, the basic alkoxide oxygens tend to repel the nucleophile, “OH, and
the bulkier alkyl groups tend to crowd it. Therefore, more highly hydrolyzed
silicons are more prone to attack. Because this mechanism would have a
pentacoordinated silicon atom in the activated complex, hydrolysis of a poly-
mer would be more sterically hindered than hydrolysis of a monomer. Rees-
terification would be much more difficult in alkaline solution than in acidic
solution, because silanols are more acidic than the hydroxyl protons of al-
cohols and would be deprotonated and negatively charged at a pH lower
than the point at which the nucleophile concentration becomes significant
(11). Thus, although hydrolysis in alkaline solution is slow, it still tends to
be complete and irreversible, if extensive polymerization does not occur
first.

Polymerization

Mechanism. The polymerization of silica is thought to occur by a
nucleophilic substitution mechanism as well (2, 11). The nucleophile is a
deprotonated silanol group, SiO~, which attacks a neutral silicate species.
The acidity of the silanol proton increases with the degree of polymerization
of the silicate species to which it is attached. Thus monomer Si(OH), is less
acidic than a silanol on an end-group silicate tetrahedron and is less acidic
than one on a middle group, etc. This mechanism accounts for the increase
in condensation rate with pH, because the concentration of reactive SiO~
groups will increase, and it accounts for the maximum in the condensation
rate at about pH 6, which occurs when the product of the concentrations of
the protonated and the deprotonated silanol species is highest. This mech-
anism also predicts that the preferred reaction is between tetrahedra of
different degrees of polymerization (2), because highly polymerized silicate
groups are more likely to contain an SiO~, and weakly polymerized tetra-
hedra are more likely to be neutral and therefore subject to attack. This
mechanism was proposed for aqueous alkali silicate solutions that tend to be
in the pH range of 3-12. At lower pH, other reaction mechanisms may
actually occur (2).

A major difference between silicate polymers and most organic polymers
is that the condensation of silica is reversible. Amorphous SiO, has a finite
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solubility (about 120 ppm) in water, and its solubility increases substantially
with increasing pH. The solubility of SiO, in neutral alcohols, however, is
essentially 0. Its solubility in mixed alcohol-water solutions or in acidic or
alkaline alcohol solutions is unknown. The evidence is clear, however, that
rearrangement of silicate polymers does occur in these solutions, and there-
fore, concepts such as solubility and supersaturation are valid. With the
foregoing observations, the structure and growth of silica polymers can be
understood in at least a qualitative fashion.

In alkaline solution, hydrolyzed silicate species are generated relatively
slowly, because TEOS hydrolyzes slowly. But if enough water and catalyst
are present, the degree of hydrolysis is quite complete, because the hy-
drolysates hydrolyze faster than the starting material. At high pH, the rate
of condensation is fast, but because of the higher solubility of silica at high
pH and because its rate of production is slow, the degree of supersaturation
is low. The low degree of supersaturation and the reversibility of the con-
densation reaction mean that critical nuclei of amorphous SiO, will be rel-
atively large and few in number. The preferred reaction of a monomer with
highly polymerized silicate tetrahedra favors this nucleation and growth
process, as does the low instantaneous monomer concentration. (The process
is similar to precipitation from a homogeneous solution.) The high pH de-
protonates the acidic silanols on the surface of these highly polymerized
particles. The negative charge causes the polymers to repel each other and
thus minimizes aggregation of the polymers while at the same time promoting
reaction of the surfaces with the weakly acidic and, hence, protonated and
neutral monomers.

Modeling. The process of nucleation and random growth has been
studied by means of a computer simulation called the Eden model (4, 15).
Although this model was originally designed to describe the growth of cell
colonies, the growth rules are the same as those operating in alkaline solution.
The value of such simulations is that the fractal dimension of the products
of the growth process and their size distribution, if polydisperse, may be
readily calculated (the number of monomers and the Cartesian coordinates
of each are known) and compared with the results of scattering experiments.

The simulation works as follows. A lattice is defined in the computer’s
memory, and a site at the center is designated the “seed” or nucleus. All
lattice sites immediately adjacent to the nucleus are designated “growth”
sites. One of the growth sites is selected at random and occupied by a
monomer. The monomer is considered to be part of the cluster, and the
sites adjacent to it also become growth sites. The process is continued until
the “particle” reaches any desired size. The growth sites simulate the reactive
silanols, and nucleation is simulated by the rule that a monomer may attach
only to the nucleus or another part of the cluster and not to another monomer.
The Eden model generates clusters that have a homogeneous mass density
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(Figure 1) and are therefore not fractal, just like the particles that are ob-
served when TEOS is hydrolyzed in alkaline solution.

Figure 1. A two-dimensional cluster grown by the Eden process. The clusters

in this simulation fill in, because all surface sites have equal probability of

growth whether or not they have “access” to the perimeter. This artifact is

more unreal in two dimensions than in three. (Reproduced with permission
from reference 19. Copyright 1986 Elsevier.)

It has been observed in small-angle X-ray-scattering experiments that
when silica polymers are grown in alkaline solution but under conditions of
restricted water for hydrolysis, fractally rough surfaces are produced (16).
The apparent fractal dimension of these surfaces depends on the amount of
water used in the hydrolysis (Figure 2), and if the water concentration is
low enough (less than 1 mol per mole of TEOS), the polymers may be mass
fractal. This phenomenon has been investigated with a variation of the Eden
model that simulates the effect of incomplete hydrolysis (12). In this variation,
potential growth sites on the monomer are “poisoned” before the monomer
is placed on a growth site. No monomers are allowed to occupy this poisoned
site. The poisoned site simulates an unhydrolyzed alkoxide group, and the
permanence of the poisoning simulates the resistance to hydrolysis of an
alkoxide group on a polymer. When a distribution of monomers of different
degrees of hydrolysis is used in this simulation, the resulting clusters range
from being completely nonfractal, to colloidal but with fractally rough sur-
faces, and to true fractal polymers (Figure 3). This behavior is in qualitative
agreement with the X-ray-scattering observations. The poisoned Eden model
encompasses the ordinary Eden model, percolation, and even a self-avoiding
random walk (the limiting case when only difunctional monomers are used).

Under acidic conditions, the relative rates of hydrolysis and condensation
are reversed. The hydrolysis reaction is quite fast and produces a much
higher degree of supersaturation of monomers than that produced in alkaline
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Figure 2. Small-angle X-ray-scattering curves from silica polymers grown in
alkaline solution with various ratios (R) of water to TEOS. The data are slit
smeared and are plotted as log 1(h) versus log h, with the curves displaced
vertically for clarity. The observed slopes are algebraically one greater than
would be observed with pinhole geometry. The curve for R = 1 is consistent
with a mass fractal structure with D; = 2.84. The curves for R = 2-4 arise
from colloids (Dy = 3) with fractally rough surfaces with D, = 2.71, 2.51,
and 2.45, respectively. (Reproduced with permission from reference 10. Copy-
right 1984 Elsevier.)

solution (17). Under these circumstances, monomer—monomer reactions are
frequent initially, and the size of a critical nucleus is very small. This situation
results in the formation of a large number of very small particles. Growth
proceeds by the reaction of these small molecules with each other to form
larger ones. Polymer—polymer reactions are more likely, because the poly-
mers are not charged (the silanols on the weakly polymerized molecules are
not very acidic and the pH is low), as they would be in an alkaline solution.
The lower solubility of silica monomer at low pH means that rearrangements
are less likely to occur.

Computer simulations of a similar growth process, called reaction-lim-
ited cluster—cluster aggregation, have been performed (15). This simulation
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Figure 3. Two-dimensional clusters grown with the poisoned Eden model. The
average functionality of the monomers in each cluster is three. The distribution
of functional groups among the monomers causes the different structures.
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starts with a large number of “monomers” rather than a single seed, as in
the Eden model. These monomers are then moved by the computer in a
random fashion to simulate Brownian diffusion. When two particles en-
counter one another, the probability that they will “stick” and form a larger
particle is less than unity; hence the description “reaction limited” (in con-
trast to simulations of diffusion-limited processes, in which the sticking prob-
ability is unity [15]). The newly formed particles continue to diffuse and
react with other particles as they are encountered. Unlike Eden growth, no
new monomers are added during the growth process. The fractal dimension
of the polymers formed in this simulation is about 2.1, which is very similar
to the values reported in small-angle X-ray-scattering studies of hydrolysis
and condensation in acidic conditions (I8).

A simple experiment shows that, in fact, the rate of hydrolysis relative
to condensation, and not the effect of the solution pH on the condensation
reaction, causes the pH dependence of the polymer structure. In this ex-
periment, the size and mass of particles grown in the same pH solution from
monomers that have different degrees of hydrolysis are measured as a func-
tion of time. The growth of polymers in solutions in which the alkoxide is
first hydrolyzed rapidly under acidic conditions (pH 3) and then polymerized
under alkaline conditions is compared with that of polymers grown such that
both hydrolysis and growth occur under alkaline conditions.

The results are shown in Figure 4, in which the scattered intensity at
0° (which is proportional to the molecular weight, as described earlier) is
plotted as a function of the polymer radius of gyration. A, B, and C in Figure
4 refer to different treatments of the reaction mixture. For solution A, single-
step hydrolysis of TMOS (silicon tetramethoxide) in alkaline solution (nom-
inally pH 8.6, 4 mol of H,O per mole of TMOS) was used. Solutions B and
C were first hydrolyzed (with 12 and 4 mol, respectively, of H,O per mole
of TMOS) for 30 s, and then, the pH of the reaction mixture was adjusted
(with NH,OH) to 8.6. Slopes corresponding to a fractal dimension of 2 fit
the data for the fully hydrolyzed solutions B and C, but the data for solution
A are better fit by a slope of 3. Thus we can conclude that the hydrolysis
pH, and not the growth pH, controls the fractal dimension.

The foregoing discussion presents a contrast of the two limiting ideal
cases. Both the hydrolysis and condensation rates are affected by parameters
other than pH, such as solvent, type of alkoxide, and concentration. Only
the tendencies of the solution behavior are discussed in this chapter. The
ideal limiting-case behavior may not always be observed.

Conclusions

Inorganic silicate polymers prepared by the hydrolysis of silicon alkoxides
evolve by a complicated reaction pathway. The structures can be described
only in a statistical fashion by means of fractal geometry. The structures are
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Figure 4. Results of small-angle X-ray scattering from silica polymers grown
by a one-step alkaline hydrolysis and condensation (pH 8.6, 4 mol of H:0 per
mole of TMOS) (A) and a two-step process consisting of hydrolysis in acid (pH
3) followed by growth at pH 8.6 with 12 (B) or 4 (C) mol of H:0 per mole of
TMOS. The logarithm of 1(0), which is proportional to the polymer molecular
weight, is plotted against log R,. The data for A are in good agreement with
colloidal (D = 3) particles, whereas those for B and C agree well with polymers
having Dy = 2.

controlled by the relative rates of the hydrolysis reactions that generate
reactive silanol groups and the condensation reactions of those groups. Under
alkaline conditions, hydrolysis tends to be slow with respect to condensation,
and nonfractal (D; = 3) colloidal structures are formed by a nucleation- and
a reaction-limited growth process. Under acidic condition, hydrolysis tends
to be fast with respect to condensation, and polymeric structures with D
= 2.1 are formed by a process similar to reaction-limited cluster aggregation.
The exact structure in real systems may only approach these idealized cases.
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Hydrolysis and Condensation Kinetics
of Dimeric Sol-Gel Species by *Si
NMR Spectroscopy

Daniel H. Doughty, Roger A. Assink, and Bruce D. Kay

Sandia National Laboratories, Albuquerque, NM 87185

High-resolution ®Si NMR spectroscopy was used to study the hy-
drolysis and condensation kinetics of monomeric and dimeric species
in the silicate sol-gel system. Peak assignments for the kinetics ex-
periments were determined by comparing acid-catalyzed reaction
solutions prepared with limited amounts of water with the synthet-
ically prepared dimeric, trimeric, and tetrameric species. ®Si NMR
peaks were assigned for 5 of the 10 possible dimeric species. The
temporal evolution of hydrolysis and condensation products has been
compared with a kinetic model developed in our laboratory, and rate
constants have been determined. The results indicate that the water-
producing condensation of dimeric species is approximately 5 times
slower than the water-producing condensation of the monomeric spe-
cies. The alcohol-producing condensation of dimeric species is com-
parable with that of monomeric species.

S OL-GEL PROCESSING has become an active area of research (1, 2), because
it provides synthetic routes to novel materials. To achieve this goal, the
manipulation and control of solution variables to tailor the chemical or phys-
ical properties of the product are necessary. The processing and structural
evolution of sol-gel-derived materials are intimately linked with the solution
chemistry used in their formation (3). Although many sol-gel processes have
appeared in the literature, detailed kinetics studies are usually lacking. We
are exploring the kinetics and mechanism of the constitutive reactions in the
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silicate sol-gel system to provide the foundation necessary to understand
the underlying chemistry.

At the simplest level, silicate sol-gel chemistry can be described by
three reactions:

=Si-OR + H,0 —% =Si-OH + ROH (1)
1 kew
=Si-OH + =Si—-OH 2% =§i_0-Si= + H,0 @)
1o kea .
=Si—-OH + =Si—-OR —% =5i—0-Si= + ROH ®)

In these equations, ky, k.., and k., are the rate constants for hydrolysis,
water-producing condensation, and alcohol-producing condensation, re-
spectively. Equation 1 shows the hydrolysis of a Si-OR group to produce a
silanol group. A silanol group can undergo condensation polymerization with
another silanol (equation 2) or with an alkoxy group (equation 3) to produce
a siloxane linkage plus water or alcohol, respectively. In this chapter, the
rate constants discussed for these reactions are intended to be phenome-
nological rate constants and not meant to imply mechanistic details.

Proposed mechanisms for ester hydrolysis (4-6) under acidic conditions
involve bimolecular nucleophilic substitution reactions that have penta-
coordinate intermediates. The proposed mechanism for water-producing
condensation (5) under acidic conditions (pH < 2.5-4.5, depending on the
silicon substituents) involves rapid, reversible protonation of a silanol, fol-
lowed by a bimolecular reaction forming the siloxane bond and eliminating
a hydronium ion.

By using these observed rate constants for hydrolysis and condensation,
a detailed formalism has been developed that treats the various reactions at
the functional-group level (7-9). The observed rate constants were reported
(8) for the acid-catalyzed hydrolysis and condensation of monomeric species
prepared from Si(OCH ), (tetramethoxysilane [TMOS]). In this chapter, we
report the observed rate constants for condensation of the dimeric species
(CH,0),8i-0-Si(OCH,),.

Experimental Procedures

Preparation of Dimer. Hexamethoxydisiloxane [(CH;0);Si]:0, termed “di-
mer” in this chapter, was synthesized by the method of Klemperer et al. (10) with
modifications. By using Schlenk techniques, hexachlorodisiloxane (57 mL, 0.312 mol)
was added dropwise (over 50 min) to a solution of freshly distilled methyl orthoformate
(trimethoxymethane) (400 mL, 3.74 mol) in heptane (200 mL, dried over Na). The
reaction was carried out under argon, and the temperature of the reaction mixture
was maintained at 50 °C for 5 h. The mixture was stored overnight at room tem-
perature under argon. Purification by vacuum distillation was carried out. The fraction
boiling at 50 °C (43-53 Pa) was collected. Final purification to remove HCI was
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accomplished by passing the straw-colored liquid through neutral alumina and dis-
carding the first cut. The purity of the colorless liquid was determined by #*Si NMR
spectroscopy and by gas chromatography—mass spectroscopy (GCMS). Samples were
stored in the dark under argon.

NMR Spectroscopy. The *Si NMR spectra were recorded at 39.6 MHz on a
Chemagnetics console interfaced to a General Electric 1280 data station and pulse
programmer. The silicon-free probe and 20-mm-diameter poly(trifluoro-
chloroethylene) sample tubes were purchased from Cryomagnetics. The 4.7-T wide-
bore magnet was constructed by Nalorac Cryogenics. From 4 pulses (during the
early stages of the reaction) to 64 pulses (during the latter stages of the reaction)
were accumulated. The pulse repetition interval was 17.7 s.

'H broad-band decoupling was applied only during data acquisition to suppress
any residual negative nuclear Overhauser effect (NOE) (11). However, no difference
was observed between spectra obtained with gated decoupling and those with con-
tinuous decoupling, a result indicating negligible NOE. This result is expected,
because the observed relaxation time is at least a factor of 10 less than the dipolar
relaxation time. No field lock was necessary, as the line widths of accumulated spectra
were typically 0.5 Hz before a 0.3-Hz line broadening was applied.

The total integrated intensities of all the silicons in the sample were usually
reproducible to within = 3% over the course of the reaction. The *Si spin-lattice
relaxation time, T, was 4.2 = 1.0 s, with a slight tendency for the more highly
condensed species to exhibit times toward the lower limit of the uncertainty range.
The pulse repetition period of 17.7 s ensured that the magnetization has recovered
to 98 + 2% of its equilibrium value.

Kinetics Studies. The sol-gel kinetics experiments were performed on a meth-
anolic solution of 1.12 M dimer and 1.57 X 10 M chromium acetylacetonate
[Cr(acac)s), a spin relaxation agent. Previous studies (12, 13) showed that Cr(acac)s
concentration does not affect the product distribution or reaction rate of TMOS-
derived sol-gel solutions. The solutions were acid catalyzed (1.64 x 10 M HCI),
and' various amounts of water were added. To compensate for the exothermicity
caused by dimer hydrolysis when water is added to the dimer-methanol solution,
the alcoholic silicate solution was chilled in a thermostatically controlled bath prior
to the addition of water. By adjusting the temperature to the appropriate level, the
desired reaction temperature (25 + 1 °C) could be achieved within 60 s of mixing.
At this time, the sample was removed from the thermostatically controlled bath and
inserted into the spectrometer probe.

