@ Springer



Vadapalli Chandrasekhar

Inorganic and Organometallic Polymers



Vadapalli Chandrasekhar

Inorganic and
Organometallic
Polymers

@ Springer



Prof.Dr.

Vadapalli Chandrasekhar
Indian Institute of Technology
Department Chemistry
208016 Kanpur

India

e-mail: vc@iitk.ac.in

Library of Congress Control Number: 2004109261

ISBN 3-540-22574-9 Springer Berlin Heidelberg New York

This work is subject to copyright. All rights are reserved, whether the whole or part of the
material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilm or in any other way, and storage in
data banks, Duplication of this publication or parts thereof is permitted only under the
provisions of the German Copyright Law of September 9, 1965, in its current version, and
permission for use must always be obtained from Springer. Violations are liable for
prosecution under the German Copyright Law.

Springer is a part of Springer Science+Business Media
springeronline.com

© Springer-Verlag Berlin Heidelberg 2005
Printed in Germany

The use of designations, trademarks, etc. in this publication does not imply, even in the
absence of a specific statement, that such names are exempt from the relevant protective
laws and regulations and therefore free for general use.

Typesetting: Computer to film by author’s data
Cover design: KiinkelLopka, Heidelberg
Production: Verlagsservice Heidelberg

Printed on acid-free paper 2/3130XT 543210



To
My Parents



Preface

This book has its origins in courses taught by the author to various under-
graduate and graduate students at the Indian Institute of Technology, Kan-
pur, India. The diversity of inorganic chemistry and its impact on polymer
chemistry has been profound. This subject matter has grown considerably
in the last decade and the need to present it in a coherent manner to young
minds is a pedagogic challenge. The aim of this book is to present to the
students an introduction to the developments in Inorganic and Or-
ganometallic polymers.

This book is divided into eight chapters. Chapter 1 provides a general
overview on the challenges of Inorganic polymer synthesis. This is fol-
lowed by a survey of organic polymers and also includes some basic fea-
tures of polymers. Chapters 3-8 deal with prominent families of inorganic
and organometallic polymers. Although the target group of this book is the
undergraduate and graduate students of chemistry, chemical engineering
and materials science it is also hoped that chemists and related scientists
in industry would find this book useful.

I am extremely thankful to my wife Sudha who not only encouraged me
throughout but also drew all the Figures and Schemes of this book. I also
thank my children Adithya and Aarathi for their constant concern on the
progress of this book. I express my acknowledgment to the editorial team
of Springer-Verlag for their cooperation.

July 2004 Vadapalli Chandrasekhar, Kanpur
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1 Inorganic Polymers: Problems and Prospects

1.1 Introduction

One of the indicators of the progress of human civilization is the type of
materials that are accessible to society. Just as the Metal (Bronze and Iron)
Age marked the beginning of a new chapter of human civilization at the
end of the Stone Age, the advent of organic polymers in the last century
has heralded a new era. Conventional materials such as iron, steel, wood,
glass or ceramics are today being either supplemented or replaced by
polymeric materials. From commonplace and routine (elastomers, fibers,
thermoplastics) to special and high technology applications (clectronic,
electrical, optical, biological) polymers are being increasingly utilized.
This dramatic impact of polymers has become possible because of two im-
portant factors. Firstly, the intrinsic versatility of carbon to form bonds to
itself and to other hetero atoms such as oxygen, nitrogen or sulfur has en-
abled the extension of the principles of organic chemistry to polymer syn-
thesis. This methodology has allowed the assembly of a large variety of
polymers that possess varying properties which can fulfill wide and di-
verse needs. Secondly, the accessibility of inexpensive petroleum feed
stocks from the beginning of the last century has allowed a large-scale
availability of the building blocks of polymer synthesis and this in turn has
helped the mass production of polymeric materials. From exotic laboratory
materials polymers have become bulk commodities [1-3].

In spite of such wide-ranging applications and ubiquitous presence car-
bon-based polymeric materials probably do not have the capability to ful-
fill all the demands and needs of new applications [2]. For example, many
organic polymers are not suitable for applications at extreme temperatures.
Typically, at very low temperatures they become very brittle while at high
temperatures they are oxidatively degraded. Also, most organic polymers
are a fire hazard because of their excellent flammability properties. Most
often it is required to blend fire-retardant additives to organic polymers to
make them less hazardous with respect to inflammability. Another impor-
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tant limitation is that the petroleum feed stocks are not going to last for
ever. Clearly this stock is going to run out fairly quickly given the rate of
its consumption. Even if one considers that coal reserves are much larger
and hence may provide the necessary basis for the continuation of the or-
ganic polymers there is going to be a need for supplementing these con-
ventional systems with polymers that contain inorganic elements. It is to
be noted that silicon is the second most widely present element in the
earth’s crust (27.2 % by weight), while carbon ranks seventeenth in the or-
der of abundance (180 ppm). If one takes into account the presence of car-
bon in oceans and atmosphere also, its abundance goes up to the fourteenth
position [4]. Thus, it makes chemical sense to look for alternative poly-
meric systems based on non-carbon backbones. Lastly, another compelling
reason to look for newer polymeric systems containing inorganic elements
is the line of thinking that if organic polymers themselves are so diverse in
terms of their structure and property, it should be possible to find entirely
new types of polymeric systems with completely different properties in
some combination of inorganic elements. These are a few reasons that
have motivated research scientists across the world to find ways of assem-
bling new types of polymers that are based on inorganic elements [5-9]. It
must be stated at the outset that most of these efforts have resulted in
polymers which not only contain inorganic elements but also have organic
groups either as side groups or in the main-chain itself. While there are
some examples of pure inorganic polymers they still remain rare. In order
to appreciate the problems of inorganic polymer synthesis it is worthwhile
to briefly examine the synthesis of organic polymers. A more detailed sur-
vey of organic polymer synthesis is presented in Chap. 2.

1.2 Procedures for Synthesizing Organic Polymers

Most organic polymers can be synthesized by using any of the following
three general synthetic methods: (1) Polymerization of unsaturated organic
monomers. (2) Condensation of (usually) two difunctional monomers with
each other. (3) Ring-opening polymerization of cyclic organic rings to lin-
ear chain polymers [1-3].

Vinyl monomers such as CH,=CH, (and others such as CF,=CF,), mono
substituted ethylenes CH,=CH(R) (such as propylene, styrene, vinyl chlo-
ride, acrylonitrile, methyl methacrylate, etc.), some disubstituted olefins
CH,=CRR’ (such as isobutylene), dienes (such as 1,3-butadiene, isoprene)
and also monomers such as acetylene can be polymerized by various po-
lymerization methods to afford linear chain polymers. In all of these po-
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lymerization reactions two new C-C single bonds are created in place of
one C=C double bond. This process is thermodynamically favorable. Rep-
resentative examples of polymers that have been synthesized by this
method are shown in Fig. 1.1.

+CH2—-CH2<}- +CH2—-(|:H—]' +CH2—CH+
n n n

Polyethylene Poly{viny! chloride) Polystyrene

+CH2\ /CHA—n
C=CH +CH2—CCIZ]~
n

CH;

ter—crt
n

Polytetrafluoroethylene Polyisoprene Poly(vinylidene chioride)

tou-get ook fowort
n n n

Polyacrylonitrile Polyacetylene Poly(vinyl pyrroiidine)

-

H,N

~fcHa /CHzt
—{—CHZ——Cl)H-]—— +CH2—IC(CH3)~}» CH=CH
n n
C c=0
o) I

CHg
Polyacrylamide Poly{methyl methacrylate) Poly(cis-butadiene)

Fig. 1.1. Representative examples of organic polymers prepared from unsaturated
organic monoimers

The second method of obtaining organic polymers involves the exploita-
tion of functional group chemistry of organic molecules. Thus, for exam-
ple the reaction of a carboxylic acid with an alcohol affords an ester. In-
stead of condensing two mono functional derivatives in reacting two
difunctional compounds (dicarboxylic acids and diols) one obtains a poly-
ester (see Eq. 1.1).

i H,0 i (1D

| [
R—COH + ROH —————> R—C—O—R

[¢]

o0 -H20 I
HO—C—R—C—OH + HO—R-OH ————> —R—C—O0—R-0
n

Polyester
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This methodology is quite general and can be utilized to prepare several
types of polymers such as polyamides, polyimides, polyurethanes, poly-
ethers etc. The polymer properties depend on the type of functional groups
that link the polymer building blocks. Further modulation is achievable by
varying the nature of the difunctional monomer within each class of poly-
mers. It is not always necessary to condense two difunctional monomers.
Some polymers such as polyethers are prepared by the oxidative coupling
of the corresponding phenols. A few examples of polymers that can be
prepared by the condensation reactions are shown in Fig. 1.2.

i i i i
JrNH—(on)s—(:—((:Hz)4—<:~l— *PO—CHZCHZOC—©—0~]~
n n

Polyamide Polyester
iy i
*[’O—(CHZ)G-OC—NH—Q—NH—C+ +o—2}+
n n
Polyurethane Polyether
N
o (e}
/ '\} O O
N N \N
% }
(o] n H n
Polyimide Poly(benzimidazote)

N O N
N o’
/\
N O N
n

Polyquinoxatine

Fig. 1.2. Polymers prepared from the condensation reactions of organic monomers

The third method of polymer preparation involves a ring-opening po-
lymerization (ROP) of cyclic monomers to polymeric chains. Thus,
monomers such as ethylene oxide, propylene oxide or even tetrahydrofu-
ran can be used as monomers for ROP. Cyclic amides (lactams) and cyclic
esters (lactones) can also be polymerized. It is important to note that all
cyclic organic compounds cannot be converted into linear chains. For ex-
ample, well-known organic molecules such as benzene, cyclohexane, di-
oxane, tetrahydropyran etc., cannot be polymerized to the corresponding
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polymers. Some examples of organic polymers that can be obtained by
ROP are shown in Fig. 1.3.

%o——CHZ—-CHf} {-O—ICH——CHZ«} JFO—CHZ—CIJH%
n n n

CH3 CI)HZ
Cl
Poly(ethylene oxide) Poty(propylene oxide) Poly(epichlorchydrin}

H 0

I I
+0—0H2~CH2—CH2—-CH2+ <{~N—CHZ—CHZ-CHZ—CHZ-CHZ—C+
4 n

Poly(tetramethylene oxide} Polycaprolactam (Nylon-6)
[Poly THF]

i
{—O—CHZ—CHZ—CHZ—CHZ—CHZ—&}

n

Polycaprolactone

Fig. 1.3. Polymers prepared by the ring-opening polymerization of cyclic organic
monomers

1.3 Inorganic Polymers: A Review of Synthetic Strategies

In light of the previous discussion on the synthesis of organic polymers we
can now look at the strategies that would be needed for assembling inor-
ganic polymers. It must be borne in mind that many inorganic compounds
such as inorganic oxides (for example, SiO,, B,0Os;, ALOs etc.,) or inor-
ganic nitrides (for example, Si;N,, BN etc.,) are technically polymeric sub-
stances which are built from simple structural blocks [4]. However, sub-
stances of this type are not considered in this discussion. Only inorganic
polymeric substances that are analogous in terms of their solution behavior
to organic polymers are considered. Thus, most organic polymers are solu-
ble in some kind of organic solvents (some such as Kevlar are soluble in
mineral acids) and more importantly they retain their macromolecular
structure in solution. Further, many organic polymers retain their proper-
ties upon melting. These properties are possible because of the essentially
covalent linkages that are present in these organic polymer chains. Inor-
ganic polymer synthesis needs to address the issue of formation of cova-
lent bonds between similar or dissimilar inorganic elements so that poly-
meric structures are realized. As will be shown in subsequent sections such
element-element linkages can be accomplished in many ways.
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1.3.1 Unsaturated Inorganic Compounds

We will first look at the possibility of utilizing inorganic compounds that
contain double or triple bonds between them, as monomers for organic
synthesis. In order to keep the discussion simple we can limit ourselves by
looking at such compounds belonging to the elements of Groups 14 and
15. Thus, the silicon analogue of ethylene is H,Si=SiH,. Even before we
consider this compound it is worthwhile to note that many silicon ana-
logues of alkanes viz., Si,H,,.; have been prepared by the German chemist
Alfred Stock [4]. He noted that these silanes were extremely reactive and
burnt spontaneously in air. In fact, Stock had to develop hitherto unknown
vacuum-line techniques for handling such pyrophoric compounds. From
this reactivity behavior it is anticipated that the corresponding silicon ana-
logues of ethylene in particular and other olefins in general would be ex-
tremely reactive. For a long time compounds of silicon that contain double
bonds between them could not be prepared and either cyclic- or oligomeric
compounds, (or in some instances even some polymeric products) were the
result of such investigations [10]. Similarly, it was not possible to isolate
compounds of other main-group elements which contain double bonds be-
tween them. Several such failures have led to the promulgation of a dou-
ble-bond role. This stated that heavier main-group compounds containing
double bonds cannot be prepared. The rationale for this rule emanates from
two possible reasons. Heavier main-group elements are larger in size and
hence their inter-atomic distances are also longer (in comparison to car-
bon). Consequently, the additional p-orbital overlap between heavier main-
group elements to generate a double bond would be quite weak. The dou-
ble-bond rule held its own for a long time until its demise in 1981. In this
year the double bond rule was firmly thrown out and a series of main
group compounds containing double bonds were isolated and characterized
[10-11]. The synthetic technique that contributed to this success was the
utilization of sterically hindered groups for kinetically stabilizing these re-
active compounds. The idea was to use large-sized substituents to steri-
cally protect the double bonds once they were formed. Using this method-
ology stable compounds containing Si=C, Si=Si, P=C, P=P, P=As, Sb=Sb
and even Bi=Bi double bonds were synthesized and characterized [12]
(Fig. 1.4). It can be seen that the size of the sterically hindered group in-
creases with the increase in the size of the main-group element. Although,
the problem of preparing multiple-bonded compounds containing heavy
main-group elements was thus solved, the very method of stabilizing these
compounds defeats the possibility of using them as monomers for polymer
synthesis. For example, it was found that the in situ generated disilene
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iPr,Si=SiiPr, undergoes spontaneous oligomerization to the cyclic tetramer
[iPr,Si1]4 (see Eq. 1.2){13].

4

Si=Si ﬁ
R R
. . R
MG3SI\ /OSIM93 Bi=BI
R
R R

S—C
MesSi” Sad

Ad = adamanty! R = CH(SiMe3),

Fig. 1.4. Compounds of main-group elements that contain double bonds between
them

R R
R\ (1.2)
Rk | R R
~Si ) i
hv R-§i—S8i—R
L S [RZSi:SiRZl _— | ]
-anthracene R—SII—S}—R
R R
R=iPr

Unsaturated organic compounds such as olefins also are reactive; how-
ever, their reactivity can be suitably directed to afford various kinds of
products including polymers. Manipulating the reactivity of the newly dis-
covered unsaturated inorganic compounds, to afford polymeric products
still remains a synthetic challenge. Recently it was observed that
MesP=CPh; could be polymerized by either radical or ionic initiators to af-
ford moderate molecular weight polymers, [MesPCPh,], (Mes = 2.4,6-
Me;-CgH,-) [14].

1.3.2 Inorganic Polymers from Acyclic Monomers

Various types of polymerization reactions involving appropriate inorganic
acyclic monomers have been quite effectively utilized for the preparation
of polymers containing inorganic elements or inorganic groups. Some of
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these examples are illustrated in this section. These polymerization strate-
gies are of two types.

1. A reaction where a small molecule is eliminated from a single
monomer to generate the polymer.

2. A reaction between two appropriate difunctional monomers to
eliminate a small molecule and afford a polymeric material.

1.3.2.1 Polymer Synthesis from a Single Monomer

Various types of reactions have been used for the synthesis of polymers
starting from a single monomer. Thus, for example, dehydration of dior-
ganosilane diols affords the corresponding polymeric organosiloxanes. The
most widely known inorganic polymer viz., poly(dimethylsiloxane),
[Me,Si0],, can be prepared in this manner (other routes for the synthesis
of this polymer are also known) [15-17}. Although the reaction involved in
the synthesis of poly(dimethylsiloxane) is the hydrolysis of dimethyldi-
chlorosilane, the immediate product of the reaction is Me,Si(OH), which is
the actual monomer that undergoes self condensation by the elimination of
water. This process of dehydration leads to the formation of [Me,SiO],
(see Eq. 1.3).

-2HCl
Me,SiCl, + 2H,0 ——————»  Me,Si(OH), (1.3)

-nHZO
NMe,Si(OH), ————»  [Me,SiO
2 2 2 n

The dehydration reaction has also been used to prepare ladder-type
polymers. Thus, the hydrolysis of PhSiCl; affords PhSi(OH); which un-
dergoes a self condensation reaction to generate a ladder-like polymer
which is known as polysilsesquioxane (see Eq. 1.4) [15, 16].

(1.4)

4n RSI(OH)3 e
O

Polysilsesquioxane

Metal-assisted dehalogenation reaction, analogous to the well-known
Waurtz reaction has been very effectively employed for the preparation of
polysilanes which contain catenated organosilicon units. Thus, the reaction
of a variety of diorganodichlorosilanes with finely divided sodium in a
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high boiling solvent such as toluene affords the corresponding polysilanes.
The reaction involves elimination of sodium chloride. The yields of polysi-
lanes vary from being low to moderate. For example, the reaction of
phenylmethyldichlorosilane with sodium affords poly(methylphenylsilane)
(see Eq. 1.5) [17-19]. This approach has been used for preparing many
poly(dialkylsilane)s as well as poly(diarylsilane)s. Polysilanes containing
mixed substituents have also been successfully assembled from this ap-
proach [19]. However, the Wurtz-type coupling reaction is not tolerant of
reactive groups (such as halogens or the hydroxyl groups).

Ph
‘ P (1.5)
Si""\C‘ Na Si
Me”™ \CI Toluene ]
110 °C Meln

-NaCl Poly(methylphenylsilane)

Wurtz-coupling has also been successfully employed for the preparation
of a number of copolymers of polysilanes. For example, reacting a 1:1
mixture of phenylmethyldichlorosilane and dimethyldichlorosilane with
molten sodium in toluene affords a high-molecular-weight copolymer con-
taining a random arrangement of [PhMeSi] and [Me,Si] units (see Eq. 1.6)
[19]. A remarkable feature of the polysilanes is the presence of o-
conjugation in their backbone. Many of these polymers, consequently, are
being increasingly investigated for novel electronic applications. Another
interesting feature of polysilanes is their sensitivity to light. Thus, many
polysilanes undergo photoscission upon exposure to light. This radiation
sensitivity is far greater in solution than in the solid-state. Although this
might at first sight sound detrimental for any applications, this property of
photobleaching allows these polymers to be used as photoresists for micro-
lithography [19].

" e Ph Me (1.6)
L wiCl LGl Na Lyy d
Me/SI\CI * Me/SI$C| Toluene (_Sf.tés[l_)y

110°C Me Me 3n

-NaCl Copolymer

The dehalogenation reaction has also been used for preparing unusual
polymers that contain the Si-Si c-bonds in conjugation with an organic n-
system. Thus, reaction of dichlorosiloles with lithium metal results in the
formation of 1,1'-polysiloles (see Eq. 1.7) [20, 21]. Every silicon in these
polymers is also a part of a five-membered unsaturated heterocyclic ring.
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Ar. Ar 1. 2Li An Ar (1 7)
—_—
2. Et Mg Br y
Me Si\ Me Me' Si Me
c’” al n
Ar= p-CGH4-Et

A high-molecular-weight polystannane was also prepared by using the
dehalogenation reaction [22]. Di-n-butyltindichloride undergoes a dechlo-
rination upon reaction with sodium metal in toluene. 15-Crown-5-ether
was used as a structure-specific sequestering agent for sodium ions. It was
found that the optimum reaction temperature for obtaining a high-
molecular-weight polystannane, [R,Sn], was about 60 °C (see Eq. 1.8).
Polystannanes are extremely sensitive to light and photo-bleach rapidly to
form low-molecular-weight compounds. This can cause difficulties in syn-
thesis unless precaution is taken to avoid light during the reaction and the
subsequent work-up.

R R 1.8
S‘ WGl Na/5-crown-5 S[ ( ’ )
\ Toluene ?
60 °C R In
-NaCl R = nBu
Polystannane

Similar to polystannanes a number of poly(dialkylgermane)s have also
been prepared by the Wurtz-type coupling reaction (see Eq. 1.9) [23, 24].

R R (1.9)
GLCl Na GL
R %Cl Toluene |
110 °C R in
-NaCt
Polygermane

Catalytic dehydrogenation is an alternative method for the preparation
of polysilanes. This reaction involves the dehydrogenation of RSiHj; to af-
ford polysilanes of the type [RSiH], (see Eq. 1.10).

Th‘\H _CpZiMe, ’Th (1.10)
/S \ H Sll

Poly(phenylsilane)

The dehydrogenation reaction is catalyzed by many types of or-
ganometallic complexes of titanium or zirconium [25]. The molecular
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weights of the polysilanes obtained by dehydrogenation reactions are
lower than those obtained by the Wurtz-type dehalogenation method. An-
other limitation of this methodology is that it seems to be applicable to
only arylsilanes; many alkyl silanes with the exception of CH;SiH;, are
quite unresponsive towards this reaction. Secondly, this method is not very
effective for preparing polysilanes of the type [RR'Si],. However, polysi-
lanes prepared by the dehydrogenation reaction contain a reactive Si-H
group that can be used for further elaboration involving hydrosilylation re-
actions.

Catalytic dehydrogenation reactions have also been used for the prepa-
ration of polystannanes. Unlike polysilanes, polystannanes of the type
[RySn], can be prepared by this method. Thus, the dehydrogenation of
dialkyltindihydrides, R,SnH,, by zirconocene catalysts provides a good
route for the preparation of high-molecular-weight polystannanes,
H(SnR,)H (see Eq. 1.11) {26]. These polymers contain reactive terminal

Sn-H groups.
R Zirconocene R (1 1 1)
SI‘T'\\H catalyst SL
RS -Hy I
H R In

Heating the inorganic heterocyclic ring B;N3;Hg leads to the loss of hy-
drogen to afford a polymer where the borazine rings are interconnected
with each other [27] (see Eq. 1.12). These types of polymers have been
found to be useful as precursors for the preparation of the ceramic boron
nitride.

Ho M H  _H (1.12)
N_B\ 20°¢ /N_ B\
H_B\ N—H Hy B\ O/N
NTB( N=BL
H H H H

Polyphosphinoboranes containing phosphorus and boron linked to each
other in polymeric chains have remained elusive for a long time. Recently,
catalytic dehydrogenation of the phosphine-borane adducts has been found
to be effective to prepare the linear polymer. Thus, thermal treatment of
PhPH,.BH; in the presence of catalytic amounts of [(1,5-COD)Rh(p-Cl)]
affords the linear polymer poly(phenylphosphinoborane), [PhHPBH,], (see
Eq. 1.13) [28-30]. High polymers with M,, of about 33,000 have been iso-
lated by this procedure.
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PN (1.13)

LRh RhL
Ph, M o T
H—/ P—B\—H S P—BH,
H u 130°C !
n

-H,

L = 1,5-Cyclooctadiene  Poly(phenylphosphinoborane)

Polyphosphazenes containing alternate phosphorus and nitrogen atoms
in the polymer backbone can be prepared by a variety of synthetic meth-
ods. These include condensation polymerization reactions which involve
appropriate monophosphazene precursors such as Me;SINPRR'OR”. These
compounds also known as N-silylphosphoranimines eliminate the
silylether Me;SiOR", upon heating, with the formation of polymeric prod-
ucts. Many, poly(alkyl/arylphosphazene)s can be prepared by this proce-
dure. For example, the preparation of poly(dimethylphosphazene) is ac-
complished by heating the N-silylphosphoranimine Me;SiN=PMe,-
(OCH,CF;) (see Eq. 1.14) [31, 32].

Me A i (1.14)

Me3SIN=P—OCH,CF; ‘{"NII?
- i n

Vo CF3CH,0SiMe; Ve

Poly(dimethylphosphazene)

This method is fairly general and has been used for the preparation of a
wide variety of high-molecular-weight poly(alkyl/arylphosphazene)s,
[NPRR ], (R,R = alkyl; R=alkyl, R=aryl) [31].

Using a similar strategy as above, poly(oxothiazene)s containing alter-
nate sulfur and nitrogen atoms in the backbone have been prepared [33].
Elimination of silylethers from Me;SiN=S(O)R(OR’) or even phenols from
HN=S(O)R(OPh) leads to the formation the high polymers (see Eq. 1.15).

(0] o]
aelo(y e [HL L o O
T 2:3h 3 &6

R n

R

Acyclic monomers have also been found suitable for the preparation of
poly(dichlorophosphazene). For example, heating the acyclic phosphazene
derivative Cl3P=N-P(0O)CIl, leads to the elimination of P(O)Cl; as the by-
product and affords the linear polymer, polydichlorophosphazene,
[NPClL], (see Eq. 1.16) [34].
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. (l“ (1.16)
PCL=NP(O)Cl, 2%0-280 €, +N2P+
- POCl; | “n
cl

Poly(dichlorophosphazene)

Poly(dichlorophosphazene) has also been prepared by an ambient tem-
perature process involving the reaction of Cl;P=NSiMe; with PCl;. This
process affords a high-molecular-weight /iving polymer (see Eq.1.17) {32].

2n PCls ¢! (1.17)
nClsP =NSiMe; ‘LN:PJrn
CH,Cly &

25°C

Anionic polymerization also can be used for preparing polyphos-
phazenes  from  acyclic =~ monomers.  Thus, treatment  of
Me;SiNP(OCH,CF;); with BuyNF leads to the formation of the polymer
[NP(OCH,CF;),], (see Eq. 1.18) [32].

OR Bu,yNF OR (1.18)
I 100 °C |
Measa—N:Fl>—0R N:T
-Me3SiOR n
OR €3 OR
R = CH,CF5

Poly(bistriflucroethoxy-
phosphazene})

1.3.2.2 Polymer Synthesis front two Monomers

It is possible to design difunctional inorganic monomers that can react with
each other to afford linear polymers. Although, in some cases these inor-
ganic difunctional monomers are different from those encountered in or-
ganic polymer synthesis the polymerization principles are very similar.
Thus, we have seen that the difunctional organic compounds involved in
polymerization processes were diols, dicarboxylic acids, diamines etc. Re-
action between them leads to the elimination of a small molecule (such as
water, alcohol etc.,) to afford long-chain macromolecules. Exact inorganic
analogues containing these reactive functional groups are not always avail-
able. In many instances even if it is possible to prepare inorganic com-
pounds containing such functional groups, they are too reactive to be used
in a controlled polymerization process.
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Ph P, e pn (1.19)
HO—SI—OH + TN N(:’
N Me 4
Ph C/N o) g
Ph

/

- HN
O
o]

ﬁ’h I\I/Ie
Sli_ Oo— Sli_ O
Ph Me
n

Poly(diphenyl-co-dimethylsiloxane)

Compounds containing Si-OH and SiNR, are, however, known and have
been employed for condensation reactions (compounds containing Si-NH,
groups are still quite rare). However, it will be noticed that during conden-
sation reactions between a compound containing a Si-NR; unit and a Si-
OH unit, elimination of the amine R,NH occurs to form a new Si-O-Si
bond. For example, exactly alternating copolymers of the polysiloxane
family, containing alternately Me,SiO and Ph,SiO units in the polymer
backbone, have been prepared by the condensation of diphenylsilanediol
with dimethylbis(ureido)silane. The cleavage of the weak Si-N bonds,
formation of new thermodynamically favorable Si-O bonds and the elimi-
nation of urea as the insoluble by-product act as the driving force for the
polymerization reaction (see Eq. 1.19) [35].

R_ R R_ R (1.20)
1. n Buli
2. HsC_ CH
— N ON e g s
ySl.,I/ 7 ¢SI,//
Ef Et N Et Et
HsC 'CHsy

THF | PdCIy(PPhg),

Poly(2,5-silole)
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In contrast to poly(1,1'-silole)s which are prepared by the dehalogena-
tion of the silole dichlorides, the preparation of poly(2,5-silole)s has to be
carried out by a multi-step procedure (see Eq. 1.20) [36]. Thus, 2,5-
diiodosilole can be selectively converted in situ to the monozinc deriva-
tive. Palladium-mediated cross-coupling reaction of the monozinc deriva-
tive affords poly(2,5-silole) which has a moderate degree of polymeriza-
tion of about thirteen.

Recently, condensation polymerization has been used for preparing
poly(p-phenylene phosphaalkene) which contains P=C double bonds in the
polymeric backbone. Thus, the reaction between the silylated phosphane,
(Me;S1),P-C¢Hs-p-P(SiMes), and a diacid chloride affords an £/Z mixture
of poly(p-phenylene phosphaalkene) [37].

Condensation reactions have also been used to prepare poly(l,1'-
ferrocenylene)s containing ferrocene units linked in a chain. Thus, the con-
densation of 1,1-dilithioferrocene with 1,1-diiodoferrocene affords a me-
dium-molecular-weight polymer (see Eq. 1.21) [8, 38]. Condensation of
alkylferrocenyldialdehydes such as [{n’-CsH;RCHO},Fe] is mediated by
Zn/TiCly catalysts to afford poly(ferrocenylvinylene)s. These polymers are
interesting organometallic analogues of the well-known linear conjugated
organic polymers such as poly(1,4-phenylenevinylene).

. (1.21)
—@ —@

Poly(ferrocene)

P (1.22)
Cl—-PIt—-CI + HC=C—C=CH

P

-Et,NH.HC! | Cul, HNEt,

p
HC=C—C=C—Pt—C=C—C=CH
P

P = nBusP

Difunctional Metal Complex
Containing Terminal Acetylides
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Organometallic polymers with a rigid-rod architecture have been pre-
pared by using the condensation strategy involving the condensation of
trans-Pt(PnBus),(CCCCH), with trans-Pt(PnBu;),Cl,. This reaction is car-
ried out in amine solvents and is catalyzed by Cu(l) salts (see Egs. 1.22,
1.23) [39]. The monomer synthesis involves the reaction of frans-
Pt(INCly(nBusP), with 1,3-butadiyne to afford the alkynylated metal de-
rivative trans-Pt(PnBus;),(CCCCH), containing a M-C ¢ bond (see Eq.
1.22). The difunctional derivative frans-Pt(PnBu;),(CCCCH), can be cou-
pled with Pt(I)Cly(nBu;P), to afford linear high-molecular-weight poly-
mers (see Eq. 1.23) [39]. These polymers have rod-like structures because
of the rigidity imposed by the alkynyl groups. This type of synthetic strat-
egy is in fact quite general and has been adapted to prepare other rigid-rod
type of polymers containing transition metals such as ruthenium, nickel,
cobalt etc., [8]. These types of rigid-rod polymers are often characterized
by metal-to-alkyne charge transfer transitions. These polymers are also of
interest from the point of view of their nonlinear optical properties.

i i (1.23)
HC=C— EC—'P}— =C—C=CH + CI—Pit—CI
P P

-Et,NH HCI| Cul, HNEt,

¥
‘%P]t" C=C—C= C%
P n

P = nBugP

Rigid-rod organometallic polymer

Although the condensation polymerization strategy has been employed
quite successfully to prepare a number of inorganic polymers, one of the
limitations of this method is the high demands on the purity of the mono-
mer. Unless both the difunctional monomers are rigorously pure, conden-
sation reactions do not lead to high-molecular-weight polymers.

1.3.3 Ring-Opening Polymerization of Cyclic Inorganic
Compounds

A number of inorganic rings can be successfully polymerized by the ROP
method. The earliest example is the polymerization of rhombic sulfur.
Thus, heating Sz at about 160 °C causes its ROP to lead to the formation of
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a linear polymer (S), (see Eq. 1.24) [4,5]. This is one of the few true inor-
ganic polymers. Unfortunately, polymeric sulfur, although elastomeric is
not of much use because it undergoes depolymerization upon cooling to
room temperature.

S\S/S\S/S A
\ s o —— @
s~ " Ts

Polymeric sulfur

(1.24)

Sulfur combines with nitrogen to form several types of rings and cages
that are either neutral or ionic [4]. One of the most well-known S-N cages
is S4N,;. This compound, when heated, is converted into the four-
membered ring S,N,. The latter undergoes a polymerization in the solid-
state to afford polythiazyl, (SN), (see Eq. 1.25) [4, 5].

S S _ (1.25)
N/ \N N/ \N 200-300 °C T*‘T
\ >< / Vacuum N —)
s°-s
25°C
-~ ot Lar i
SO R M )

N——8 N—S8 N—S8 N——8§

Poly thiazyl

Polythiazyl, also a true inorganic polymer is not soluble in common or-
ganic solvents. However, it has attracted considerable interest because of
its unusual electrical properties. Thus, (SN), shows metal-like conductivity
at room temperature and becomes a superconductor at 0.3 K [4, 5]. Al-
though this material itself has not found any applications it has aroused
considerable interest in the area of electrically conducting polymeric mate-
rials.

The inorganic siloxane rings can be polymerized by both cation and an-
ion initiators to lead to polymeric siloxanes. Thus, for example, the oc-
tamethylcyclotetrasiloxane, [Me,SiO]4 can be polymerized by the use of
KOH as an initiator to afford poly(dimethylsiloxane). The polymer
[Me,SiO], prepared in this way has a very high molecular weight (2-
5x10°) (see Eq. 1.26) [15-17]. Polysiloxanes are the most important family
of inorganic polymers from the commercial point of view.
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ye e (126)
Me— Sli— Oo— Sli— Me A I\[/Ie
b E T o {SE_OJ[
Me—S]i— O—|Si—Me Me n
Me Me
Poly(dimethylsiioxane)
Me Me
[ Ph (1.27)
Me—Sj—S8|—Ph n Buli i
|| — TS
Me—Sli—S}—Ph Me ln
Ph Me

Poly{phenylmethylsilane)

We have seen in the previous section that polysilanes, [RR'Si}], can be
prepared by dehalogenation of RR'SiCl,. These polymers can also be pre-
pared by ROP of two different types of cyclic monomers. The tetrasilane
[PhMeSi], is polymerized to [PhMeSi], by using »BuLi as the initiator
(see Eq. 1.27) [40].

n-Butyllithium has also been used as the initiator for polymerizing
masked disilenes. The latter are essentially disilane compounds which can
be viewed as trapped or masked disilenes. If the disilene is liberated from
this trap it has many choices. It can form a disilene. It can cyclize or po-
lymerize. By a careful choice of substituents on silicon it is possible to use
masked disilenes as monomers for polymerization. This method of poly-
merization has been shown to be quite effective for the preparation of a
variety of polysilanes (see Eq. 1.28) [41].

Ve g (1.28)
Me\S'Q R I\[Ae I\IAe
I 1. nBuLi ! :
_d.nBuli _
2. EtOH B”{_S{ S|‘+nH
Y, R R
Ph
Masked disilene Polysitane

Polymers containing alternate silicon and carbon centers known as car-
bosilanes or silylene ethylenes have been originally prepared by the ther-
mal rearrangement of polydimethylsilane, [Me,Si], [19]. More recently,
these polymers have been prepared by a more rational route involving the
ROP of four-membered disilacyclobutanes. Thus, the ROP of cyclo-
[C1,SiCH,], can be carried out by using H,PtCls as the catalyst to afford
the polymer poly(dichlorosilacthylene),[Cl,SiCH,],. Tt is possible to reduce
the latter with LiAlH, to afford poly(silacthylene) [H,SiCH,], (see Eq.
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1.29) [42]. The latter can be considered as an analogue of polyethylene
where every alternate CH, group has been replaced by a SiH, group.

Hy

o al H

SN N /C' HoPtClg [ LiAH, |
/Si\ si, — —— SCHT ————— TSCH,
cl C/ c Cl n H n
H,

(1.29)

Poly(dichlorosilaethylene) Poly(silaethylene)

Polysilaethylenes that contain alkyl groups on the silicon can also be
prepared by the H,PtClg catalyzed ring-opening polymerization of the cor-
responding silacyclobutanes, [RR SiCH,], (see Eq. 1.30) [42].

R N F HoPtClg {s?—CH% (1.30)
' . |

R'

;u\g)
;u/g)

R =R' = alkyl;
R =ary|, R = akyl

Cyclic, silicon-bridged [1]ferrocenophanes have been found to undergo
thermal ring-opening polymerization to afford high-molecular-weight
poly(ferrocenylsilane)s (see Eq. 1.31) [8, 43]. Many other members of this
family of polymers are now known including those where the silicon cen-
ter is replaced by Sn(IV), P(III), Ge(IV), B(III) etc., [8].

R (1.31)
AR A S|I
Fe  Si Fe R
R

n

Poly(ferrocenylsilane)

Another way of preparing ferrocenyl polymers consists of a sulfur-
abstraction reaction from a ferrocene monomer where the two cyclopenta-
dienyl units are linked by a trisulfide unit. Sulfur abstraction is brought
about by the use of a tertiary phosphine which forms the corresponding
phosphine sulfide and leads to a ROP (see Eq. 1.32) [44].

>N e (1.32)

A\ HBU3P
_
=
n

Poly(ferrocenyldisulfide)

Cyclophosphazenes are a group of inorganic heterocyclic rings contain-
ing an alternate arrangement of phosphorus and nitrogen atoms [45-48].
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Hexachlorocyclophosphazene, N3P;Clg, undergoes a ring-opening polym-
erization at 250 °C to afford poly(dichlorophosphazene), [NPCl,], (see Eq.
1.33) [32, 48]. The latter is also one of the pure inorganic polymers. Al-
though, [NPCl,], itself is hydrolytically sensitive, it can be used as a pre-
cursor for the preparation of a number of poly(organophosphazene)s such
as [NP(OR),],,, INP(NHR),], and [NP(NRR')],.

Cly

ct
/
N o T
Cly g o 20 ‘%N:I"%
o N o al,

Poty(dichlorophosphazene)

(1.33)

Pentachlorocarbocyclophosphazene, N;P,CCls, which contains a het-
eroatom in the form of carbon (in place of phosphorus) can also be polym-
erized by a thermal treatment to afford the hydrolytically sensitive
poly(carbocyclophosphazene) (see Eq. 1.34) [49].

¢ (1.34)
PN o
C‘\IlD e — C:N—T:N—PIN+
N -~
N el c o

Poly({carbophosphazene)

Pentachlorothiophosphazene, N;P,SCls, which contains a S(IV) as the
heteroatom can be polymerized by the ROP to afford the linear polymer,
poly(thiophosphazene) (see Eq. 1.35) [50].

o (1.35)
N //S\N ([3I Ci
oNf S — {-S:N—P:N—P:
R T & & G
Poly{thiophosphazene)

Pentachlorothionylphosphazene, N3P,S(O)Cls, also can be polymerized
by the thermal ROP (see Eq. 1.36) [51].

oL Ci 1.36
% .
s 0 ca ( )
a NN nr T
S K e
c” N7 cl ca ¢ca ¢ °n

Poly(thionylphosphazenes)
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1.3.4 Polymers Containing Inorganic Rings or Motifs as
Pendant Groups

Other types of polymers that contain inorganic elements or groups are
those that have these units as pendant groups. These polymers contain a
carbon backbone. The inorganic units are attached to the backbone as a
side chain. In principle almost any inorganic compound can be designed so
that it can be a side chain on an organic backbone. The most important of
this type of polymer is polystyrene that contains phosphino groups suitable
for coordination (see Eq. 1.37) [2, 5].

+Hc—cHf +H,c—cH- (1.37)
Ph—P—Ph Ph—P—Ph
MLn

Such types of polymers, usually in their crosslinked forms have been used
for interaction with transition metals. These heterogeneous metal-carrying
polymers are quite valuable as catalysts for organic reactions.

The above strategy has been applied to anchor other inorganic motifs as
side-chains. For example, the cyclophosphazene, N;P;Cls(OCH=CH,) can
be readily polymerized by free-radical polymerization to afford a high-
molecular-weight polymer which contains the inorganic heterocyclic ring
as regular pendant groups (see Eq. 1.38) [52].

_ 1.38
+cn, <|3H-]—n (1.38)
C|\P OCH=CH, CI\P 0
RN AN
all” No __ABN al” Na
P~ _R P~ R
SN
c” N g o’ SN g

This methodology can also be used for preparing polymers containing
organometallic side groups. Polymers containing ferrocene pendant groups
have been prepared by the polymerization of ferrocenylethylene [8, 45].
Similarly polymers containing piano-stool type organometallic complexes
as pendant groups can be readily prepared by adopting standard organic
polymerization methods (see Eq. 1.39) [53].
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+on—cn- (1.39)
g AIBN @
oc” '\IAn\CO oc” '\IAn\CO
co co
+crp—cHt
©f AIBN
—_——
Fe Fe
- ==

1.4 Summary of Polymerization Procedures for Inorganic
Polymers

In the foregoing we have seen a survey of various procedures that can be
used for the preparation of inorganic polymers. Some of these methods are
common to those found for the preparation of organic polymers. Some
others are different. Many ring-opening polymerization methods are
known that involve inorganic hetero- or homocyclic rings. Some of these
ROP’s are induced by thermal treatment, while some others are catalyzed
by transition metal complexes. A number of polymerization methods de-
pend on the loss of a simple molecule such as hydrogen, water, silyl ether,
silyl chloride, sodium chloride, lithium iodide etc. Table 1.1 summarizes
many of the major types of inorganic polymers and some of the methods
utilized to prepare them. The most revealing aspect of the data presented in
Table 1.1 is the large variety of inorganic polymers that are already
known. The important question that needs to be addressed is as follows.
Are these polymers different from organic polymers? Do they have any
features that are distinct from organic polymers that make the endeavor of
preparing new inorganic polymers worthwhile?

Even a preliminary investigation of the properties of some inorganic
polymers reveals that some of them have unexpected properties. Polythi-
azyl is an anisotropic electrical conductor and shows conductivity that is
comparable to metals. At 0.26 K this polymer becomes superconducting
[4, 5]. Polysilanes which contain catenated silicon atoms in a polymeric
chain have several unusual properties. These polymers have a c-electron
delocalization. They are radiation sensitive and many of them are thermo-
chromic. Many members of this family also show nonlinear optical behav-
ior [17, 19].
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Polysiloxanes and polyphosphazenes are among the most flexible poly-
mers known. Because of a combination of factors such as long skeletal
bond lengths, wide angles at oxygen and poor intermolecular interaction,
poly(dimethylsiloxane) shows many properties not found in organic poly-
mers. These include hydrophobicity, high flexibility, low viscosity, good
thermal stability etc., [15]. Such properties have enabled these polymers to
be used in various types of applications such as high-temperature in-
sulation, anti-foam applications, bio-transplants, drug-delivery systems,
flexible elastomers, personal products etc. Similarly many
poly(organophosphazene)s show low temperature flexibility. Besides,
many of these polymers are fire-retardant in contrast to many organic
polymers that are flammable [32].

Organometallic polymers such as poly(ferrocenylsilane)s have been
shown to be precursors for new types of magnetic ceramics [9, 42]. Simi-
larly poly(silyleneethylene)s [41] and some polysilanes are polymeric pre-
cursors for silicon carbide ceramics [19].

Thus, inorganic polymers have a unique and distinct place in the family
of polymers and they have the potential to function as unique materials. In
this book we will examine some of the prominent members of inorganic
polymers. There are many polymer types where sufficient examples do not
exist or whose synthesis has not yet been shown to be general. Some of
these polymers have been alluded to in this Chapter. However, they will
not be covered elsewhere in this book. Dendrimeric materials, which are
not linear polymers, are also not considered here.

Table 1.1. Various kinds of inorganic polymers — summary of the methods of
their preparation

S.No Polymer Structural unit Method of preparation
1 Polyphosphazene |C| 1. ROP of N;P;Clg
P=N
% (|;| % 2. Cationic polymeri-
" zation of

Me3SiN:PC13

3. Thermal treatment

of C13P:N-P(O)C12

2 Polyphosphazenes R Thermal polymerization of
J(P:N% Me;SiN=PR(R")OCH,CF;

R =R'= atky!
R = alky};
R' = aryt
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Table 1.1. (contd.)

3

10
11

12

13

Poly(hetero-
phosphazene)s

Polysiloxanes

Polysilanes

Polysilanes

Poly(silylene-
ethylen)s

Polystannanes

Polygermanes

Poly(sulfurnitride)

Poly(oxo-
thiazene)s

Poly(phosphino-
borane)s

Polyferrocene

o
%M‘:N—E’ZN—T:N}*
a a4,

M = C(Cl); S(Ct) S(O)CI

Py

B
o
>
4

[SN]n

o]

Il

R n
ll:’h
l‘:’—BHZ

H n

-0-

A—N—23

ROP of N3P2MC15

1. ROP of [RR'SiO];4

2. Hydrolysis of
RR'SiCl, followed
by RR'Si(OH),

1. Dehalogenation of
RR'SiCl,

2. Anionic polymeri-
zation of cyclic

poly silanes

3. Anionic polymeri-
zation of masked
disilenes

Catalytic dehydrogenation
of primary silanes RSiH,

ROP of [RleCHz]z

1. Dehalogenation
of Bu,SnCl,

2.  Dehydrogenation
of RzSIle

Dehalogenation of R,GeCl,

ROP of S,N,

Thermal treatment of
NH=S(O)R(OR’) or
Me;SiN=S(O)R(OR")

Catalytic dehydrogenation
of PhPHzBH}

Condensation reaction of
1,1'-dilithioferrocene and
1,1’-diiodoferrocene
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Table 1.1. (contd.)

14 Poly(ferrocenyl si-

ROP of strained ferrocenyl

R

! .
lanes @—Sf silanes

R

Fe
15 Rigid-rod P Condensation reaction be-
organometallic {*P}—CEC“CEC% tween trans —(P),PtCl, and
polymers P n  L,Pt(P=BusP; L = -C=C-
C=CH
16 Pendant polymers +CH2_ E+ Polymerization of the.vinyl
n group attached to the inor-
ganic or organometallic
Fe group
S
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2 Organic Polymers — A Brief Survey

2.1 Introduction

Polymers are long-chain molecules that are built from simple building
blocks, which are known as monomers [1-5]. Polymers are made from ei-
ther a single monomer or a combination of two or more monomers.

Table 2.1. Examples of monomers and polymers

S.No. Monomer(s) Polymer repeat Unit Polymer
1 H,C=CH; FH,C—CHa Polyethylene
2 i H
HC=C HC—¢ Polystyrene
Ph Ph
n
3 HCCH2 Poly(ethylene
H,C—CH;—0
oot oxide)
4 HOCH,CH,OH

d o o]
an _{ O—HyG—CHy O_g,@_'&} Poly(ethylene
HOOC—@—COOH n terephthalate)

5 NH(CHy)gNH, o o
I )
and —LNH(CHZ)GNH-C—(CHZ) 4__'('4?] Nylon-6,6

HOOC(CH,),COOH

Each polymer has a basic structural unit that repeats itself several times.
This is also known as the polymer repeat unit. Table 2.1 gives a few ex-
amples of monomers and the polymers derived from them.

Many of the polymers are prepared from a single monomer such as eth-
ylene, styrene etc. Other polymers like poly(ethylene terephthalate) or ny-



28 2 Organic Polymers — A Brief Survey

lon-6,6 are prepared from the reaction of two monomers. There are also
polymers which involve the reaction of more than two monomers. Thus,
poly(acrylonitrile-butadiene-styrene) is a copolymer and is prepared from
polymerizing the monomers acrylonitrile, styrene and butadiene together.

2.2 Natural Polymers

Polymers shown in Table 2.1 are synthetic polymers. However, there are
several polymers that also occur naturally. The many known natural poly-
mers include a few famous examples such as proteins, deoxyribonucleic
acid (DNA), hemoglobin, insulin, starch, natural rubber etc. In order to
understand the polymeric nature of these natural substances let us look at
proteins and see how they are built from simple monomers.

1. Proteins are important naturally occurring polymers that are in-
volved in several biological processes. For example, enzymes cata-
lyze most of the chemical reactions in the biological system. Most
of the enzymes are proteins.

2. The basic building block (monomer) of all the proteins is an o-
amino acid.

3. Every protein has a precisely defined a-amino acid sequence.

An a-amino acid contains an amino group; a carboxyl group, a hydro-
gen atom and a distinctive R group - all of these are bound to an a-carbon
atom. Amino acids in solution at neutral pH are in their zwitterionic form
i.e., the -NHj is present in the form of -NH;" and the -COOH is present in
the form of a deprotonated COO". This may be represented in the wedge
and Fisher projection forms (Fig. 2.1).

R!

+

Ccoo

0

“CO0
Hs

R
Ci" HN
N

W

Fig. 2.1. Representations of amino acids

There are twenty amino acids with varying side chains (R groups). All
proteins of all species from bacteria to human beings are constructed from
the same set of 20 amino acids. These fundamental molecules and the
polymers derived from them are at least 2 billion years old!

How are the amino acids linked to each other to form proteins? In pro-
teins the a-carboxyl group of one amino acid is joined to the a-amino
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group of another amino acid by a peptide bond (amide bond). If two amino
acids condense together a dipeptide is formed (Fig. 2.2).

R R2
| A
H3N* COO + H3N* Ccoo~ HaN*—C-|-C—NH-| C—C00~
—-H0 I I
bow not
H H amino 1 carboxyl
terminal Amide bond termma/
residue residue
A dipeptide
e w9 mo Ro ®Eg ¥
H3N+'-—IC—C—NH-—lC——C-—NH—-(IJ——C—NH—(':—C—NH—Clz—C—NH——Cl:—COO_
H H H H H H

A part of a polypeptide

Fig. 2.2. Formation of a polypeptide from condensation of amino acids

Many amino acids are condensed together in a sequential manner to
form a protein or a polypeptide chain. It may be noted that proteins are not
simply linear chains as written above. Such a linear representation showing
the sequence of amino acid units is known as the primary structure of a
protein. A protein possesses complicated secondary, tertiary and quater-
nary structures. The secondary and tertiary structures involve intra- and in-
ter molecular hydrogen bonding interactions. The quaternary structure in-
cludes ionic interactions as well. The overall result is that proteins have
complex three-dimensional structures.

2.3 Synthetic Polymers

The focus of this book is on non-traditional polymers built from inorganic
or organometallic monomers [6-17]. Before this subject is dealt with in the
subsequent chapters, a brief review on the various preparative methods
available for the assembly of organic polymers is presented. This is fol-
lowed by a summary of some important general characteristics of poly-
mers, which make them different from simple molecules. This background
would serve as the platform for the study of some important individual
families of inorganic and organometallic polymers. In general, organic
polymers are prepared by the following methods of polymerization [1-5].
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Free-radical polymerization

Ionic polymerization

Polymerization by Ziegler-Natta type of catalysts
Polymerization by metathesis catalysts
Atom-transfer radical polymerization
Group-transfer polymerization

Ring-opening polymerization

Condensation polymerization

ol ISR ol S

Some monomers can only be polymerized by specific polymerization
methods while some others can be polymerized by many methods. For ex-
ample, styrene can be polymerized by free-radical, anionic or Ziegler-
Natta methods, while vinyl chloride can be polymerized only by free-
radical methods. Also, each polymerization method has specific attributes,
which are reflected in the properties of the polymers. Thus, for example,
polyethylene prepared by the free-radical polymerization of ethylene has a
branched structure and has low mechanical strength. This is known as low-
density polyethylene (LDPE). In contrast, polyethylene prepared by the
Ziegler-Natta catalysis of ethylene has a linear structure and has higher
mechanical strength. This is known as high-density polyethylene (HDPE).
Thus, the choice of the polymerization method is dictated not only by the
nature of the monomer but also by the properties that are required in the
polymer.

2.4 Free-radical Polymerization

Free-radical polymerization is one of the most common ways of preparing
organic polymers. This method involves the use of a free-radical initiator
and is applicable for the polymerization of a number of vinyl monomers.
A number of small molecules containing carbon-carbon double bonds such
as ethylene (CH,=CH,) and related derivatives such as CH,=CHR can be
readily polymerized by free-radical polymerization. Table 2.2 summarizes
some of the monomers that can be polymerized by the application of this
method. Note that this method is very folerant of the type of substituent R
on the olefinic unit and a wide range of derivatives containing substituents
of various electronegativities can be polymerized. Even disubstituted ole-
fins such as CH,=CCl,, methyl methacrylate and fluoro derivatives such as
CF,=CF, and dienes such as butadiene or isoprene can be polymerized by
the use of the free-radical polymerization.

Free-radical polymerization can be carried out in bulk phase (in the ab-
sence of a solvent) or in solution. Solution polymerization can be per-
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formed in organic solvents or in aqueous media. In some instances an
emulsion polymerization is carried out in which a detergent is added to a
suspension of the monomer in an aqueous medium. A water-soluble initia-
tor is used which penetrates the emulsion particles to initiate polymeriza-
tion.

Free-radical polymerization implies that the polymerization proceeds by
the generation of a free radical, which rapidly adds other monomer mole-
cules to afford a polymer. Free radicals are generated by heat, radiation or
by chemical initiators.