®Si NMR spectra were taken immediately after the sample was mixed and
then as a function of time for four water concentrations to give water/alkoxide ratios
(H,0/[Si~OR]) of 1/12, 1/6, 1/4, and 1/3. Figure 1 shows representative spectra for
H:O/[Si-OR] = 1/6 taken immediately after mixing (5 min) and at a later time
(4 h). The figure shows that hydrolysis is rapid under these conditions and that con-
densation occurs at a much slower rate, as evidenced by inspection of the Q' region
(14), which shows peaks assigned to the first (chemical shift [8] = ~84 ppm) and
second (8 = -82.6 ppm) hydrolysis products of dimer within 5 min of mixing.

The *Si NMR spectra were used for two types of measurements. For the first
type, the amount of dimer and the extent to which it had been hydrolyzed were
determined very early in the reaction by integrating the Q' resonances in the —81-
to —86-ppm region of the spectra. For the second type of measurement, the extent
of condensation as a function of time was determined by comparing the integrals of
the Q! and Q? species.
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Figure 1. *Si NMR spectra showing formation of hydrolysis and condensation
products.

The extent of condensation that occurred during the experiment was simply
equal to the number of Q? silicons (no Q3 silicons are observed at early times),
because all silicons were initially Q' species. No Q° species were observed during
the course of these experiments. Cyclic trimers consisting of Q? silicon atoms are
expected to resonate in the Q! region of the spectrum (12). However, because low
H,0/[Si—OR] ratios were used and only the early stages of the reaction were ex-
amined, no evidence of cyclic trimers was observed. Moreover, cyclic trimers could
not form without siloxane bond cleavage and, consequently, would not be expected
be formed in these experiments (12). Cyclic tetramers have resonances in the Q*
region (12) and were observed in these experiments.

Results and Discussion

Si NMR Assignments. Si NMR spectroscopy has been used ex-
tensively to probe silicate sol-gel reactions (8, 10, 12-23). Peak assignments
for silicon nuclei depend on the next-to-nearest neighbor of the silicon atom
being observed. With this approach, the degree of hydrolysis and conden-
sation of a given silicon nucleus can be determined.

We have confirmed these assignments for Q', Q2 and a Q? species by
recording the *Si NMR spectra of the unhydrolyzed, pure compounds of
dimer, linear trimer (CH;0)4Si;0,, and a mixture of linear and branched
tetramer (CH;0),,Si,O; (Table I). The values are in excellent agreement
with the results of Marsmann et al. (15) and previous work in our laboratory
(12). We have used these assignments for the kinetics calculations discussed
in the next section.
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Table I. NMR Assignments for Unhydrolyzed Silicates

Silicon Environment This Work Ref. 15
Q! species
Si-O0-Si -85.81 -85.82
$i-0-Si-0-Si -85.99 -86.00
$i-0-Si-0-Si-0O-Si -85.98 -86.00
LO-Si
Si-O-Si -86.19 -86.22
~O-Si
Q? species
Si-0-8i-0-Si -93.69 —-93.64
Si-0-S8i-0-Si-0-Si -93.90 -93.86
Q3 species
,O-Si
Si—O~Si\ -102.10 -102.00
O-Si

NoTE: For clarity, —~OR groups are not shown.
All data are chemical shifts in parts per million downfield from
tetramethylsilane.

As we analyzed spectra taken at very high resolution for these experi-
ments, we realized that additional assignments could be made. Other work-
ers (22) have reported fine structure within a region attributed to one silicon
environment (e.g., six peaks were reported for Si(OCH ;),(OH)(OSi), which
resonates at approximately -84 ppm). The authors conjectured that the
various peaks were due to different degrees of hydrolysis of the adjacent
silicon. Because of the conditions of our experiments, notably the lower
water concentrations and the use of a spectrometer with higher resolution,
we are able to assign some of these peaks.

Assignment is aided by symmetrical relationships that exist between
adjacent silicon atoms. For example, the integrated intensity of each silicon
environment in the dimer (CH ;0),Si-O-Si(OH)(OCH ), must be equal at
any given time and must have identical time dependence. A representative
spectrum is given in Figure 2. Our assignments of chemical shifts for five
of the possible 10 dimeric species are given in Table II.

Analysis of Condensation Kinetics. An earlier publication (8) ex-
plained how, under certain limiting conditions, the observed rate constants
for water- and alcohol-producing condensation reactions in the TMOS sol-gel
reactions can be calculated. The limiting conditions are (1) hydrolysis occurs
on a time scale short compared with condensation and (2) the concentration
of Si~O-Si bonds formed by condensation reactions is small compared with
the initial concentration of the methoxy functional group. If these conditions
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Table II. Chemical Shifts of Dimeric Species

Si Environment 3 (ppm from TMS)
Si(OCH;)3—0-Si(OCH )5 -85.81
Si(OCH,);~0-Si(OCH,;),OH -85.76
Si(OCH;);~0-Si(OCH;)(OH), -85.72
Si(OCH3)(OH)-0-Si(OCH,), -83.99
Si(OCH,):(OH)-0-Si(OCH;),OH ~84.02
Si(OCH3)(OH)-0-Si(OCH;)(OH) -84.04
Si(OCH;)(OH):~0-Si(OCH,); -82.62
Si(OCH,)(OH),~0-Si(OCH,),OH -82.69

NotE: The table shows the effect of different degrees of hydrolysis
of the adjacent Si atom on the chemical shift of the observed Si.

are met, a good approximation of the exact kinetics expression for this sys-
tem is

d[(SiO)Si]/dt ) )
_—<[SiOH]> = (kew - ka)<[SiOH]> + k[SiOCHj3], 4)
in which d[(SiO)Si]/dt is the initial rate of formation of siloxane (Si—O-Si)
bonds, <[SiOH]> is the average value of the silanol functional group con-
centration over the measurement time window, and [SiOCH,], is the ini-
tial concentration of methoxy functional groups. Equation 4 suggests that
by plotting the initial condensation rate divided by <[SiOH]> versus
<[SiOH]>, the value of k,, can be determined from the intercept, and the
value of the difference between k., and k, can be determined from the
slope.

The results of this analysis applied to the condensation of dimer are
shown in Figure 3. The observed rate constants for alcohol-producing con-
densation are approximately the same (k.,, = 0.001 and 0.0007 L/mol-min
for monomer and dimer, respectively), whereas the rate constants for water-
producing condensation are significantly different (k. = 0.006 and 0.0011
L/mol-min, for monomer and dimer, respectively).

The lower value of k., for dimers can be explained by simple arguments.
The steric requirements of the bulky siloxane group should decrease the
reaction rate constant of dimers compared with monomers. Inductive effects
should decrease the rate as well. This latter conclusion is based on the
mechanism proposed by Pohl and Osterholtz (5), which postulates that in
acidic solutions (pH < 4.5), an equilibrium concentration of protonated
silanol is rapidly established. The protonated silanol reacts with a neutral
silicate species in the rate-determining step, and then, a hydronium ion is
eliminated. The more electron-withdrawing siloxane group (compared with
Si—OR and Si—-OH) would decrease the stability of the protonated species
and effectively shift the equilibrium toward the unprotonated form. There-
fore, the observed reaction rate constant should decrease.
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Figure 3. Graph of condensation rate divided by average [SiOH] versus
average [SiOH].

The similarity of k. for monomers and dimers is unexpected. If the
reaction mechanism involves a protonated silanol, as in the water-producing
condensation, subsequent reaction rate constants must be proportionately
larger to give an observed k., of the same magnitude. However, the likely
leaving group from a protonated silanol species is water, not an alcohol.

An alternative hypothesis is that a protonated alkoxide moiety
(=Si—-OH)R)* is formed in a small steady-state concentration. Subse-
quently, this protonated species could react with a neutral silanol species
and eliminate R—-OH. The electron-donating effect of the R group would
predominate over the electron-withdrawing effect of the —OSi group on
silicon. These effects may explain why the measured values of k, for dimers
are very similar to those of monomers.

Conclusion

Further work is needed to clarify the nature of the differences between the
water- and alcohol-producing condensations of silicate species. But one con-
clusion is clear: The two condensation reactions proceed by different reaction
pathways (or at least have different transition states) and do not necessarily
follow the same reactivity trends.
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A second important outcome of these data is a result of the earlier
observation (8) that, depending on reaction conditions, either water- or
alcohol-producing condensation reactions may be the major pathway for
polymerization. If the sol-gel reaction is carried out with small amounts of
added water, (i.e., [SiOH] is small and [SiOCH,] is large), the alcohol-
producing condensation will predominate. Conversely, at high water con-
densation, [SiOH] is large, and the water-producing condensation is favored.
The crossover point for dimeric species will be shifted to higher water con-
centrations, compared with that of TMOS condensation (8). This conclusion
has practical consequences for controlling the polymerization rate of silicates
in sol-gel processing.
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Cleveland, OH 44106

A substitution route to organosilicon compounds is described. In this
route, a silicate ion that has the framework of the desired compound,
or one similar to it, is converted to the desired compound by three
successive substitutions and, if necessary, by a slight structure mod-
ification. The silicate ion is obtained by synthesizing an appropriate
silicate or by acquiring one from an outside source. The substitutions
involved are a protonation, an esterification, and an alkyl-de-alkox-
ylation. An illustration of this route is given in which the linear
(Si03).> ion is converted to the cyclic (SiO3)* ion and then to the
cyclic organosilicon compound [(CH;);SiO]. This synthesis of
[(CH 3),Si0] ; leads to a synthesis of [(CH ;):Si0] . that does not entail
the reduction of tetravalent silicon to elemental silicon.

THE USEFUL ROUTES TO ORGANOSILICON compounds include those in
which the major identifying steps are the addition of an organic halide to
silicon, the addition of a silicon hydride to an olefin, and the displacement
of a halogen or an alkoxy group from a halo- or alkoxysilane with an organic
group (I1-3.) Although these three routes and some of the other known routes
permit reasonable access to many organosilicon compounds, they do not
permit as ready access to some of them as is desirable, and they do not
permit any access to others. Because of this, alternative routes to organo-
silicon compounds are needed.

Of the possible alternative routes, those based on the substitution of
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the pendent oxygens of silicate ions appear to be particularly attractive.
Recently, we have described a route of this type (4-6). In one variation of
this substitution route, the steps can be approximated as (1) the conversion
of a silicate ion, or of silica, to a silicate ion with a framework that is the
same as or similar to that of the desired product; (2) the displacement of the
metal ions counterbalancing this silicate ion with H* ions and, if necessary,
a slight modification of the framework; (3) the displacement of the OH groups
of the resulting silicic acid with OR groups and, if necessary, a slight mod-
ification of the framework; and (4) the displacement of the OR groups of the
resulting alkyl silicate with R groups. In a second variation of the route, a
silicate ion with the required framework is obtained from natural, industrial,
or laboratory supply sources. The ion in this silicate is then treated as before.

Previous work (7) provides precedents for the type of reaction required
for framework conversion in the synthetic-silicate variation of the route.
Likewise, previous work provides precedents for the metal ion and OH
group displacement steps (8-10) and for the OR group displacement step
(11-13) of both variations of the route. In addition, work has been reported
recently (14) on another related route to organosilicon compounds. However,
no work, other than that from this laboratory, has been reported that provides
a precedent for the full route.

In this chapter, a new example of the synthetic-silicate variation of the
route is presented, and this variation and the available-silicate variation of
the synthesis are discussed.

Illustrative Syntheses

Cag(Si0,) Clg from Wollastonite, CaSiO;. A mixture of wollas-
tonite (Mexico, powdered) and CaCl,-2H,0 (1:2 mole ratio) contained in Pt
dishes was placed in an inert-atmosphere furnace. Under a N, flow, the
mixture was heated slowly to 775 °C and held at this temperature for 17 h.
The resulting solid was crushed with a mortar and pestle in a N, atmosphere,
washed with CH;OH, and dried. The product was shown by powder X-ray
diffractometry to be Caq(SiO,) ,Clg (15) (97% vyield).

Cay(Si0;),Cl; from a-Quartz, SiQ,. The work of Chukhlantsev
(15) and Weiker (16) was used as a guide for this synthesis. A mixture
of a-quartz, CaCO;, and CaCl,-2H,0 (1:1:2 mole ratio) contained in a
Pt dish was placed in an inert-atmosphere furnace. The mixture was heated
to 820 °C slowly and held at this temperature for 24 h and then cooled to
770 °C and held at this temperature for 48 h. The resulting solid was crushed
with a mortar and pestle in a N, atmosphere, washed with CH;OH, and
dried. The product was shown by powder X-ray diffractometry to be
Cay(Si03),Clg (15) (99% yield).
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[(C.H;0),Si0], from Ca4SiO;),Cl;. An HCI-C,H;OH solution
was added over a 5-min period to a slurry of Cay(SiO;),Clg (wollastonite-
based synthesis), C,H;OH, and toluene, and the resulting mixture (260:8:1
C,H;OH:HCI:Cag4SiO,;),Cl; mole ratio) was distilled until a substantial
amount of distillate had been collected. The residue was filtered, and the
solid was washed with pentane. The filtrate and washings were combined,
and the solution formed was reduced to an oil by vacuum evaporation. This
oil was mixed with C,H;OH, toluene, and an HCI-C,H;OH solution, and
the resulting solution was slowly distilled until a substantial amount of dis-
tillate had been collected. The residue was concentrated under vacuum, and
the concentrate was separated into fractions by vacuum distillation. An ap-
propriate fraction was examined by GC, GC-IR spectroscopy, GC-mass
spectrometry, and *Si NMR spectroscopy. The results showed that the main
component of the fraction (86%) was [(C,H;0),SiO], (a known compound
[17]). From this result, the yield of [(C,H;0),SiO], in this component, that
is, the contained yield, was calculated to be 56%.

[(CH,),Si0], from [(C,H;0),Si0],. A solution of CH;MgCl in
tetrahydrofuran was added slowly to a cooled (dry ice-acetone bath) solution
of [(C,H;0),Si0], in tetrahydrofuran. While being stirred, the resulting
mixture was warmed to a somewhat higher temperature (ice bath) and held
at this temperature for 48 h. The reaction product was subjected to a work-
up procedure in which aqueous HCl and pentane were used, the resulting
organic and aqueous phases were separated, and the organic phase was
washed with aqueous NaCl and then concentrated under vacuum. The re-
sidual liquid was subjected to flash chromatography (silica gel), and the eluate
was fractionally distilled. A selected fraction of the distillate was partially
fractionally redistilled, and the remaining oil was retained. This oil was
examined by GC, GC-mass spectrometry, and IR spectroscopy. The results
showed that its main component (95%) was [(CH,),Si0],. From this the
contained yield of [(CH ,),SiO], was calculated to be 37%.

Discussion

Synthesis of [(CH),SiO], from Wollastonite, CaSiO;. The syn-
thesis of [(CH;),SiO], from wollastonite, CaSiO,, is a clear example of the
synthetic-silicate variation of the substitution route to organosilicon com-
pounds. In this particular example, the linear (SiO;),2" ion of wollastonite
is first rearranged to the cyclic (Si0,),* ion. Next, the metal ions that
counterbalance the (SiO,),* ion are displaced by H* ions [or some of the
metal ions are displaced by H * ions, and then simultaneously, the remaining
metal ions are displaced by H* ions, and (formally) some of the OH groups
produced in the initial or second stage of this step are displaced by OC,H;
groups]. After this, the OH groups of the resulting [(HO),SiO], [or the
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resulting (HO),_,(C,H;0),Si,0,] are (formally) displaced by OC,H groups,
and finally, the OC,H ; groups of the [(C,H 50),SiO], produced are displaced
by CH, groups. (The mechanistic details of the displacement of OH by
OC,H; are unknown).

If the silicic acid intermediate in this synthesis is assumed to be
[(HO),Si0],, the synthesis can be summarized as follows:

Ca,(SiOy), + CaCl, - 2H,0 ———> Cag(SiOy),Cl (1)
Cag(Si0y),Cly + H* =25 [(HO),SiOl, @)
[(HO),Si0], + C,H;OH ——> [(C,H;0),Si0], 3)
[(C,H;0),8i0], + CH,MgCl ——=25 [(CH,),SiO], 4)

A low acid concentration and a low temperature were used in reaction 2
because it was believed that these conditions would help to restrict con-
densation and cleavage reactions and thus help to preserve the sili-
con—oxygen framework. [The fact that these conditions could be used results
from the high susceptibility of Cag(SiO,),Clg to acid attack. Acid suscepti-
bility, although not as high as that of Cay(SiO,),Clg, is, as is apparent, a
necessary feature of the silicates that are useful in the approach.] A high
alcohol ratio was used in the step, because it was thought that it would lead
to protection of the silicic acid through dilution and, probably, through the
formation of hydrogen-bonded alcohol sheaths around the individual silicic
acid molecules.

A high alcohol ratio was used in the initial part of reaction 3 partly as a
result of its use in reaction 2. However, it was believed that here, too, it
would yield protection for the silicic acid.

In reaction 4, a low temperature was used because it was thought that
it would help limit cleavage of the silicon—oxygen ring.

The acid in reaction 3 functions as an esterification catalyst. The toluene
in this reaction serves as a dehydrating agent (toluene forms an azeotrope
with ethanol and water containing 12% water [18]). In addition, the toluene
renders the reaction solution a poor solvent for the byproduct salts and thus
facilitates their separation.

Synthesis of [(CH,),Si0], from a-Quartz, SiQ,. The preparation
of Cag(Si0,) Clg from a-quartz shows that [(CH;),SiO], also can be synthe-
sized from quartz by way of Cag(SiO,),Cls. This synthesis is another clear
example of the synthetic-silicate variation of the substitution route to or-
ganosilicon compounds. The last three steps of this synthesis are given by
reactions 2-4, and the first is as follows:

(Si0,), + CaCO; + CaCl, - 2H,0 —=> Cag(Si05),Cly )
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This first step (reaction 5) clearly involves greater silicon-oxygen framework
alteration than does the first step of the wollastonite-based synthesis (reaction
1). Thus, it is not surprising that, apparently, more-vigorous reaction con-
ditions are required for this step than for the first step of the wollastonite-
based synthesis.