Table 2.2. Some common organic monomers that undergo free-radical polymeri-
zation

Compound Formula Compound Formula
Ethylene H,C=CH, 1,1- H,C=CCl,
Dichloroethylene
1 Tetrafluoroethyl
Styrene H,C=C ctratiuoroethyl- F,C=CF,
I ene
Ph
\
Vinyl chloride H,C=C Butadiene H,C=CH—CH=CH,
o
T Methyl meth
Acrylonitrile  HC=C la:; ylmethacry-  c=c(Me)c(0)oMe
CN
T
Acrylamide H,C=C Vinyl esters H,C=CHOC(O)R
CONH;

2.4.1 Initiators

Typical chemical initiators are (a) benzoyl peroxide (b) 2,2'-azo-bis-
isobutyronitrile (AIBN) (c) redox initiators.

Benzoyl peroxide or AIBN decompose when heated to moderate tem-
peratures of 60-80 °C (see Egs. 2.1, 2.2).

@2.1)

I I il
CgHs—C—0O—0—~C—CgHg ——— > 2 CgHg—C—Ce



32 2 Organic Polymers — A Brief Survey

0 (2.2)
CgHg—C—0Oe————» CgHze + CO,

The decomposition of benzoyl peroxide occurs by a homolytic scission
of the peroxide (O-O) bond to generate the benzoyl [CsHs-C(O)O+] radical
which can further decompose to the phenyl (C¢Hse) radical by elimination
of CO,. These radicals are quite effective in initiating the polymerization
of many vinyl monomers.

AIBN decomposes by the elimination of dinitrogen to generate the iso-
butyronitrile radical (see Eq. 2.3).

o g, 23)
HoCGINN G Oy > 2 HsC— G
CN CN CN

Both benzoyl peroxide and AIBN are commonly used as initiators when
the polymerization is carried out in organic solvents. In aqueous media re-
dox initiators are used. For example, the persulfate ion is reduced by the
bisulfite ion to generate [SO4°]” and [HSOse]™ radical anions. The latter re-
acts with water to generate [HSO,] and [OH] (see Eq. 2.4).

> (2.4)

(o] Q
Il 1 _ - -
{O—‘Sl—O‘—O‘-ﬁ—O} + [HSO3] —— [804]2 + [SO49 + [HSOye
(¢] o]
persulfate bisulfite

Similarly, thiosulfate can also be used to reduce the persulfate ion (see
Eq. 2.5).

(82081 + [S;05° ———> [SO4 + [SOse] + [5;030] (2.5)
persulfate  thiosulfate sulfate sulfate thiosulfate
anion radical radical
anion anion

Free radicals can also be generated by transition metal ion interaction.
Thus, ferric ions can oxidize the bisulfite ion to the bisulfite radical (see
Eq. 2.6).

[HSO4] + Fe¥* — > [HSO3e] + Fe?* (2.6)
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2.4.2 Mechanism of Polymerization

The polymerization of a vinyl monomer is initiated by the reaction of a
free radical R- . This results in the formation of another radical (see Eq.
2.7).

H H
A l 2.7
R® + Hp0=C ———= R—CH,—C*
G G

The propagation of the reaction occurs when the radical that is gener-
ated adds onto other monomer molecules (see Eq. 2.8).

H H H

VAR Jalk | (2.8)
R—CHy—C® + HpC=C ———> R—CHy—CH—CH;—Ce

G G G G

This mode of propagation is known as the head-to-tail propagation. This
is the predominant pathway. Other modes of propagation such as head-
head or tail-tail are less favored.

How do the growing chains terminate? This occurs in two ways. By (a)
coupling reactions or by (b) disproportionation.

In the coupling mechanism two free-radical polymer chains can com-
bine to afford a larger polymer chain (see Eq. 2.9).

H H 2.9
R‘(CHZ—CH%CHZ Co + QC CHZ‘QCH"‘CHQ%R ( )
S
H
|
—C—

H
R-{CH,— CH-}CH2 ' c:z CH2-€CH—CH2}R
G G &

(2.10)

)

H H
I
R CHy- CH)—C’H\‘ f:@- + -lc Hzc—éHC—HZC-)—R
n

G G
I I
RACH,—CH}-CH=C H—C~—CH,CH—CH,+R
Hora—chi-cr=c G~ CH{ CH—CHy )
G G G G
polymer with unsaturated polymer with a saturated

end group end group
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In the disproportionation mode of termination, a transfer of (usually) a
hydrogen atom occurs from one polymer radical to the other (see Eq.
2.10). This leads to the formation of one polymer with a saturated end
group and another polymer with an unsaturated end group.

2.4.3 Branching

If the reactions involved in free-radical polymerization proceeded precisely
in the manner outlined above (initiation, propagation, termination), in all
instances, one would obtain long and linear polymer chains. However, in
free radical polymerization, linear chains are, in fact, not formed. Instead,
extensive branching is observed particularly with monomers such as ethyl-
ene. In this context a slight clarification of ‘branching’ is required. Thus,
for a polymer obtained from a substituted vinyl monomer regular side

groups are present (Fig. 2.3).
= CHy—CH—CHy—CH—CHy—CH—CHy—CH—

I
G G G G

G=Ph, Cletc

Fig. 2.3. Polymer chains obtained from CH,=CHG type of monomers

H g (2.11)
' H—C—H
R—+{CH,—CH,}-CH,—Ce + [
n I _
H H—C—H
S
)
R—(—CHZ—CHZQHCHZ—CI:H + H=CH
H *«C—H
lnHZC:CH2
H—C—H
"""‘HzC—Hzo—’C_H
H—C—H

In the context of what we are discussing here these side groups are not
considered branches. The concept of branching is clarified using polyeth-
ylene as an example. If a growing polyethylene free radical abstracts hy-
drogen not from the terminus of another polymer molecule but from the
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middle, the latter is left with reactive points along the polymer chain. The-
se can initiate new polymerization reactions (see Eqg. 2.11). Thus, the over-
all effect of such processes is to generate a branched polymer instead of a
linear polymer (Fig. 2.4). The consequence of branching is lower crystal-
linity and inferior mechanical strength. Accordingly, polyethylene pre-
pared by the free-radical polymerization is highly branched and is known
as low-density polyethylene (LDPE).

V2N VAN

linear polyethylene

branched polyethylene

Fig. 2.4. Linear and branched polyethylene chains

2.4.4 Chain Transfer

Branching is a special case of a process called chain transfer that is opera-
tional in free-radical polymerization. Chain transfer simply means the
transfer of the radical from the growing polymer chain to another species.
Effectively chain transfer curtails polymer growth. For example, chlorin-
ated solvents are efficient chain transfer agents (see Eq. 2.12).

H (2.12)

;
R—€CH2——CH2-);CH2-—(|3° + CCl — R—(CHZ-—CHZ-);CHZ*—CHz—CI + oCCly
H

In many instances molecules like dihydrogen are deliberately introduced

in the reaction medium to obtain polymers of desired molecular weights
(see Eq. 2.13).
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H (2.13)
R—éCHz—CHZ-)ECHZ—(I:- + Hy ——— R—fCHz—CHz-);CHZ—CH:, + oH
H

2.4.5 Summary of the Main Features of Free-radical
Polymerization

1. A large variety of vinyl monomers can be polymerized.

The tolerance of the type of vinyl monomers for this type of po-
lymerization is quite remarkable.

3. The polymerization can be done in bulk, solution or emulsion
phases.

4. A large variety of initiators are available. Two of the most com-
mon chemical initiators for applications involving the use of or-
ganic solvents are 2,2'-azo-bis-isobutyronitrile (AIBN) and ben-
zoyl peroxide.

5. Chain-transfer reactions to solvents (such as CCly), monomer,
growing polymer chains or deliberately added reagents (such as
H,) are a predominant feature.

6. Polymerization by free-radical methods affords polymers that have
considerable branching.

7. At all points of time in the reaction mixture both monomer and
polymer are present. Oligomers are not formed. This is because of
the chain-growth nature of the polymerization.

2.5 Polymerization by lonic Initiators

Free-radical polymerization has several advantages, including its applica-
bility to a large variety of monomers, tolerance to impurities etc. However,
one of its chief drawbacks is that because of chain-transfer reactions,
polymers with branching are obtained. Further, the molecular weight dis-
tributions obtained for polymers in this method are generally somewhat
broad (in the later part of this chapter we will have a brief look at polymer
molecular weights and molecular weight distributions). Ionic polymeriza-
tion overcomes the problem of branching (to a large extent). In contrast to
free-radical initiators, ionic initiators and the polymerization reactions ini-
tiated by them are subject to a lot of stringent reaction conditions. The tol-
erance of monomer is also limited. This means that only certain monomers
can be polymerized by the use of these initiators. There are two types of
ionic initiators (a) anionic initiators and (b) cationic initiators.
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2.5.1 Anionic Polymerization

In contrast to free-radical polymerization, in anionic polymerization, the
initiator (R) is a carbanion (see Eq. 2.14).
H H (2.14)
Rﬂz/{;‘ _ R—(:Hz—c::e
R R

Because the carbanion is generated on the growing polymer chain the
type of monomers that can undergo anionic polymerization are those that
have electron-withdrawing substituents. The latter can stabilize the nega-
tive charge on the polymer. Hence, the monomers that are most readily po-
lymerized by this method are those that contain the electron-withdrawing
groups as well as those that do not have functional groups or reactive
groups, which can react with the initiator. For example, the chlorine sub-
stituent in vinyl chloride can react with the initiator and hence this mono-
mer is not suitable for being polymerized with anionic initiators. Mono-
mers such as styrene, acrylonitrile or acrylic esters are suitable for
polymerization by anionic initiators (Fig. 2.5).

H H H
CH2:c|: CHZI:C CHZ:(:;
CN c=0
OR
Styrene Acrylonitrile Acrylic esters

Fig. 2.5. Monomers that can be polymerized by ionic initiators

Aldehydes can also be polymerized because of the polarity of the C=0
bond. Some common initiators that are used in anionic polymerization are
alkyllithium reagents such as n-C4HoLi or organic radical anions such as
sodium naphthalenide (Fig. 2.6).

Na+
Q

Fig. 2.6. Sodium naphthalenide

Because of the sensitivity of the initiators towards impurities, particu-
larly water and CO,, rigorous precautions have to be taken to exclude
moisture from the reaction medium. It is also logical that chlorinated sol-
vents are not used for these reactions, as they themselves will react with
initiators.
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2.5.1.2 Mechanism of Anionic Polymerization

Alkyllithiums such as n-butyllithium do not exist as such but are present in
the form of molecular aggregates. In fact, the X-ray crystal structure of n-
butyllithium has shown that it is present as a hexamer [18]. It is believed
that reagents such as this react as an ion pair, although the covalent charac-
ter in the Li-C bond is generally accepted. The attack of the nucleophile
occurs in such a manner that the negative charge is located on a carbon,
which contains the electron withdrawing group (see Eq. 2.15).

i i (2.15)
F CH=C ——— C4Hg-—CH2—(|2®Li®
0, @ Ph Ph

CaHg Li

Propagation involves the attack of the growing carbanion on successive
monomeric units such that the growing polymer chain resembles a con-
tinuous insertion of the monomer molecules between the CM" moiety (see
Eq. 2.16).

H T (2.16)
lo,® ' lo,,®
n-CyHg—CH—CO M ——> nCyblg—CH;—G—CH;— O M
R\ i R R
CHz=C
R

Presumably because the mechanism of polymerization involves the in-
sertion of the monomer into the ion-pair, the addition of the monomers oc-
curs in a stereoregular manner.

Termination of the reaction occurs only when a terminator molecule
such as CO,, water or any other protic agent is added (see Eq. 2.17).

H H H H
n—C4Hg~W(I)—(|Ie y® 0 n-C4H9w|C—Cl:—H + LioH @17)
i i
1.CO,
2.HCl

T
-CaHy™G—C—COOH + Licl
H R

2.5.1.3 Special Features of Anionic Polymerization

1. In anionic polymerization, unlike in free-radical polymerization,
there is virtually no chain-transfer. This is especially true for reac-
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tions conducted at very low temperatures. As a result of the ab-
sence of the chain transfer there is no branching.

2. The polymers obtained by anionic polymerization have a polydis-
persity index (PDI) close to 1. This is because of the rapidity of
the initiation step. Virtually al/ the chains are initiated at the same
instant and all of them grow at approximately the same rate until
all the monomer is consumed.

3. Living polymers. It has been observed that in anionic polymeriza-
tion if proper precautions are taken the termination reaction is vir-
tually absent. In other words termination is only brought out when
desired by the addition of protic reagents. This has some interest-
ing consequences. The polymer chains are virtually /iving and if
after the consumption of all the monomer more of it is added it
participates in the propagation reaction (see Eq. 2.18).

H
N (2.18)
o M H
lo R o
Rt CHy—CHY-CH,—C Ref-CHy—CH}-{ CHz—GH-CH,—C
R R R R

Such a /iving polymerization has another interesting consequence. If in-
stead of the same monomer a different monomer is added one obtains
block copolymers. For example, styrene-butadiene-styrene (SBS) block
copolymer can be prepared in this manner (Fig. 2.7).

j ="
R-I-CHZ-—CH-}BCHZ—CG + PNF ——=RetCH—CHHCH, CHA ™™ Yo P
~y H

5 Koo

7

R—{-CHZ-CH}#CHZ\C:C /CHZJ#CHZ-—CHJ%—
o H

Fig. 2.7. Styrene-butadiene-styrene (SBS) block copolymers

SBS is a hard rubber, which is used in applications such as the soles of
shoes, fine treads etc., where durability is important. Polystyrene is a tough
hard plastic while polybutadiene is a rubbery material. The latter gives the
SBS polymer its rubber-like properties while the former endow it with du-
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rability. SBS is also known as a thermoplastic elastomer. These are materi-
als which behave like elastomeric rubbers at room temperature, but when
heated can be processed like plastics. SBS and other thermoplastic elas-
tomers manage to be rubbery without being crosslinked.

2.5.2 Cationic Polymerization

In cationic polymerization the end of the growing chain bears a positive
charge. Previously, we have seen situations with free-radical chain ends or
anionic chain ends (Fig. 2.8).

/\/\/\/\/ * Free radical
+
/\/—\/—\/—\/ Cationie

Fig. 2.8. Polymers with various reactive end-groups

Similar to the situation found in anionic polymerization, all types of vi-
nyl monomers cannot be polymerized by the cationic polymerization. Spe-
cifically the monomer should have substituents that can stabilize the car-
bocation. This means that the substituents should be electron releasing.
Some of the monomers that can be polymerized by the cationic polymeri-
zation method are shown below (Fig. 2.9).

CHj OR
/ SN /
H,C=C| 7N H,C=C]
“cH, H,C CH, y
H,C= c’ HZC—' H,C= c‘
R
o=c{
H

Fig. 2.9. Monomers that undergo polymerization by cationic initiators

Industrially the polymerization of isobutylene by cationic initiators is of
importance.
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The initiators for cationic polymerization can be protic acids (sulfuric
acid, perchloric acid, hydrochloric acid) or Lewis acids (BF;, BCl;, TiCl,,
AlCl; etc.,). Protons are the cationic initiators that are generated from
protic acids (see Eq. 2.19).

H,S0, === H* + HSO, (2.19)

HCIO4 === H" + CIO,

With Lewis acids it is noticed that a small amount of protic solvents
(such as water or methanol) are required which will result in a Lewis acid-
Lewis base adduct (see Eq. 2.20).

i (2.20)

Al.,
CI/ \ "Gl
i
H

AlCl3 + H,O

H

The protons in the AlCl;.H,0 complex are quite acidic and serve as pro-
ton sources (see Eq. 2.21).

o - 2.21
A|| s i 20
\ O e ——— H30—CII® * /Al-‘.,,,m
o\ Lh, o N

The anion generated will be simply represented as A” and is closely as-
sociated with the cation (Fig. 2.10).

o
H3c—(|:® A9
CHs
Fig. 2.10. Cation with its counter-anion
CHs CH, CH,
Lo .0 [ l® .0
H3C—(|) A H3C—(I)—CH2—(I3 A
CHs <|3H3 CHs CH3 (';H3
HZC:(l; HZC:(I:
CHs CHj
CHs CHs CHs CHs CHs
| I @ A0 | l® .0
—>H3C~<|:—CH2——cI:—CH2——c|; A H-{-HZC—CI:—]ECHZ—(l: A
CHs CHs CHs CH; CH;

Fig. 2.11. Propagation reaction
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Notice also that the addition of the proton occurs in such a manner so as
to lead to the formation of the most stable (tertiary) carbocation. The
propagation reaction occurs by a successive insertion of the monomer
molecules within the C"A” ion-pair motif (Fig. 2.11).

The growing polymer chains are terminated by two routes. The first
route consists of a proton transfer to another monomer (Fig. 2.12).

lCH3 CH,—H CH3 CH3
HH,C— G cH—C® HFHC—CH CHy—C=CH, + H— CHZ—C|)®
CH, CHs CH;4 CH3 CHj, CHj
H,C=C polymer with an unsaturated Newly fgrmed

end-group cation

CHj

Fig. 2.12. Termination of the polymer chain by proton transfer

From the growing polymer chain a proton is abstracted by the nucleo-
philic (electron-rich) monomer. This leads to the termination of the poly-
mer chain which is neutral and which now contains an unsaturated end
group (Fig. 2.12). Notice that this type of termination is essentially a
chain-transfer reaction, where the growing polymer has been terminated
and in the process a new chain has been initiated by the newly formed
cation. It can be readily appreciated that a chain transfer involves genera-
tion of new chains. If more chains are initiated in this way the average
chain length of the polymer and hence the molecular weight of the poly-
mer 1s reduced. Fortunately, the chain-transfer reaction in cationic polym-
erization is of importance only at higher temperatures and can be consid-
erably reduced at lower temperatures.

The second method of polymer termination can occur by a proton trans-
fer to the anion (Fig. 2.13).

CHs @ CHg

H+H,C—CHCH,—C=CH, + AICi;eH,0

l
H+H,C— C-]—CHZ—C@ \H;o —¢H :
CHy  CHs

Fig. 2.13. Termination by proton transfer to the anion

At lower temperatures the growing chains are terminated by the reaction
with water (or other protic solvents) or any other nucleophile. Two of these
possibilities are shown below (see Egs. 2.22 and 2.23). Both the termina-
tion reactions shown in these equations do not lead to the formation of new
chains.
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CH, CHy ChH, CH, (2.22)
H—{-HZC——(ID-}BCHZ——?@ A9 + H0 H+HZC-—CIZ-}BCH2—(‘;‘-OH + A-H
ChHy CH, CH, CH,
T s CI:I —‘ -AICLOH s s (2:23)
H+Hzc—c':+ncr-12—c|:®/\//\| ,,,,, won H—{-HZC—-(I)-}BCHZ—(I)—CI
CHy cH, © S CHs CH,

2.5.2.1 Summary of the Features of Cationic Polymerization

1. Monomers that contain electron-releasing groups (such as isobu-
tylene) can be polymerized by cationic polymerization.

2. The common initiators are protic or Lewis acids.

3. Cationic polymerization can lead to the formation of linear poly-
mers particularly if carried out at low temperatures.

4. Chain-transfer reactions are slow at lower temperatures.

2.6 Ziegler-Natta Catalysis

We have seen that free-radical polymerization of ethylene leads to the
formation of low-density polyethylene (LDPE). The reason for the low
density of LDPE is the lack of crystallinity owing to branching in the
polymer. Straight-chain polyethylene can be obtained from Ziegler-Natta
polymerization, which involves the use of an organometallic catalytic sys-
tem [1-5, 18-20].

K. Ziegler, a German chemist, observed an Aufbaureaktion (growth re-
action) when ethylene is polymerized in the presence of triethylaluminum
[1, 18] (see Eq. 2.24).

90-120 °C
EfzAl + (n-1)H,C=CH, W Et,Al(CHoCH,)H (224)

A chain length of up to C,g was observed. Surprisingly, in one of the
experiments Ziegler observed that only /-butene was formed in the reac-
tion. This has led him to investigate the reaction thoroughly and meticu-
lously. He found out that the particular stainless steel reactor where 1-
butene was formed had a small impurity of nickel. Ziegler then carried out
a systematic investigation on the influence of many transition metal salts
and complexes on the reaction. He and his coworkers observed that the
combination of TiCly/Et;Al functions as an excellent catalyst for the po-
lymerization of ethylene to polyethylene [18] (see Eq. 2.25).
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TiCly/AIEY
HC=CHy —————> +CH2 CHf}- (2.25)

25 °C, 1bar
polyethylene

The polymerization of ethylene by the combination of triethylaluminum
and titanium tetrachloride occurs at room temperature and atmospheric
pressure. This is in contrast to the industrial process of free-radical polym-
erization of ethylene, which involves high temperatures and high pressures
(1000-3000 bar pressure and 200 °C). The second important difference is
that the polyethylene obtained by using Ziegler's catalyst is completely lin-
ear. Because of this it has got better crystallinity and is called High Den-
sity Polyethylene (HDPE). While the density of LDPE is 0.91 g/cm’ that of
HDPE is 0.97-0.99 g/cm’. The melting point of HDPE (130 °C) is also
higher than that of LDPE (120 °C) [1]. Because of these differences, LDPE
is a soft and low-strength polymer, while HDPE is a tough, high-strength
material.

G. Natta, an Italian chemist, made an extremely important extension of
the use of Ziegler's catalytic system. He showed the utility of Ziegler cat-
lysts for the room temperature polymerization of propylene. Most impor-
tantly, however, Natta observed that the organometallic catalytic system,
leads to the preparation of a stereoregular polymer. Thus, polypropylene
can have three possible stereochemical orientations [1].

1. Isotactic: A stereoregular structure where the sites of steric isom-
erism in each repeating unit of the polymer has the same configu-
ration. In other words in an isotactic polypropylene all the methyl
groups will be located on one side of the plane of the polymer
chain (Fig. 2.14).

Fig. 2.14. Isotactic polypropylene

2. Syndiotactic. A stercoregular polymer where the sites of steric
isomerism in each repeating unit are on the opposite side. The
methyl groups in alternate repeat units are on the same side and in
adjacent repeat units they are on the opposite side (Fig. 2.15).

Me, H H Me Mg H H Me Mg, H H Me

s s

Fig. 2.15. Syndiotactic polypropylene
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3. Atactic. In this type of polypropylene the orientation of the methyl
groups is random.

Remarkably, Natta observed that the Ziegler catalyst system generated
predominantly isotactic polypropylene in the polymerization of propylene
[1] (see Eq. 2.26).

CHy—CH=CH, _TiCIyAEt; TCHZ—CHT (2.26)

25 °C 1bar

predominantly
isotactic

Because of the regular disposition of the substituents, isotactic and syn-
diotactic polymers are highly crystalline and have better mechanical prop-
erties than atactic polypropylene, which is amorphous [1].

2.6.1 Mechanism of Polymerization of Olefins Using the
Ziegler-Natta Catalysts

Although the exact mechanism of the polymerization of olefins by Ziegler-
Natta catalysis is not delineated with the precision that would satisfy every
one, it is possible to write a reasonable mechanism [1, 2]. The first of these
is a monometallic mechanism. The following mechanism is for a
TiCl;/AlEt; combination. We have seen above that titanium tetrachloride
has been initially used in the polymerization of ethylene. It has been sub-
sequently found that TiCl; is better than TiCl,.

The first step in the mechanism is an alkylation of the titanium by the
alkylaluminum reagent (see Eq. 2.27).

CH
oHy 2.27)
cl CH,
10 a0
iy [
~ca” | nEy o | o
Cly, | anCl— Cly,, I anCl—
o |\CI/ CI/ |\Cl/
e [

The coordination environment around titanium in TiCl; (in the solid-
state) is six, i.e., each titanium is surrounded by six chlorines. The chlo-
rines are involved as intermolecular bridging ligands between adjacent ti-
tanium centers. It is important to realize that this is the solid-state structure
and the catalyst system is heterogeneous. Accordingly, only the surface
sites will be active and bulk of the material will be not accesstble to the re-
action. It is reasonable to propose that at the surface several titanium cen-
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ters will be coordinatively unsaturated. This means that the coordination
number will be less than six. A situation with a coordination number of
five is depicted above (see Eq. 2.27). Such a titanium is labeled as Ti; and
the vacancy in the coordination sphere is depicted by a square box. Alkyla-
tion of such a titanium species leads to the replacement of one of the chlo-
rines by an alkyl group. But the vacancy at titanium is still present. An ole-
fin molecule (such as ethylene or propylene) can coordinate at this site to
afford a metal-olefin complex (Fig. 2.16).

CH,
CH,
CH
/Cl"h,, ‘ “““\\2
~Tis CH,
\Cl/‘ ¢
Ol |

Fig. 2.16. Coordination of ethylene to the vacant site on the surface titanium cen-
ter

C'\Pt)\

o T

Fig. 2.17. Ethylene coordination to platinum in K[PtCl;(C,H,)]

Although the titanium-ethylene complex has not been isolated in the po-
lymerization of ethylene, there are several metal-olefin complexes that
have been characterized by many spectroscopic methods and also by X-ray
crystallography. The most prominent example is the Zeise's salt
K[PtCl;(C,H,)] [18-20] (Fig. 2.17).

From studies on compounds such as [PtCl;(C,Hy)] a good deal is now
known on the nature of metal-olefin bonding [18-20]. Two types of inter-
actions exist in any metal-olefin complex: (1) A o-donation from the olefin

through its m-orbital to a suitable metal 'd’ orbital such as a d(x*-y?) orbital.

OUdn Qe
il Gl

-—

o - donation from the 7 - donation form the

olefin - orbital tq the metal d orbital
metal 4.2 orbital to the olefin 7" orbital

Fig. 2.18. Bonding interactions in metal-olefin complexes
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(2) A back-bonding involving a m-donation from a metal d orbital to the

anti bonding nt-orbital of the olefin (Fig. 2.18).These two types of bonding
modes act synergistically, 1.e., one strengthens the other. The details of the
strength of the metal-olefin interactions need not bother us. Suffice it to
say that such complexes are prominent members of the organometallic
family.

Coming back to the mechanism of polymerization. After the coordina-
tion of the olefin the next-step in the sequence of events is termed a migra-
tory insertion. This occurs, presumably through the involvement of a four-
membered metallacycle intermediate (Fig. 2.19).

CHs4 CHsy
| [ 7 wGH
CH, CHy \
CH i o
/Cll,“‘. I ‘“\\\2 M» /Cl/,,,“ \\\\\\\\\\\“ CH,
ST CH, Insertion T
\CI/ g ~a |\CI
Cl— Cl—
CH,
H c/
2
\
/CHZ
——Cly,, ‘N\‘,\\.\\\\\CHz
Tid
\CI/ |\C\|

Fig. 2.19. Migratory insertion reaction

At the end of the reaction sequence it appears that the olefin is inserted
between the Ti-CH,CHj; bonds. Hence, this reaction is known as insertion.
However, most mechanistic studies suggest that the migration of the alkyl
group (rather than the insertion of the olefin) actually takes place [18-20].
To reconcile these two possibilities the term migratory insertion is used.
At the end of the migratory insertion the Ti-alkyl chain has grown from Ti-
CH,CH; to Ti-CH,CH,CH,CHs, and the titanium is once again in a coordi-
nation number of five, i.e., with a coordinative unsaturation. A fresh olefin
molecule can coordinate at this site and by the repetition of the migratory
insertion the polymer chain grows. This sequence of events is involved in
the propagation of the polymerization (Fig. 2.20).
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Fig. 2.20. Propagation of the polymer chain in the Ziegler-Natta catalyzed polym-
erization of ethylene

How does the chain terminate? One of the possible ways this can hap-
pen is by a process known as hydrogen transfer. In this process the hy-
drogen on the f-carbon of the alkyl chain first interacts at the vacant coor-
dination site of the titanium, and then is finally transferred to the titanium
leading to the elimination of the polymer with an unsaturated end group
(Fig. 2.21). Evidence for such a mechanism comes from studies on several
organometallic compounds. Species such as these have been isolated in
other situations showing strong M-H interactions. Such interactions have
been labeled as agostic interactions.

An alternative mechanism known as the bimetallic mechanism has also
been proposed. We start off with a bimetallic intermediate where the alu-
minum and titanium are bridged to each other (the only difference between
this and the earlier proposal is that in the previous instance the role of alu-
minum was proposed to be limited to alkylating the titanium centers). The
remaining steps in the mechanism are nearly similar (Fig. 2.22).
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Fig. 2.21. B-Hydrogen transfer in monometallic mechanism
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Fig. 2.22. Bimetallic mechanism for the polymerization of ethylene



50 2 Organic Polymers — A Brief Survey

2.6.2 Supported Ziegler-Natta Catalysts

Since the discovery of the original Ziegler-Natta catalytic system, several
new variations have been brought about. The first of these is supporting
the titanium chloride on a high surface area inert support. Since the
Ziegler-Natta catalyst is heterogeneous in nature only the surface is active.
Consequently, dispersing the titanium compound on a high surface area
solid will enable more catalytic sites to be available for polymerization.
The most popular support for this purpose has been MgCl,. Such MgCl,
supported catalysts have shown major advantages including higher activ-
ity, lower catalyst consumption etc. Because only small amounts of cata-
lyst are required, the need to remove the metallic catalyst from the polymer
at the end of polymerization is obviated [1].

2.6.3 Recent Developments in Ziegler-Natta Catalysis

As discussed above, traditional Ziegler-Natta catalysts are heterogeneous
in nature. There have been several attempts to prepare homogenous ver-
sions of these catalysts [21-28]. Many of these attempts have revolved
around the use of metallocenes [18-20, 27]. In order to understand this
topic a brief background on metallocenes is necessary. Metallocenes are a
large family of organometallic compounds where a metal atom/ion is sand-
wiched between at least two aromatic rings. Well-known examples of met-
allocenes are ferrocene and chromocene (Fig. 2.23).

@ ©

& O

Ferrocene Chromocene

Fig. 2.23. Structures of ferrocene and chromocene

In ferrocene the iron atom is sandwiched between two cyclopentadienyl
rings. In contrast, in chromocene a chromium atom is sandwiched between
two benzene rings. In ferrocene the iron atom is in fact bound to all the
carbons of the cyclopentadienyl ring. If one probes the electronic configu-
ration of ferrocene it is found that each cyclopentadienyl anion (Cp’) con-
tributes six delocalized n—electrons for bonding to the organometallic
complex. Since ferrocene is a neutral molecule, the iron present is assigned
a formal oxidation state of +2. Thus the total valence electrons present in
ferrocene will work out to be 18. Similarly in chromocene each benzene
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ring contributes 6¢ and the chromium atom with a zero oxidation state also
contributes 6e, making the total number of valence electrons to be 18 (Ta-
ble 2.3).

Table 2.3. Electron count in ferrocene and chromocene

Electron count in ferrocene
2Cp 2x6=12¢
1Fe”?  1x6= 6e
Total =18e

Electron count in chromocene
2CcHs 2x6=12e
1Cr(o) 1x6= 6e
Total = 18e

Organometallic compounds having a total valence electron count of 18
are known to be very stable. Following the original discovery of ferrocene,
a large number of metallocenes have since been synthesized. The term
metallocene now is used in a much more general context and can mean a
wide variety of organometallic compounds including those with substi-
tuted cyclopentadienyl rings, those with bent sandwich structures and even
the half-sandwich compounds. Several other metallocenes with /lesser
number of valence electrons (than eighteen) are known, as for example
Cp,TiCl, or Cp,ZrCl,. Because of the presence of the additional chlorines
these molecules have bent structures (Fig. 2.24). The electron count in
these type molecules shows them to be 16e species (Table 2.4).

@ G @ WGl
©) ey d e

Fig. 2.24. Bent metallocenes Cp,ZrCl, and Cp,TiCl,

Table 2.4. Electron count in Cp,ZrCl, and Cp,TiCl,

Ligand or metal Electrons Total
contributed electrons

2Cp 2x6 12

1 Tior Zr™ 0 0

2Cr 2x2 4

Total 16
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The titanium (or zirconium) present in these complexes is in an oxida-
tion state of +4 and therefore has 0 valence electrons. Each Cp™ contributes
6¢ each, making a total of 12e¢. Each CI' contributes 2¢ each. Thus,
Cp,ZrCl, and Cp,TiCl, are 16e compounds and therefore are more reactive
than ferrocene. Further the bent structure of metallocenes allows additional
ligands to approach the metal ion.

However, initial efforts in using Cp,TiCl, or Cp,ZrCl, as catalysts for
ethylene polymerization did not show any promise. A small accident
changed this. Normally the metallocene halides and the aluminum alkyls
are used in the complete absence of O, and H,O. However, it was discov-
ered accidentally that in a combination of Cp,ZrMe,/AlMe; if a small
amount of water is introduced it becomes a potent catalyst for ethylene po-
lymerization [25]. Thus, water which is traditionally seen as a foe in
Ziegler-Natta catalysis, turns into a friend. The role of water is to convert
AlMe; into an  oligomer called methylalumoxane (MAO)
Me,Al[OAIMEe;],OAIMe; where n = 5-20. The precise structure of MAO
is still largely unknown.

Indeed, MAO can be deliberately prepared and added to Cp,ZrMe,. In a
ratio of about 1:1000 (Cp,ZrMe,:MAOQO) the polymerization of ethylene
takes place readily producing linear polyethylene. The nature of MAO is
quite complex and is believed to be a mixture of linear and cyclic oli-
gomers. Its principal role seems to generate a metal-centered cation by the
abstraction of a CH;™ from Cp,ZrMe; [22-25, 28]. The sequence of steps
there after is in keeping with the general principles of organometalic chem-
istry (Fig. 2.25). This can be summarized as follows.

1. A three-coordinate zirconium cation is generated as a result of the
reaction of Cp,ZrMe, with MAOQO. This is a 14-electron species,
which is highly reactive. To some extent the positive nature of the
zirconium center is alleviated by the agostic interaction with the
methyl group. However, the metal center is quite receptive to any
incoming ligand.

2. The reactive three-coordinate zirconium compound is involved in
a reaction with ethylene (ethylene coordination). This leads to a
metal-olefin complex.

3. The next step is the migratory insertion reaction. This leads to the
formation of a metal-alkyl complex. Note that we have ended up
again with a three-coordinate zirconium cation, which has a metal-
alkyl bond. In effect we have lengthened the alkyl chain by the
process of olefin coordination followed by migratory insertion.

4. Propagation of the reaction is facilitated by the rotation of the al-
kyl group so that steric hindrance is minimized for the incoming
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olefin. Olefin coordination and migratory insertion continues the
generation of longer alkyl chains. Eventually this process leads to
a polymeric chain.

5. The termination reaction is facilitated by the P-hydride elimina-
tion. Thus, termination leads back to the reactive three-coordinate
zirconium species which can initiate the polymerization again. Re-
call that this is similar to what we have seen with simple Ziegler-
Natta catalysts.
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Fig. 2.25. Polymerization of ethylene by Cp,ZrMe,/MAO

The most recent developments in this area relate to custom-made zir-
conocenes for specific applications. The stereo-electronic environment at
the zirconium center can be varied in a very subtle manner and this can
lead to the formation of specific polymers. Thus, a bridged metallocene in
combination with MAO can lead specifically to isotactic polypropylene
(Fig. 2.26) [26]. Similarly, variation in the metallocene structure can lead
to specific formation of a syndiotactic polypropylene. Even a polypropyl-
ene containing alternating isotactic and syndiotactic blocks can be pre-
pared by modifying the metallocene.
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~Me  CHyCH-CH, Isotactic
e MAO polypropylene

(") = Cyclohexy! unit

Fig. 2.26. Polymerization of propylene by bridged-zirconocene to afford isotactic
polypropylene

More recently, non-metallocene catalysts have also been developed for
polymerization of olefins. These are based on coordination complexes. A
typical example of the type of coordinating complex used is shown below.
It contains a chelating tripodal nitrogen-ligand, which enforces a five-
coordinate distorted square-pyramidal geometry around iron(Il). This kind
of a complex acts as a catalyst (along with MAO as the co-catalyst) to po-
lymerize ethylene to linear polyethylene (Fig. 2.27) [21]. Notice that varia-
tion of the substituents on the aromatic groups of the ligand leads to a
change in the nature of product.

Ethylene /' p o ne R =Me \ Ethylenc
R=H R'=Me
W I ’\/\/\/\/‘ .
N
Low-molecular-weight High-motecular-weight
oligomers ( -olefins) polymars (HDPE)

Fig. 2.27. Polymerization of ethylene by transition-metal complexes

The mechanism of polymerization by the transition-metal complexes is
similar to what is known for conventional Ziegler-Natta catalyzed reac-
tions (Fig. 2.28). Alkylation of the metal center followed by CHj™ abstrac-
tion leads to a metal-centered cation. Olefin coordination followed by in-
sertion leads to polymer growth. The termination of the polymerization can
occur by a B-hydrogen transfer. Clearly the advent of these developments
is an indicator that the last word in this area is far from over and the inge-
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nuity of the organometallic chemist and the inorganic chemist can lead to
newer catalyst systems.

(\ N (\ TaCHs o (\ N CH,=CH, F T
MAO N-FT;‘\ N—Fe—Me ———— N—Fe™ \__Rr

NS, L ! Addition Q./ )
CH
Q_/N ¢ N 3 N and insertion N

Ethylene
coordination
® Successive ethylene
B /\( coordination and insertion ® @
F>/ Fev\/\R -~ Fe R
= H Palymer Ethylene \/
growth insertion 4
R-Hydrogen Polymer
transfer termination ®
xR+ FF\/\
Polymer H

Metal centered
cation:Can again
initiate polymerization

Fig. 2.28. Mechanism of polymerization of ethylene by transition-metal com-

plexes

2.6.4 Summary of the Ziegler-Natta Catalysis

1.

A combination of TiCly/Et;Al or TiClyEt;Al is an excellent cata-
lyst system for the polymerization of olefins. This has been most
widely used for preparing linear polyethylene (high-density poly-
ethylene) and isotactic polypropylene. This traditional catalytic
system is heterogeneous in nature.

The next generations of Ziegler-Natta catalysts have been devel-
oped by supporting TiCl; on inert inorganic supports such as
MgCl,. Supported catalysts are more efficient. Higher amounts of
polymer are produced per gram of titanium. The mechanism of po-
lymerization involves coordination of the olefin to a vacant coor-
dination site at the surface.

New Ziegler-Natta catalysts are homogeneous systems. These are
based on a combination of metallocenes and MAO. By appropriate
use of these catalysts linear polyethylene, and all the three types of
polypropylene (atactic, isotactic and syndiotactic) can be produced
in a specific manner. A cationic alkyl-metallocene complex is the
active species in the polymerization. MAO helps in alkylating the
metallocene (if the metallocene is a metallocene dihalide like
Cp,ZrCly) and also in assisting the removal of a CHj". Further it
stabilizes the cationic center and also possibly scavenges impuri-
ties.
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4. Polymers prepared by metallocene catalysts have special proper-
ties. Metallocene-polyethylene is an excellent film wrap and has
excellent barrier properties to oxygen and moisture. Special poly-
mers such as linear low-density polyethylene (LLDPE) which is a
copolymer of ethylene and 1-butene (or 4-methyl-1-pentene) can
be manufactured readily by the use of metallocene catalysts.
LLDPE is a high strength film-forming polymer.

5. A new generation of Ziegler-Natta catalysts does away with tita-
nium or zirconium complexes altogether. Instead, conventional
transition-metal complexes involving Fe(Il) or Ni(Il) are being
used.

2.7 Olefin Metathesis Polymerization

Olefin metathesis is an important polymerization reaction that is particu-
larly useful for cyclic compounds containing a double bond. Before going
through this let us look at the olefin metathesis reaction. The latter can be
represented by the following simple reaction [1-5] (see Eq. 2.28).

R._R RA__RA R .
\C/ . \Ic]:/ Olefin \C/ (2 28)
—_—
B C metathesis Icl;
R/ ~ R RA/ ~ RA RA/ ~ RA

The product in this reaction appears to arise as a result of splitting the
reacting olefins exactly into two equal halves and allowing them to join
again. This reaction is reversible and several versions are now known.

1. Cross-metathesis (see Eq. 2.29).

R+ R — R]/\/R" +  CHy=CH, (2.29)
2. Ring-closing metathesis (see Eq. 2.30).

2.30
//\\ D @ + CH,;=CH, ( )

3. Ring-opening metathesis (ROMP) (see Eq. 2.31).

O) v s e A\ n (2.31)

4. Ring-opening metathesis polymerization (see Eq. 2.32).
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) ( —~ ) (2.32)

5. Acyclic diene metathesis polymerization (see Eq. 2.33)

(2.33)
/m\ —_— %mg + nH,C=CH,

The use of ROMP has been widely applied. Thus, cyclopentene can be
polymerized by olefin metathesis to a linear polymer. In this reaction the
cyclic hydrocarbon is opened up by the catalyst and joined together in a
linear fashion (see Eq. 2.34). The catalysts that perform this operation are
called ring-opening metathesis catalysts.

Metathesis ‘JFI\/’_:]: (234)
@ catalyst n
Representative examples of the recent generation of metathesis catalysts

are shown below (Fig. 2.29). Notice that these transition-metal derivatives
contain an M=C bond. Such compounds are known as metal carbenes [18-

20].
Cly,,
R —
(Vi u CI/,
PCY3

CI7 |

PC
Cy = Cyclohexyl ve
Pr}

RO, ,N _

MO, PP
N\

ROZ  “CHC(CHs)pCeHs

R =H3C—C(CF3),—

Fig. 2.29. Metal carbenes that can be used as metathesis catalysts

The mechanism of the olefin metathesis polymerization involves (a) an
initial 2+2 cyclo-addition of a metal carbene with the cyclic olefin. This
leads to the formation of a four-membered metallacyclobutane. The next
steps (b) (c) and (d) show the polymer propagation reactions (Fig. 2.30).
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Fig. 2.30. Mechanism of ring-opening metathesis polymerization

Norbornene can also be polymerized by metathesis catalysts to polyno-
rbornene (see Eq. 2.35).

(2.35)
7 5 *f@fCHZCHT

As can be seen in the two examples (cyclopentene and norbornene) po-
lymerization of cyclic olefins leads to polymers containing double bonds at
periodic intervals in their backbone. An interesting application of the me-
tathesis polymerization is the preparation of frans-polyacetylene [1]. Me-
tathesis of the tricylic monomer leads to the ring-opening of the cyclobu-
tene ring to afford a polymeric derivative. Heating this polymer eliminates
bis-trifluoromethylbenzene to leave behind trans-polyacetylene (see Eq.
2.36).

FaC CFy;  FiC CF, A (2.36)
— oo YA
FaC_CFs
@ ﬁ -©

2.8 Atom Transfer Radical Polymerization

We have seen previously that polymerization initiated by free-radicals suf-
fers from some disadvantages. Mainly, the chain-length cannot be con-
trolled and branching occurs. Some of these disadvantages are overcome in
newer methods of radical polymerization. An important new development
in this regard is the atom transfer radical polymerization (ATRP) [29-30].
In this process all the chains are initiated essentially at the same time (at
the point of catalyst injection) and all the chains grow at the same rate until
the monomer is consumed. The important principles of the atom transfer
polymerization process are illustrated by the following sequence of reac-
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tions in the bulk polymerization of styrene at 130 °C using 1-phenyl ethyl
chloride as an initiator and [Cw(bipy),][Cl] (bipy = 2, 2'-bipyridine) as a
chlorine atom transfer promoter (see Eq. 2.37).

g (2.37)

+  Cu(h,

Re + CI-Cu(II)Lr]

The catalyst being a Cu(l) complex, abstracts a chlorine from the initia-
tor; in this process the metal gets oxidized to Cu(Il) generating a free radi-
cal Re. The latter can initiate polymerization of a styrene monomer (see
Egs. 2.37-2.38).

Y . (2.38)

[R- + Cl-Cu(n)q + L. @ @ + ClCu(iL,
n

Chlorine transfer can occur to the growing polymer radical (see Eq.
2.39).

. cl (2.39)

@@ - ccum, —— @@

The propagation of the reaction can occur in a similar manner (see Eq.
2.40).

cl
+  Cu(l)L, @@@ +  CHCu(iL,

The whole process can be schematically represented as shown in Eqgs.
2.41-2.42.

(2.40)
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R—Cl  + Cu(i)L, Re + CI——Cu(II)Ln] (2.41)
M
R—M—Cl  + Cu()l, =——= [R~M- + CI—Cu(II)LX]
R—Cl + Cu()L, ==== Pw+ Cl—Cu(llL,
u() = & u(ih (2.42)

The following are the key points of the mechanism of atom transfer
radical polymerization.

1. The catalyst shuttles between two oxidation states viz., Cu(l)
and Cu(Il).

2. The bidentate ligand viz., 2,2"-bipyridyl is crucial in increasing
the solubility of Cu(I)Cl and it also affects the abstraction of a
chlorine from the initiator 1-phenyl ethyl chloride as well as the
dormant species P;-ClL. It is not necessary that this ligand alone
be used. Other ligands that can perform in a similar manner are
also useful.

3. The alkyl radical Re and the polymer radical P; are reversible
with respect to the corresponding halides R-Cl and P;-Cl, re-
spectively. This process also involves an atom transfer reaction.

4. The concentration of the growing radical is low. This means
that the equilibrium is towards the halides. This also implies
that the bimolecular reactions between radicals are low and
therefore termination reactions are minimized. This virtually
means that a living polymerization is achieved.

5. Thus, in the polymerization of styrene with 1-phenylethyl chlo-
ride and a CuCl-bipyridine complex a well-defined high-
molecular-weight polymer with a narrow-molecular-weight dis-
tribution 1s achieved. Since the first discovery of ATRP, several
different types of monomers have been found suitable for po-
lymerization by this method and this method promises to have
important new applications in the future.

2.9 Ring-opening Polymerization

Several cyclic organic molecules can be polymerized by the ring-opening
polymerization method [1-5]. Although the metathesis polymerization that
we discussed earlier also is a ring-opening polymerization, it was a special
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class of ring opening that involved a cyclic compound containing a double
bond. Other cyclic compounds such as cyclic ethers, lactones, lactams and
cyclic imines undergo ring-opening polymerization. A few examples are
shown below.

oy (2.43)
H,C” ™ “CH,
M fonodf

SN o«
Hz

Trioxane can be polymerized into poly(formaldehyde) by the action of
Lewis acids (see Eq. 2.43). Notice that in this method of polymerization
there is no change in the chemical composition as the monomer gets con-
verted into the polymer. Caprolactam can be polymerized to nylon-6 by
the ring-opening method (see Eq. 2.44).

o

(2.44)
NH H ﬁ
—_— %N—(CHz)s'C%

Caprolactam Nylon-6

Three-membered rings such as epoxides and aziridines can also be po-
lymerized to their polymeric analogues. The release of ring-strain is an
important factor in the polymerization of the three-membered rings. Thus,
ethylene oxide can be polymerized to poly(ethylene oxide) by anionic or
cationic initiators (see Eq. 2.45).

2.45
n cﬁ:z?:Hz —_— {—CHZ—CHzo—} ( )

Similarly, ethylene imine polymerizes quite readily in the presence of
cationic initiators (see Eq. 2.46).

N H (2.46)

/0N |
n CH;~CH, ™ -—CH,~CH,~N
n

Although the mechanism of the ring-opening polymerization would vary
depending on the monomer in question it is clear that a reactive species has
to be generated which weakens a bond in the ring leading to its scission.
This is illustrated by the acid-catalyzed polymerization of trioxane. The
first step is the protonation of an oxygen followed by the C-O bond cleav-
age (see Eq. 2.47) (1, 2].
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H (2.47)
ol o ® 0
H,C” T CH, ® O H,C” " CH, X
| '+ H X —— 7 ]
O\C/o O\C/O
Hz Ha

Subsequent chain propagation reactions can occur by the electrophilic
attack of the reactive carbocation (see Eq. 2.48).

H
i T (2.48)
O ~
H,C” CHp X H,C~ “CH, HC e CH,
I I + | | 5
o, O oL .© o, 0O 4
c HoC
H, Hy H. [
ey >E9
2
®

The chain can terminate by the reaction of the carbocation with an an-
ion. Although several cyclic organic monomers can be polymerized, many
more are quite resistant. The most prominent organic rings that cannot be
polymerized are benzene and cyclohexane.

To summarize, several cyclic organic compounds can be polymerized
by the ring-opening polymerization method. As we will see in the subse-
quent parts of this book this method is the main route for the preparation of
inorganic polymers.

2.10 Group-Transfer Polymerization

Group-transter polymerization is being thought of as a convenient way for
preparing living polymers [1, 2]. However, because of its very nature it
cannot be applied to many monomeric systems and has a restricted utility.
This polymerization reaction involves the transfer of a trimethylsilyl group
from the growing end of the polymer chain to an incoming monomer. Usu-
ally this polymerization is carried out on vinyl monomers that contain a
carbonyl function. The best examples of such monomers are acrylate es-
ters. The reaction is initiated by a silyl ketene acetal which is activated by
a reagent such as F™ (sece Eq. 2.49). Thus, the addition of HF, to the silyl
ketene acetal is believed to form a hypervalent penta-coordinate silicon
center. The electrophilicity of the silicon allows the incoming methyl-
methacrylate to bind to it through the carbonyl oxygen. Subsequently, the
trimethylsilyl group is transferred to the next monomer. This process leads
to the formation of a linear polymer. Since the chains are all initiated at the
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same time, the polydispersity index for the polymers prepared by group-
transfer polymerization is close to one. Living polymers can be prepared
by this method. This reaction can be done at room temperature in contrast
to low temperatures that have to be employed for anionic polymerization.
Also this polymerization is not sensitive to air (oxygen). However, the po-
lymerization has to be carried out under moisture-free conditions. Another
limitation is that this method seems to be mainly applicable to acrylate
monomers.

o (2.49)
. - & ]
Me ~—  OSiMes HF; Me :OJ SiMesF peo—C
C-C\ — /C—C\ |
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FMesSIO__OMe 7 owme MeQ_ /,Ojs'i@:r:\o
C c” Me O 0 Me C I
Il I [l I J] MeO—C
C—H,C—C-H,C—C—C <——— C—C—CH,-C |
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Growing polymer chain

2.11 Condensation Polymers

In all the preceding polymerization methods we have seen how to utilize
the double bond in an unsaturated organic compound to link many mole-
cules together into a polymeric chain. Also, in all of these processes the
polymer was produced starting from a single monomer. In contrast in this
section we will look at polymers that are prepared from the reaction of two
difunctional monomers with each other. In all the polymerization reactions
that we have seen so far there was no side-product formation. For exam-
ple, ethylene was converted into polyethylene; acrylonitrile was converted
into polyacrylonitrile and so on. During this conversion the entire struc-
tural unit of the monomer was incorporated into the polymer without any
side-product formation. However, in the preparation of condensation
polymers a small molecule (such as water or methanol) is eliminated as the
side-product. Another important difference is that condensation polymeri-
zation is usually a step-growth polymerization. This means that the polym-
erization proceeds in a series of steps. To make this point clear let us recall
the polymerization of ethylene by the free-radical method. In the free-
radical process the polymerization of various chains are initiated by the
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initiator. At any stage of polymerization, if one analyzes the polymeriza-
tion mixture one will find a mixture of high polymer along with monomer.
No oligomers are found. In contrast, in condensation polymers, the mono-
mers disappear in the initial stage of the reaction itself. However, polymer
formation occurs only at the very end. Thus, the molecular weights of the
growing chains increase very slowly during most of the course of the reac-
tion, but rapidly increase towards the end. Another feature of the conden-
sation polymerization is that the purity of the monomers is very crucial. In
order for high-molecular-weight polymers to be obtained the reacting
monomers should be extremely pure. The mechanism of condensation po-
lymerization is illustrated in the next section using polyesters as an exam-
ple.

2.11.1 Polyesters

Polyesters, as the name implies, are polymers that contain ester linkages.
As an example of a polyester let us look at poly(ethylene terephthalate).
The repeat unit of poly(ethylene terephthalate) is shown in Eq. 2.50.

{—g@—@—o—cm—mz—o} (230
T

ester linkage

Before we discuss the preparation of poly(ethylene terephthalate) let us
look at the synthesis of simple esters. This will help us to understand poly-
esters in particular and condensation polymers in general.

Let us consider the reaction of benzoic acid with ethanol. Both are mono
functional. This reaction leads to the formation of a simple ester. During
this reaction water is the side-product (see Eq. 2.51).

9 o (2.51)
?——CHZCH3—> @-C—To -CH,CHj

carboxylic alcohol ester + H,O
acid

Instead of ethanol, let us now use ethylene glycol. The latter is a difunc-
tional reagent containing two hydroxyl groups. This reaction leads to the
formation of a diester (see Eq. 2.52). Similarly, let us look at the reaction
of a dicarboxylic acid with ethanol (see Eq. 2.53). The former is a difunc-
tional reagent containing two carboxylic acid groups.
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0 q (2.52)
I I
C—0H + HJ—CH,;—CH,~OH + HO—C

—2H,0

i I
@C—O—CHZ—CHZ—O—C@

Ester Ester

Q Q (2.53)
CH4CH, —C@C—OH + HOCH,CH;
o) o)
;

0 , 2H,0
CH;—CH,~0—C C—0—CH,-CH;

f 1

Ester Ester

Thus, the reaction of ethylene glycol (a diol) with two equivalents of
benzoic acid (a mono carboxylic acid) or the reaction of terephthalic acid
(a dicarboxylic acid) with ethanol (a mono hydroxy compound) lead to the
formation of diesters.