Syntheses of [(CH,),SiO], from Wollastonite and Quartz. The
wollastonite- and quartz-based syntheses of [(CH,),SiO], make possible
syntheses of [(CH,),SiO], based on wollastonite and quartz, because only a
known ring-opening step (1, 2) needs to be added to these syntheses. Thus,
a synthesis of [(CH 3),SiO],, from wollastonite by way of Cag4(SiO;) Cl; entails
the use of reactions 1-4 and the following reaction:

[(CHj),8i0], = [(CHj),SiO], (6)

In polymer chemistry terms, this wollastonite-based synthesis can be
viewed as involving an oligomerization of a linear polymer (Scheme I, 1) to
a cyclic tetramer (2), three successive substitutions on the cyclic tetramer
(3-5), and finally, a ring-opening polymerization of the last intermediate (6).
Correspondingly, the quartz-based synthesis can be viewed as involving an
oligomerization of a fully cross-linked polymer (Scheme II, 7) to a cyclic
tetramer (8) and then steps paralleling the last four steps of the wollastonite-
based synthesis.

Syntheses of [(CH;),Si0], by Conventional and New Routes. As
is well known, the conventional synthesis of [(CH,),SiO], involves the fol-
lowing reactions (I1-3):

Si0, + C—> Si + CO (7)

Si + CH,Cl —=> (CH,),SiCl, ®)
(CH,),SiCl, + H,0 —> (CH.),SiCl,(OH),_, )
(CH3),SiCl,(OH),_, —> [(CH,),SiO],, (10)

This conventional or reduction synthesis of [(CH ),SiO], differs in several
significant ways from the wollastonite- and quartz-based syntheses of
[(CH3),Si0],. For example, the reduction synthesis requires the reduction
of the silicon from + 4 to 0 and then its reoxidation back to + 4. This reduction
necessitates the expenditure of considerable energy, much of which is not
recovered. In the new or substitution syntheses, the reduction of silicon
from +4 to 0 is not required (Figure 1).

The two types of synthesis also differ in that in the reduction synthesis
the number of oxygens bound to silicon is reduced from four to zero and
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Scheme 1. Species invotved in wollastonite-based substitution synthesis of
[(CH 3),Si0] ..

then increased back to two. In the substitution syntheses, the number of
oxygens bound to silicon is at least two throughout (Figure 2). (Because the
reduction synthesis is an indirect route both in terms of structure and oxi-
dation number, the common practice of using the adjective “direct” to de-
scribe the oxidation step of this synthesis [reaction 8] [I-3], and the resulting
close association of this adjective with the whole synthesis leads to a sub-
stantial irony.)

Another difference between the two types of synthesis is the way in
which the methyl groups are introduced. In the reduction synthesis, the
methyl groups are introduced by means of an oxidation—addition reaction,
whereas in the substitution syntheses, they are introduced by means of an
alkyl-de-alkoxy-substitution reaction.
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Scheme 11. Species involved in the first step of quartz-based substitution syn-
thesis of [(CH):SiO]..

However, it should be made clear with regard to this latter point that,
whereas the alkyl groups are introduced in the new syntheses by a substi-
tution reaction, this reaction utilizes a Grignard reagent. Thus, although the
new syntheses do not require the reduction of SiO, to Si, they do ultimately
require the reduction of MgCl, to Mg, and accordingly, they require ulti-
mately a significant reduction reaction. Nevertheless, the existence of these
substitution syntheses does show that reasonable alternatives to the reduc-
tion synthesis are possible.

Perhaps in this connection it is worth noting that the reduction synthesis
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is now nearly 50 years old (19), and thus its life span is already well beyond
that typical for commercial processes for organic compounds (20). This fact
and the findings of this study suggest that further work on alternatives to
the reduction synthesis could be fruitful.

Synthesis of Other Organosilicon Compounds. The preparation
of the isomer pair decamethylbicyclo[5.5.1]hexasiloxane, [5.5.1]
(CH,)10Si¢0; (9), and decamethylbicyclo[5.3.3]hexasiloxane, [5.3.3]
(CH;)10Si¢0 (10), from SiO, by way of the synthetic silicate Na,Ca,SicO 5
has been reported previously (4-6). This synthesis provides another example
of the synthetic-silicate variation of the substitution route.
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The preparation of the isomer pair decaethoxybicyclo[5.5.1]-
hexasiloxane, [5.5.1] (C,H;0),,Si0;, and decaethoxybicyclo[5.3.3]-
hexasiloxane, [5.3.3] (C,H;0),0Si¢0;, from the natural silicate dioptase
(CugSigO 5'6H,0) has also been reported (4-6). The fact that [5.5.1]
(CH;0),,Si¢07 and [5.3.3] (C,H;0),,SigO; are the alkyl silicates used in
the synthesis of [5.5.1] (CH;),,Si40- and [5.3.3] (CH3);,Si¢O; shows that
the available-silicate variation of the substitution route can be used to make
the isomer pair [5.5.1] (CH;),,SiO; and [5.3.3] (CH;),SigO; from
Cu,gSig0,5°6H,0. Similarly, because (C,H;0),Si can be used to make
(CH,),Si (21), the synthesis of (C,H0),Si from the purchased samples of
the silicates y-Ca,SiO, and Ca;SiO5 (5, 6) shows that the available-silicate
variation of the route can be used to prepare (CH,),Si from y-Ca,SiO, and
Ca;SiO;. Likewise, because (C,H;0);Si0Si(OC,H); can be used to make
(C4H;);3Si0Si(C,H5), (11), the synthesis of (C,H;0);Si0OSi(OC,H5); from
SiO, by way of hardystonite, Ca,ZnSi, O, (5), shows that the synthetic-silicate
variation of the route can be used to prepare (C,Hj;);SiOSi(C,Hj5); from
Ca,ZnSi,0,.

These examples show that many different ring and chain silicates can be
used in the route and suggest that other silicates with more complex struc-
tures may also be candidates for use in this route. Many of these candidates
occur naturally in reasonable amounts or can be synthesized easily. On the
basis of the work done so far, a number of silicates having Ca®*, Ba®*, or
Zn®* ions as the cations and some silicates with water of hydration (i.e.,
analogues of CugSig0 5 + 6H,0) have enough acid susceptibility to be good
reactants. Many silicates with Na*, Mg?*, or Al** ions as the cations have
too little acid susceptibility to be good reactants.

Additional previously reported work demonstrates that alcohols other
than ethanol, such as 1-propanol, 2-propanol, and 1-butanol, can be used
to prepare alkoxides by the approach reported in this chapter (4-6). This
suggests that other alcohols can be used in the route. From what is known,
it appears that other acids can also be used in the route. More important,
it is highly probable that a wide variety of Grignard reagents are useful.
Clearly, the substitution route is flexible and can be used to make a variety
of known and novel organosilicon compounds.

Synthesis of Other Silicon Compounds. The substitution route to
organosilicon compounds obviously also opens up new avenues to alkyl sil-
icates. For example, as indicated previously, the substitution route is a good
avenue to the isomeric alkyl silicates [5.5.1] (C,H;0),0Si407 and [5.3.3]
(C3H;0)40Sig0. The availability of this substitution route for alkyl silicates
is of considerable importance, because some of the routes that have been
used to make complex alkyl silicates are not good in terms of yield or con-
venience (22).
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Summary

A substitution route to organosilicon compounds is described. In this route,
the silicon-oxygen framework of the compound wanted or a framework
similar to it, is made by rearrangement of the framework in a silicate or
silica or is secured by obtaining a silicate in which the framework is present
from an outside source. The compound wanted is made from this framework
by displacement of the pendent oxygen atoms and, where needed, by ad-
ditional rearrangement of it. This route opens a way to syntheses of
[(CH,),SiO], that do not entail the reduction of tetravalent silicon to ele-
mental silicon.
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Organosilicon Polymers
for Microlithographic Applications

Elsa Reichmanis, Anthony E. Novembre, Regine G. Tarascon, Ann Shugard,
and Larry F. Thompson

AT&T Bell Laboratories, Murray Hill, NJ 07974

Organosilicon polymers play an increasingly important role in the
electronics industry today. These polymers are useful in multilevel-
device planarization schemes, because they are soluble and may be
readily spin coated to afford conformal, nominally planar surfaces
for subsequent metal deposition. Lithographic applications include
the use of silicon-containing resins for multilayer-resist processes.
Trilevel schemes are simplified through the use of spin-on interme-
diate layers that act as barriers to oxygen reactive-ion etching (RIE).
Alternatively, the coupling of the properties of the top imaging layer
with those of the intermediate barrier material results in a bilevel
scheme. The chemistry associated with these materials is outlined,
and future needs are addressed.

A.STONISHING PROGRESS IN INTEGRATED-CIRCUIT devices has been made
during the last 2 decades. The cost per function has decreased by over 3
orders of magnitude, with concomitant improvements in performance. This
achievement has been accomplished primarily by increasing the scale of
integration. For the past several decades, the number of components per
chip has increased by a factor of 10°~10° per decade, and this trend will
continue, although perhaps at a slower rate (Figure 1).

This increase in circuit density is made possible only by decreasing the
minimum feature size on the chip. Figure 2 illustrates the decrease in min-
imum feature size as a function of time for dynamic random access memory
(DRAM) devices. In 1975, the 4-kilobit DRAM (4 X 10° memory cells or
about 8.2 X 10? transistors) had features in the 7-9-wm range, and by 1987,

0065-2393/90/0224-0265%$06.00/0
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Figure 1. Number of components per chip as a function of time.

1-megabit DRAMS (1 X 10° memory cells and 2.4 X 10° transistors) with
minimum features in the 0.8-1.0-wm range were in production. The size of
the chip has remained nearly constant and is between 0.5 and 1.0 cm? in
total area. This phenomenal progress is a direct result of our ability to pattern
complex thin film structures with increasing precision and ever-decreasing
feature sizes. In addition to finer and more-precise structures, new materials
with improved performance are also needed.
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Figure 2. Minimum feature size as a function of time for DRAM devices.

Microlithography, including pattern formation and pattern transfer, is
the technology in the overall manufacturing process that makes possible
these improvements. Photolithography, which uses light in the 365-436-nm
range, has been the dominant method for producing patterns for circuit
applications. The technology has evolved over the past decades from simple
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1:1 contact printing, to proximity and 1:1 projection printing, and to the
current method of 5% - or 10 X -reduction step-and-repeat exposure.

The basic resist systems have remained essentially the same; the positive
photoresist composed of a novolac resin and a photoactive substituted di-
azonaphthoquinone dissolution inhibitor is the resist of choice. The current
tools and resists will be able to print features as small as 0.5-0.7 wm in a
production environment. These systems are almost certainly the last gen-
eration of conventional-wavelength photolithographic systems.

Alternatives for the next generation of lithographic systems include 248-
nm radiation, 5 X -reduction step-and-repeat systems, and electron beam (e-
beam) or X-ray technologies. The 248-nm deep-UV option is most likely to
become the next major technique. e-Beam and X-ray technologies will also
be important in future lithographic strategies; however, when and to what
extent they will be commerecially significant is not well defined as yet.

All future alternatives will require new resists and processes, and for
the first time, manufacturing lines will be using at least two different resists.
These new materials must have satisfactory sensitivity, resolution, and proc-
ess latitude. In addition, the deep-UV tools will have limited depth of focus
(1-2 pm) and will be useful only with relatively planar surfaces. Multilayer-
resist schemes have been proposed to overcome these limitations, and the
simplest is the bilevel scheme that requires a resist that can be converted,
after development, to a mask resistant to O, reactive ion etching (RIE).
Resistance to O, RIE can be achieved by incorporating an element into the
resist structure that easily forms a refractory oxide. Silicon performs this
function very well and is relatively easy to include in a wide variety of
polymer structures.

In addition to new resists, future generations of devices will require
improved dielectrics that can be deposited at low temperatures and provide
process flexibility. Again, organosilicon polymers have promise for this ap-
plication. In this chapter, the chemistry and processes for both of these areas
will be reviewed.

Device Applications

Organosilicon polymers are becoming important in many aspects of device
technology. Multilevel metallization schemes require the use of a thin di-
electric barrier between successive metal layers (1). Often, these dielectric
materials are silicon oxides that are deposited by low-temperature or plasma-
enhanced chemical vapor deposition (CVD) techniques. Although conformal
in nature, CVD films used as intermetal dielectrics frequently result in
defects that arise from the high aspect ratios of the metal lines and other
device topographies (2). Several planarization schemes have been proposed
to alleviate these problems, some of which involve the use of organosilicon
polymers (2—4).
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Organosilicon polymers used in device applications must satisfy a num-
ber of criteria. The polymer must have dielectric characteristics similar to
those of CVD-deposited materials, exhibit good adhesion to the substrate
materials, be crack resistant, and be compatible with current processes.
Materials that are useful in these applications are the spin-on-glasses (SOGs)
(5). SOGs are organosilicon polymers obtained upon hydrolysis of diethox-
yalkyl-, triethoxyalkyl-, and tetralkoxysilanes. The polymeric precursors are
soluble in a variety of organic solvents and are readily spin coated to achieve
smoothing and nominal planarization of device topography. Curing at ele-
vated temperatures leads to the formation of silicon dioxide or an SiO,-like
material. The material properties of SOGs depend upon the structure of the
starting monomer. For instance, a change of substituent from methyl to
phenyl on the siloxane precursor results in a change in the electrical char-
acteristics from good to unacceptable after a 425 °C cure, whereas other
properties are unaffected (5).

The use of SOG materials for intermetal dielectric applications has sev-
eral advantages. A spin-on dielectric coating allows high throughput with
low capital investment compared with alternative CVD-deposited materials,
and process complexity is reduced. However, several material properties
have to be improved before organosilicon polymers gain full acceptance by
the electronics industry. Existing SOG materials are inadequate as “stand-
alone” dielectric layers because of the extensive cracking that occurs in thick
(1-wm) films. Also, adhesion loss often occurs between an SOG layer and
the resists and metals used in device manufacturing. Although novel proc-
essing techniques may alleviate these problems, the ultimate solution lies
with the design of new materials.

Lithographic Applications

The continuing trend toward more-complex devices with increasingly smaller
feature sizes places severe demands on conventional single-layer resist proc-
esses. New lithographic technologies and processing techniques will be re-
quired to achieve the necessary improvements in resolution and line width
control. The need to define smaller features, in turn, increases the effects
of other problems associated with the particular lithographic strategy. For
instance, standing-wave effects and reflections from the substrate surface
can limit the resolution attainable with optical techniques. Alternatively,
back-scattered electrons lead to proximity effects that affect line width control
during e-beam exposure. These problems are intensified by the require-
ments of smaller features. A number of technologies that involve the use of
organosilicon polymers or polymer precursors have been proposed to address
these problems. Notable are the trilevel and bilevel lithographic techniques
(Figure 3.) These multilayer schemes use a thick layer of organic polymer
to nominally planarize the substrate and RIE image-transfer techniques.
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Figure 3. Schematic representation of trilevel and bilevel lithographic
techniques.

Trilevel Schemes. Trilevel processing (6, 7) requires planarization
of device topography with a thick layer of an organic polymer, such as
polyimide or a positive photoresist that has been baked at elevated tem-
peratures (“hard baked”) or otherwise treated to render it insoluble in most
organic solvents. An intermediate RIE barrier, such as a silicon dioxide, is
deposited, and finally, this structure is coated with the desired resist ma-
terial. A pattern is delineated in the top resist layer and subsequently trans-
ferred to the substrate by dry-etching techniques (Figure 3).

Whereas several variations of this process have been reported, the most
common schemes use silicon dioxide as the intermediate barrier layer. This
layer is generally deposited by sputtering, plasma CVD, or spin coating of
an organic SiO, precursor (SOG material) (8, 9). The chemistry of the silicon-
containing SOG materials is similar to that described in the previous section
on device applications. Alternative SOG intermediate layers may be com-
posed of polysiloxanes (6), polymers that are highly resistant to processing
by oxygen RIE.

SOG layers greatly simplify trilevel processing through the elimination
of expensive, low-pressure deposition steps and are thus attractive alter-
natives to sputtering and plasma CVD schemes. Unfortunately, these layers
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have higher defect densities compared with vapor-deposited films. However,
proper storage and dispensing techniques can minimize this deficiency.

Bilevel Schemes. Even though the advent of SOG materials has re-
duced the complexity of trilevel schemes, they remain time-consuming proc-
esses that require precise control of several steps in the patterning sequence.
However, multilayer techniques do improve the resolution capability of
conventional resists by allowing the patterning of a thin resist to be func-
tionally separated from the anisotropic transfer of the image to the substrate.
Consequently, a further simplification of trilevel processing would be de-
sirable. One alternative involves the incorporation of the properties of the
top resist layer with those of the oxygen-RIE-resistant intermediate layer
into a single imaging material. Conventional processing allows pattern def-
inition of this upper layer, and the pattern is then transferred to the substrate
by oxygen RIE techniques (Figure 3).

Organosilicon polymers are ideal candidates for use in these processes
(10). Treatment of organometallic compounds, particularly organosilicon ma-
terials, with an oxygen discharge leads to the formation of the corresponding
metal oxide. Taylor and Wolf (11) have shown that the incorporation of silicon
into organic polymers renders the polymers resistant to erosion in oxygen
plasmas. This resistance results from the formation of a protective coating
of SiO, on the polymer surface. Modeling studies predict that the thickness
of this layer should be about 50 A, a value that has been confirmed by surface
analysis (12, 13). Knowledge that a protective layer of silicon dioxide is
formed on the surface of these materials has led to considerable work in
designing new polymers that incorporate silicon into the polymer structure.
However, several problems with silicon-containing polymers may interfere
with their lithographic performance. A decrease in glass transition temper-
ature (T ) often accompanies the incorporation of silicon into a polymer and
may cause dimensional instability of patterns during processing. In addition,
most useful silicon substituents are hydrophobic in nature. This hydropho-
bicity is a potentially critical problem if the use of an aqueous developer is
desired. Numerous silicon-containing resist systems have been prepared and
used in multilevel RIE pattern-transfer processes.