Let us now see what happens if a diol reacts with a dicarboxylic acid

(see Eq. 2.54).
HO—C C—OH

-2H,0 |HOCH2—CH20H

0]

0]
Il [l
HO—CHZ—CHZ—O—C@C—O—CHZCHQOH

! f

Ester Ester

A

Importantly, unlike the diester we have seen earlier, A still has two
functional groups (-OH groups) for further reaction. These can react now
with a dicarboxylic acid to generate a tetra-ester, which has two carboxylic
acids at the terminal ends. Thus, alternately the diol and the dicarboxylic
acids can react to gradually afford a long-chain polymer (see Eq. 2.55).
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0] [¢] o]
i i i i I i (2.55)
HO—C: C—0—CH,CH,-0—C C—0—CHyCH,~0—C C—OH
Obviously reactions can also occur between oligomers (see Eq. 2.56).

Q ﬁ (2.56)

|

o] ]
HO—(Tetramerl—— 'Clz—- ‘Tetramer"— g—- O OH

Thus, it can be readily seen that in this method of polymerization the
monomers disappear in the very beginning. Since the two kinds of difunc-
tional monomers react with each other almost immediately there will be no
trace of monomers. However, in order to form the polymer the short-chain
oligomers that are formed have to condense with each other to form even
longer chains. This process leads to the presence of several medium-
molecular-weight oligomers up to the very end. Condensation of such oli-
gomers leads to the formation of high polymers and to the increase in mo-
lecular weight during the very end of the reaction.

In practice, one of the ways poly(ethylene terephthalate) is prepared is
as follows. First a diester is formed as a result of the reaction of
terephthalic acid with ethylene glycol. This is heated at about 270 °C re-
sulting in the loss of ethylene glyol to afford high-molecular-weight
poly(ethylene terephthalate) (PET) (see Eq. 2.57).

Q Q (2.57)
HO—H,C—H,C—0—C C—O—CH,CH,—OH

| 270°C

i i
o—c@c— O—CH,CH,
n

Another polyester similar to PET is poly(ethylene naphthalate) or PEN
(see Eq. 2.58).
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i
O_C— ﬁ_ -
@ C—O—CH,~CH,
n

Poly(ethylene naphthalate) (PEN)

(2.58)

The monomers used in the preparation of PEN are ethylene glycol and
naphthalene dicarboxylic acid (Fig. 2.31).

i
C—OH
(¢}

Fig. 2.31. Naphthalene dicarboxylic acid

A variety of polyesters can be prepared by varying the diols and dicar-
boxylic acids. This principle is quite general and can be applied to any sys-
tem of difunctional reagents that can react with each other. Some of the
other important types of condensation polymers are discussed in the fol-
lowing sections.

2.11.2 Polycarbonates
Polycarbonates are the polyesters of carbonic acid. Thus, the reaction of

bisphenol with phosgene (COCl,) or diphenyl carbonate can lead to poly-
carbonate (see Eq. 2.59).

Bt oH, (2.59)
D EOo kO O
CH, '
(0]

CHj

1
-NaCl CI-C—Cl

o\
OO
CHs "

1
PhO—C~OPh | —~PhOH

2.11.3 Polyamides

In general polyamides are prepared by a melt polymerization. For exam-
ple, the reaction of hexamethylene diamine and adipic acid leads to the
formation of a salt. The latter is heated at high temperatures (about 220 °C)
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in a sealed vessel to afford nylon-6,6. Notice the presence of the amide
linkage in nylon-6,6 (see Egs. 2.60, 2.61).

[ o—ﬁ—(Cngﬁ—o ﬂ HaN(CHz)gNHs r+ (260

Salt

A " R on (2.61)
Salt —_—HZO—> +c—(CH;);c—N—(CHQ);NH+n

Nylon-6,6

Another route for the preparation of the polyamides is the interfacial po-
lymerization method. In this method the diamine is dissolved in water
(which usually also contains a base such as potassium hydroxide for scav-
enging the HCI formed in the reaction). The diacid chloride is dissolved in
an organic solvent such as dichloromethane or tetrachloroethylene. These
two solutions are brought in contact with each other. The polymer is
formed at the interface of the two immiscible solvent systems. An example
of this polymerization is shown in Eq. 2.62.

i 4 (2.62)

e} 0 H O
1 [l Interfacial 11
B — ( ) A — T {~ ~{ }.. — _(
HoN CH;:);NH2+ Cl—C—CH BC Cl iymerization NH—CH sN C CHZ);

A polyamide, where both the diacid and the diamine contain aromatic
units is Kevilar. Thus, the dicarboxylic acid is terephthalic acid while the
diamine is 1,4-phenylene diamine (see Eq. 2.63).

SO8 ~Or- -
HO—C C—OH + HoN NH,

i 0
HN—C C—NH@—N

In Kevlar the rigid aromatic spacer group allows the polymer to be pre-
sent in an all-trans conformation. Such a conformation imparts great
strength for the polymer fiber. Further, intermolecular hydrogen bonds
make the polymer even more crystalline and rigid and make these polymer
fibers strong (Fig. 2.32).
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I
Fig. 2.32. The all-trans conformation of Kevlar

A variation of Kevlar is Nomex. In this polyamide the aromatic dicar-
boxylic acid is slightly different. Instead of terephthalic acid which con-
tains the carboxylic acid functional groups para to each other the prepara-
tion of Nomex uses a dicarboxylic acid where the two —COOH units are
meta with respect to each other (Fig. 2.33).

@ l -~

HN—C, : .C—NH. : ~NH

Fig. 2.33. Synthesis of Nomex

This change of the monomer leads to a slight change in the crystallinity
of the polymer. Thus, it is possible to vary the polymer structure and hence
the properties by small structural changes at the monomer level. By the use
of such simple principles polymers with widely different properties can be
assembled. Thus, Nomex is slightly less crystalline than Kevlar and can be
processed more easily.

2.11.4 Polyimides

Polyimides are a group of extremely strong polymers that are also highly
heat and chemical resistant. These polymers contain the imide functional-
ity. We have seen that the amide functionality [—C(O)NH—], is present
in synthetic polyamides like nylon-6,6 as well as in natural polyamides
like proteins. The imide functional group is created when nitrogen is at-
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tached to two carbonyl groups. For example, the reaction between a dian-
hydride and a diamine can give rise to a polyimide (Fig. 2.34).

(o] O
P!
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\ / 2! 2
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Fig. 2.34. Synthesis of a polyimide

Aromatic polyamides are rigid flat molecules that can stack up on top of
each other. Stacking is also aided by the fact that the polyimide chains
contain electron-deficient carbonyl groups (acceptors) and electron-rich ni-
trogens (donors). In successive chains stacking can occur such that a
phenylene diimine unit lies on top of the anhydride unit (Fig. 2.35). Be-
cause of these structural features aromatic polyimides are extremely crys-
talline polymers.

e} o]
P
rd ~
~ c C/
Il Il
(¢} e}
electron-deficient unit electron-rich unit

Fig. 2.35. Electron-deficient and electron-rich units present in aromatic polyim-
ides
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2.11.5 Polysulfones

Polysulfones are a group of polymers that are also heat resistant and ther-
mally stable. A typical repeat unit of a poly sulfone is shown below (Fig.
2.36). These are a special group of polyethers (the ether linkage connects
the polymeric chain).

i s
O OOy
CHy )

0]

Fig. 2.36. A polysulfone

The polysufone shown above is prepared by the reaction of the diso-
dium salt of bisphenol-A with 4,4 -dichlorodiphenyl sulfone (Fig. 2.37).

e i
NaO@?@ONa + Cl ; cl
CHy

—»

o}
—NaCl

o ?
*[*O C (0] S
| I "
CHs

Fig. 2.37. Synthesis of a polysulfone

o]

Other polyethers such as poly(phenylene oxide) are prepared by oxida-
tion reactions using a transition metal complexes containing metal ions
such as Cu” (see Eq. 2.64).

cHs CHs (2.64)
@ Cu* Complex +
n OH + 0510y —————— {—( :E——o
n
CHs CH4

2.11.6 Thermoset Resins

Thermoset resins are a special family of polymers. There are two stages in
the preparation of these polymers. The first is the generation of a pre-
polymer, which is a low-medium-molecular-weight material and which
contains many reactive functional groups. The second step is a curing re-
action of the prepolymer. The curing could be simply a thermal treatment.
At a higher temperature the many reactive groups react with each other by
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extrusion of small molecules such as H,O or formaldehyde (or both). Al-
ternatively a second chemical reagent is added to react with the reactive
groups. Either way, the curing reaction leads to the formation of an intri-
cately networked (crosslinked) material. The final cured polymer is usually
thermally very stable. The cured polymer cannot be molded further by
thermal treatment. Three typical examples of thermoset resins are given
below.

2.11.6.1 Phenol-Formaldehyde Resins

Reaction of a phenol with formaldehyde gives a mixture of compounds
containing various methylol phenols (Figs. 2.38 and 2.39).

OH OH OH OH
@/CHZOH @ @CHon HOHZC\©/CHZOH

CH,0H  CH,OH CH,OH

Fig. 2.38. Methylo! phenols obtained in the preparation of phenol-formaldehyde

resins
OH OH OH OH
HOH,C i N i i _H,C. i _CH,OH
2

CH,OH CH

HOH,C CH,OH
OH

Fig. 2.39. Condensed phenols formed in the condensation of phenol with formal-
dehyde

The mixture of products shown in Figures 2.38 and 2.39 is called a pre-
polymer. These products contain a number of reactive sites. Heating these
at higher temperatures leads to the formation of highly crosslinked struc-
tures. This process of heating the prepolymer, which leads to the final
polymer, is called curing. The crosslinked structures contain many —CH,—
linkages. Because of extensive crosslinking these kinds of polymers are
called thermosets. What this means is that after the material is molded into
a desirable shape and heated, the resultant highly crosslinked polymer
cannot be further processed by thermal treatment.
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2.11.6.2 Melamine-Formaldehyde Resins

In these resins a multifunctional heterocyclic ring is used as one of the
monomers. Thus, melamine, which contains three reactive -NH, groups, is
used as one of the monomers. Condensation of melamine with formalde-
hyde leads to products that contain the NH-CH,OH units (Fig. 2.40).

||\1H2 Il\lH—CHZOH
oy omo )
HZN-—C\\N/C—NHZ ~Hz0 HOHZCHN—C\\N,C—NHCHZOH

HOH,G,_ ,CH,OH
I\
PN
Hore N cHaOH
N—Cs _C—N
HOH,C N NCH,OH

Fig. 2.40. Condensation of melamine with formaldehyde

HOH,G, CH,OH
\ )
OH OH
QNN [ NN
HZC\N ] M /CH20H + HZC\ |C |<|:
—Cx . C—N N—Cxs _C—R
Hz('3/ N “CH,0H H2(|3/ N
OH OH
-H0, CHy0 ~Hy0
R\ /R R\ /R R\ /R R\ /R
) I\ ) N
NZ N R NN NZ N NTSN
RoT oo JRORCT Pl R
< /N-—C\\N,C“Flr\:—CHZ—N—C\\N/C—N\R R/N C\\N/C—E—CHZ—O—HZC—E—C\ N//C—N\R
Crosslink with a -CHy- Crosslink with a -OCH,-

Fig. 2.41. Thermal curing of prepolymers obtained from melamine-formaldehyde
condensation reaction
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The polyfunctional products shown in Fig. 2.40 are the prepolymers in
this instance. Thermal curing of these prepolymers leads to crosslinked
products that contain either the CH,—O linkages or —-CH,— linkages (Fig.
2.41).

2.11.6.3 Epoxy Resins

In the two thermosets seen above the curing of the prepolymer was carried
out by a thermal process. It is also possible to use a chemical reagent for
the curing reaction. In the case of the epoxy resins this principle is em-
ployed.

/N o

VoS
CH;~CH—CH,-Cl , oH—R—0QH + CH—CH;—CH—CH,
epichlorohydrin bisphenol-A
l —2HCH
O\ N

CH (contains two
2 epoxy groups)

o
--OF0-
CHj

Fig. 2.42. Preparation of epoxy terminated bis-phenol derivatives

/ e
CH;-CH—CH,—0—R~—~0—CH,—CH—

The first step in the preparation of the epoxy resins is the assembly of a
pre-polymer containing epoxy groups. This is done by the reaction of
epichlorohydrin with a diol such as bisphenol-A (Fig. 2.42). Longer chain
derivatives containing multiple epoxy groups can be prepared by adjusting
the ratio of epichlorohydrin and bisphenol. Thus, a mixture of oligomers
and polymers with epoxy groups is prepared by the above reaction. This
pre-polymer can be cured rapidly by the reaction with a diamine. Let us
see what happens when an epoxide reacts with an amine. A primary amine
opens the epoxide to a compound that contains the hydroxyl group along
with a NHR group (see Eq. 2.65).

OH
A | (2.65)
R—CH—CH, + H,N—Rl——> R—CH—CH,~-NH—R/

When the prepolymer containing multiple epoxy groups is treated with a
diamine, the pre-polymer units are connected (crosslinked) together to
generate a thermoset polymer (see Eq. 2.66).
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o o (2.66)

VARS 7N
P~CH—CH, + H;N—RMNH, + CH—CH~P

OH OH
P+CH—CH,— HN—R—NH—CH,CH-P

2.12 Some Basic Features About Polymers

We have seen in the above sections a survey of various preparative meth-
ods for assembling organic polymers. We will now acquaint ourselves of
some basic features that are distinctive of polymers.

2.12.1 Molecular Weights of Polymers

Unlike a small-molecular-weight compound, a polymer has a larger mo-
lecular weight. But this is not the only difference. In a sample of a smaller-
molecular-weight compound such as benzoic acid, all the molecules of
benzoic acid will have the exact chemical identity. This means that the mo-
lecular weight of benzoic acid is a constant quantity. This situation does
not apply to a synthetic polymer. For a given polymer the chain-lengths of
individual polymer chains will vary from each other (except in naturally
occurring polymers such as proteins). Because of this the molecular
weights of the polymers will be an average property. A distribution of
chain lengths and molecular weights is what is found for synthetic poly-
mers. Because of such a distribution we can obtain an average value. Two
of the most common molecular weight averages used for polymers are the
number average molecular weight M, and the weight average molecular
weight M,

The number average molecular weight is the total weight of all the
polymer molecules in a sample, divided by the total number of polymer
molecules. Thus, the number average molecular weight M, is defined as
shown in Fig. 2.43.

X =

Fig. 2.43. Definition of the number average molecular weight M,
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In this definition (Fig. 2.43) Ny is the number of moles whose weight is
M,. The summations are for all the different sizes of polymer molecules
fromx=1tox= .

The weight average molecular weight is defined as shown in Fig. 2.44.

2 N M2
x=1

M, = =
X Ny M,
x=1

Fig. 2.44. Definition of the number average molecular weight M,

In general it is seen that M, is indicative of lower polymer molecular
weights, while M,, is indicative of higher polymer molecular weights. It is
for this reason that the quantity M,/M, (also known as polydispersity index
or PDI) tells about the range of molecular weight distribution. If this ratio
is one (or even close to one) the polymer is a monodisperse polymer. In
such a polymer all the polymer chains are initiated into polymerization at
the same time and further they all grow at the same rate. This leads to
polymer chains of (nearly) equal length. Polymerization by anionic or
ATRP methods achieve nearly monodisperse polymers. Other methods of
polymerization, however, afford polymers with larger PDI’ s.

What should be the minimum molecular weights that polymers should
have in order to have useful mechanical properties? It is found that the me-
chanical strength begins to increase slowly with molecular weight. This in-
crease is rapid up to a critical molecular weight (usually about 5,000-
10,000). After this the increase in mechanical properties is quite slow be-
fore tapering off [1].

2.12.2 Glass Transition Temperature of Polymers

Glass transition temperature (73) is a characteristic temperature of amor-
phous polymers. Since even crystalline polymers contain amorphous do-
mains, T is a characteristic thermal signature of any polymer.

Just as a crystalline solid melts into an isotropic liquid at a particular
temperature, if a polymer were to be perfectly crystalline it also would
similarly melt. This temperature is the melting temperature or 7. On the
other hand, the thermal behavior of an amorphous polymer is slightly dif-
ferent. As a polymer melt is cooled down continuously, at a critical tem-
perature, the polymer motion ceases completely. This temperature is the
glass transition temperature () of a polymer. Below the T, the polymers
behave like inorganic glasses and become hard and brittle. What is the dif-
ference between the melting temperature T, and glass transition tempera-
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ture T,? While T}, 1s a first-order transition, 7, is a second-order transition.
Let us look at T, first. As we heat any crystalline material (such as a crys-
talline polymer) at a constant rate its temperature increases. The increase
of temperature depends upon the heat capacity of the material. (The heat
capacity is the amount of heat required to raise the temperature of one
gram of the material by one degree Celsius). At the melting temperature it-
self, all the heat supplied goes into melting the solid and not in increasing
the temperature. The amount of heat that is required for melting a solid is
called the latent heat of melting. It is required to separate the molecules
from each other. It is the energy required to be overcome before the solid
is converted into the liquid. Thus, there is a break in the heat supplied vs
temperature increase phenomenon for a crystalline solid at its T, After
the melting is over, further supply of heat causes the temperature to rise
albeit at a slower rate. This is due to the higher heat capacity of the melt in
comparison to the solid.

On the other hand, when an amorphous solid such as an amorphous
polymer is heated its temperature increases as before. However, when the
T, 1s reached there is no break in the temperature increase. After T, the rate
of increase of temperature with respect to the heat supplied varies in com-
parison to the situation below the T,. This means that the glass transition
involves a change in heat capacity but does not involve a latent heat
change. In contrast, the T}, involves a change in latent heat as well as heat
capacity. The former (T,) is defined as a second-order transition, while the
latter (T,,) a first-order transition.

What is the physical significance of 7,? Above the T, polymers are soft
and pliable, because of torsional or segmental motions. These movements
could be either in the backbone or the side chain of the polymer.

A polymer with a low T, has considerable torsional mobility. For exam-
ple, poly(dimethylsiloxane) [Si(CHs),0], has a T, of —127 °C. On the other
hand high 7,’s mean a stiff and rigid polymer. For example, poly(methyl-
methacrylate) has a T; of about 120 °C [1].

2.12.3 Elastomers, Fibers and Plastics

Elastomers are a group of polymers that can be stretched to many times
their original length. After the force applied for stretching them is re-
moved, these polymers return back to their original shape. This can be rep-
resented as shown in Fig. 2.45.
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Force NN

TN
AU
Remove force
N TN
Unstretched Stretched
elastomer elastormer

Fig. 2.45. Application of force to stretch elastomers
In general, the elastomer should be lightly crosslinked. These cross-

links prevent the chains from slipping away from each other (when
stretched under the influence of a force) (Fig. 2.46).

Force

Chains do not slip away
from each other.

Fig. 2.46. Crosslinking of elastomers

What kind of polymers are elastomers? Polymers that are amorphous
and have low T,’s are generally elastomers. Usually the 73’s of amorphous
polymers are lower than room temperature. Typical examples of elastom-
ers are polyisoprene, polyisobutylene, polychloroprene, etc (Fig. 2.47).

CHs
|
+HZC>C:C<CH2+" ‘{_?_CHz‘h
H

HiC CHs
Polyisoprene Polyisobutylene
—{—HZC\ /CHZ—}*n
C=C,
o H

Polychloroprene

Fig. 2.47. Examples of elastomers

How is crosslinking achieved in these elastomers? The presence of dou-
ble bonds in polyisoprene makes the job of crosslinking easier. Heating it
with sulfur introduces crosslinks between the chains (Fig. 2.48). Disulfide
crosslinks hold different polyisoprene chains together.
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Other chain

i
ot o9
CHy~C=CH—CHy~CHy-C—C

H

Cther chain

Fig. 2.48. Disulfide crosslinking

Fibers are polymers that are highly crystalline. These polymer chains
can be neatly stacked up into a regular arrangement. Usually strong inter-
molecular hydrogen bonding helps in this ordered arrangement. Fibers
have excellent tensile strength. This means that they can withstand great
amounts of strain (any force) applied to deform the polymer, for example,
a force to stretch the polymers. However, the tensile strength of fibers is
usually in one direction viz., in the fiber direction. They do not have such
strength perpendicular to the fiber direction.

Which are the polymers that act as fibers? Polyamides (nylon 6,6, nylon
6, Kevlar), polyesters, polyacrylonitrile, cellulose, etc. are fibers. Highly
crystalline polyethylene and polypropylene can also be used as fibers.

Plastics are polymers that are flexible. Their properties are intermediate
between those of elastomers and fibers. The glass transition temperatures
of many plastics lie above room temperature. Such plastics are processed
above their T,. They are pliable (above their T;,) and so they can be molded
to any desired shape. Below their T, they are hard. This means that the
shape is retained. A number of polymers can be used as plastics. These in-
clude polymers such as polyethylene, polypropylene etc.

Table 2.5 summarizes the thermal data of some common organic poly-
mers.

Table 2.5. Thermal data of some common organic polymers

Polymer Repeat unit 7,°C) T,(°C) Comments
Nylon 6,6 H o Q 45 267 Fiber
—N—(CHZ}BN—C—{CHZ}P—
Nylon 6 - 233 Fiber

N
—N—{CHZ)SC—

Polyaramide H Moo Q - 390 Fiber
(Nomex) —N4@ N— C‘@‘ c—
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Table 2.5. (contd.)

Polyacrylonitrile H 85 317 Fiber
yacry +CHZ-E_]_H
[
N
Polyethylene Q Q 69 270  Thermoplastic
terephthalate —0‘(CH2}20—C—©_ Cc— fiber
Polypropylene H 26 150  Thermoplastic
(isotactic) +CH2 EH—]T‘
3
Polystyrene (iso- H 100 240 Thermoplastic
tactic) +CH2£)_t ’
Polymethyl tHs 105 160  Thermoplastic
methacrylate +CH2'(|3‘];
7=
OCHs
Poly(isoprene) LH:’C\ H l -70 36 Elastomer
(natural rubber) C=C
H,C CHy -
Polyisobutylene $Hs -70 1.5 Elastomer
Forgt,
CHs
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3 Cyclo- and Polyphosphazenes

3.1 Introduction

In the last chapter we have seen that organic polymers could be prepared
by a number of ways taking advantage of the rich functional group chemis-
try of organic molecules. Unfortunately, it is not possible to extend these
methodologies completely to inorganic polymers. As we will see in this
and the subsequent chapters different types of inorganic polymers require
different synthetic strategies. One approach that is common to the prepara-
tion of many inorganic polymers is ring-opening polymerization (ROP).
This methodology relies on the choice of an appropriate inorganic ring that
can be opened to a polymeric material. Obviously, in order for this strategy
to succeed suitable inorganic rings have to be discovered and polymerized.
In this Chapter we will deal with inorganic polymers known as polyphos-
phazenes. These polymers contain alternate phosphorus and nitrogen at-
oms in their backbone (Fig. 3.1).

—fgH—CH, 1
R R\
| NZ N
—n=p+: RO IR
||q /PQN/ P\
Polyphosphazene An organic polymer containing

a cyclophosphazene ring
as a pendant group

Fig. 3.1. Polyphosphazene and a cyclophosphazene containing polymer

There are many other polymers that are related to the polyphosphazene
family. Thus, there are polymers which are actually made up of an organic
backbone but contain a cyclophosphazene ring as a pendant group ap-
pended in their side chain. Other polymers that are related to polyphos-
phazenes are those that contain a third hetero atom in the backbone. Ex-
amples of such polymers are shown in Fig. 3.2.
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- Tt A
N—C—N I|° N= ||=' —N:T N:ﬁ> N:Tc,—N:;l:_Nzlla
R R R R |n R R R |n

Fig. 3.2. Poly(heterophosphazene)s

Polyphosphazenes have an intimate relationship with their cyclic coun-
terparts. It is essential to obtain an understanding of the structure and reac-
tivity of the cyclic derivatives in order to be able to extend this chemistry
to the polymeric analogues. In this chapter, we will therefore, first discuss
cyclophosphazenes and then move on to polyphosphazenes. Other poly-
mers related to the polyphosphazene family will be discussed in subse-
quent chapters.

3.2 Cyclophosphazenes

Cyclophosphazenes are inorganic heterocyclic rings [1-10]. These are
among the oldest inorganic rings that have been studied. These were pre-
pared by Liebig and Wohler as early as 1834. Stokes, an American chemist
had also studied these rings in some detail in the 1890’s. However, further
studies of these intriguing compounds had to await the arrival of powerful
spectroscopic methods. The advent of multinuclear NMR and the routine
use of single crystal X-ray methods allowed a systematic study of these in-
organic rings and consequently a wealth of information is now available
for cyclophosphazenes. Currently the research interest in cyclophos-
phazenes emanates from various reasons as will be seen in the present dis-
cussion.

Cyclophosphazenes are made up of a valence unsaturated skeleton con-
taining the [N=PR;] repeat unit. The ring is composed of alternate phos-
phorus and nitrogen atoms. Within these rings the phosphorus center is
pentavalent and tetracoordinate, while the nitrogen is trivalent and di-
coordinate. Thus, each phosphorus is connected to two adjacent ring nitro-
gen atoms as well as two exocyclic substituents. In contrast, each nitrogen
atom is attached to two adjacent phosphorus atoms. The nitrogen atom
does not have any exocyclic substituents. The smallest ring that is possible
is a four-membered ring and higher rings with an increment of two atoms
(phosphorus and nitrogen) are possible. Indeed, cyclophosphazenes form a
regular and homologous series. The four-membered ring is not common
and stabilization of this ring is possible only by having sterically hindered
substituents on phosphorus as is found for [NP(NiPr),], [2] The most
common compounds are those that contain the six- and eight-membered
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rings. For the series [NPF,],, compounds from n = 3 to 40 are known, al-
though not all of them are structurally characterized [8]. The largest struc-
turally characterized ring system is the 24-membered permethyl ring
[NPMe,],,. Representative examples of cyclophosphazenes are shown in
Figs. 3.3-3.6. It follows from the examples shown in these figures, that
cyclophosphazenes containing exocyclic P-N, P-O, P-S, P-C, or even P-M
bonds are possible.

N R F Br_Br CFiCH,0_ OCH;CF3
N/lz\\aN N’/P\ N//P\N - <
e
ENI N T B BT crscro Y N ochucrs
NG VARNNEAN /NN SN
o’ N7 i F F B" N gr cFot,e” N NOCH,CF,
MeHN_  NHM MeS_ ,SM
H3C\P CHy PhO\P _oPh Mt e e ot e
i 2 N= "N N“ °N
He Y o ProlT N opn MeHNCT ) NHMe MeS L AMe
S Px ASAPAEN AN
Mo N ch, Phd’ N7 Yopn  MeHN” N7 “Nhme Mes” N “sMe

Fig. 3.3. Some examples of cyclotriphosphazenes

Me, ,MeMe
Me, “P=N-\_Me
I/N P\
Me—pP” N 5""3
P Prei Me N/ \P\
N/ N/ \ Me
I—Pr\N }L N Me/;:’ \/Me
ey i-Pr N P
i-Pr N=P—N Me\l‘:{ 1 Me
l]\l i-Pr Me/ \N Fg/Me
N N 7\
i-Pr’ Pr-i Me\/P\ N’ Me
Me N Z R—Me
Py ~N7\
Me” | N=RC Me
Me Me/ Me

Fig. 3.4. Four- and twentyfour-membered cyclophosphazenes

Further it will be noticed that cyclophosphazenes may be homogene-
ously (same substituents on all phosphorus centers) or heterogeneously
substituted (different substituents). The currently accepted system of no-
menclature for these compounds is the one suggested by Shaw [6]. Thus,
the six-membered rings are called cyclotriphosphazatrienes and the eight-
membered rings are called cyclotetraphosphazatetraenes. The ene is to em-
phasize the valence unsaturated nature of the cyclic skeleton. The number-
ing scheme starts from nitrogen (the first nitrogen is numbered ‘1’, fol-
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lowed by the phosphorus which is numbered ‘2’ and so on). Thus, N3P;Clg
is called 2,2,4,4,6,6-hexachlorocyclotriphosphazatriene. However, dealing
with full names often becomes difficult and in the literature on these com-
pounds it is noticed that simpler ways are devised to address them.

(IZI c|;| NMe, NMe, NHEt c|;|
cn—T:N—ﬁ—CI MeZN~F|>:N—ﬁ—NMe2 C|u-~Fl’:N—ﬁ—C|
o hoN o
CI—IT—N:}I’—CI MezN—F"—N:FI’—NMe2 Cl—li)—N:iP<'Cl
Cl Cl NMe, NMe, cl NHEt

Fig. 3.5. Eight-membered cyclophosphazenes

0
oc,_ /A <o

MezN\ \\\CI Fe—/Fe\ tBuHN\ ‘\\NHBut

P ce N ©p _PL

N“ "N NZ N N“ °N
Cl/,"F” IIL-‘\\C| F\ | i /F CL"’L |r!>‘~\\C|
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o’ NMe, F7 N7 f of NN

Fig. 3.6. Mixed substituent-containing cyclophosphazenes

Thus, it is much simpler to write the chemical formulas with suitable
prefixes to indicate the regio- and stereodisposition of the substituents. For
example, 2,4-nongem-cis-N;P;Cl4(NMe,), conveys the meaning that the
two dimethylamino substituents are present on adjacent phosphorus atoms
and are cis with respect to each other (Fig. 3.6). Even if one drops ‘non-
gem’ from this prefix the structural information is adequately conveyed.
Similarly, the compound 2,2-gem-N;P;Cl,(NH/Bu), can also be written as
2,2-N;P;C14(NHBu), or even simply called gem-N;P;ClLy(NH/Bu), (Fig.
3.6). The trivial names of the compounds N;P;Cls and N,P,Clg are trimeric
chloride and tetrameric chloride, respectively.

Most cyclophosphazenes are relatively stable and have good shelf lives.
Some are sensitive to moisture. Even, the chlorocyclophosphazenes,
N3P3Clg and N4P4Clg can be readily handled in open air (in a well-
ventilated hood). Most persubstituted cyclophosphazenes have very low
dipole moments and this is reflected in their excellent solubility properties
even in nonpolar organic solvents. Table 3.1 summarizes the melt-
ing/boiling point data for some of the prominent members of the cyclo-
phosphazene family.
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Table 3.1. Melting and boiling points of some cyclophosphazenes

Compound mp (bp) °C
NP, Cl, 114
N;P5Fg 27.8(50.9)
N3P3Br6 192
N,4P4Cls 124
N4P.Fy 30.5 (89.7)
NsPsCly 413
NsPsFio -50.0 (120)

N3P3(NM82)6 104
N4P4(NM82)8 238
N3P3(OCH,CF;), 38
NP(OCH,CF,)g 65
N,3P5(OPh), 111
N4P,(OPh)g 86

Although the ring size of the cyclophosphazenes varies considerably we
will be examining the six-membered rings and to a lesser extent the eight-
membered rings. This is mostly because the chemistry of these rings is
much better developed and understood than that of the larger sized ring
systems. In the following account we will concern ourselves with the
preparation, reactivity and structure of these compounds. Necessarily this
description will be brief. Detailed accounts are available in a number of
excellent reviews and monographs [1-10].

3.2.1 Preparation of Chlorocyclophosphazenes

Chlorocyclophosphazenes are the most important members of the cyclo-
phosphazene family. These serve as precursors and starting materials for
the preparation of a large variety of other cyclophosphazenes. As men-
tioned before, the four-membered ring N,P,Cl, is not known.

The traditional and the still widely used synthesis of chloro-
cyclophosphazenes consists of the reaction of finely ground ammonium
chloride (the source of nitrogen) with phosphorus pentachloride (the
source of phosphorus) (see Eq. 3.1). This reaction is carried out in a high
boiling chlorinated solvent such as symmetrical tetrachloroethane,
CLL,CHCHCI, or chlorobenzene. This reaction is quite complex. Ammo-
nium chioride is not soluble in these solvents, while phosphorus pentachlo-
ride is. Thus, the overall reaction is heterogeneous in nature. A complex
mixture of cyclic and linear products is formed in this reaction. Individual
chlorocyclophosphazenes can be separated from each other by various
means.
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nPCls + nNH4Cl —— [NPCl],, + 4n HCI (3 1)

For example, the cyclic compounds are soluble in petroleum ether and
can be extracted into it. The linear polymers are not readily soluble and are
left behind. Extraction of the soluble petroleum portion with concentrated
H,S0, removes N3;P;Clg because of its greater basicity. However, the
higher-membered rings cannot be separated from each other by basicity
differences. This has to be accomplished by vacuum distillation.

What is the mechanism of the reaction between NH4C1 and PCls? Al-
though many features of this reaction are not understood with certainty, it
1s possible to write a probable sequence of events.

The first intermediate that can be isolated in this reaction is the salt
[ClsP=N=PCl;]" [PClg]". This compound is isolated in about 80% yield in
the first hour of the reaction (see Eq. 3.2).

+ -
3PCly + NH,Cl —— {013P:N:PCI3] [Pok] + awci (3-2)

The initial reaction (see Eq. 3.2) consumes most of the phosphorus pen-
tachloride. The reaction proceeds further by successive chain lengthening
events. It is believed that the reagent that causes the increase of chain
length is Cl;P=NH. Such a compound is actually a monophosphazene (it is
also called a phosphoranimine). Although Cl;P=NH itself has not been iso-
lated, compounds of this type are now known and have been structurally
characterized. The monophosphazene, C1;P=NH, is presumably formed by
the reaction between [PClg] and [NH,4]™ by the loss of three moles of HCI.
The over all chain-lengthening reaction can be shown in a single step (see
Eq. 3.3).

+

cl o
LT -4HC) [ _ (3-3)
CP=N=PCh| [PCl| *+ NHCl ———~ | CI—P=N—P=N—P—CI |Ci
cl a

The above chain which contains five atoms in a series can grow into a
larger chain [Cl;P=N-P(C1),=N-P(CI),=N-PCl;]" by further reaction with
CL,P=NH. At this point the chain is sufficiently long that it can close on it-
self. Thus, ring closure occurs by the loss of [PCl,]" and leads to the six-
membered ring, N;P;Clg. Eight-, ten- and higher-membered rings are also
formed by the ring closure of larger chains. The isolation of short-chain
linear phosphazene compounds lends credence to the above mechanism.
Why are the cyclic compounds formed in larger yields in the above reac-
tion between ammonium chloride and phosphorus pentachloride at the ex-
pense of linear polymeric products? It must be remembered that this reac-
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tion is carried out in a solvent, which acts as a diluent. Thus, inter-
molecular reactions are slower in comparison to intramolecular events. Be-
tween the possibilities of chain closure to form a ring versus chain-growth
the former is favored because the solvent separates individual molecules
from one another. On the contrary, if less dilution is employed or even bet-
ter, if no solvent is used, linear chain-growth should be favored. As will be
shown later this is exactly what happens in the preparation of
poly(dichlorophosphazene).

Recently, an alternative method of synthesis of N;3P;Clg has been devel-
oped based on the reaction of tris(trimethylsilyl)amine and phosphorus
pentachloride [11]. This reaction can be directed by appropriate conditions
to result in the formation of cyclo- and linear phosphazenes. The use of the
silylamine is guided by the reactivity of the N-Si bond towards chloride
and fluoride reagents. The reaction of N(SiMes); with PCls leads first to
the formation of Cl;P=NSiMe; by the elimination of Me;SiCl. In the next
step Cl;P=NSiMe; reacts with two moles of PCls to atford the intermediate
[ClsP=N=PCL][PCl4] (see Eq. 3.4). Chain propagation occurs by further
reaction of the above intermediate with Cl;P=NSiMe; (see Eq. 3.5).

-2 Me3SiC! 2PCl
N(SiMes); + PCls o ClP=NSiMe; —— sf')cs lep=n=pcy [pci| (3.4)
-iviezol
nCisP=NSiMe; ICl (35)
[013P:N:PC|3][9016] * MegSICl —— [CI:,P:N‘(F":N)EPC|3HPC|6]
cl

The cyclization of the growing chain can occur as a result of the nucleo-
philic attack of the amine at the phosphonium center followed by an in-
tramolecular cyclization (Fig. 3.7).

SiMes

Me;Simp” N
i o, ) oS
PClg PCly _/siMe;  -Megsicl  C2F TN siMe
N N
e "
cl— \ cr— \
cl cl
Me,SiCl
Tl g
c1\P /\c1 [PCHSI /SlMe3
H/ N Megsicl N/P+ W©
Cl— A AN
A -PCls Cl—\-P\—N/ a
a a .

Fig. 3.7. Mechanism of formation of N3P;Clg
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3.2.2 Preparation of Fluorocyclophosphazenes and other
Halogeno- and Pseudohalogenocyclophosphazenes

The most convenient method of synthesis of fluorocyclophosphazenes
consists of metathetical halogen exchange reaction of the chloro analogues
effected by an appropriate fluorinating agent (see Eq. 3.6). Although many
fluorinating agents are effective the most common and convenient reagents
are sodium or potassium fluoride. Usually a polar solvent such as acetoni-
trile is used as the reaction medium [2, 8].

CI\P/CI F\P/F (3.6)
N% N 6NaF N N
N B onen oo NL IF
PR 3LN, -oNa /P\\N,P\
ci cl F F

Bromocyclophosphazenes are prepared by the reaction of NH,Br with a
mixture of PBr; and Br, (PBr; is not stable) (see Eq. 3.7). This reaction is
similar to the NH,ClI/PCl; reaction seen earlier.

nPBr; + nBry + nNH,4Br ~———» IPNBrz] W 4nHBr (37)

n=3or4

Although iodocyclophosphazenes such as N3Pslg are not known, cyclo-
phosphazenes containing a P-I bond are known and are prepared by the re-
action of I, with a hydridocyclophosphazene (see Eq. 3.8).

R H R ! (3.8)
Y I,/CCly NZ SN

cl ho ———— cl cl

\F" 'L/ \'L II'L/
NN SN

o c o N g

A hexaisothiocyanatocyclophosphazene can be prepared by the com-
plete replacement of all the six chlorine atoms from N;P;Clg in a reaction
with KNCS. 18-Crown-6-ether is used in this reaction to trap K and to fa-
cilitate the liberation of the nucleophile [NCS] for further reaction with
N;P3Clg (see Eq. 3.9) [2].

Cl\ /CI NCS,_ /SCN (3‘9)
i KNCS (-KCl) N//P\N
CI\| ||/CI — SCN\| 11 NCS
/P\\N /P\ 18-crown-6-ether ’P\\N/ 4
C Cl SCN NCS

Among the pseudohalogenocyclophosphazenes, a monocyano-
phosphazene can be prepared by the replacement of the lone chlorine in
N;P3(OPh)sCl (see Eq. 3.10) [2].
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OPh\P ye OPh\P CN (3.10)
BN EANN
Pro )} Y opn KON po )" N oph
Py PC BuyNR/CH3CN P WL
pho” N ©OPh Pho” N° OPh

A similar reaction with sodium azide leads to the isolation of a stable
azido derivative (see Eq. 3.11) [2]. Higher azido-containing cyclophos-
phazenes are explosive [2].

OR_ Ol OR_ Na (3.11)
N//P\ NaNy N//P\N
rRoN Nor ——— ro OR
\ / N 1%
P /P\ n-BuyNBr NP N
RoO N7 Yor Methylethylketone rg” N7 “or

Hydridocyclophosphazenes are compounds that contain a P-H bond.
These can be prepared by the following way. The reaction of N3P;Clg with
a Grignard reagent in conjunction with an organocopper reagent [n-
BuyPCul], leads to a dimetallic intermediate which upon treatment with
isopropanol affords gem-N;P;ClL(R)(H), a compound that contains a P-H
bond (Fig. 3.8). As shown earlier, the hydridophosphazenes are themselves
valuable reagents and can be converted to halogenocyclophosphazenes
upon treatment with chlorine, bromine or iodine. Other methods of prepar-
ing the hydridophosphazenes are also known [2].

Bu
Bu\!L/Bu
A
SN o R
S RMgX cl ¢ Cl S N
CI\|/ lrl\l/CI 2 > \P//N\IL/CU\IL/N\\P/ X TOR L Cl\l?‘/ ll;l/C[
Py, R lnBugPCull, SR (B Py R
ARNESAN ci cl AN
cl cl NprMN o N cl cl
VSN 7N\
i cl C a

Fig. 3.8. Preparation of hydridocyclophosphazenes

3.2.3 Chiorine Replacement Reactions of
Chlorocyclophosphazenes

The replacement of fluorine, chlorine or bromine from the corresponding
halogenocyclophosphazenes by another substituent (a nucleophile) is an
important aspect of the chemistry of these ring systems [2, 7, 12]. First,
this route provides a way of preparing cyclophosphazenes with substitu-
ents involving exocyclic P-N, P-O, P-S, P-C, P-H and P-M linkages. Thus,
in a way it may be said that the halogen replacement reactions are the most
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important means to increase the diversity of cyclophosphazenes. Second,
as will be explained later, an understanding of these reactions at the small
molecule cyclophosphazene level greatly enhances the capability to trans-
late this chemistry to polyphosphazenes. Third, there is a lot of intriguing
detail involved in the replacement reactions of halogenocyclo-
phosphazenes. For example, what are the regio- and stereoselectivities in
the products formed? What is their dependence?

Among the three rings N3P3Fg, N3P;Clg and N;P3Brs the reactivity fol-
lows the order P-Br> P-CI> P-F. This reflects the ease of P-X bond cleav-
age. Most of our discussion will be confined to chlorocyclophosphazenes
because of the wealth of data present for these compounds. In chlorocyclo-
phosphazenes the eight-membered ring N,P,Clg is much more reactive
than the six-membered ring N;3P;Clg.

Chlorocyclophosphazenes are quite reactive towards nucleophiles such
as amines, alcohols or phenols. Complete replacement of chlorines is read-
ily possible with a number of reagents. For example, the reaction of
N3;P;Clg or N,P,Clg with dimethylamine can lead to the formation of
N3P3;(NMey)s or NyPy(NMe,)s (see Egs. 3.12 and 3.13). These reactions
also work quite well with primary, secondary and even aromatic amines al-
though individual differences in reactivity are present.

N3P3Clg + 12HNMe,

N3P3 (NMey)g + 6Me,NH . HCI (3.12)
N4P,Clg + 16HNMe,—» N4P, (NMey)g + 8Me,NH . HC! (3.13)

It can be noticed that the nucleophile dimethylamine has been used to
scavenge the hydrogen chloride formed in the reaction. Instead, a tertiary
base such as triethylamine can be used for this purpose.

Although complete substitution of chlorines is possible with many
amines, with sterically hindered amines this becomes increasingly difficult
for the six-membered ring. For example with adamantylamine (AdNH,)
the yields of N3P;(NHAd)s are quite low [2]. In the reactions of N3P;Clg
with even more sterically hindered amines such as dicyclohexylamine or
dibenzylamine only two chlorines could be substituted. However, this dif-
ficulty does not arise with N,P,Cls because of its greater reactivity. Fully
substituted products N,P4(NHR)s or NyP4(NR,)g are readily formed.

An interesting feature of the reactions of N,P,Cli is the isolation of bi-
cyclic products in addition to the normal fully substituted product, particu-
larly if the reaction is carried out in a solvent such as chloroform (Fig 3.9).
The mechanism of formation of the bicyclic product is now fairly well un-
derstood [2].
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NHMe NHMe
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Normal product Bicyclic product

Fig. 3.9. Normal and bicyclic products obtained in the reaction of N4P,Clg with
MeNH,

The most common way to prepare alkoxy- or aryloxycyclophosphazenes
containing exocylic P-O bonds is to react the chlorocyclophosphazenes
with the sodium salt of the alcohol or phenol (see Eq. 3.14) [2].

N3P;Cls + 6RONa

NgP3(OR)g + 6NaCl (3.14)

This reaction can also be used for preparing cyclophosphazenes contain-
ing P-S bonds. However, there are not many examples of cyclophos-
phazenes belonging to this category.

Although fully substituted alkoxy- and aryloxycyclophosphazenes are
the common products, it is possible to isolate useful penta-substituted de-
rivatives in some instances. Thus, in the recaction between N;P;Clg and
NaOR (R = Ph, -C¢H,-p-CH;) pentakis aryloxycyclophosphazenes contain-
ing one residual P-Cl bond can be isolated. In some instances, such as with
N;3P3(OCH,CF;)e, the pentakis derivative N3P3(OCH,CF;)s(Cl) can be pre-
pared by a controlled hydrolysis followed by a reaction with PCls
(Fig.3.10).

Cl\p/C| ArO\P /CI
w/ \\ll\l NaOAr ArQ H/ \\I?l OAI
Cl L — < LOAr
P R P R
o’ NT g AT NZ Noar
NaOCH,CF, Ar = Ph ; -CgHy-p-CHg

CF3CH OCH,CF. CF3;CH
3 20\P OCHLFs 3 Z(KP C
- 1. NaOH/acetone -
CF3CH,O. I | __OCH,CF. CF3CH,O il I__OCH,CF
il ; < < et 2. n-BuyNBr/acetone TS //< ze
cFio,0” N COCHCF, 3 poiscHCl crch,0” N7 Soch,cr,

Fig. 3.10. Preparation of pentakis alkoxy- and aryloxycyclophosphazenes
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An interesting aspect of the alkoxycyclophosphazenes [NP(OMe),],, n =
3-6 is that they undergo a thermal rearrangement to cyclophosphazanes.
This transformation involves a transfer of an alkyl group from the P-O-R
unit to a ring nitrogen atom to form the thermodynamically more stable
P=0 bond (see Eq. 3.15). The mechanism of this rearrangement has been
probed by using a mixture of N;P;(OMe)s and N;P;(OCD;)s. Cross-
alkylated products are formed indicating that the process of rearrangement
involves intermolecular processes. Aryloxycyclophosphazenes or fluoro-
alkoxycyclophosphazenes do not undergo the rearrangement reactions [2].

MeO\P /OMe MeO\P//O (3.15)
N
N7 SN A MeN”" “NMe
MeO_ I | OMe ——— Ol t O
N NN N
Meo” N7 “ome Med” N- “oMe
Cyclophosphazene Cyclophosphazane

The hydrolysis reaction of hexachlorocyclophosphazene, N;P;Clg, can
lead to N;3P3(OH)s. The latter tautomerizes to the metaphosphimic acid
[NHP(O)OH]; which hydrolyzes further to the eventual products, phos-
phoric acid and ammonia (see Eq. 3.16)

H0\ /OH O\\ /OH (316)
N/’P\N HN” NH_—— Hydrolysis products
Ho\,‘a g/OH Ho( 10 yerelysts p
N 7N
Ho' N7 o ¢ N NoH

The reactions of N3P;Clg or N4P,Clg with organolithium or Grignard re-
agents are quite complex. Thus, the reactions of an organometallic reagent
RM with chlorocyclophosphazenes proceed in two possible ways. In addi-
tion to the chlorine replacement reaction by R (elimination of M-Cl) an-
other competing reaction is the elimination of RCI. This latter reaction is
believed to occur because of the coordination of the ring nitrogen to the
lithium metal ion leading to the formation of an unstable three-coordinate
phosphorus-containing intermediate (see Eq. 3.17). Such a species can lead
to a variety of products including ring-degraded products [2, 13].

cl
o o 0 (3.17)
/P\\ /P\ /LI
MelLi
Cl | Cl “MeCl o]\l o]
N ~n
o’ N7 g a’ NT g

The coordination ability of nitrogen is decreased in fluorocyclo-
phosphazenes because of the high electronegativity of the fluorine atoms.
This in turn leads to more predictable reactions (elimination of M-Cl and



94 3 Cyclo- and Polyphosphazenes

formation of compounds with P-C bonds). For example, the reaction of
N;P;F¢ with dilithium salts of ferrocene or ruthenocene leads to interesting
ansa products (see Eq. 3.18) [2, 13].

RO F .4 (3.18)
N/ AN
2 @_“ N M
F\’L |[/F + M _ - F\Fl, |}|Dp
& §N/ \F @Li & QN/ \F
M =FeRu

The reaction of N;P;Clg with RMgX is also complex and the type of
product formed depends on the type of solvent used as well as the nature of
the R group in the Grignard reagent. Two prominent products are formed
in this reaction: 1) a monoalkylated product and 2) bicyclophosphazene
(Fig. 3.11). With sterically less-hindered alkyl groups and also with the
phenyl group the bicyclophosphazene is favored. These trends are summa-
rized in Table 3.2.

o o
C‘\P/CI CI\P/R CI\ /Cl R\ /N:P
PARS PN P—N
Cl\'l\ll \T/Cl -—_»RMgX CI\I?I \T/Cl + 1 \P\/P\\_//N
DN ¢ THF e 2K NN
o’ N g a” N g CI/F’\C’I‘l c o«

Fig. 3.11. Formation of N3P;CLsR and [(N3P3Cl4R),] in the reactions of Grignard
reagents with N3P;Clg

Table 3.2. Product distribution in the reactions of N3P;Clg with Grignard reagents

S.No.  Grignard reagent  Yield of Yield of
N,P;,CLLR  [(N3P;CLR),]

1 PhMgCl 0% 100%
2 MeMgCl 15% 85%
3 nBuMgCl 69% 35%
4 Me,;SiCH,MgCl 100% 0%

3.2.4 Other Methods of Preparing P-C Containing Compounds

There are other methods for preparing cyclophosphazenes containing P-C
compounds. Condensation reactions involving the elimination Me;SiX (X
= Br, F) from N-(silyl)-P-(halogeno)phosphoranimines is a good method
for the preparation of fully substituted alkyl- or arylcyclophosphazenes
(see Eq. 3.19) 2, 14].
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R R
5 R poF (3.19)
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| A N/P\\N | |
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Cyclization of linear fragments is an effective synthetic method for pre-
paring alkyl- or arylsubstituted cyclophosphazenes. A very good synthon
for this purpose is the Bezman’s salt [Ph,P(NH,)NP(NH,)Ph,] CI". This
synthon contains a five atom -N-P-N-P-N- fragment and can be readily cy-
clized with an appropriate reagent to afford the corresponding cyclophos-
phazene. For example, the reaction of the Bezman’s salt with Me,PCl,
leads to the formation of gem—N;P;PhyMe; (see Eq. 3.20).

+
Ph, N_ Ph Ph, nN. Ph (3.20)
<N npf -~ MePCly “pe~p!
AN el AN
PH NH, 'NHf h -4HCl PH N\\P/N Ph
N
[ Me

Friedel-Crafts reaction is quite useful to prepare gem—N;P;Cl,Ph, and
gem~N3P3C12Ph4 (See Eq 321)

ol Phy_ P! Phy_Ph (3.21)
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3.2.5 Reactions of Chlorocyclophosphazenes with Difunctional
Reagents

So far we have seen the reactions of chlorocyclophosphazenes with re-
agents that may be termed monofunctional. For example, a phenol in its re-
actions with chlorocyclophosphazenes will react as a nucleophile and form
N;3P3(OPh)s containing P-O linkages. If instead of a phenol we used a bi-
phenol we will have two sites that can react with the phosphorus centers.
In this manner there are several difunctional reagents such as diamines
(ethylenediamine, 1,3-diaminopropane, phenylenediaminge), diols (ethyle-
neglycol, 1,3-propanediol, catechol), and amino alcohols (ethanolamine,
propanolamine, o-aminophenol) [2, 15].
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Fig. 3.12. Possible products in the reactions of N3P;Clg with difunctional reagents

The products formed in the reactions of the difunctional reagents with
chlorocyclophosphazenes are slightly different than those that we have en-
countered so far. Thus, the reactions of a typical difunctional reagent with
N;P3Clg can afford four types of products (Fig. 3.12). The spirocyclic
product is one where the two ends of the difunctional reagent are attached
to the same phosphorus center. In the ansa product the two ends of the di-
functional reagent are attached to two different phosphorus centers, but
within the same molecule. An open-chain compound is one where only
one end of the difunctional reagent has reacted leaving the other end free
for further reactions. Finally, the intermolecular-bridged products are
formed as a result of the difunctional reagent linking different cyclo-
phosphazenes. Spirocyclic products are the thermodynamically favorable
products. Monospirocylic compounds can be isolated with many reagents.
Trispirocyclic compounds are also possible in many instances. Sequential
replacement of pairwise chlorines is possible only in a limited number of
examples. A few representative examples of spirocyclic products are
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shown in Figs 3.13 and 3.14. Among the spirocyclic products the tris cate-
chol derivative is a very interesting compound. This compound forms sev-
eral inclusion adducts. In other words, this compound in its solid-state has
voids in the structure that can accommodate guest molecules. These guests
include small molecules such as solvents (example, benzene) or even
slightly larger molecules. In fact, in the cavities of the tris catecholate de-
rivative, polymerization of certain monomers such as acrylates could be
accomplished in a stereoregular manner. The void sizes, as measured by
the diameter of the tunnel formed in the solid-state by tri-
spirocyclotriphosphazenes, can be fine-tuned by the choice of the aromatic
diol (Fig. 3.14) [16].
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Fig. 3.13. Spirocyclic products
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Fig. 3.14. Trispirocyclotriphosphazenes with varying tunnel diameters in the solid
state.