Chemistry. The first organosilicon polymers examined for use in bilevel
RIE processes were the polysiloxanes (14, 15). These copolymers of di-
methylsiloxane, methylphenylsiloxane, or methylvinylsiloxane are negative
photo- and e-beam resists that exhibit erosion rates during oxygen RIE of
1-3 nm/min compared with ~80 nm/min for hard-baked positive photore-
sist. Although high resolution has been achieved with these materials, the
imaging layer must be kept thin to avoid problems associated with image
creep that arises because of the low T, (<<30 °C) of the siloxanes.
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Polysiloxanes. The initial reports of the utility of polysiloxanes for lith-
ographic applications spurred several research groups to further investigate
this class of materials. The problem of low T, was addressed by preparing
chloromethylated poly(diphenylsiloxane) (16, 17). More recently, poly(sil-
sesquioxanes) (I8, 19) have been reported as sensitive, negative, e-beam,
ion-beam, and UV resists. These soluble, “ladder”-type polymers prepared
by the hydrolysis of substituted chloro- and alkoxysilanes are high-T, ma-
terials (150 °C) with high silicon contents.

Block copolymer chemistry provides a convenient means of incorporat-
ing the oxygen-RIE-resistant polysiloxane moiety into a high-T,, radiation-
sensitive polymer (20). The flow characteristics of the resist are determined
by the unit with higher T,, and problems associated with phase separation
are minimized because of block copolymerization. Specifically, block co-
polymers of dimethylsiloxane and chlorinated p-methylstyrene exhibit good
sensitivity, resolution, and thermal properties and low rates of erosion during
0, RIE.

The synthesis of these materials is outlined in Scheme I. Transmission
electron microscopy shows that the morphology of nearly equimolar com-
positions of the siloxane—chloromethylstyrene block copolymers is lamellar,
and that the domain structure is in the order of 50-300 A. Microphase
separation is confined to domains composed of similar segments and occurs
on a scale comparable with the radius of gyration of the polymer chain.
Auger electron spectroscopy indicates that the surface of these films is rich
in silicon and is followed by a styrene-rich layer. This phenomenon arises
from the difference in surface energy of the two phases. The siloxane moiety
exhibits a lower surface energy and thus forms the silicon-rich surface layer.

Polysilanes. The incorporation of Si-Si, as opposed to Si—~O-Si, bonds
into the polymer backbone results in resins that undergo chain scission upon
exposure to UV radiation. Chain scission results in a decrease in polymer
molecular weight, and proper selection of a developer allows the selective
removal of the more-soluble irradiated regions. Polysilanes are high-T,,
glassy polymers that photobleach during irradiation and behave as posi-
tive resists (21-25). They exhibit oxygen RIE rates similar to those of the
polysiloxanes and are excellent masks for RIE pattern-transfer processes.
Several polysilanes are self-developing upon exposure to high doses of deep-
UV radiation and require no solvent development. In related chemistry, a
condensation polymer of bis(p-chloromethylsilylbenzene) has been reported
(26) to undergo radiation-induced cleavage of the Si—Si linkages. This cleav-
age leads to a reduction in polymer molecular weight, enhanced solubility,
and positive-resist behavior.

Polymers with Si-Bearing Functional Groups. An alternative to poly-
mers with silicon in the backbone is polymeric resist systems with silicon-
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bearing functional groups. Negative resists based on trimethylsilylstyrene
copolymers (Scheme II) have been reported by both MacDonald and co-
workers (27) and Suzuki et al. (28). The silylated styrene imparts resistance
to oxygen RIE and is readily copolymerized with radiation-sensitive units
such as chlorostyrene and chloromethylstyrene, which undergo cross-linking
reactions to impart negative-resist behavior. These random copolymers are
capable of 0.5-pwm resolution and have sufficient etching resistance to allow
pattern transfer through a thick underlying layer of hard-baked positive
photoresist.

CHp=CH + CHp=CH — +CH2—CHHCH2—CH+
X y

CH3-—?i—CH3 R CHz— ?i—CH3 R
CHy CHs

R=Cg, CHoCe

Scheme I1. Synthesis of trimethylsilylstyrene negative resists.

Trimethylsilylmethyl methacrylate is an effective etching-resistant com-
ponent of negative resists (29), even though methacrylates are generally
positive-acting materials. Copolymerization of the methacrylate monomer
with only 9 wt % chloromethylstyrene (Scheme III) affords a sensitive deep-
UV (18 m]J/cm?) and e-beam (1.95 wC/cm?) resist capable of submicro-
meter resolution. High efficiency is achieved in these systems, because the
chloromethylstyrene unit is highly susceptible to cross-linking. The dose

CHs CHs
CH2=C12 + CHy=CH —= —-ECHZ—(!‘. CHy—CH -
t=o L5 ’
0 5
<I3H2 CH,CY <|:H2 CHaCe
CH3—Si—CHs CH3—Si—CH3
Sha &y

Scheme III. Synthesis of poly(trimethylsilylmethyl methacrylate-co-chloro-
methylstyrene).
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requirements to cross-link polymers containing even small amounts of chlo-
romethylstyrene are well below those to induce chain scission in most sub-
stituted methacrylates. Under typical oxygen RIE conditions, the etching-
rate ratios of these systems relative to a hard-baked photoresist were greater
than 1:10.

Silylated methacrylates are also useful in positive, chain scission, bilevel
deep-UV resists (30, 31). However, the silyl substituent must be carefully
selected to avoid an excessive decrease in T,. For example, pentamethyl-
disiloxypropyl methacrylate has limited utility in resist applications, be-
cause it decreases the T, (30). Copolymerization with other monomers may
yield glassy, oxygen-resistant materials, but syntheses requiring controlled
polymerization of three or more constituents may be unduly complicated.

Alternatively, trimethylsilylmethyl methacrylate polymers are glassy,
high-T, materials that can be readily copolymerized with other monomers
to effect photosensitivity. Poly(trimethylsilylmethyl methacrylate-co-3-oxi-
mino-2-butanone methacrylate) (31) is a high-resolution, deep-UV resist ca-
pable of submicrometer imaging at a dose of ~250 mJ/cm®. Etching-rate
ratios with respect to typical planarizing layers are 1:10-12 for materials
containing ~10 wt % Si. The radiation chemistry of this material involves
photolytic cleavage of the N—O bond, followed by decarboxylation and main
chain scission (Scheme 1IV).

CHy  CHg CHy GHs
—[—cr~12—c]—-[cn-|2 -];— e feH,— (IZHCHZ c+ + CH3CO + CH3CN
¢= c 0 ?—o ? =0
N L
CHp N=? (I:Hz
CH3“?i—CH3 O=C‘: CHs—?i—CH3
CH3 CH3 CH3
CH3 CH3 (|3H3 (|:H3
co ~CLEAVAGE
2. —ECHZ—CHCHZ—C+ B - —CHg—(':- + CHp=C—
c=0
I |
0 0
| |
CHe CHp
CH3—SIi—CH3 CH3‘—?i—CH3
CH3 CH3z

Scheme IV. Mechanism of the photodecomposition of poly(trimethylsilylmethyl
methacrylate-co-3-oximino-2-butanone methacrylate).
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Side-chain silicon may also be used to impart resistance to oxygen etching
in olefin-sulfone polymers (32, 33), a class of materials that is generally
known to exhibit poor dry-etching characteristics. A resolution of 0.25 pm
is readily obtained in poly(3-butenyltrimethylsilane sulfone), and formation
of a thin protective layer of SiO, during oxygen RIE allows pattern transfer
through a thick underlying layer of planarizing polymer.

Brominated poly(1-trimethylsilylpropyne) is an example of a substituted
polyacetylene that is suitable for bilevel-resist processes (34). Requiring both
exposure and postexposure bake (PEB) steps, samples of the polypropyne
having a mole fraction of bromine from 0.1 to 0.2 per monomer unit exhibit
sensitivities in the order of 25 mJ/cm? Submicrometer resolution has been
demonstrated, and etching-rate ratios relative to hard-baked photoresist
planarizing layers are ~1:25.

Knowledge that silyl substituents may be incorporated into standard
resist chemistry to effect etching resistance has prompted several workers
to evaluate silylated novolacs as matrix resins for conventional positive-
photoresist formulations. Typically, these resists operate via a dissolution
inhibition mechanism whereby the matrix material is rendered insoluble in
aqueous base through addition of a diazonaphthoquinone. Irradiation of the
composite induces a Wolff rearrangement to yield an indenecarboxylic acid
(Figure 4), which allows dissolution of the exposed areas in an aqueous-base
developer (35).

The first attempt to design a conventional photoresist resistant to RIE
made use of trimethylsilylphenol (36). However, efforts to prepare an
aqueous-base-soluble novolac from this monomer were frustrated by the
hydrolytic instability of the bond between the aromatic carbon and the silicon
atom. These problems were overcome by insertion of a methylene spacer
between the aromatic ring and the silyl substituent. Thus, trimethylsilyl-
methylphenol may be terpolymerized with cresol and formaldehyde to afford
stable, etching-resistant, aqueous-base-soluble resins (see structure) (37).
Formulation with a diazonaphthoquinone inhibitor affords a UV-sensitive
resist (120 mJ/cm? at 405 nm) that acts as an etching mask for subsequent

OH OH
Tor=tfer,
x CHy )
CHp
CH3—%i—CH3

CH3

Trimethylsilylmethyl-substituted novolac resin
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MASK
RESIST
SUBSTRATE
JDEVELOPMENT
0 COOH
QLY —. O
—_———
H20
SO,R SO,R
\ 0
\=N2 ///
\ o H20/ ¢
OO,
SO,R SO,R

Figure 4. Schematic representation of the mechanism of conventional positive
photoresists.

bilevel RIE pattern-transfer processes. Typical patterns that may be obtained
are shown in Figure 5.

Poly(2-methyl-1-pentene sulfone) may be used as a dissolution inhibitor
to effect e-beam sensitivity (38). Trimethylsilylalkoxyphenol is another mon-
omer that has been used in the preparation of oxygen-etching-resistant no-
volacs for resist applications (39). For all of the novolac-based systems studied
to date, the hydrophobic nature of the silicon moiety limits the incorporation
of silicon to ~10 wt %. However, this level is sufficient to allow use of these
resins as oxygen RIE masks.

Other alkali-soluble organosilicon polymers have been investigated for
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10 pm

Figure 5. Scanning electron micrograph depicting 1.0-pm images obtained in
a silylated novolac—diazoquinone resist formulation after conventional expo-
sure and development followed by pattern transfer by oxygen RIE.

use as matrix resins in positive-photoresist applications. Examples include
silylated polyvinylphenols (40) and substituted polysilsesquioxanes (41, 42).
In particular, hydroxyl-substituted poly(benzylsilsesquioxanes) exhibit high
resistance to oxygen RIE and may be formulated with diazonaphthoquinone
dissolution inhibitors to afford sensitive, high-resolution photoresists
(40, 41).

Etching Characteristics. The oxygen RIE rate of organosilicon poly-
mers is nonlinear with respect to silicon content, and the incorporation of
10-15 wt % silicon leads to a significant reduction in etching rate (10). Fig-
ure 6a shows a curve of etching rate versus silicon content for poly-
(trimethylsilylmethyl methacrylate-co-chloromethylsytrene) that is typical of
most organosilicon resist systems. Whereas additional incremental increases
in the weight percent of Si in a given polymer do not result in a significant
decrease in etching rate, the etching selectivity of a bilevel resist with respect
to an organic planarizing layer is improved (Figure 6b). The oxygen-etching
rates of silicon-containing polymers are related to the mass balance of silicon
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Figure 6. (a) Etching rate versus silicon content and (b) etching selectivity
versus silicon content for poly(trimethylsilylmethyl methacrylate-co-chloro-
methylstyrene).

in the material when high ion-bombardment-energy conditions, which are
typical of RIE processing, are used (13). In this case, polymer structure has
little, if any, effect on the etching behavior of a given resin, and silicon
content is the key variable. Under low-energy conditions, polymer structure
plays an increasingly important role. The propensity of a given material to
undergo radical-induced degradation reactions appears particularly signifi-
cant, that is, the etching rate increases relative to predicted values, with
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increasing ease of radical reactions. Further understanding of the relationship
between polymer structure and composition and etching conditions is re-
quired to achieve a viable bilevel-resist system.

Summary

Organosilicon polymers are playing an increasingly important role in the
electronics industry. These materials are useful in multilevel-device plan-
arization schemes, because they are soluble and may be readily spin coated
to afford conformal, approximately planar surfaces for subsequent metal dep-
osition. Lithographic applications include the use of silicon-containing resins
for multilayer-resist processes. Trilevel planarization schemes are simplified
through the use of spin-on intermediate coatings that act as barrier layers
to oxygen RIE. Alternatively, coupling of the properties of the top imaging
layer with those of the intermediate barrier materials affords bilevel-resist
systems that require fewer processing steps.

Knowledge of the structure and properties of organosilicon polymers is
a key to the development of effective materials for integrated-circuit appli-
cations. The thermochemistry and plasma chemistry that these polymers
undergo during processing change markedly with what may appear to be
small changes in polymer structure. These effects must be evaluated and
understood to design organosilicon materials appropriate for electronic ap-
plications.
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Modifications of Well-Defined
Polysilanes

Krzysztof Matyjaszewski, Jeffrey Hrkach, Hwan-Kyu Kim, and Karen Ruehl

Department of Chemistry, Carnegie Mellon University, Pittsburgh, PA 15213

Different homo- and copolysilanes were prepared by sonochemical
reductive coupling of disubstituted dichlorosilanes with sodium. Poly-
mers formed in the presence of ultrasound were monomodal, with
polydispersities (ratio of weight-average molecular weight to number-
average molecular weight, M./M,) as low as <1.2. Polysilanes that
contain aryl groups were dearylated upon treatment with strong
protonic acids such as trifluoromethanesulfonic (triflic) acid. The
resulting triflated polysilanes reacted readily with different nucleo-
philes to yield alkoxy- and amino-substituted polysilanes. Triflated
polymers reacted with monomers that could be polymerized cation-
ically to form graft copolymers.

HIGH-MOLECULAB-WEIGHT POLYMERS that contain Si-Si bonds in the
main chain have been known for more than 30 years, but because of the
insolubility of the initially prepared poly(dimethylsilylene), they were not
studied in detail until recently (I-4). The successful conversion of
poly(dimethylsilylene) to silicon carbide fibers and the subsequent prepa-
ration of soluble polysilanes (I—4) stimulated the renewed study of these
materials. Photochemical and photophysical studies of high-molecular-
weight polysilanes confirmed earlier theoretical predictions concerning the
conjugation of catenated Si-Si bonds in linear polymers (5-12). Very re-
cently, thermochromism of polysilanes with long alkyl substituents has been
observed and explained by the preferential formation of long (with at least
10 consecutive Si atoms) all-trans conformations.

Polysilanes are prepared by the reductive coupling of dichlorosilanes in

0065-2393/90/0224-0285%06.00/0
© 1990 American Chemical Society
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the presence of sodium (I-4). The coupling process used at temperatures
>100 °C usually leads to a mixture of high-molecular-weight polymers
(M, > 100,000), low-molecular-weight polymers (M, < 3000), and small
cyclopolysilanes (Si,, Sis, and Si;). We have obtained monomodal poly-
silanes (composed only of high-molecular-weight polymers) by the applica-
tion of ultrasound at ambient temperatures (13).

The severe reaction conditions of the coupling reaction discourage the
use of dichlorosilanes with substituents other than alkyl or aryl groups.
Therefore, up to now, the availability of polysilanes has been limited to
polymers with alkyl or aryl substituents (I—4). Recently, we discovered the
rapid and quantitative displacement of phenyl groups from silanes and di-
silanes by the action of strong protonic acids such as trifluoromethanesulfonic
(triflic) acid (14). The resulting triflates react rapidly with different nucleo-
philic reagents to yield polysilanes with pendant alkoxy and amino groups.
The reactivity of silyl triflates is sufficient to initiate the cationic polymeri-
zation of different monomers. The polymeric initiation system yields comb-
like graft copolymers.

Experimental Procedures

Details of this work have been described elsewhere (13, 14). All reagents were
distilled and dried directly before use. Reactions were carried out either in an inert
atmosphere or in a vacuum. NMR spectra were recorded with 300- and 80-MHz
spectrometers. Gel permeation chromatography was performed with Ultrastyragel
columns (Waters).

Sonochemical Synthesis of Well-Defined Polysilanes

Recently, ultrasound has been very successfully applied to different organ-
ometallic and catalytic reactions (I5). Rates are strongly accelerated, and
reactions are often much more selective than those carried out under typical
thermal conditions. Sonication of sterically hindered dichlorosilanes in the
presence of lithium yields disilenes and cyclotrisilanes (16, 17). We have
applied ultrasound in the synthesis of poly(phenylmethylsilylene) in the
presence of dispersed sodium, which was prepared directly from small pieces
of sodium by sonication.

Thermal polymerization typically results in the formation of high- and
low-molecular-weight polymers with a bimodal distribution. Bimodality was
ascribed previously to diffusional phenomena (4), but an alternative expla-
nation involving the presence of two (or more) chain carriers that exchange
slowly enough to build an entire macromolecule or the presence of linear
and macrocyclic polymers is possible. We expected that a lower overall
temperature could favor one mechanism of propagation and yield monomodal
polymers. Indeed, at ambient temperatures and by using simple ultrasonic
cleaning baths or an immersion-type probe, we obtained monomodal
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poly(phenylmethylsilylene) with number-average molecular weights (M ,) in
the range of 100,000 and polydispersities (M /M ,; M ,, is weight-average
molecular weight) of =1.2.