Ansa products are known, although less common than spirocyclic prod-
ucts. Some of these require indirect synthetic procedures. For example, the
reaction of N;P3(CH;)Cls with !-aminopropanol affords a product
N;P;(CH;3)(NH(CH,);OH)Cl, where the hydroxyl end of the difunctional
reagent is free. The latter can be induced to react with the chlorine of the
adjacent phosphorus to afford an ansa product (see Eq. 3.22).
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e O HaC._NH(CH,);0H N N (3.22)
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Another way of generating an ansa product is to prepare a cyclophos-
phazene precursor that has two non-geminal chlorines in a cis orientation.
Such a compound upon reaction with difunctional reagents can lead to
ansa products. Thus, the reaction of non-gem-cis-N;P;Cl,(OCH,CF;), with
the sodium salt of naphthalene diol affords the ansa product (see Eq. 3.23).

CFiCHQY @l CFsCH,O .‘\\o G2
P

PAIS AN
N- °N ONaONa N~
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c” N Soch,cF, cFsch,0” N7 Soch,cF
2 2 2v~T3
Ansa product

With some diols, ansa products are formed in reasonable yields, but
have to be separated from the other products formed in the mixture. In this
manner, for example, an interesting P-N-P crown-cther can be prepared in
the reaction of N;3P;Clg with the disodium salt of an etheroxydiol (see Eq.
3.24). The structural similarity (as well as the difference) between the P-N-
P crown-ether and conventional crown-ethers such as 18-crown-6-cther
may be noticed [2].

C'\P<C‘ (3.24)
o -
NP o(\ /\o C‘\E E/C‘
- \N ] J \\N/ \

P—N—P Crown-ether

Intermolecular-bridged products are even rare and have only been re-
ported to be formed in the reactions of long-chain aliphatic diamines with
N3P3Cl6.
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3.2.6 Isomerism in Cyclophosphazenes

In the previous section it was mentioned that the reactions of chlorocyclo-
phosphazenes with amines proceed to afford persubstituted (completely
substituted) products. However, sequential replacement of chlorine atoms
is also possible with many nucleophilic reagents by a simple control of
stoichiometry. Various stages of chlorine replacement reactions lead to
products ranging from monosubstituted derivatives to persubstituted ones.

After the first replacement of chlorine, since all the phosphorus centers
are equivalent, the product N;P;CIsR has only one possible structure.
However, the subsequent replacement of chlorine can occur from a
P(CD)(R) center or a P(Cl,) center. This can lead to the formation of two
regioisomers. The first one will lead to a geminal product (the new sub-
stituents are on the same phosphorus). If the replacement occurs in the
second pathway the compound formed will have a nongeminal regiodispo-
sition of the substituents. It can also be seen that the non-geminal product
can have two stercoisomers viz., cis and trans depending on the relative
stereodisposition of the substituents. These possibilities are illustrated us-
ing the example of dimethylamine as the reagent and N;P;Clg as the reac-
tant (Fig. 3.15).
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Fig. 3.15. Formation of geminal and nongeminal products in the reaction of
N;P;Clg with dimethylamine

Similar isomer formation is potentially present at the tris and tetrakis
stages of substitution as well. However, at the pentakis and hexakis stages
only one isomer can be realized. These possibilities are summarized in Fig.
3.16.
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Fig. 3.16. Regio- and stereoisomer possibilities in the sequential chlorine re-
placement reactions of N3P;Clg

Obviously the number of products that are possible in the replacement
reactions of the higher-membered cyclophosphazenes such as N,P,Clg are
even larger. Although studies on chiral cyclophosphazenes are very limited
it can be shown that nonsuperimposable mirror images are possible for
trans-NsP3X,R, [12].

3.2.7 Mechanism of the Nucleophilic Substitution Reaction

Several mechanistic pathways have been identified in the nucleophilic sub-
stitution reactions of chlorocyclophosphazenes [12]. Most of the kinetic
experiments have been carried out in the reactions involving chlorocyclo-
phosphazenes with amines. These experiments are suggestive of various
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mechanistic pathways that can operate in these reactions. The following is
a summary of the inference of the kinetic experiments.

3.2.7.1 Preference for Non-geminal Pathway

Preference for nongeminal product is natural. Imagine the reaction of an
amine with a PCl, center or a =P(C1)NRR' center. The phosphorus atom in
the former is more electrophilic and hence a nucleophile would prefer to
attack this center in comparison to the less electrophilic P(CI)(NR,) site
(Fig. 3.17). This means that nongeminal products should always be pre-
ferred.

Cl NR,
p: -«——Less electrophilic (less likely to be attacked
N cl by a nucleophite)

| I
b N P<<— More electrophilic (More likely to be attacked
C!/ N Cl by a nucleaphile)

a

Fig. 3.17. Possible sites of attack of a nucleophile in its reaction with
N3P3CLs(NRy)
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AI NHRR | - RR'NH,.HC!
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AR NHRR /N PNRR
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/ N\ 7\
cl

A: SN2 (nonpolar); B: Sy2 (concerted, polar )

Fig. 3.18. Sx2 reaction pathways in the nucleophilic substitution reactions of
cyclotriphosphazene

Although kinetic experiments have established different types of reac-
tion mechanisms one of the most important pathways for the nucleophilic
reactions in chlorocyclophosphazenes seems to be a bimolecular associa-
tive pathway (Sy2). Two types of transition states have been identified for
this mechanism (Fig. 3.18).
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(a) Formation of a neutral five-coordinate phosphorus intermediate
followed by the expulsion of the leaving group (pathway A, Fig.
3.18).

(b) A concerted Sy2 mechanism involving a polar transition state
similar to that found in the carbon system (pathway B, Fig. 3.18).

Either way, the reaction pathway envisages that the four-coordinate
phosphorus is converted first into a five-coordinate state before reverting
back to the four-coordinate state (Fig. 3.18).

The preponderance of the Sy2 pathway accounts for the faster reactivity
of N4P,Cls. The latter is nonplanar and it is easier for the phosphorus cen-
ter in this molecule to achieve penta-coordination. On the other hand, for
the planar N3;P;Cly readjustment of geometry from the four-coordinate to
the five-coordinate state is more difficult. Because of these reasons nu-
cleophilic substitution is much faster with N,P,Clg than with N3;P;Cls. For
the perfectly planar N;P;F¢ attainment of the five-coordinate transition
state is even more difficult. Consequently, the reactivity of N3P;Fg is much
lower. Another factor responsible for the slower reactivity of N;P;F; is the
higher bond strength of the P-F bond [2, 12].

3.2.7.2 Mechanism of Geminal Product Formation

Dissociative or Sy! pathways are also known to occur in certain situations.
With certain amines that are not very reactive dissociative pathways (Sx!)
can also be competitive along with associative Sy2 reactions. In one such
mechanism, proton abstraction occurs from a primary amino derivative
such as N3P;CIs(NHR), leading to a three-coordinate P(V) intermediate.
Subsequently, geminal products are formed. Thus, for example, reaction of
N3P;Clg with four equivalents of tBuNH, leads to the formation of gem-
N;P3ClLy(HN?Bu); (see Eq. 3.25).

NgPsClg + 4tBuNH, o gem-NaPsCly(HNfBu), + 2/BuNH, . HC! (3.25)

It is postulated that the mechanism of formation of the geminal product
N;P;CLy(HN#Bu), involves deprotonation from the monosubstituted prod-
uct, N3P;Cls(HN/Bu). This leads to the generation of the three-coordinate
phophoranimine intermediate (see Eq. 3.26). The three-coordinate phos-
phorus is sterically strained and is also very electrophilic. Because of this
the second nucleophile prefers to attack this center leading to a geminal
product. In this mechanism the loss of HCI is the slow process. Hence this
mechanism is of the Sy type. The abstraction of the proton is accelerated
by the addition of a base such as triethylamine {2, 12].
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Dissociative pathways are also found in the reactions of compounds
such as N3;P3;(OPh)sCl with amines. The replacement of the final chlorine
from N3P3(OPh)sCl proceeds by the heterolytic cleavage of the P-Cl bond.
This is followed by the attack of the nucleophile, amine, on the phospho-
nium center to generate N3P3(OPh)s(NRR) (see Eq. 3.27). In this sequence
of reactions the heterolytic cleavage of the P-Cl bond is found to be rate
determining and hence this pathway belongs to the Sy1 type of reaction [2,
12].

PhO\P el PhO\P@C| . Pho_ NRR  (3.27)
NZ N N7 N 2NHRR NZ N
PhO, OPh—————PhQ OPh——————PhO OPh
N 1/ A It/ - NH-RR'CI N i/
N Nx 2 P R
7 NN \ Va \N/ \ \N/ \
phd” N° “opn Phd OPh PhO OPh

Sn1 pathways also occur in reactions where the chlorine from the P-Cl
bond is heterolytically cleaved as a result of a reaction with a Lewis acid
such as AICl;. For example, in the Friedel-Crafts reaction of N;P;Clg the
first step may be the abstraction of the chloride. This is followed by the
electrophilic attack of the phosphonium center on the aromatic reagent to
afford N;P;ClsPh (see Eq. 3.28).

~ /@ (3.28)
C|\P/C| C|\ @ [AICl] C|\P
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o’ N g o’ NN - AlCK o’ NN

3.2.7.3 Summary of the Mechanisms of the Nucleophilic
Substitution Reactions in Chlorocyclophosphazenes

1. The reactivity of cyclophosphazenes with nucleophiles such as
amines follows the order N4P,Clg > N3P5Clg > N;3P5F.

2. Many amines react with chlorocyclophosphazenes in a bimolecu-
lar process to afford nongeminal products. Almost exclusive non-
geminal product formation is observed in N4P,Clg/amine reactions.

3. Two types of Sy2 mechanisms have been recognized: a nonpolar
five-coordinate phosphorus intermediate and a polar concerted
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mechanism. Both of these pathways afford the formation of non-
geminal products.

4. Geminal products are formed by proton abstraction mechanism or
by a heterolytic P-Cl bond cleavage process.

3.2.8 Cyclophosphazenes as Ligands for Transition Metal
Complexes

The skeletal (ring) nitrogen atoms of cyclophosphazenes can act as coordi-
nation sites for interacting with transition metal ions [17-19]. This coordi-
nation ability increases with the increased presence of electron-releasing
substituents on phosphorus and increase in ring size of cyclophosphazenes.
For example, larger-membered rings can even function as macrocyclic
ligands as seen in NgP¢(CH;),.MCl, (M=Pt or Pd) and
[NsPs(CHs)16Co]* [NOs], (Fig. 3.19).

Me e
Me—P” \I;’/—Me
Me N Me Me\P/N~ /N\P/Me
-~ ~ N N oS
Mel\\ﬂe[ll | MeMe Me /N/ N Me
TV Me—P P—Me
21 0” e e’ 1 MMe
Me' N N N Me N\ N /N
\p\/ \p\/ Me—F? lT——Me
Me/ MeMe/ Me Me Me

Fig. 3.19. Cyclophosphazenes as macrocyclic ligands

Octakis(methylamino)cyclotetraphosphazene, N,P4(NHMe)s, forms the
complex N4P,(NHMe)s.PtCl,, where the platinum is coordinated by two
opposite ring nitrogen atoms of the cyclophosphazene ring. Examples of
an exocyclic nitrogen participating in coordination along with the skeletal
nitrogen atom of the cyclophosphazene ring is provided in the complex
N4P,(NMe,)s. W(CO), (Fig. 3.20).

NHMe  NHMe

NMe, NMe;
MeHN—P—N—P—NHMe —P—N—P—
|C|\ IC|H MezN P—/N P NMez
NN ﬁ T*W(Cou
MeHN—P—N=—P—NHMe Me,N—P—N==P—NMe,
NHMe  NHMe NMe, NMe,

Fig. 3.20. N,P,(NHMe);.PtCl, and N4P4,(NMe,)s. W(CO)4

The reaction of NsPsMes with copper chloride affords the complex
[N;sP;MegHCuCl;] where one ring nitrogen is protonated while the opposite
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ring nitrogen is involved in coordination to the transition metal. Com-
pounds containing direct P-metal bonds are also possible as shown for the
organometallic complex N3P;F4f {(CO)(Cp)Fe},(p-CO)] (Fig. 3.21).

i
Me H Me oc._ /C\ _CO
_ Fer—Fel
Me—P—N—P-—Me cp” el Cp
| |1 N% N
N N Ny i,
[l | Px N
Me—F|’—N:}|°—Me 7 °N
Me | Me
Cu.,,
¢ e
Cl

Fig. 3.21. [N4P4(MG)3H][CUC13] and N3P3F4[{(CO)(Cp)Fe}z(u-CO)]

Another way of using cyclophosphazenes as ligands is to incorporate
coordinating units on phosphorus. For example, the reaction of N;P;Clg
with the 3,5-dimethyl pyrazole affords N;P;(3,5-Me,Pz)s, which is a very
versatile multi-site coordination ligand (see Eq. 3.29).

@( YO\N( (3.29)

N
NZ N 3,5-Me,PZH/Et;N O N 1O
SN | o ——————— NI I,N—N
/P\ “™N P\ <
o’ N o

N=N" NN
L A

The ligand N;P3(3,5-Me,Pz)s can be used to prepare monometallic and
bimetallic derivatives (Fig. 3.22).

N\ _/
P
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N / E——— N /
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@l |o§ §o| IIOE §| :og
N N \ /“ /
Cu /Cli
Cl Cl Ct Cl
Mono metallic complex Hetero bimetallic complex

Fig. 3.22. Coordination behavior of N;P3(3,5-Me,Pz)¢
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Synthetic approaches such as those shown above can be very useful for
assembling a library of coordination ligands using the cyclophosphazene
ring as a means for supporting such ligand architectures [17].

3.2.9 Structural Characterization of Cyclophosphazenes

Cyclophosphazenes have been studied by a number of spectroscopic meth-
ods as well as by X-ray crystal structures. These studies have helped not
only in understanding the molecular structures of cyclophosphazenes but
have also shed a great deal of light on the nature of bonding that exists in
these compounds [1, 5,7, 9, 10].

3.2.9.1 Vibrational Spectra

Cyclophosphazenes are characterized by the presence of a strong v(P=N)
stretching frequency in the region of 1150 - 1450 cm™. The magnitude of
v(P=N) increases with increasing electronegativity of the substituents. In
amino derivatives the electron flow from the exocyclic nitrogen atom
seems to weaken the skeletal n-bonding thereby depressing the v(P=N).
The ring P=N frequencies are generally higher for the eight-membered
rings. The v(P=N) values for a few selected cyclophosphazene derivatives
are given in Table 3.3.

Table 3.3. Vibrational stretching frequencies {v(P=N)} for some selected cyclo-
phosphazenes

Compound v (P=N) cm’’ Compound v (P=N) cm’’

N;PsFq 1300 N4P,Fe 1436

N,P5Clg 1218 N,P,Clg 1315

N,Py(NHMe)s 1175 N,P.(NHMe)s 1215

N3P3(NM62)5 1195 N4P4(NM62)8 1265
3.2.9.2°'P NMR

3'P NMR is an invaluable spectroscopic tool for the structural elucidation
of cyclophosphazenes. The phosphorus chemical shifts are quite sensitive
to ring size (six- vs. eight-membered rings), nature of substituents (electro-
negativity, steric bulk), extent of n-bonding with exocyclic substituents
etc., [20]. The 'H-decoupled *'P-NMR spectra of persubstituted cyclo-
phosphazenes show a single peak. In general, the chemical shifts of the
eight-membered rings are up-field shifted in comparison to the correspond-
ing six-membered derivatives. Table 3.4 lists the *'P-NMR chemical shifts
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for a few selected cyclophosphazene derivatives. These chemical shifts are
with reference to external 85% H;PO,.

Table 3.4. >'P-NMR chemical shifts for a few selected cyclophosphazenes

Compound ) Compound 3
N;P;Clg +19.3 N;P4Clg -6.5
N;P;Fs +13.9 NaP4Fs -17.7

N:Py(NHEt);  +18.0  NpP4(NHEt)y  +4.3
N3P3(NM62)6 +24.6 N4P4(NM62)8 +9.6
NaPy(OCHi)s  +21.7  N,Py(OCH;);  +2.8
NoPy(OCH,CHi)s +143 N,P(OCH,CH;)s  -0.6
NPy (OCH,CFs)s  +16.7 N Py(OCH,CF;)s  -2.0
N+P3(OPh); +8.3 N4P,(OPh)g 12,6

Proton-decoupled *'P-NMR spectra can also be used for structural elu-
cidation of mixed substituent containing cyclophosphazenes. Different
types of three-spin systems such as AB,, AX,, ABC, ABX or AMX can be
observed. Similarly, the *'P {'H}-NMR spectra of cyclotetraphosphazenes
can be diagnostic of the structure of the compound. Usually a combination
of proton and phosphorus NMR can be quite useful in arriving at the struc-
ture of the cyclophosphazene compounds.

3.2.9.3 Electronic Spectra

Most cyclophosphazenes that do not contain other chromophores as sub-
stituents do not have prominent absorption in the UV-Visible region of the
electromagnetic spectrum [9, 10].

3.2.9.4 X-ray Crystal Structures

The X-ray crystal structures of many cyclophosphazenes are known [7, 9,
10]. A summary of the details of these investigations is as follows.

1. The six-membered rings are generally planar. For example, while
N;P5Clg is very nearly planar, N3P;F¢ is perfectly planar. Here, pla-
narity is with reference to only the N;P; segment. The substituents
on phosphorus lie above and below the plane of the ring. The eight-
membered rings are generally nonplanar and have puckered con-
formations. For example, N,P,Cl; exists in two nonplanar confor-
mations viz., chair and boat forms.

2. The P-N bond lengths in homogeneously persubstituted cyclo-
phosphazenes (where the substituents on the phosphorus are the
same) are equal. The observed bond lengths are shorter (about 1.57
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~ 1.60 A) than the average P-N single bond distance (1.78 A). This
implies the presence of some type of multiple bonding in these
compounds.

3. The bond angles at phosphorus and nitrogen are both quite close to
120°.

4. In heterogeneously substituted compounds the ring P-N bond
lengths are unequal. For example, in gem-N;P;F,Ph, three different
bond distances are seen: 1.617(5), 1.539(5) and 1.555(4) A. The
longest distance is associated with the N-P-N segment flanking the
PPh2 unit.

X-ray data for a few selected cyclophosphazenes are summarized in Ta-

ble 3.5.

Table 3.5. X-ray data for a few selected cyclophosphazenes

S.No Compound Ring con-  Bond distance (A) Bond angles (°)

formation P=Ne,,£D P-X%, NPN PNP
1 N3P;Clg planar 1.581 1.98 118.4 1214
2 N;P4Fg planar 1.57(1) 1.52(1) 120(1) 119(1)
3 N;P;(NMey)s distorted  1.588(3) 1.652(4) 116.7(4) 123.0(4)
boat
4 N;P3(OPh)g nonplanar  1.575(2) 1.582(2) 117.3(3) 121.9(3)
5  N3P3(0,CeHy)s planar 1.59(2) 1.62(1) 117(1) 122(1)
6 NiPs(Me)s distorted  1.595(2) 1.783(2) 116.7(1) 122.5(1)
chair
7 N;P3(Ph)g slightly 1.597 1.804 117.8 122.1
chair
8 N,P,Clg boatortub 1.570(9) 1.991(4) 121.2(5) 131.3(6)
(K-form)
9 N4Ps(NMe,)s saddle 1.58(1) 1.69(1)  120.1(5) 130.0(6)
10 N4P4(OMe)g saddle 1.57 1.58 121.0 132.0
11 N4P4(OPh)g boat 1.560 1.582 121.1 133.9
12 NP, (Me)g distorted  1.591(5) 1.802(6) 119.8(3) 132.0(2)
boat
13 N4P4(Ph)g distorted  1.590(5) 1.809(4) 119.8(1) 127.8(2)
boat

3.2.10 Nature of Bonding in Cyclophosphazenes

The nature of bonding in cyclophosphazenes can be understood by exam-
ining certain experimental facts and the arguments advanced to explain
them. These can be summarized as follows [5, 7, 9, 10].
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1. In homogeneously substituted cyclophosphazenes the ring P-N
bond lengths are short and equal. In this regard cyclophosphazenes
have a similarity with benzene and other aromatic molecules.

2. The P-N bond lengths are also influenced by the nature of substitu-
ents on the phosphorus. Thus, presence of more electronegative
substituents that are c-electron withdrawing result in a shortening
of the P-N bond distance. Similarly, involvement of ring nitrogens
in coordination to metals increases the P-N bond distance in the af-

fected P-N-P segment.

3. However, cyclophosphazenes do not have the other characteristics
that are typical of organic aromatic molecules. Thus, the (4n + 2) &
rule does not have any special significance in this family of com-
pounds. The six- and eight-membered rings, N3P;R4 and N,P,Rg are

equally stable.

4. Ring-current effects typical of aromatic compounds are absent in
cyclophosphazenes. Bathochromic shifts (observed with an in-
crease in 7 electrons in aromatic compounds) are absent in cyclo-
phosphazenes. In fact, for all practical purposes, cyclophos-
phazenes may be regarded as transparent in the UV-Visible

spectrum.

5. Thus, quite clearly cyclophosphazenes are not aromatic, at least in

the context in which this word is used for organic compounds.

However, the shortness and equality of P-N bond lengths need to be ac-
counted for and qualitative bonding models adequately do this. The elec-
tronic structure of cyclophosphazenes may be visualized by considering
the possible resonance structures as shown in Fig. 3.23.
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Fig. 3.23. Possible resonance structures for cyclophosphazenes
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It is easier to visualize the bonding in cyclophosphazenes by separating
the o-component from the n-component that may be contributing together
to the overall bonding picture in these compounds. These arguments can be
summarized as follows.

L.

If one considers the o-framework alone, each phosphorus forms
four covalent bonds (two exocyclic bonds and two bonds with
endocyclic ring nitrogen atoms). This process consumes four of
the five valence electrons on phosphorus leaving it with one
electron.

Which orbitals does phosphorus use for forming these o-bonds?
Recalling the bond angles at phosphorus it is possible that ap-
proximate sp® hybrid orbitals are utilized.

The situation with nitrogen is that it is postulated to form 3sp’
hybrid orbitals. One of these lodges a lone pair. The other two
are involved in forming a covalent bond each with two adjacent
phosphorus centers. Thus the lone pair present on nitrogen is in-
plane with the N;P; framework.

After the o-bonding requirements are met nitrogen also is left
with one electron similar to phosphorus [Fig. 3.23(a)]. Several
bonding possibilities are now present. These include ionic con-
tributions as shown in Figure 3.23(b). For a long time there has
been the speculation of some kind of n-bonding. Irrespective of
the current validity of this model this view is also presented.
After the formation of the o-bonded framework we have an odd
electron each on phosphorus and nitrogen. It is speculated that
this electron which resides in the p, orbital on nitrogen overlaps
with a suitable d orbital (such as d,. or d,;) on phosphorus to
form a n-bond.

However, exclusive use of a d,, orbital leads to a sign mis-match
in the overlap of the orbitals (between Ps and N;) (Fig 3.24).

VQYLVISYORVIQYS
BIVEIOFTS

Fig. 3.24. Orbital mismatch in the pn-dn interaction between nitrogen and phos-

phorus.

7.

The orbital mismatch can be overcome by the use of a d,, orbital
on phosphorus. Dewar suggested that the use of d,, and d,, orbi-
tals in equal proportion leads to limited delocalization over a
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three atom (P-N-P) segment. This would account for bond-
length reduction as well as bond-length equality, while at the
same time explaining the lack of aromaticity in cyclophos-
phazenes.

8. In addition to the above type of w-bonding, other types of =n-
bonding can also exist although their contribution to the overall
multiple bonding may be less. The overlap of the sp” orbital on
nitrogen (with its lone pair) with an empty d orbital on phospho-
rus (dx’-y” or dxy) can lead to an in-plane n-bonding.

9. The presence of in-plane n-bonding has been suggested by sev-
eral experimental facts. Thus, if one compares the P-N bond dis-
tances between N;P;Cl,(NHiPr), and its hydrogen chloride ad-
duct N3;P;CL,(NHiPr),.HCl one observes significant differences
(Fig. 3.25)[5, 71.

N N
N/P\N N/P\N
lPrHN\l ]/NHiPr iPrHN\| |/NHPri
P\ /P AN
iy N3 Syuipr iPrHN” @ N “NHpy

H

Fig. 3.25. Effect of protonation on P-N bond lengths

10. The P-N bond lengths (Fig.3.25, a) are considerably lengthened
in compound N;P;Cl,(NHiPr,).HC1 (1.665(5) A) in comparison
to N3P;CL(NHiPr,) (1.589(3) A). This is possible only if the
lone pair of electrons on nitrogen is engaged in bonding to the
proton and is consequently not available for being used in n
bonding. Similar types of bond lengthening have been noticed in
many cyclophosphazene-metal complexes which involve coor-
dination from the ring nitrogen atom. Lastly, a third type of n-
bonding is also possible. This involves the exocyclic substitu-
ents on phosphorus. Thus, in amino cyclophosphazenes, the lone
pair from the exocyclic nitrogen can engage in n-bonding with
phosphorus as shown in Fig. 3.26. The exocyclic type of =-
bonding is manifested by shorter exocyclic P-N bonds and
lengthening of endocyclic P-N bonds.
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Fig. 3.26. Exocyclic n-bonding in cyclophosphazenes
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Clearly in any given cyclophosphazene all of the above types of n-
bonding might be contributing to varied extents and the observed structural
features are the result of this cumulative effect.

Finally, however, it must be mentioned that considerable theoretical
work in main-group compounds suggests that the participation of d-
orbitals in any type of bonding may be minimal. Alternative bonding mod-
els that avoid the use of d-orbitals and account for all the experimental
facts in cyclophosphazenes may soon emerge from such studies.

3.3 Polyphosphazenes

Polyphosphazenes, [N=PR;],, are the largest family of inorganic polymers.
Over 800 different types of polyphosphazenes are known {16, 21-23]. The
common feature of all of these polymers is the backbone which is made up
of alternate nitrogen and phosphorus atoms. While the nitrogen is trivalent
and dicoordinate, phosphorus is pentavalent and tetracoordinate. Thus, ni-
trogen does not contain any substituents. Phosphorus, on the other hand, is
attached to two substituents. Thus, the basic structural feature of the repeat
unit of polyphosphazenes is exactly similar to what is found in cyclophos-
phazenes.