Three phenomena may be related to the formation of monomodal poly-
mers. The first phenomenon is the preferential contribution of intermediates
of one type in the sonochemical reductive coupling. The second phenomenon
accounts for the formation of high-quality sodium dispersion, which is con-
tinuously regenerated during the coupling process. The third phenomenon
is related to the selective degradation of polysilanes with higher molecular
weights.

Sonochemical homopolymerization of dichlorosilanes in the presence of
sodium is successful at ambient temperatures in nonpolar aromatic solvents
(toluene or xylenes) only for monomers with a-aryl substituents. Dialkyl-
dichlorosilanes do not react with dispersed sodium under these conditions,
but they can be copolymerized with phenylmethyldichlorosilane. Copoly-
mers with a 30-45% content of dialkylsilanes were formed from equimolar
mixtures of the corresponding comonomers. Copolymerization might indi-
cate anionic intermediates. A chloroterminated chain end in the polymeri-
zation of phenylmethyldichlorosilane can participate in a two-electron-
transfer process with sodium (or rather two subsequent steps separated by
a low-energy barrier). The resulting silyl anion can react with both dichlo-
rosilanes. The presence of a phenyl group in either a or B position in
chloroterminated polysilane allows reductive coupling, in contrast to peralkyl
species, which do not allow the reaction. Therefore, dialkyl monomers can
copolymerize, but they cannot homopolymerize under sonochemical con-
ditions.

Growth via radical intermediates should lead to the homopolymer of
phenylmethylsilane in the presence of unreacted dialkyldichlorosilane, un-
less an extensive transfer process operates. Radicals can be considered as
intermediates that rapidly participate in the second electron transfer that
leads to the corresponding anions. High local temperatures (>2000 K) might
enable the second electron transfer to proceed despite the short lifetime
(<1 ps) of “hot spots” (15). Anions can react with both monomeric dichlorides
in an Sy\2-type reaction that yields a copolymer (Scheme I).

The presence of intermediate radicals was confirmed by trapping the
pendant alkenyl groups during the polymerization of phenylallyldichloro-
silane and phenylhexenyldichlorosilane. In the reductive coupling of phen-
ylallyldichlorosilane, ~50% of the alkenyl groups were consumed, whereas
for phenylhexenyldichlorosilane, ~25% of alkenyl groups reacted, and 75%
were present in the final oligosilanes. Phenylallyldichlorosilane yields 7% of
a bimodal polymer with molecular weights (M ,ous) of 31,000 and 9100.
Copolymerization of phenylallyldichlorosilane with phenylmethyldichloro-
silane yields 13% of a copolymer in which 50% of the allyl groups were
consumed. Again, this copolymer is a bimodal polymer with M ;s of 58,000
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(I:H3 slow CH CH
.—Si-Cl +Na —= _—g§i-CI", Na® — ..—Si" + NaCl
CH; CHj,
! fast [}
..—Si"  + Na —  ..—Si, Na"
CH
(I:H:’ v. slow | 3/C6H13

..—Si-Si-Cl + NaCl

—Si", Na* (CgH3),8iCl, y
CeHis

Scheme 1. Copolymerization by reductive coupling.

and 6800. The long-lived radicals can be rapidly trapped by a hexenyl
pendant group at the monomer (or terminal-unit) stage and also by an allyl
group at the dimer or trimer stage. However, the formation of radicals can
be considered only as the first step in the reduction of chloroterminated
chains to polymeric silyl anions.

Intramolecular reactions are much faster than intermolecular reactions,
and the anchimeric assistance, measured by the ratio of the rate constant of
the unimolecular reaction to that of the analogous bimolecular reaction,
depends strongly on the size of the ring that should be formed in the uni-
molecular process. The ratio of these constants can reach values of up to
107 mol/L. Thus, intramolecular trapping confirms the presence of radicals
as short-lived intermediates but does not prove that chain growth proceeds
via radical coupling.

In the reductive coupling of phenylhexenyldichlorosilane, 75% of the
alkenyl groups did not react with radicals, although cyclization was highly
favored in the strainless ring. This result means that the lifetime of radicals
must be very short and that they can be further reduced to silyl anions prior
to intramolecular cyclization. The presence of anionic intermediates is ad-
ditionally supported by faster reactions in ethereal solvents, first-order ki-
netics of the monomer, and some model reactions. The formation of silyl
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anions is especially favored for monomers bearing a phenyl group, which
stabilizes anions. For example, 1,1,1-triphenyl-2,2,2-trimethyldisilane is
practically the only product of the reductive coupling of triphenylsilyl chlo-
ride with trimethylsilyl chloride; the radical pathway would lead to the
mixture of perphenyl- and permethyldisilanes and 1,1,1-triphenyl-2,2,2-tri-
methyldisilane.

Polymerization by reductive coupling must start at the slow reaction
between sodium and monomer and is followed by much faster reactions
involving polymeric species. This sequence is synonymous to having a much
faster propagation compared with initiation, as usually happens in the chain-
growth process. Otherwise, no high-molecular-weight polymer could be
formed in the presence of excess sodium or dichlorosilane.

The macromolecular silyl chloride reacts with sodium in a two-electron-
transfer reaction to form macromolecular silyl anion. The two-electron-trans-
fer process consists of two (or three) discrete steps: formation of radical anion,
precipitation of sodium chloride and generation of the macromolecular silyl
radical (whose presence was proved by trapping experiments), and the very
rapid second electron transfer, that is, reduction to the macromolecular silyl
anion. Some preliminary kinetic results indicate that the monomer is con-
sumed with an internal first-order-reaction rate. This result supports the
theory that a monomer participates in the rate-limiting step. Thus, the
slowest step should be a nucleophilic displacement at a monomer by mac-
romolecular silyl anion. This anion will react faster with the more electro-
philic dichlorosilane than with a macromolecular silyl chloride. Therefore,
polymerization would resemble a chain growth process with a slow initiation
step and a rapid multistep propagation (the first and rate-limiting step is the
reaction of an anion with degree of polymerization n[DP,] to form macro-
molecular silyl chloride [DP,,,], and the chloride is reduced subsequently
to the anion).

Interchain reactions may also be involved in polymerization, and they
can be responsible for very high molecular weights. The intramolecular
reaction between macromolecular silyl anion and macromolecular silyl chlo-
ride is favored for small rings such as five- or six-membered rings. At that
stage, anchimeric assistance is very high, and an oligosilane with a terminal
chloro group can successfully compete with a more electrophilic monomer
molecule. This assistance explains the large proportion of cyclic structures
formed during reductive coupling. The radical mechanism can hardly explain
the formation of cyclooligosilanes. When a few chains exceed the critical
dimension of six or seven units, they escape the intramolecular trap, and
cyclization becomes much less probable. The probability of cyclization reap-
pears at higher degrees of polymerization, in agreement with the Jacob-
son—Stockmayer theory (18). The low-molecular-weight polymer might have
a macrocyclic structure. Studies of the end-group structures in low-molec-
ular-weight polysilanes are being undertaken currently.
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The reactions that limit chain growth and initiate polymerization have
not been defined. Is polymerization terminated by impurities? Does solvent
participate in transfer? Does polymerization start by the reaction with a
monomer or with impurities in the system? These questions must be an-
swered. For example, we noticed that successful formation of the monomodal
high-molecular-weight polysilane requires the addition of a few drops of
monomer to sonicated sodium dispersion prior to the addition of the main
part of disubstituted dichlorosilane.

Dialkyldichlorosilanes do not undergo reductive coupling with sodium
at temperatures below 60 °C in toluene because of thermodynamic or kinetic
reasons. The equilibrium constant for the reduction process may be unfa-
vorably shifted at lower temperatures. Dialkyldichlorosilanes could be po-
lymerized at ambient temperatures in ethereal solvents (19). For example,
we prepared poly(di-n-hexylsilylene) with M, = 45,000 in toluene—diglyme
(1:1). The presence of diglyme may accelerate electron transfer, but it may
also shift the equilibrium by the formation of complexes with sodium cations
(Table I).

The active surface of dispersed sodium increases during ultrasonication
because of the cavitational erosion of sodium, which is malleable at this
temperature. Ultrasonic treatment also ensures a local excess of sodium by
the continuous regeneration of the metal surface.

High-molecular-weight polysilanes are rapidly degraded in the presence
of ultrasound (Table II). A similar effect has been observed previously for
polystyrene, poly(methyl methacrylate), dextran, and other polymers
(20-22). Selective degradation is a mechanical process caused by frictional
forces between macromolecules and solvent molecules during the cavitation
process. Larger molecules are more resistant to flow, have larger shear
forces, and rupture more frequently than shorter macromolecules. Beyond
a certain molecular weight, shear forces are smaller than bond strengths,
and polymers cannot be degraded. This selective degradation reduces mo-
lecular weights to a certain value but also decreases polydispersity.

Model Dearylation Reactions

Successful reactions involving polymers should proceed with high rates and
high selectivities to enable reactions with functional groups that are usually
present at low concentrations. Having in mind this limitation, we searched
for a rapid and selective reaction that could convert relatively inert silicon
alkyl or aryl groups into intermediates capable of incorporating different
functionalities. Reductive coupling in the presence of alkali metal allows only
alkyl and aryl groups at silicon. Alkoxy and amino groups, and even hydrogen
atoms, react rapidly with molten sodium, and the reaction leads to cross-
linking and other side reactions.

On the other hand, some electrophilic silyl compounds react rapidly
with a large variety of nucleophiles. The relative order of reactivity of si-
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Table II. Effect of Sonication Time on Molecular
Weights and Polydispersities
of Poly(phenylmethylsilylene)

Sonication _ _ _
Time (min) M. (X10°%) M. (X 10°) M./M,
5 3.8 17.3 4.5
10 2.24 6.68 2.98
15 2.30 6.35 2.71
30 1.82 3.73 2.05
60 1.48 2.57 1.73
80 1.06 1.57 1.48

120 0.40 0.47 1.17

NoTtes: The reaction was carried out in toluene with an immersion-
type probe and the following conditions: [M], = 0.32 mol/L;
[Na],/[SiCl], = 1.2; and temperature = 60 °C. Polymerization was
exothermic and was completed just after the addition of monomer
(15 min). Polysilane separated from the reaction mixture and son-
icated in the presence of 0.2 equivalent of Na was degraded in a
similar way.

lylating reagents has been established by studies of the silylation of cyclic
and linear ketones (23) as follows:

=Si-Cl (1) << =Si-0,SCH, (40) << =Si-Br (8 x 10%
<< =8i-0,SCF, (7 x 10% < =Si-I (7 X 109

Some qualitative information indicates that perchlorates might be more re-
active than iodides (24). Thus, three silylating compounds are much more
reactive than the others: iodide, perchlorate, and triflate (trifluorometh-
anesulfonate). Iodides and perchlorates have considerable disadvantages as
light-sensitive and explosive reagents, respectively. Triflates, however, are
stable for long periods in the absence of nucleophiles (moisture included).

Four synthetic routes lead to silyl triflates: (1) reaction of silyl chlorides
with silver triflate (very expensive), (2) reaction of silyl chlorides with triflic
acid, (3) reaction of tetraalkylsilanes with triflic acid, and (4) reaction of
arylsilanes with triflic (trifluoromethane sulfonic) acid (24-26). The displace-
ment of a chlorine atom and a phenyl group from trimethylsilyl chloride and
trimethylphenylsilane indicate that these groups are much more reactive
than the alkyl substituents for the synthesis of triflated silanes. We found
that the aryl group is over 200 times more reactive than chloride in these
reactions (14). We were able to displace two phenyl groups from diphenyl-
dimethylsilane in a stepwise manner:

CF:0,0H + CeHy-Si(CHy)-CoHs =2

CF;S0,0-Si(CHy),~CsH; (>94%) + CF3S0,0-Si(CH,),—OSO,CF; (1)
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Phenyldimethyltrifluoromethanesulfonyloxysilane was formed after the
reaction with one equivalent of the acid, and the corresponding ditriflate
was formed after the second equivalent of the acid was added. No ditriflate
was found until the starting material was completely consumed.

A similar reaction with 1,2-diphenyltetramethyldisilane shows a much
lower selectivity. Reaction with the equimolar amount of the acid results in
13% of the starting disilane, 13% of ditriflate, and 74% of monotriflate:

CF,SO;0H + CeHs—Si(CHy);-Si(CHy)y—CoHs ——>
CF,S0,0-Si(CH,),-Si(CH,),~CeH; (74%) + CeHy (22)

CF,SO,0H + CeHs-Si(CH,)p—Si(CHy)y—CsH; —>>
CF,80,0-Si(CH,),~Si(CH,),~OSO,CF, + C¢H; (2b)

These results indicate that the second rate constant is approximately
eight times lower than the first rate constant, or if a statistical factor is
accounted for, the phenyl group is 4 times less reactive when a strong
electron-withdrawing triflate group is at the adjacent silicon atom. The pres-
ence of triflate at the same Si atom leads to much larger differences in
reactivities and to a stepwise dearylation. (We prefer to use the term “dear-
ylation”, although in organosilicon chemistry, “desilylation” is used, because
a large number of aryl groups are removed from these polymeric systems
although the silicon backbone [polysilane] remains intact.)

1,2-Bis(trifluoromethanesulfonyloxy)tetramethyldisilane is formed in
preparative yields, which exceed 75%. The reaction between two equivalents
of the acid and disilane shows only one desired product when carried out
directly in an NMR tube.

The ditriflates react rapidly with various alcohols

CF,S0,0-Si(CH,),~Si(CH,),~0SO,CF, + 2ROH +2B: —
RO-Si(CH,),~Si(CH,),~OR + 2(BH*)(OSO,CF;) (3)

in Whlch Ris CHa_, C2H5“, (CH3)3C—, CH2=CH—CH2—, or CF3CH2“.
We also observed quantitative reactions with other nucleophiles such
as amines and organometallics.

Reactions on Polymers

The rapid and quantitative displacement of phenyl groups from model silanes
suggests that similar reactions with aryl-substituted polysilanes should lead
to the triflated polymer. We have carried out this displacement under dif-
ferent conditions. Approximately the first 80% of the phenyl groups were
removed rapidly from poly(phenylmethylsilylene). No free acid was observed
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in the NMR spectra at 2 min after the addition of acid. Later, displacement
became more difficult, and a small amount of phenyl groups (<10%) remained
in the presence of excess acid (Figure 1).

The broad NMR signals of the starting material are due to the differences
in the chemical shifts of phenyl and methyl groups in isotactic, syndiotactic,
and atactic triads. Tacticity remains in a partially triflated polymer in which
methyl groups are strongly deshielded because they are in the neighborhood
of strong electron-withdrawing triflate moieties. A small amount of unreacted
phenyl groups can be ascribed to some triads in which a phenyl group is
placed between two bulky triflate groups, and steric hindrance prevents the
displacement of the final aryl group:

H; Hs H; H; H; Hs Hj
ERREE
...'SIi—Sli—$i—Sli—Sli—$i—$i"... + n HO,SCF,;
C6 C C6 C6 C6 C Cﬁ
H; H; Hs Hs H; H; Hs

F, F;
C C
H; S Hy; Hy Hy S H,
€ o C ¢ ¢ oo ¢
SIS i—Si—Si—Si—Si—Si—.. +n CgHg 4)
O3 C O0; C4 0; C O
S Hy S Hs S H; S
C C C C
Fj Fj3 F; F3

Strong electrophilic reagents can induce dearylation, but they can also de-
crease the molecular weights of polysilanes by cleavage of Si-Si bonds. We
have found that the selectivity of dearylation with triflic acid in CH,Cl,
solutions is approximately 90%, and at higher degrees of modifications, we
also observed polymer degradation. Thus, under the present conditions,
dearylation with triflic acid is best suited for partial modifications and at-
tachment of groups that can influence the physical and chemical properties
of polysilanes, even those with a low content of these groups.

Polymers that contain 10-30% of methoxy, ethoxy, or tert-butoxy groups
instead of phenyl groups have absorption maxima lower than that of the
initial polymer (320 versus 340 nm). This difference can be ascribed to the
decrease of a o—m* excitation in the modified polymer (27).

At present, we are studying the optimal conditions for the displacement
reactions by using different solvents, temperatures, and acids. We have found
that variation in the aryl groups also increases the selectivity of dearylation.
For example, the p-methoxyphenyl group is displaced by triflic acid much
more rapidly than the unsubstituted phenyl ring,
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Figure 1. '"H NMR spectra of poly(phenylmethylsilylene) modified by trifluo-

romethanesulfonic acid (HA). (a) [-Si(CsH s)(CH3)~]o = 0.42 mol/L; (b) after

reaction with [HA], = 0.17 mol/L; and (c) after reaction with [HA], = 0.34

mol/L. CHCl; was used as internal standard (5.35 ppm). Spectra were taken
in CDCl; solvent at 25 °C.
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Grafting from Polysilanes

Trimethylsilyl triflate can initiate the cationic polymerization of different
vinyl and heterocyclic monomers (28). The triflated polysilane can react in
the same way and can induce growth of a large number of chains. In this
way, comblike graft copolymers can be prepared.

The successful preparation of pure graft copolymer requires a transferless
process; otherwise, in addition to the desired graft copolymer, a mixture of
homopolymers will also be formed. The correct control of the structure of
the graft copolymer can be achieved in the living system when initiation is
at a comparatively higher rate than propagation and when termination is
absent. A few monomers can be polymerized cationically in living systems
(29). For example, cyclic ethers, cyclic imino ethers, and some cyclic amines
give living systems. Recently, some vinyl ethers were also polymerized in
transferless and terminationless processes (30, 31). Quite often, special fea-
tures are required of the structure of the initiator. Triflate derivatives were
used successfully in the living polymerization of cyclic ethers, particularly
in the polymerization of tetrahydrofuran (THF) (32). In the polymerization
of THF in the presence of an anion capable of covalent bonding, two types
of active species are present: oxonium ions and covalent esters. These species
isomerize with rates comparable with the rate of ionic propagation k', and
the equilibrium position depends on the polarity of solvent:

+
..-CH3-0-CH,CH,CH,CH,-0-S0,-CF; =:...-CH2-G<:|, CF3S05’

)

ClL
@ P ((_’7 P

Polymerization proceeds predominantly with ionic species, because they are
more than 1000 times more reactive than esters (kpi >> k,°, in which k,°
is the rate of covalent propagation). Rapid isomerization allows simultaneous
growth on all chains. Typically, during the polymerization of THF, polydis-
persities (M ,/M ) are >1.5, because depropagation occurs simultaneously
with chain growth. The equilibrium monomer concentration, [M],, at room
temperature is around 5 mol/L. Thus, the initial concentration of THF under
these conditions should exceed 50 vol %.

We succeeded in grafting poly(tetrahydrofuran) on partially triflated
poly(phenylmethylsilylene) in CH,Cl,. Using a polysilane with M, = 3600,
in which 30% of phenyl groups were substituted by triflates (nine groups
per chain), we observed the formation of a graft copolymer with M, =
600,000 and M, = 300,000. After UV irradiation and degradation of poly-
silane backbone, the molecular weight of this polymer decreased to M,, =
30,000. This change suggests that poly(tetrahydrofuran) was successfully

)
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grafted onto the polysilane and that the amount of homopoly(tetrahydrofuran)
that could be formed by transfer or by direct initiation by the remaining
triflic acid is very small. Broad molecular weight distribution is due to slow
initiation.

Silyl triflates are very powerful silylating agents, and they react directly
with alkyl esters to form the corresponding silyl ketene acetals, which are
known as initiators of the group-transfer polymerization of methyl methac-
rylate (33). We prepared the initiators in situ from trimethylsilyl triflate (or
premixed aryl silanes and equimolar amounts of triflic acid), methyl pro-
pionate, and triethylamine. Amines or pyridines were used in order to trap
triflic acid, which was formed under these conditions. Tris(dimethyl-
amino)sulfonium bifluoride was used as the catalyst. Typically, poly(methyl
methacrylate) with higher than theoretical molecular weights (degrees of
polymerization should be equal to the ratio of monomer to initiator) were
formed under these conditions. This result can be due to the lower activity
of silyl ketene acetals based on propionate compared with isobutyrate esters,
which have higher “O/C” silylation ratios (33). .

A similar reaction was used for poly(phenylmethylsilylene) with M, =
3000, in which, statistically, three phenyl groups per polymer chain were
displaced by triflic acid. Partially triflated polysilane was used as macro-
molecular silylating reagent. In this case, poly(methyl methacrylate)-g-
poly(phenylmethylsilylene) was formed. The graft copolymer was degraded
by UV light from M, = 125,000 to 47,000 in 24 h. No further degradation
was observed at longer irradiation times. Three poly(methyl methacrylate)
branches per polysilane chain were expected from the ratio of initial con-
centrations ([polysilane]/[HA],). Degradation indicates that each polysilane
chain contains 2.7 poly(methyl methacrylate) grafts, which suggests that
nearly all triflated sites were active.

The poly(methyl methacrylate)s prepared in this experiment, as well as
polymers formed in model reactions with silanes that contain bulky sub-
stituents (such as phenyldimethyl and diphenylmethyl groups), have pre-
dominantly syndiotactic structures identical to polymers prepared by the
conventional group-transfer process. This result supports a two-step disso-
ciative mechanism for a group-transfer process, because steric hindrance
from bulky silyl groups should increase the proportion of isotactic triads in
the hypothetical associative concerted propagation step.

The grafting process is being attempted for other monomers and for
different counterions. The synthesis of true graft copolymers may lead to
the formation of new morphologies, if the size of components in the copol-
ymer allows correct microphase separation. These studies are being contin-
ued in our laboratory.
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Mechanistic Studies of Polysilane
Polymerization

Sylvie Gauthier and Denis J. Worsfold

Division of Chemistry, National Research Council of Canada, Ottawa K1A OR6,
Canada

The copolymerization of dialkyldichlorosilanes was investigated un-
der conditions of concurrent and consecutive monomer addition. The
reactivities of the monomers in initiation and propagation reactions
were different. Block copolymers may be formed both by sequential
addition to existing active centers and by reactivation of existing
polymer. These results were combined with previous findings to sug-
gest general schemes for the pathways taken by the reaction.

SOLUBLE POLYSILANE POLYMERS of high molecular weight were first pre-
pared several years ago (1-3). The method commonly used is the reductive
coupling of dialkyldichlorosilanes with sodium in refluxing toluene. Rela-
tively few studies of the mechanism of the reaction or discussions of the
probable reaction intermediates have been reported.

The molecular equation describing the reaction,

nRR'SiCl, + 2nNa < (RR'Si), + 2nNaCl

suggests that the reaction is the silicon equivalent of a Wurtz condensation
and that the reaction would follow a condensation polymerization mecha-
nism. The characteristics of the reaction depart considerably from that ex-
pected of a condensation polymerization, such as the formation of polyesters.
In a condensation polymerization, the monomer is consumed in the for-
mation of the first dimers with some trimers, and only late in the reaction
are high-molecular-weight polymers formed. The formation of high-molec-
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ular-weight polymers depends on the exact stoichiometry of the reagents.
A prime condition for these characteristics is the independence of the reac-
tivity of the active chain end groups on the molecular weight of the polymer
chain.

In polysilane formation by the previously mentioned route, the products
were complex and contained high-molecular-weight materials (molecular
weight > 10°) after only 10% of the dichloride had reacted. In the presence
of a twofold excess or a 10% deficit of sodium, an appreciable amount of
high-molecular-weight polymer was formed. Attempts to isolate dimers after
50% of the dichloride had reacted failed. The product with the lowest mo-
lecular weight was a cyclic pentamer. The polymerization, in fact, demon-
strates some of the characteristics of a chain reaction as found in addition
polymerization.

West et al. (4, 5) have suggested a number of possible reaction inter-
mediates, which include anions, radical anions, radicals, and diradicals. Zeig-
ler (6, 7) has proposed, on the basis of some radical-trapping experiments,
that the intermediate is, at least at some point, a radical. He showed that
the diradical silylene was not an intermediate, and he also stressed the
importance of bulk solvent composition on the course of the reaction. The
bulk solvent composition determines the expansion of the polymer coil as
it interacts with the sodium surface. Miller et al. (8) initially suggested that
the reaction, which is promoted by the addition of diethylene glycol dimethyl
ether, proceeds by an anionic process, although they later (9) accepted
Zeigler’s bulk-solvent model.

The products of the reaction of the dichloride with melted sodium are
complex. Except for sodium chloride, the products are polymeric and display
a wide range of molecular weights, which fall into three groups when ana-
lyzed by size exclusion chromatography: high molecular weight (usually
>10°), intermediate molecular weight (10°~10*), and low molecular weight.
The low-molecular-weight products probably consist mostly of cyclic poly-
silanes, primarily of pentamers starting from phenylmethyl- or hexyl-
methyldichlorosilane (10).

The multiplicity of these products suggests that two or more mechanisms
are operating. Interestingly, the distribution of the molecular weights
strongly resembles that found in the formation of polysiloxanes by the anionic
polymerization of cyclic trisiloxanes and tetrasiloxanes (11). In these anionic
polymerizations, an equilibrium exists between linear high-molecular-weight
chains, macrocyclic products, and small ring trimers and tetramers. In the
polysilane case, however, the thermodynamically stable material in solution
at low temperature is probably the low-molecular-weight cyclic product. In
fact, if the high-molecular-weight material is refluxed with potassium in THF
(tetrahydrofuran) solution, the polymer rapidly forms the low-molecular-
weight product. Also, in the reaction of dialkyldichlorosilanes with potassium
in THF, considerable high-molecular-weight product is formed during the
initial 1-2 min, but this product equally rapidly reverts to the cyclic material.
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In the polymerization of dialkyldichlorosilanes with sodium in refluxing
toluene, propagation and a concurrent back-biting reaction to cyclic material
could give the range of products found if the products are kinetically, instead
of thermodynamically, determined (I12). No evidence for depolymerization
has been found for the reaction in toluene solution.

Reaction rate studies (10) have shown that the reaction curves are sig-
moidal, with an initial period of increasing rate and a final falling off in rate
as the monomer is exhausted. At the maximum central part, the rate is
relatively independent of the surface area of sodium, a fact suggesting that
the rate-determining propagation step does not take place on the sodium
surface. The mechanism suggested to explain these findings involves a two-
stage reaction whereby initiation occurs at the sodium surface by a slow
reaction of the dichloride to form sodium-ended chains. Propagation is by
a comparatively rapid reaction of the dichloride with this chain end to re-
form a chlorine-ended chain, which would interact very rapidly with the
sodium surface in a non-rate-determining step to regenerate the sodium
end. Copolymerization can often give insights into polymerization mecha-
nisms. Consequently, a number of copolymerizations have been studied.
The comonomers were added either concurrently or consecutively.

Experimental Procedures

The experimental techniques followed are described elsewhere (10). Sodium block
was added to refluxing toluene under nitrogen and stirred to form small particles of
the required size by controlling the stirrer speed. The monomer was added by syringe
as rapidly as possible, with cooling if necessary to control the reaction. This step
takes less than a minute, except for phenylmethyldichlorosilane, which was too
reactive. In the sequential copolymerizations, enough time was left between the
addition of the two monomers for >90% of the first monomer to react. The disap-
pearance of the monomers was monitored by gas chromatography.

Results

Concurrent Copolymerization. Difficulties are encountered in
studying the kinetics of these reactions because of reaction-to-reaction vari-
ation probably caused by the heterogeneous nature of the reaction and its
sensitivity to the sodium surface area. Also, some batch-to-batch variation
in the dichloride is encountered, despite redistillation. For the polymeri-
zations, the relative rates of monomer consumption are compared under
comparable conditions and are probably valid. The variations in the reaction
rates of dichlorides during homopolymerization are large enough for semi-
quantitative conclusions to be drawn. Nevertheless, because of the sigmoidal
reaction curves found for all reactions slow enough to follow, extracting a
rate constant would be rather dubious. Qualitative comparisons of rate, or
comparisons of half-lives at best, are all that can be done reliably at present.
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On a qualitative scale, in which >> represents about a 10-fold factor,
the relative rates of monomer consumption during homopolymerization are
PMDS >> HMDS > DMDS >> VMDS, in which PMDS, HMDS,
DMDS, and VMDS are phenylmethyl- hexylmethyl-, dimethyl-, and vi-
nylmethyldichlorosilane, respectively. HMDS and DMDS have half-lives
of 20 and 90 min, respectively. The reactions of PMDS and VMDS are,
respectively, too fast and too slow to measure with any precision by our
methods.

The relative rates of monomer consumption during copolymeriza-
tion are in a different order. For the following pairs, the relative rates are
PMDS > HMDS, PMDS > DMDS, PMDS > VMDS but VMDS > HMDS,
VMDS > DMDS, DMDS > HMDS. For a terpolymerization, the relative
rates are PMDS > VMDS > HMDS.

In these copolymerizations, the polymers with the vinylmethylsilane
group are of interest, because the presence of the vinyl group would assist
cross-linking if the polymers are used as precursors for SiC. Both IR and
NMR data indicated that the vinyl content in the polymer is lower than
expected and that some carbosilane may form. The yields of SiC were good
(Table ).

Table I. Copolymerization with VMDS

Starting Monomer Polymer Yield SiC Yield
Ratio® (%)* (%)
1:9:0 69 75
1:9:04 77 73
0.5:9.5:0 61 79
2:8:0 48 81
1:7:2 48 62
1:5:4 30 57
1:5:5 24 67

“The data are the starting VMDS/PMDS/HMDS ratios.

"The data are the yields of toluene-soluble polymer precipitated in
isopropyl alcohol.

“The data are percentages of the theoretical yield.
“‘Diphenylmercury (1%) was added at the start of the reaction to
restrict the polymer molecular weight.

Sequential Polymerization. The sigmoidal reaction curves, which
indicate a tendency for the molecular weight to increase during the course
of the reaction, and other considerations led to the suggestion that the
polymerizing chains had long lifetimes (9), similar to the chains in a “living”
polymerization. If this is the case, sequential addition of different monomers
would lead to block copolymer formation. To check this hypothesis, PMDS
and HMDS were polymerized sequentially with sufficient time between
additions for the first monomer to be consumed. In one experiment, PMDS
was the first monomer, and in another experiment, HMDS was the first. In
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two other experiments, diphenylmercury was added to PMDS in the first
addition to limit the molecular weight of this part of the polymer (9).

Differential solubility was used to check for the presence of block
copolymer. First, the higher molecular weight polymer was isolated from
the reaction mixture by precipitation in isopropyl alcohol. Neither
poly(hexylmethylsilane) nor poly(phenylmethylsilane) are soluble in this
alcohol. Poly(hexylmethylsilane) is soluble in hexane, but poly(phenyl-
methylsilane) is not. The precipitated polymer was then dissolved in meth-
ylene dichloride and added to hexane. The polymer that precipitated was
recovered by filtration; the rest was recovered by evaporation of the solution.

NMR analysis showed the presence of phenyl and hexyl groups in both
the hexane-soluble and the hexane-insoluble fractions, a result indicating
the presence of copolymers, presumably block copolymers (Table II). Be-
cause the phenyl content of the hexane-insoluble polymer was considerably
higher than that of the hexane-soluble polymer (Table II), the composition
distribution must have been fairly wide. Fractional precipitation of both
fractions from toluene solution by methanol was attempted, and some ho-
mopoly(phenylmethylsilane) was isolated from the hexane-insoluble fraction.
Most fractions contained both phenyl and hexyl groups.

Table II. Composition of Polymer from Sequential Polymerization
Phenyl Groups in Polymer (%)

Hexane-Soluble

Monomer Sequence® Polymer (%) Hexane Soluble Hexane Insoluble
HMDS, PMDS 62 66 81
PMDS, HMDS 58 60 85
PMDS, HMDS? 53 60 93
PMDS, HMDS?%¢ 100 25 0

“Equal volumes of monomers were used.

*Diphenylmercury (1%) was added at the start of the reaction.

“The reaction was analyzed at the end of the PMDS reaction. The reaction mixture was washed,
dried, and restarted with fresh Na and the second monomer, HMDS.

Further sequential polymerizations were performed to determine
whether the incorporated polymer had in fact to be living, as in an anionic
polymerization. Previous studies (I10) have shown that even after all the
dichloride has been consumed in a PMDS polymerization, increases in mo-
lecular weight of the middle-range fraction of the polymer (10°~10%) occur
on continued reflux with excess sodium. Also, even if the reaction solution
is washed with water and dried, these changes occur on reflux with sodium.

This middle-range fraction was maximized by the addition of a little
diphenylmercury at the beginning of the reaction. The reaction solution was
again washed with water to deactivate any chlorine or sodium chain ends,
dried, and refluxed with sodium, and HMDS was added. By analyzing for
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block copolymers, the final reaction product was compared with one from
a reaction mixture in which the washing process had been omitted. The
washed reaction mixture gave only polymer that was hexane soluble, but
the highest molecular weight fraction contained 25% phenyl groups (Table
II). The molecular weight of this product was also several times that of the
product from the first stage. Undoubtedly, block copolymers were formed
in this reaction but not as much as in the comparable reaction that was not
washed. In the unwashed reaction, hexane-insoluble high-molecular-weight
polymer with a higher phenyl content was formed (Table II). Some type of
reactivation is possible.

Discussion

General Reaction Scheme. The polysilane reaction products from
the reaction of dialkyldichlorosilanes with sodium in refluxing toluene are
complex, with molecular weights spanning the three groups indicated pre-
viously. Any mechanism proposed for this reaction should take into account
all the three products described at the start of this chapter, even if more
than one mechanism coexist.

Before the reaction can be considered at the atomic level, the general
pathways for the formation of the three products must be known. The path-
way for polysiloxane formation has been mentioned. When applied to
polysilanes, this pathway could imply an initiation reaction with a much
faster propagation reaction whereby the silane units would add in a stepwise
fashion, possibly by a two-stage process as discussed earlier. The concurrent
and end-biting and back-biting reactions would chop off the low-molecular-
weight cyclic materials and, less frequently, the larger cyclic materials to
give the intermediate fraction. The distribution would then be determined
kinetically by the relative rates of the three processes until final deactivation.
Earlier, West et al. (12) described such a kinetic determination of products
for DMDS.

An alternative scheme that does not involve end biting is possible. As
before, reaction of the initial dichloride with sodium is necessary for the
initiation step in pure systems. After the first one or two additions of the
monomer, the growing short chain would, by the two-step addition process,
have alternately sodium or chlorine ends at each end of the short chain.
When the chain reaches 5 or 6 units, cyclization can take place ideally, if
the two chain ends are different and can react. Only that fraction of chains
that does not cyclize at this point could grow to high molecular weight. The
intermediate fraction could be composed of chains of moderate length, which
would still have a reasonable chance to cyclize once the chain length is
greater than 8-12 units; ring formation by chains of 8-12 units is difficult.
Also, condensation reactions could still occur. Chain propagation reactions
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may accelerate as the chain lengthens, and increased electron delocalization
(13) may alter the activity of the chain end groups.

The middle-range polymer fraction may contain an appreciable amount
of cyclic material. A fraction of PMDS polymer with a molecular weight of
2000 was isolated, and the phenyl and methyl regions were analyzed by 'H
NMR spectroscopy. The phenyl/methyl ratio was very close to 1:1 even if
(CH,),SiCl was used to terminate the reaction. This result suggests that this
material is cyclic. The *Si NMR spectrum showed a small extra peak at
8 ppm (TMS [tetramethylsilane] peak at 0 ppm), as well as the usual signal
for Si-Si-Si at —40 ppm, corresponding to 4% Si—Si—(CHj);. This finding
casts doubt on the totally cyclic nature of this material.

Copolymerization Rates. Both of the overall schemes described rely
upon a comparatively slow reaction of the initial dichloride with sodium,
and this requirement is confirmed by the kinetics of the reactions. These
reactions all have an initial period of accelerating rate, suggesting that the
initial dichloride itself does not react rapidly with the sodium surface but
that some intermediate in the reaction will react more rapidly with the
dichloride. Presumably, this intermediate is the growing chain end. The
homopolymerization rate is a function of the initiation rate, as well as the
rates of subsequent propagation and other steps. Thus, the apparently anom-
alously rapid incorporation of VMDS or DMDS during copolymerization
with HMDS suggests that these two monomers have fairly rapid propagation
steps. Because of their very low rates of reaction with sodium in the initiation
reaction, their overall homopolymerization rates are slower than their rates
of copolymerization, in which initiation may be via the other monomer and
faster.

Block Copolymer Formation. The formation of block copolymers
during sequential polymerization suggests that chain ends do remain reactive
even after all the initial dichloride is consumed. The incorporation of the
first polymer into block copolymers with the second monomer is, however,
compatible with the suggestion that chain extension is by monomer addition
alone or by a combination of monomer addition and condensation reactions
to form the higher molecular weight fractions. With chain extension by
monomer addition alone, triblocks with the first monomer in the middle can
be formed. Condensation reactions could give multiblock copolymers. NMR
analysis has indicated block copolymer formation, but the block length has
not been determined yet. The distribution of block lengths is probably large
because of the broad molecular weight distribution of the first polymer before
the second addition.

The inclusion of apparently “dead” polymer into block copolymer is of
interest (Table II). Certainly less of the first PMDS polymer was incorporated
in this system than in the corresponding living system, because all the
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copolymer formed in the system with dead polymer was hexane soluble.
The results suggest that the active new chain end reacts with the existing
polymer and reactivates it. This reaction is necessary in the mechanism that
suggests back biting to eliminate cyclic materials. This type of reaction is
widely postulated to account for the molecular weight distributions found
in cyclic oxide polymerization, for example, THF (14) and oxetane (15).

Conclusions

If the reactions in THF and the inclusion of dead material in block copolymers
are taken into account, the balance of the evidence at present seems to
support the back-biting mechanism. However, the mechanisms are not really
mutually exclusive, because they both suggest an alternation between a
chlorine-ended chain and a sodium-ended chain. The sodium ended-chain
reacts first with the initial dichloride in the rate-determining step, and then
the chlorine-ended chain reacts with the sodium surface. The difference lies
in the mode of formation of the cyclic materials and the importance of any
condensation reactions. Both mechanisms might be operative, although one
may dominate, depending on the conditions or substituents.

The details of the reaction at the atomic level are even more difficult to
unravel. The reaction of a chlorine-ended chain with a sodium surface may
involve two single-electron-transfer steps that may at first form a chain radical
and Cl or a delocalized radical anion on the chain. The transfer of a second
electron from sodium to form a delocalized anion—Na™* ion pair may follow.
The ion pair could leave the Na surface, probably as an aggregate of ion
pairs, when the chain is long enough to solubilize it. The increasing ability
of longer chains to delocalize the charge would account for the great differ-
ence between the activities of the initial dichloride and the growing chain
in reacting with the sodium surface.

In reacting with the initial dichloride or with another chlorine-ended
chain, the polysilane sodium chain end could again involve a radical inter-
mediate, as suggested for the reaction of alkyl halides and sodium alkyls.
The radical traps in the experiments of Zeigler (6, 7) could operate as chain
breakers at both these stages. The promoting effect of the ethers found by
Miller (8) could assist by breaking down the ion-pair aggregates in toluene,
as happens during the anionic polymerization of carbon-based polymers (16),
or accelerate the formation of radical anions.
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A Non-Alkali-Metal Route to Polysilanes
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1,2-Dimethyltetramethoxydisilane was reacted with acetylene in a
tube reactor heated to 400425 °C. A mixture that is liquid at ambient
temperature was formed. Careful vacuum distillation of this liquid
mixture yielded crude 1,4-dimethyl-1,4-dimethoxy-1,4-disilacyclo-
hexadiene. The crude product was reacted with potassium hydroxide,
and recrystallization in isopropyl alcohol produced 1,4-dimethyl-1,4-
disilacyclohexadiene-1,4-di(potassium silanoate). Upon acidification
of the disilanoate, the thermally stable siloxane homopolymer was
produced. Upon reaction of the disilanoate with phenylmethyldi-
chlorosilane, the thermally stable, exactly alternating methylphen-
ylsiloxane copolymer was obtained. Thermogravimetric analysis
showed that these polymers are thermally stable. Vigorous distillation
of the crude reaction mixture yielded a glassy transparent reaction
product. IR and 'H NMR spectroscopic data suggest that the product
is poly(methylmethoxysilane). The reaction of acetylene and 1,1,2,2-
tetrachlorodisilane in a heated tube at 500 °C produced a product
that is liquid at ambient temperature and that produced a glassy
transparent solid upon vigorous distillation. IR, 'H NMR, and
UV spectroscopic data suggest that the product is poly(methyl-
chlorosilane).

THERMALLY STABLE ELASTOMERS AND POLYMERS include fluorocarbon
elastomers, polyorganophosphazenes, silicone elastomers, siloxane block co-
polymers (including the dodecacarborane block copolymers [Dexsil elasto-

This chaé)ter not subject to U.S. copyright
Published 1990 American Chemical Society
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mers] and the silphenylene-siloxane polymers), and polysilmethylenes (I).
Of these elastomers, the polyorganophosphazenes and silicone elastomers
have good thermal stability and can be produced at moderate cost, but in
general, they are thermally stable only up to less than 300 °C. The other
elastomers are of higher thermal stability but are expensive to manufacture.

This chapter describes the preparation of a polymer that is curable to
an elastomer and should be inexpensive to manufacture. Also described is
a non-alkali-metal route to polysilanes.

The polymers described in this chapter are derived from the residue of
the manufacture of methylchlorosilanes by the direct process. Approximately
10% of the reaction product of methylchlorosilane manufacture is a residue
(called the direct-process residue) (2). The fraction of direct-process residue
boiling between 150 and 160 °C consists primarily of 1,2-dimethyltetra-
chlorodisilane and 1,1,2-trimethyltrichlorodisilane (3).

The preparation of 1,2-dimethyltetrachlorodisilane and 1,2-dimethyl-
tetramethoxydisilane from this mixture of 1,2-dimethyltetrachlorodisilane
and 1,1,2-trimethyltrichlorodisilane is described elsewhere (4), and the prep-
aration of 1,4-dimethyl-1,4-dimethoxy-1,4-disilacyclohexadiene from 1,2-di-
methyltetramethoxydisilane is shown in Scheme I (5).

The preparation of a thermally stable elastomer derived from 1,4-di-
methyl-1,4-dimethoxy-1,4-disilacyclohexadiene and the preparation of the
polymer intermediate, 1,4-dimethyl-1,4-disilacyclohexadiene-1,4-di(potas-
sium silanoate), are discussed. Also described is an unexpected polymer
resulting from the attempted distillation of 1,4-dimethyl-1,4-dimethoxy-1,4-
disilacyclohexadiene. This thermally stable polymer is believed to be
poly(methylmethoxysilane). The polymer resulting from the distillation of
the products of the reaction of acetylene and 1,2-dimethyltetrachloro-
disilane at 500 °C is also described; this polymer is believed to be
poly(methylchlorosilane).

Preparation of 1,4-Dimethyl-1,4-disilacyclohexadiene-
1,4-di(potassium silanoate)

1,2-Dimethyltetrachlorodisilane. To prepare 1,2-dimethyltetra-
chlorodisilane from commercially available direct-process residue, 754.0 g
of the fraction boiling at 150-152 °C (at an elevation of 660 m) was refluxed
with 54.9 g of aluminum chloride; dry hydrogen chloride was bubbled
through this refluxing mixture for 34 h and 12 min. Upon cooling, the liquid
portion of this mixture was decanted into another vessel, and 50 mL of
reagent-grade acetone was added to the liquid. This mixture was distilled,
and 652.3 g of the fraction boiling at 150-152 °C was collected. Gas chro-
matographic analysis of this product indicated a purity of >97%.

The IR spectrum of this sample (data are wavenumbers in reciprocal
centimeters) showed medium-weak (mw) absorptions at 2960, 2900, and
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1983; a medium (m) absorption at 1716; strong (s) absorptions at 1400 and
1256; a weak (w) absorption at 1220; a medium and broad (mb) absorption
at 1073; and very strong (vs) absorptions at 750-800 and 720-750. The
following absorption bands are reported for 1,2-dimethyltetrachlorodisilane
(6): 2960, 2900 (w); 1400 (m); 1256 (s); 850, 810 (w); 765 (s); and 734 (s) cm ™.
The 'H NMR spectrum of this sample showed one peak at 1.00 ppm (all
peaks were downfield with reference to tetramethylsilane). A single peak at
1.03 ppm is reported (7) in the literature. This substance was identified as
1,2-dimethyltetrachlorodisilane by boiling point, gas chromatographic data,
and IR and '"H NMR spectral data.

1,2-Dimethyltetramethoxydisilane. The next step, the conversion
to 1,2-dimethyltetramethoxydisilane, is shown in Scheme II. To 466.0 g of
1,2-dimethyltetrachlorodisilane was added slowly, at 68 °C, 572 g of methyl
orthoformate (trimethoxymethane). Upon completion of addition, this mix-
ture remained at 68 °C for 14 h and 21 min; it was then distilled under
vacuum at a pressure of 3724 Pa, and 246.0 g of the fraction boiling at
84 °C was collected. The reported (4) boiling point of 1,2-dimethyltetra-
methoxydisilane is 86.2-87 °C at 3990 Pa. Gas chromatographic analysis
showed that this material is at least 97% pure.

The IR spectrum showed peaks at 2950 (vs), 2830 (s), 1460 (m), 1400
(m), 1253 (s), 1160 (s), 1060 (vs), 800-830 (vs), 750760 (vs), and 640 (m)
cm™. 1,2-Dimethyltetramethoxydisilane is reported (8) to have IR absorp-
tions at 2960 and 2940 (vs), 2837 (vs), 1464 (mb), 1253 (s), 1190 (s), 1080
(vs), 820 (vs), 762 (vs), 730 (s), and 643 (s) cm™". The 'H NMR spectrum of
this material (referenced to tetramethylsilane) showed a a strong singlet at
0.13 ppm and a strong peak at 3.40 ppm; 1,2-dimethyltetramethoxydisilane
is reported (9) to have 'H NMR signals at 0.15 and 3.46 ppm. Hence, the
prepared compound was identified as 1,2-dimethyltetramethoxydisilane by
gas chromatographic data, boiling point, and IR and "H NMR spectral data.

1,4-Dimethyl-1,4-dimethoxy-1,4-disilacyclohexadiene. The re-
action between 1,2-dimethyltetramethoxydisilane and acetylene (Scheme I)
was carried out several times, and the following description of the procedure
is typical. In a Pyrex tube (22 mm in outside diameter and about 48 cm long)
heated to 400-425 °C, with nitrogen flowing through at a rate of <10
mL/min, acetylene was passed through at a rate of 43 mL/min (1.75 mmol/
min). The liquid reaction product was collected in a receiving flask with a
reflux condenser attached.

A gas chromatographic analysis of the liquid product indicated primarily
two constituents, one of which was identified by boiling point and peak
retention time as methyltrimethoxysilane. Distillation of this mixture was
very difficult. Although methyltrimethoxysilane could be removed readily,
the other constituent had a tendency toward polymerization. A small sample
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of the other constituent was analyzed and found to have a a boiling point of
70 °C at 400-530 Pa; the IR spectrum showed absorption peaks at 2937 (vs),
2815 (s), 1460 (m), 1400 (m), 1340 (s), 1256 (s), 1190 (s), 1060—1080 (vs), and
740-800 (vs) cm™. The 'H NMR spectrum showed singlets at 0.12, 3.44,
and 6.92 ppm. 1,4-Dimethyl-1,4-dimethoxy-1,4-disilacyclohexadiene is re-
ported (10) to have IR absorptions at 2840, 1187, 1085, and 1250 cm™ and
"H NMR peaks at 0.17, 3.37, and 6.92 ppm. Consequently, the reaction
between acetylene and 1,2-dimethyltetramethoxydisilane produced meth-
yltrimethoxysilane and 1,4-dimethyl-1,4-dimethoxy-1,4-disilacyclohexa-
diene.

Because 1,4-dimethyl-1,4-dimethoxy-1,4-disilacyclohexadiene was very
difficult to distill, the mixture of methyltrimethoxysilane and 1,4-dimethyl-
1,4-dimethoxy-1,4-disilacyclohexadiene was distilled under vacuum at a
pressure of <133 Pa and heated to a temperature not to exceed 50 °C. Gas
chromatographic analysis of the residue after distillation (after removal of
most of the methyltrimethoxysilane) showed that the residue contained ~6%
methyltrimethoxysilane, ~67% 1,4-dimethyl-1,4-dimethoxy-1,4-disilacy-
clohexadiene, and smaller amounts of unknown impurities.

1,4-Dimethyl-1,4-disilacyclohexadiene-1,4-di(potassium silano-
ate). A typical preparation of the 1,4-di(potassium silanoate) of 1,4-di-
methyl-1,4-disilacyclohexadiene is shown in Scheme III. Crude 1,4-
dimethyl-1,4-dimethoxy-1,4-disilacyclohexadiene (16 mL) was added slowly
to 83.2 mL of 3.835 M KOH (dissolved in 90% methanol and 10% water).
The resulting mixture was filtered, and the filtrate was evaporated under
vacuum (in a water bath held at ~60 °C) until most of the solvent was
removed. Addition of 150 mL of tetrahydrofuran resulted in a precipitate
and a two-phase liquid mixture. The precipitate was removed by filtration
and washed with a small amount of tetrahydrofuran and diethyl ether. The
precipitate was dissolved in 100 mL of boiling isopropyl alcohol. Upon cool-
ing of the isopropyl alcohol solution, a crystalline mass separated. This crys-
talline mass was washed, first with 60 mL of isopropyl alcohol and then with
50 mL of pentane; then the solid was subjected to vacuum evaporation at
ambient temperature to remove residual solvent. The result was 5.76 g of
solid product.

The IR spectrum of the solid showed absorption bands at 2890 (w) and
810 (sb) cm™ for Si-CH, and at 1340 (ms) and 930 (sb) cm™, which are
probably due to the silane ring band. The "H NMR spectrum of the material
dissolved in a mixture of deuterium oxide and perdeuteroacetone showed
peaks close to 0.0 ppm (Si~CH;) and 6.95 ppm (-CH=). The solid was
soluble in water, methanol, and ethanol.

In anticipation of using the 1,4-di(potassium silanoate) of 1,4-dimethyl-
1,4-disilacyclohexadiene in the preparation of polymers, the model reaction
shown in Scheme IV was conducted. To 0.81 g of the salt believed to be
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the 1,4-di(potassium silanoate) of 1,4-dimethyl-1,4-disilacyclohexadiene was
added 8 mL of ethanol; the salt dissolved. Twice the required stoichiometric
amount of phenyldimethylchlorosilane was added slowly, and a precipitate
was formed. Water (15 mL) and tetrahydrofuran (5 mL) were added, and a
transparent two-phase solution resulted. A gas chromatographic analysis of
the organic phase indicated essentially one component at a retention time
expected for the anticipated bis(phenyldimethylsiloxane) of 1,4-dimethyl-
1,4-disilacyclohexadiene. This model reaction plus the IR and '"H NMR
spectra of the salt suggest that the solid is the 1,4-di(potassium silanoate) of
1,4-dimethyl-1,4-disilacyclohexadiene.

Preparation of 1,4-Disiloxy-1,4-dimethyl-
1,4-disilacyclohexadiene Homopolymer

The homopolymer of 1,4-disiloxy-1,4-dimethyl-1,4-disilacyclohexadiene was
prepared as shown in Scheme V. In this case, 3.89 g of 1,4-dimethyl-1,4-
disilacyclohexadiene-1,4-di(potassium silanoate) was dissolved in 10 mL of
water and titrated to the phenolphthalein end point with glacial acetic acid.
A precipitate was formed; ether was added until two transparent liquid
phases resulted, and the upper organic phase was removed. Removal of the
ether by evaporation under vacuum yielded 1.59 g of a tan, cloudy, viscous
product. The solution viscosity (tetrahydrofuran, 30 °C) was 0.142 dL/g.
The IR spectrum showed absorption bands at 2933 (mw), 1255 (m), and
822 (m) cm™ (Si-CH,) and at 1035 (s, Si-O-Si) and 1340 (m, associated
with the ring) cm™. The 'H NMR spectrum showed a singlet at 6.86 ppm
(-CH =) and very close doublets at 0.18 and 0.20 (Si—-CH ). The expected
area ratio was 40/60, and the experimentally determined ratio was 38.5/60.
TGA (thermogravimetric analysis) of this polymer (Figure 1), which shows
a weight loss of approximately 5% at ~200 °C but no further weight loss up
to 600 °C, indicates that the polymer has considerable thermal stability.

Preparation of Exactly Alternating Copolymer
of 1,4-Disiloxy-1,4-dimethyl-1,4-disilacyclohexadiene
and Methylphenylsiloxane

To prepare the alternating copolymer of 1,4-dimethyl-1,4-disilacyclohex-
adiene-1,4-siloxane and methylphenylsiloxane (Scheme VI), 5.76 g of the
1,4-di(potassium silanoate) of 1,4-dimethyl-1,4-disilacyclohexadiene was dis-
solved in 35 mL of ethanol, and an equimolar amount of phenylmethyldi-
chlorosilane was added dropwise while the mixture was kept in an ice bath.
A precipitate, probably potassium chloride, formed during the addition of
the reactants. Upon completion of addition, 20 mL of water was added to
the mixture. Cyclohexane (20 mL) and some tetrahydrofuran were added
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untii two transparent phases resulted. The organic phase was separated, and
the solvent was removed by vacuum evaporation to yield 5.48 g of a tan,
viscous product. This product was dissolved in 10 mL of cyclohexane, and
30 mL of methanol was added to precipitate the polymer. The solvent was
removed from the polymer to yield 4.04 g of product.

The solution viscosity of this polymer (tetrahydrofuran, 30 °C) was
0.097 dL/g. The IR spectrum showed absorption bands at 3090, 3070 (w),
and 1592 (m) cm™ (phenyl-H); 2928 (m), 1406 (w), and 1255 (s) cm™
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(Si—-CH3); 1430 (m), 1120 (s), and 824 (s) cm™ (Si—phenyl); 1010-1070 (s)
cm™ (Si-O-Si); and 1340 (m) cm ™ (Si ring). The "H NMR spectrum showed
asinglet at 5.97 ppm (-CH =), a broad peak centered at 7.4 ppm (phenyl-H),
and a sharp doublet at 0.26 and 0.36 ppm (Si—~CH3). As expected, the peak
area of the first two peaks was equal to the peak area of the Si-CH ; doublet.
The TGA of this polymer (Figure 2), which shows a weight loss of approx-
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imately 20% at 600 °C, indicates that this polymer is thermally stable. The
TGA of a sample of the known thermally stable silphenylene-methyl-
phenylsiloxane polymer is shown in Figure 3. A comparison with the TGA
of the exactly alternating copolymer of 1,4-disiloxy-1,4-dimethyl-1,4-disila-
cyclohexadiene and methylphenylsiloxane shows that thermal stability of the
exactly alternating polymer prepared in my laboratory is superior compared
with that of the known thermally stable silphenylene-methylphenylsiloxane

polymer.
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Polymer from Attempted Distillation of 1,4-Dimethyl-
1,4-dimethoxy-1,4-disilacyclohexadiene

As previously described, in a heated tube held at 450 °C over a 73.8-min
interval, 0.13 mol of 1,2-dimethyltetramethoxydisilane was reacted with
0.33 mol of acetylene to produce 23.1 g of liquid reaction product. Distillation
of this product at atmospheric pressure yielded 11.3 g of distillate (boiling
point 100-105 °C), presumably methyltrimethoxysilane (boiling point
102-103 °C). The attempted vacuum distillation of the remainder produced
a polymeric mass.

In another experiment, acetylene was passed through at a rate of
1.75 mmol/min, and 1,2-dimethyltetramethoxydisilane was passed through
at a rate of 0.670 mmol/min at a tube temperature of 500-525 °C. A total
of 25 mL of reaction product was collected. Distillation resulted in 10.8 g
of polymeric residue.

In a third experiment, acetylene was passed through at a rate of
1.75 mmol/min, and 1,2-dimethyltetramethoxydisilane was passed through
at a rate of 0.670 mmol/min at a tube temperature of 400-425 °C. Use of
25 mL of 1,2-dimethyltetramethoxydisilane resulted in 22.41 g of reaction
product. Distillation resulted in 3.54 g of polymeric residue, which was a
light-tan glassy solid, which dissolved in hexane to produce a viscous solution.
The solution viscosity (tetrahydrofuran, 30 °C) was 0.142 dL/g. The IR
spectrum showed absorption bands at 2958 (m) cm™ (C—H); 1408 (w), 1256
(s), and 770-830 (sb) cm ™ (Si-CH ,); 2836 (mw), 1450 (w), and 1190 (w) cm ™"
(Si—~OCH,;); 1020-1070 (vs) cm ™ (Si-O-C); and 2120 (mwb), 1340 (vs), and
930 (vw) cm™. The "H NMR spectrum showed broad peaks at 0.13 ppm
(Si—-CH,) and 3.45 ppm (Si—-OCH); the area ratio was 3/1. The IR and 'H
NMR spectra of this polymer are consistent with the proposal that this
polymer is poly(methylmethoxysilane). The TGA of this polymer (Figure 4)
shows two regimes of thermal decomposition: at 200-300 and at 400-500
°C. The weight loss at 800 °C (about 30%) indicates that this polymer is
fairly stable at high temperatures.

Polymer from Reaction of Acetylene
with 1,2-Dimethyltetrachlorodisilane

In a heated tube held at 500-525 °C, the following materials were passed
through at the indicated rates: acetylene, 1.75 mmol/min; nitrogen, ~50
mL/min; and 50 mL of 1,2-dimethyltetrachlorodisilane, ~0.67 mmol/min.
The liquid reaction product was subjected to vigorous distillation, and
14.25 g of a glassy polymer resulted.

The "H NMR spectrum of the product showed a broad peak centered
at ~0.5 ppm (with reference to tetramethylsilane) indicating trimethylsilyl
groups. The IR spectrum showed absorption bands at 2960, 2900, 1400, and
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1250-1260 cm™, all corresponding to Si~-CH, bonding. Absorption bands
were also observed at 509 and 537 cm ™! (Figure 5), indicating Si—Cl bonding.
The UV spectrum (Figure 6) showed a minimum at 280 nm; polysilanes
typically show minima at 300-350 nm (11). These results indicate that the
polymer is poly(methylchlorosilane).

Summary

1. 1,4-Dimethyl-1,4-disilacyclohexadiene-1,4-di(potassium  sil-
anoate) was prepared from the reaction of 1,4-dimethyl-1,4-
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dimethoxy-1,4-disilacyclohexadiene with potassium hydroxide
in solution and purified by recrystallization in isopropyl al-
cohol.

2. The homopolymer of 1,4-disiloxy-1,4-dimethyl-1,4-disilacy-
clohexadiene was prepared by acidic neutralization of the cor-
responding dipotassium salt.

3. The alternating copolymer of 1,4-disiloxy-1,4-dimethyl-1,4-
disilacyclohexadiene and methylphenylsiloxane was prepared
from the reaction of phenylmethyldichlorosilane and 1,4-di-
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methyl-1,4-disilacyclohexadiene-1,4-di(potassium silanoate)
in ethanol.

4. Poly(methylmethoxysilane) was prepared from the thermolysis
of the reaction products of acetylene and 1,2-dimethyltetra-
chlorodisilane at 500 °C.
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Transition-Metal-Substituted Oligo-
and Polysilanes

Keith H. Pannell, James M. Rozell, Jr., and Steven Vincenti

Department of Chemistry, University of Texas, El Paso, TX 79968-0513

New oligo- and polysilanes containing transition metals have been
synthesized and studied. Oligosilanes readily deoligomerize upon
photochemical irradiation via metal-silyl(silylene) intermediates. The
mechanism was studied in detail via the use of variously substituted
disilyl-metal complexes. New high-molecular-weight polysilanes have
been synthesized as copolymers from the monomers (C ¢H s)(CH ;)SiCl,
and LM(CH 3)SiCl;, in which LM (ligand-metal) may be [(n*-CsH 5)-
Fe(n*-CsH,)] (Fc) or [(m3-CsH5)Fe(CO),] (Fp). The new polymers
indicate that the metal substituents Fc and Fp cause a photochemi-
cal stabilization of the polymers with respect to depolymerization in
a manner proportional to the metal content.

TRANSITION METAL SUBSTITUENTS in organosilicon compounds create com-
plexes in which the chemical and physical properties of the organosilyl radical
are changed significantly (I-3). For example, the presence of the transition
metal center allows skeletal rearrangements (4-8), migrations (9-12), and
deoligomerizations (12). We investigated the capacity of transition metals to
alter the chemical, photochemical, and physical properties of oligo- and
polysilane materials.

Monosilane Complexes

The synthesis of transition metal complexes containing direct metal-silicon
bonds involves three main reaction processes: salt elimination (equation 1)

0065-2393/90/0224-0329$06.00/0
© 1990 American Chemical Society
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(13), oxidative addition (equation 2) (I14), and elimination of small molecules
(equation 3) (15).

(n®-CsH;)Fe(CO),"Na* + (CH,),SiCl —>
(n>-CsH;5)Fe(CO),Si(CH3); + NaCl (1)
Fe(CO); + R,SiH —=> cis-R,SiFe(CO),H + CO @)
cis-(RyP),PtCl, + (C,Hj),SiH — trans-(R,P),PtCl[Si(C,Hj),] + HCl (3)

The chemistry of the metal-silicon bond is distinguished by greater
thermal and oxidative stability compared with the related metal-carbon
analogues. Thus, for example, whereas the tert-butyliron complex [(n’-
C;H;)Fe(CO,)C(CH,),] (Fp—CMe,) readily undergoes the well-established
alkyl migration reaction to form acyl complexes in the presence of ligands
(equation 4) (I16), the related trimethylsilyl complex does not exhibit this
type of chemistry. Only under the influence of UV irradiation will a chemical
reaction occur, and this reaction leads to CO substitution (equation 5) (17).

(m>-CsH5)Fe(CO),—C(CH,); + P(CeHj); ——
(n*-C;H5)Fe(CO)[P(CeH;);]-CO-C(CHy);  (4)

(n*-CsH;)Fe(CO),~Si(CH,); + P(CeHs); —=
(”‘15‘C5H5)Fe(CO)[P(CeHs)s]—Si(CHs)s ()

Early transition metal complexes containing a silicon—metal bond, for
example, [(n*-CsH;),Zr[Si(CH,),]Cl], exhibit both CO and O, insertion re-
actions (18, 19).

Oligosilane Complexes

Several examples of transition-metal-substituted oligosilanes have been re-
ported (20-23). These materials have been prepared usually via salt elimi-
nation (equation 6).

LM-Na* + R,Si(SiR,),Cl > LM—(SiR,),~SiR, 6)

In the previous reaction, LM (ligand—metal) is [M(CO);] (in which M
can be Re or Mn) or [(n>-C;H;)M(CO),,] (in which M is Fe or Ru when
m = 2 and M is Mo when m = 3), and n = 1-6.

Like the monosilane complexes, the oligosilanes form thermally and
oxidatively stable complexes with the Re, Mn, Ru, and Fe systems, whereas
the Mo complexes are significantly less stable. As yet such complexes have
not been shown to exhibit any insertion-type reactions. The iron complexes
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of the type (n’-C;H;)Fe(CO),~[Si(CH,),],~Si(CH,), (Fp-Si,) are interest-
ing, because they are labile with respect to photochemical irradiation. Under
such reaction conditions they readily deoligomerize to form the monosilane
complex and siloxane polymers (equation 7) (12).

FpSi(CHjy),[Si(CH,),],Si(CHy)s SN FpSi(CHj); + siloxane polymers (7)
forn = 1 or 2.

Experimental Procedures

In this section, representative experimental details of the synthesis and photochem-
ical study of the [(n3-CsHs)Fe(CO);] (Fp) disilanes and the Fp- and [(n3-CsHs)Fe(n®
CsH,)] (Fc)-substituted polysilanes are presented. All manipulations were performed
under dry nitrogen or argon atmosphere in oven-dried glassware with dry solvents.

Synthesis of [(3-C;H;)Fe(CO):—Si(CH;)(CeH3)-Si(CHj)s]. A 250-mL, round-
bottom flask equipped with a side arm was charged with 0.12 g (5.2 mmol) of Na,
which was amalgamated with 15 g of Hg. To this mixture, 1.5 g (4.2 mmol) of [(n*-
C;sH5)Fe(CO);); (Strem Chemicals) in 60 mL of tetrahydrofuran (THF) was added.
This mixture was stirred until formation of the Fp salt (24) was complete (1 h). Excess
Hg was removed through the side arm, and the solution was cooled to 0 °C. Then,
0.95 g (4.2 mmol) of (CH,)sSiSi(CH;)(CsHs)Cl (25) was added. The solution was
permitted to warm to room temperature and stirred for 1.5 h. At this time, the
solvent was removed under reduced pressure to yield a viscous oil, which was
extracted into hexane, filtered, concentrated, and applied to a silica gel column (2.5
by 25 cm). Elution with hexane yielded a bright yellow band, which upon removal
of the solvent under reduced pressure yielded 1.1 g (70%) of the required complex
as an orange oil. Analysis (Galbraith Laboratories, Inc.) of the complex gave the
following results.

1. Elemental analysis [calculated (found), in percent]: C, 55.13 (55.60);
H, 5.99 (6.18)

2. 'H NMR spectrum:  0.15 [(CH,)sSi]; 8 0.65 (CHSi);  4.60 (CsH.);
$ 7.26, 7.51 (CcHs)

3. BC NMR spectrum: 8 —0.32, 1.18 (CH,); & 83.9 (CsHy); & 127.4,
133.7, 145.8 (C:Hs); § 215.3 (CO)

4. ®Si NMR spectrum: 3 —11.8 (Fe-Si-Si); 8 12.6 (Fe-Si)
5. IR spectrum (in hexane): 2003, 1998, 1946 cm ™! (CO absorption band)

Photochemical Treatment of FpSi(CH;)(CsH5)Si(CH3)s. Photolysis was per-
formed at room temperature under nitrogen at 88.6 kPa with a Hanovia 450-W
medium-pressure mercury lamp. Degassed cyclohexane solutions of the complex in
Pyrex 9820 test tubes were illuminated for 1.5 h. Analysis of the product distribution
was made with an internal standard (toluene) on a high-pressure liquid chromato-
graphic system (Beckman Instruments, model 332) with UV detection at 270 nm. A
C s reverse-phase column was used with CH;CN-H,0 (65:35, vol/vol) as solvent.
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Synthesis of [(CsHs)(CH;)SisFc(CH3)Sil,. A mixture of 0.5 g (1.7 mmol) of
Fc(CH,)SiCl; and 8.0 g (42 mmol) of (C¢H3)(CH3)SiCl: in 50 mL of toluene was
heated to reflux temperature in a foil-covered three-necked flask. To this refluxing
solution was added dropwise 5.8 g (101 mmol) of a 40% dispersion of Na in light
mineral oil (Aldrich Chemicals). The dark-blue solution was refluxed for 2 h and
cooled to room temperature. A few drops of methanol were added to remove excess
Na, and the resulting solution was treated with saturated NaHCO; solution (40 mL)
and toluene (40 mL). After separation and drying with magnesium sulfate, the solvent
was removed under vacuum to yield an orange oil. Two precipitations from toluene
with hexane and two from methanol produced 384 mg of a cream-colored powder.
The 'H NMR spectrum indicated a statistical incorporation of the two monomers.
Whether the product is made up of block polymers has yet to be determined. Size
exclusion chromatography using a p-styragel 10,000-A column (Waters Associates)
with polystyrene standards indicated a bimodal molecular weight distribution at
200,000 and 11,000 (modal maxima) at a ratio of 1.4:1 (wavelength of maximum
absorption [\ ,...] 340 nm).

Synthesis of [(C¢H;s)(CH;)SiFp(CH,)Sil,. The procedure is identical to that
described in the previous section, with Fp(CH3)SiCl; (26) instead of Fe(CH3)SiCl,
and two minor modifications. After removal of the toluene solvent, the product was
treated initially with hexane to remove the low-molecular-weight fractions. The
residue was dissolved in THF and filtered, and the THF was removed under vacuum.
The residue was dissolved in toluene, washed with a saturated NaHCO; solution,
separated, and dried. Two precipitations from THF with methanol produced 4% of
material with a monomodal molecular weight of 8000. Spectral analysis gave the
following results: IR spectrum (in THF), 1998, 1940 cm™ (CO frequency); UV spec-
trum, Ao = 332 nm; 'H NMR spectrum (in CDCl3), 8 7.2 bd (broad doublet)
(CeHs); 8 3.8 bd (CsHs); 8 0.6 bd (CH,).

Photolysis of [[(C+H)(CH;)Si] ,LM(CH;)Si],.. THF solutions of the polymers,
which were obtained from reactions such as those described earlier, in quantities
sufficient to produce an absorbance of 1 at \,.. under nitrogen at 88.6 kPa were
irradiated in quartz cuvettes in a merry-go-round apparatus at 300 nm for periods
of 1-60 s. A sample of authentic [(C+Hs)(CH)Si] , of almost identical molecular weight
was also irradiated at the same time for a comparative study. Typical results are
illustrated in Figures 1 and 2.

Photochemical Deoligomerization of Fp-Si, Complexes

Mechanism. We have investigated in detail the mechanism of the
photochemical deoligomerization for the Fp-Si, system by using variously
substituted disilanes in place of the permethylated species. The product
distribution obtained upon irradiation of FpSi(CH,),Si(CsHj); suggests a
mechanism involving initial CO loss followed by Si-Si bond cleavage and
migration to form metal-silyl(silylene) intermediates (12). These interme-
diates rapidly establish equilibrium via a series of 1,3-alkyl or -aryl shifts,
and subsequent recombination of the CO yields the monosilyl complexes
(Scheme I).
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Figure la. Photolysis of THF solutions of [(C¢H s)(CH)Si]. (molecular weight
400,000) at 270 nm.
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Figure 1b. Photolysis of THF solutions of [[(CsH s)(CH 3)Si] 10Fc(CH 3)Si] . (mo-
lecular weight 390,000) at 270 nm.



Published on May 5, 1989 on http://pubs.acs.org | doi: 10.1021/ba-1990-0224.ch020

334 S1LICON-BASED POLYMER SCIENCE: A COMPREHENSIVE RESOURCE

Max: 1.10007
] t=0s
8 A
C
&
o 4
s}
[72])
Q2
<
.
4 t = 60s
Min: —-0.1000 . , ) . ‘ ' _ ’ ' _
300 310 320 330 340 350 360 370 380 390 400
Wavelength (nm)
Figure 2a. Photolysis of THF solutions of [(C¢H s)(CH 3)Si] . (molecular weight
4000) at 270 nm.
Max: 1.1000]
3
c
&
£
S
[72}
o
<
Min: -0.1000<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>