Although, the repeat unit in all the polyphosphazenes comprises the
[N=PR,] repeating unit, the properties of the polymers can be radically
changed by varying the ‘R’ groups on phosphorus. In this section, we will
examine the preparative procedures, the structural features and the applica-
tions of polyphosphazenes.

3.3.1 Historical

The American Chemist Stokes discovered, towards the end of the nine-
teenth century, that heating the six-membered ring, N;P;Clg, to high tem-
peratures leads to the formation of a polymeric material with an empirical
formula [NPCL,],. This material was called inorganic rubber because of its
properties. Thus, this was rubbery but had very poor solubility in common
organic solvents. Instead of dissolving in solvents, the polymer would
swell in them. The most serious concern about the inorganic rubber was
its sensitivity towards hydrolysis upon exposure to moisture. The polymer
was found to degrade completely in ambient atmosphere. These unfavor-
able properties precluded further studies on this material for a long time
[21]. The crucial breakthrough in this area came about by pursuing the fol-
lowing line of thinking.
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The Stokes’s inorganic rubber [NPCl,], did not dissolve in com-
mon organic solvents because it was an extensively crosslinked
polymer. This suggestion is also borne out by the swelling of this
polymer in solvents. It is known that crosslinked organic polymers
also swell in solvents.

The degradation of the Stokes’s inorganic rubber [NPCl,], in at-
mosphere occurs presumably because of the sensitivity of the P-Cl
bonds towards the hydrolysis reaction.

Any effort to make the inorganic rubber into a viable material, therefore,
needed to concentrate on solving the above two problems.

1.

Finding a suitable route to prepare the linear polymer [NPCL];.
Unlike the crosslinked derivative the linear polymer would be
expected to be soluble in a large number of organic solvents.
The inherent hydrolytic instability of the polymer arising out of
the presence of a number of P-Cl bonds can be overcome if the
linear polymer can be modified by replacing the P-Cl bonds by
other hydrolytically viable linkages.

As will be shown in the following section these strategies resulted in
polyphosphazenes emerging as the largest family of inorganic polymers

[21].

3.3.2 Poly(dichlorophosphazene)

Poly(dichlorophosphazene), [NPCl,],,, can be prepared by several routes.
The traditional route is the ring-opening polymerization (ROP) of N3P;Cl.
Although, as discussed above, Stokes as early as in late 1800°s had ob-
served the formation of crosslinked poly(dichlorophosphazene), it is to the
credit of Allcock that he found the correct recipe for isolation of un-
crosslinked linear poly(dichlorophosphazene) [21]. He and his co-workers
have made the following important and crucial experimental observations.

1.

Heating N;P;Clg at 250 °C in vacuum and by allowing the con-
version to proceed only up to 70%, linear poly(dichloro-
phosphazene) could be isolated (see Eq. 3.30). This polymer was
soluble in a number of organic solvents such as benzene, toluene,
tetrahydrofuran etc., to form clear viscous solutions.

Heating beyond 250 °C or allowing the conversion to proceed be-
yond 70% afforded a crosslinked material similar to what was ob-
tained by Stokes. The crosslinking of the polymer was rapid and
the resultant material was totally insoluble.
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The linear polymer prepared by Allcock was truly a high polymer with
over 15,000 repeat units representing a M,, of about 1.2x10°. The polydis-
persity index for the polymer [NPCl,], prepared by the ring-opening of
N3P;Clg is greater than 2.

oL o (3.30)
AN
all” N oo, N—
N p\ Vaccum
ca” N g
n = 15,000

soluble polymer

Hexafluorcyclotriphosphazene, N3P;Fg, hexabromocyclotriphosphazene,
N3P;Brg and the hexathiocyanato cyclotriphosphazene N3;Py(NCS)g can
also be polymerized by the ring-opening polymerization method to the cor-
responding linear polymers (Fig. 3.27).
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Fig. 3.27. Polymerization of N3P;Fs, N3P;Brg and N3P3(NCS)e

The polymers shown in Fig. 3.27 also are linear polymers and are solu-
ble in organic solvents. However, poly(difluorophosphazene) is not soluble
in common organic solvents but only in fluorinated solvents.

The mechanism of the ROP of N3P;Cls has been elucidated keeping in
view the following experimental observations [21].

1. The ionic conductivity of molten N;P;Cl rises suddenly, coin-
cident with the initiation of polymerization.

2. A number of Lewis acids such as BCI; or reagents such as water
(in the form of metal hydrates such as CaSO,.n H,0) in catalytic
amounts have a beneficial influence in the polymerization reac-
tion.
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3. The ring-opening polymerization of the fluoro derivative N;P;F;
occurs at a much higher temperature (350 °C) than that of
N;P;Clg (250 °C).

It has been postulated that the initiation of the polymerization occurs by
a heterolytic cleavage of the P-Cl bond to generate a phosphazenium ion
(see Eq. 3.31).

CI\P<Cl CI\P: (3.31)
NZ "N o _initiati NZ TN
Cl\lL lil,/CI initiation Cl\ll, lé,/m
X, X, - P\
o’ N o’ N g

The propagation reaction which involves the polymer growth occurs as
a result of the high electrophilicity of the phosphazenium ion. Since the re-
action is carried out in the molten state there is a favorable situation for in-
termolecular reactions. Thus, the phosphazenium ion can attack a skeletal
nitrogen atom of another N3P;Clg, causing ring opening and chain growth
(Fig. 3.28).
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Fig. 3.28. Polymerization mechanism of N3P;Clg

The termination of the chain can occur by the reaction with any nucleo-
phile including traces of moisture. This mechanism accounts for the in-
crease in ionic conductivity at the onset of polymerization of N;P;Clg.
Since the P-F bond strength is greater than that of the P-Cl bond, it is also
evident why higher temperature is required for the polymerization of
N;P3Fs. Moreover, catalytic amounts of either Lewis acids or water would
be expected to facilitate the heterolytic cleavage of the P-Cl bond. Thus, if
this polymerization mechanism is correct the presence of at least one P-Cl
bond is a must in the cyclic ring in order for polymerization to occur. In-
deed, this appears to be true for most cyclophosphazenes. Thus, many or-
ganocyclophosphazenes that do not contain a P-Cl bond do not undergo
polymerization. But, certain cyclophosphazenes such as N;P3;(CHs)e
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equilibrate to higher-membered rings such as NyP4#(CH;)s. Some other
cyclophosphazenes such as the 2-pyridinoxy derivative N3P3(O-2-C¢HsN)g
are known to undergo a ring-opening polymerization. Also, strained cyclo-
phosphazenes such as N3P3F4(n5-C5H4-F e- n5 -CsHy), that contains a trans-
annularly attached ferrocene moiety undergoes polymerization. This means
that other types of mechanisms exist that allow a ring to open [21].

Because of the importance of the linear poly(dichlorophosphazene) to-
wards the synthesis of other poly(organophosphazenes), as we will see in
the subsequent sections, there have been many efforts to find alternative
synthetic procedures for this polymer. These are discussed in the following
sections.

3.3.3 Condensation Polymerization of CI;P=N-P(O)Cl,

De Jaeger and coworkers discovered that the acyclic phosphazene,
CL1P=N-P(O)Cl,, can be used to prepare poly(dichlorophosphazene),
[NPCl,],, either when heated in bulk or in a solvent such as trichlorodi-
phenyl (see Eq. 3.32) [23-25].

cl
250 - 280°C ] (3.32)
nPCL=NP(O)Cl, ————» C|3P:N-—(1‘>:N),,_1—Poc:2 + (n-1) POCly
cl

The monomer Cl;P=NP(O)CI, can be prepared by several methods. Two
of the best routes of preparing it are given below [23]. The first method of
synthesis consists of heating PCls with (NH4),SO, in boiling sym-
tetrachloroethane (see Eq. 3.33).

sym-tetrachloroethane (3 33)
4 PCls + (NH4),S04 2 CiP—=N—P(O)Cl; + 8HCI+ SO; + Cl; .

The second method of synthesis consists of first preparing
[CLsP=N=PCl;]" [PCls] by the reaction of PCls with NH,CI (see Eq. 3.34).
This is followed by reacting [ClsP=N=PCl;]" [PCl¢s]" with P4Oy,. The latter
reaction leads to the elimination of POCI; and formation of the monomer
(see Eq. 3.35).

(3.34)

3PCl; + NH,Cl —— 3[ClP =N—PCI3]+[P01J + 4HCI

O (3.35)

3[013P:N:PC|3 [PCIG + POy ————= 3 CLP==N—P(O)Cl, + 7 POCly
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The reaction of [Cl;P=N=PCl;]" [PCl¢] can also be carried out with SO,
to atford CL;P=NP(O)Cl, (see Eq. 3.36).

3PClsg + NH.Cl + 280,————» CI3P=N—P(0)Cl, + 4HCI + POCl; + 2SOCl, (3,36)

CLP=N-P(0)Cl, is a low-melting solid (32 "C) and can be distilled. Its
*'P NMR shows two signals (8 = 0.5 ppm, doublet, PCls; & = -12.8 ppm,
doublet, P(O)Cl,, 2J(PP) = 16.2 Hz).

The bulk condensation (in the absence of solvent) of Cl;P=NP(O)Cl,
can be carried out between 200-300 "C( most often around 240 "C). This
leads to the elimination of POCIl;. After about 65-70% conversion, the re-
action becomes very viscous and needs to be stopped. At this stage the av-
erage degree of polymerization is about 1000. This corresponds to a mo-
lecular weight of about 100,000. It has been reported that the synthesis of
poly(dichlorophosphazene) of a molecular weight M,, = 200,000 represents
a limit for the bulk condensation reaction. The mechanism of polymeriza-
tion involves a nucleophilic attack by the nitrogen atom of one monomer
molecule on the phosphorus center of another monomer. This leads to the
formation of a dimer by the elimination of POCI;. This may be considered
as the initiation reaction (see Eq. 3.37).

/‘\ (3.37)
O ¢ R S

CHP=NZP=Cl + Q—P=N—p—Cl ————~ CHP=N—P=N—P—Cl

M /| .
c cl cl cl POCk cl cl Cl

The initiation reaction (between two monomers) is slower than reaction
of the monomer with oligomers (propagation) (see Eq.3.38).

(3.38)

¢ o I¢ g o [¢
CH—P=N—P—Cl + CI—P=N-P=NT-p—Cl
a a |ca |c a |a

n-1 n

The viscosity of the reaction mixture increases after a certain level of
conversion. At this point rapidly growing oligomers can condense with
each other (sec Eq. 3.39).

cl
7 | -POCly ¢ (3.39)
CP=N{-P=N}POCl, + CLP=N{-P=N}POCl —————= ClP=N{-P=N}-POCI,
o x Gy o ’x

+y+1
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Although the bulk condensation leads primarily to the formation of the
polymer [NPCL,],, side products in low yields such as N;P;Cls, N,P,Clg
and N;sPsCl,, are also detected [23].

3.3.3.1 Polycondensation in Solution

The most convenient solvent for the polymerization of Cl;P=NP(O)Cl, has
been found to be molten trichlorobiphenyl. It has been found that in order
to have an optimum polymer yield, the polycondensation should be per-
formed first in bulk till about 95% conversion, at which stage the solvent is
introduced and polymerization reaction is further continued. Polymers with
molecular weights of up to M, = 800,000 were realized by this method
[23].

3.3.4 Polymerization of ClI;P=NSiMe;

Another method of preparation of poly(dichlorophosphazene), [NPCl,],,
involves an ambient temperature (25 °C) polymerization of the P-trichloro-
silyl phosphoranimine Cl;P=NSiMe; (see Eq.3.40) [21, 26, 27].

2n PC) % (3.40)
n ClgP==NSiMes ° —[—N:F:>—]—n
cl

CH,Cl,
25°C

The salient features of this process are as follows:

1. Itis a cationic polymerization and it is a living polymerization.

2. This process provides a very good control over the chain length
of the polymer.

3. The molecular weights of [NPCl,], produced by this process are
about 10° with narrow-molecular-weight distribution (PDI:
1.01-1.18).

4. The scope and potential of this polymerization method seem to
be quite large.

The monomer Cl;P=NSiMe; can be synthesized by two methods. The
first method consists of reacting bis(trimethylsilyl)amine HN(SiMes), with
n-butyllithium to afford lithum bis(trimethylsilyl)amide, LiN(SiMes), (see
Eq. 3.41). The latter is reacted with PCls in hexane at -78 °C to afford
CI;P=NSiMe; (see Eq. 3.42).

HN(SiMe3), + nBuli ———— LiN(SiMey), (3.41)
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-78°C

(MesSi)NLi + PCly ————» Me3SIN==PCl, (3.42)
-Licl
-Me3SiCl

The chief drawback of this synthesis (Egs. 3.41-3.42) is that a side prod-
uct (Me3Si),NCl is also formed in this reaction. This compound is a potent
inhibitor for the polymerization of Cl;P=NSiMes;. The close boiling points
of CI;P=NSiMe; and (Me;Si),NCl make it difficult to separate the latter
from the former by distillation methods.

An alternative method of synthesis of CL;P=NSiMe; overcomes the
above problem. Thus, the reaction of tris(trimethylsilyl)amine (Me;Si);N
with PCls in methylene chloride at 0 °C, immediately followed by quench-
ing with n-hexane affords Cl;P=NSiMe; in about 40% yield. This com-
pound resonates at -54.0 ppm in its >'P NMR.

The monomer Cl;P=NSiMe; can be polymerized by the use of various
mitiators such as PCls, or [(Ph;C)(SbClg)]. The most widely used solvent is
methylene chloride although other solvents such as chloroform or toluene
have also been found to be effective. The polymerization reaction also oc-
curs in the bulk state (absence of solvent). The polymerization is initiated
by two moles of PCl; which react with Cl;P=NSiMe; at room temperature
to form [CL;P=N-PCL;]'[PCls] (see Eq. 3.43). This cation can react further
with Cl;P=NSiMe; to generate a polymeric species (see Eq. 3.44).

CLP=N—SiMe; + 2PCl5 ——Zic——>[CI3P:N—PCISI+ [PC| (3.43)
-Me;SiCl

+
[Cl3P=N—PCl] " + nClP—=N—SiMe,

[C"’P:N{E:Nylnf’m;[:»as]‘ (3.44)

-NMe;SiCl

The reactions shown in Eqgs. 3.43-3.44 are facilitated by two factors. 1)
The reactivity of the N-Si and P-CI bonds towards each other to eliminate
Me;SiCl. 2) The spontaneity of the P-N bond formation. The side product
Me;SiCl is quite volatile and is therefore easily removed.

The termination of the polymer chain can be achieved by the addition of
N-silylphosphoranimines such as Me;SiN=P(OCH,CF;); or
Me;SiN=P(tBu)(Ph)(F) (see Eq. 3.45).

¢ ¢ (3.45)

ci
N— ] ] |
[CI3P N{P— }PCIZ] [Pole] —————3 2 MesSN=P(OR)s (OR)3P:N—IP:N+T:N<}—/P\—N:P(OR)3

-2 Me3SiCl ¢ ¢l of
-PClg
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3.3.4.1 Block Copolymers

The fact that the cationic polymerization of Cl;P=NSiMe; leads to a living
polymer makes this process amenable for the synthesis of block copoly-
mers. Thus, after the complete conversion of the first monomer
Cl;P=NSiMeg;, addition of a second monomer such as Me;SiN=PR,Cl to
the living polymer leads to a diblock co-polymer (see Eq.3.46). Of course,
both blocks contain the P=N back bone but the substituents on phosphorus
vary in the two block segments [21, 23, 26].

cl G .o R
l * | | i (3.46)
[CI3PZN P=N PCI3] CIP=N{P=N-P=N1-P=N-PR,Cl
a " a "a r 7T

n Me3gSiN—PR,CI

Block A Block B

It appears that several types of block polymers can be assembled by this
above approach.

3.3.4.2 Polymers with Star Architectures

The cationic polymerization method of Cl;P=NSiMe; has many new appli-
cations. The preparation of dendrimeric polymers with star-type architec-
ture illustrates the versatility of this method (Fig. 3.29) [21].
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+ N Nt
Clyp” “PCl

Fig. 3.29. Preparation of dendrimeric polymers
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Dendrimeric polymers with three branches emanating from a central
core have been prepared (Fig. 3.29). This approach begins with tris(2-
aminoethyl)amine which upon reaction with Me;SiNP(OR),Br can be con-
verted to a tris-phosphoranimine. The latter can be converted into the tris-
phosphonium cation by reaction with six equivalents of PCls. This upon
reaction with Me;SiN=PCl; allows the polymer to grow in three different
directions giving an overall star architecture. It is believed that such a
variation of polymer architecture is likely to lead to new properties [21, 23,
26].

3.3.4.3 Polymers Containing Organic Functional End Groups

Another application of the cationic polymerization method of the chloro-
phosphoranimines is the preparation of polymers with organic functional
groups. Polymers, thus prepared, can be manipulated further with the aid
of these terminal functional groups. This methodology is illustrated by the
following example. Halogenophosphoranimines such as
BrP(OCH,CF;),=NSiMe; can be readily modified by replacement of the
bromine substituent on phosphorus by an organic substituent that contains
vinyl end group to afford (CH,=CHCH,NH)P(OCH,CF5),=NSiMe; (see
Eq. 3.47) [21].

OCH,CF. OCH,CF:
2273 GH,=CHCH,NH, e (3.47)
Br—P=—NSiMe3 ———————————» CH,=—CH—CHy~NH—P—=NSiMe;

OCH,CF4 OCH,CF3

+

o
[C|3P:N~€T:N>—PCI3
n
cl

OCH;OF
20H,=CH—CH;~NH—P=NSiMe,
OCH,CF3
OCH,CF, G G OCHCF,
CH2:CH—-CHZ—NH—IT:N—P(Cl)ZZN-élT:N)r;P\—N:P—NH——CHZCH:CHZ
OCH,CF3 ¢t C Gl OCH,CF,

Fig. 3.30. Polymerization to afford polymers that contain terminal vinyl groups

Vinyl end group phosphoranimines can be used to terminate polymer
chains. Such polymers would have two vinyl end groups which can be util-
ized further for generating a carbon chain on either end (Fig. 3.30).

Alternatively, the modified phosphoranimine can be used at the begin-
ning of the polymerization reaction as shown in Fig. 3.31.
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OCH,CFs
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Fig. 3.31. Preparation of polyphosphazenes containing one vinyl end-group

These polymers have one vinyl group as the end group which can be
utilized for polymer modification by a new chain-growth process.

3.3.4.4 Summary of the Preparative Procedures for Poly-
(dichlorophosphazene), [NPCI,],

1.

2.

Poly(dichlorophosphazene), [NPCl,],, can be prepared by at
least three different methods of polymerizaton.

The ring opening of the six-membered ring, N;P;Clg, occurs in
vacuum at 250 °C. If the conversion is not allowed to proceed
by more than 70%, this process leads to a linear uncrosslinked
polymer [NPCL], where n = 15,000. This polymer has molecu-
lar weights in the order of 10° with the polydipersity index be-
ing above 2.

Polycondensation of the monophosphazene Cl;P=NP(O)CI, oc-
curs either in the bulk or in trichlorobiphenyl solution to afford
the linear uncrosslinked polymer [NPCl,],. A by-product viz.,
POCY; is formed in this polymerization process. Polymers with
molecular weights of up to 800,000 can be prepared by this
method.

Cationic  polymerization of the N-silylphosphoranimine
Cl;P=NSiMe; by initiators such as PCl; afford a living polymer.
High-molecular-weight [NPCl,], (10°) with very narrow PDI’s
(1.01-1.18) are accessible from this approach.
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3.3.5 ROP of Substituted Cyclophosphazenes

Substituted chloro- and fluorocyclophosphazenes can also be polymerized
to their high polymers by the ROP method. Several alkylcyclophos-
phazenes such as N3P;Cl;R, have been polymerized. These can be prepared
from the corresponding hydridophosphazenes (see Eq. 3.48).

ol C R H R G (3.48)
NN (n BusPCul),/RMgCl N SN Cl/ccl, PN

Cl\llp lIL/Cl C|\| I, . I\Flz ||/CI
- NN X, -

o N g c” N g o’ NN\

Although cyclophosphazenes containing sterically hindered alkyl groups
such as iC;H; or fBu cannot be polymerized to their high polymers, com-
pounds containing sterically unencumbered groups such as Me, Et, nPr or
nBu could be readily polymerized (see Eq. 3.49). Other types of cyclo-
phosphazenes, N;P;CLI;R (R = CH,SiMes, Ph, N=PCl; OCH,CF3, carbo-
ranyl, metallocenyl) can also be polymerized [28].

R, Ol a R (3.49)
NZ N 250°C | |

N o f=piperH
NS 2

o’ N g a "

R = Me, Et, n-CgHy, n-C4Hg

Monosubstituted fluorocyclophosphazenes such as N;P3FsPh and
N;PsFstBu can be polymerized by ring-opening polymerization to the cor-
responding polymer (see Eq. 3.50).

Ph_F (3.50)
NN VAR
F\;la I’L/F —_— HN:’ID)(N:‘IDH
> 2
7/ \N/ \F F F "

F

Some disubstituted cyclophosphazenes such as
[{NPCl,},{NP(R)(CH,SiMe3)}] have also been polymerized by the ring-
opening method to afford the linear polymers (see Eq. 3.51) [29].

R__/CH,SiMe; o = (3.51)
PANNN 0,
N~ N 210°C | |
Cl\l\ ||/C| - N:|‘:>-(N:T>_}.n
2
o’ N Ng Cl CHySiMes

R= CH3§ CzH5; H-C4Hg, CeHs
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When R = /Bu or neoCsH,; in the above case (Eq. 3.51) the polymeriza-
tion is retarded. Some other disubstituted derivatives that have been po-
lymerized include gem-N;P;ClL4(N=PCl;),, non-gem-N;P;ClMe,, non-
gem-N;P;CLEt,.

Is the presence of chlorine or fluorine substituents on phosphorus neces-
sary for ring-opening polymerization? An overwhelming majority of the
compounds that have been polymerized have this feature. A few examples
are known that do not have a P-Cl bond but which have been polymerized.
For example, the hexapyridinoxycyclotriphosphazene undergoes ROP to
afford a polymer with moderate molecular weights (see Eq. 3.52) [30].The
mechanism of the polymerization has been suggested to be cationic in na-
ture (heterolytic cleavage of P-O bond in the monomer).

O q o-O (3.52)
pid o—0
@_O\N [l[\l/o_@ _ ‘{—Nzlp—}
NN ! iy
g N o o

As mentioned previously, heating N;P;Mes leads to ring expansion to
lead to the formation of N4,P4;Meg. However, polymerization to the corre-
sponding linear polymer is not observed. If there is a built-in ring strain in
the cyclotriphosphazene structure, the relief of such strain can be a driving
force for polymerization. Thus, the reaction of N;P;Fs with 1,1-
dilithioferrocene affords the anmsa product N;PsF4(n’-CsHs-Fe-n’-CsHy).
This compound can be polymerized to afford a polymer where two adja-
cent phosphorus centers are linked to one ferrocene moiety. Alternatively,
the trifluoroethoxy derivative N3P3(OCHZCF3)4(n5-C5H4-Fe-n5 -CsHy) can
also be polymerized in the presence of 1% N;P;Clg to afford the corre-
sponding polymer. The latter can also be prepared by the replacement of
fluorine atoms from the corresponding poly(fluorophosphazene) (Fig.
3.32) [16,21].
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Fig. 3.32. Polymerization of strained cyclophosphazenes

3.3.5.1 Summary of ROP of Organophosphazenes

1.

In general, persubstituted cyclotriphosphazenes containing
amino, alkoxy or aryloxy substituents cannot be polymerized by
ROP. However, a few exceptions exist.

Many monosubstituted cyclophosphazenes, N;P;CLR, with
various kinds of R groups can be polymerized by ROP to the
corresponding linear polymers. Similarly, many N;P;FsR can
also be polymerized to the linear polymers.

A few di- and trisubstituted cyclophosphazenes, N;P;CL4R, and
N;P3CL3R3, can also be polymerized by ROP.

Strained cyclophosphazenes such as non-gem-N;P;F,(1°-CsH,-
Fe-n’-CsH,) and even the alkoxy derivative
N3P3(OCH,CF;3)4(n’-CsH,-Fe-n’-CsH,) can be polymerized by
ROP to the linear polymers.



126 3 Cyclo- and Polyphosphazenes

3.3.6 Poly(organophosphazene)s Prepared by Macromolecular
Substitution of [NPCI.],

Poly(dichlorophosphazene), [NPCl,],, although a high-molecular- weight
linear polymer, is not useful for any practical application because of its ex-
treme hydrolytic instability. The eventual products of hydrolysis are am-
monia, hydrochloric acid, and phosphoric acid. However, the reactivity of
poly(dichlorophosphazene) need not be viewed as a disadvantage. The re-
activity of [NPCl,], is due to the presence of P-Cl bonds. Since water is
able to act as a nucleophile and attack the phosphorus center due to the la-
bility of the P-Cl bond it is quite reasonable to expect that other nucleo-
philes would also be capable of a similar action. This approach would en-
able the preparation of chlorine-free polyphosphazenes which should be
hydrolytically stable. Using this logic, Allcock and coworkers have per-
formed macromolecular substitution reactions on [NPCl,], to obtain stable,
chlorine-free, poly(organophosphazene)s [16, 21-23]. Thus, the reaction of
[NPCl,], with CF;CH,ONa affords poly(bistrifluorethoxyphosphazene),
[NP(OCH,CF;], (see Eq. 3.53),

% _ 2 CFCH,ONa (QCHZCFs (3.53)
N— N=P—
2n NaC! |
n

OCH,CF4

This type of a reaction is quite general. Thus, the reaction of [NPClL],
with RONa (R = alkyl or aryl) affords the corresponding polymers
[NP(OR),],. Similarly, the reactions of [NPCl,], with primary or secondary
amines affords the corresponding amino derivatives [NP(NHR),}, and
[NP(NR,)], (Fig. 3.33) [21-23].
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-2nNaCl -2nRNH, HCI  -2nR,NH . HCI

bef) 4l e

2

Fig. 3.33. P-C! Substitution reactions on [NPCl,],
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Even exotic substituents such as those containing metal carbonyl units
can be introduced by the nucleophilic substitution reaction (Fig. 3.34).

Cr{CO);
ol CI)—~CHZCH2-O—<_>
JrN:H»n + 2nNaOCHZCH20—<(?> _— ~LN:F|’ n
Cl Cr(CO)3 O—CHZCHZ-O—@
Cr{CO);

Fig. 3.34. Polyphosphazenes containing organometallic substituents

Other representative examples of polyphosphazenes that have been pre-
pared by the macromolecular substitution of [NPCl,], are shown in Figs.
3.35-3.36.

OCH,CFs + (')jfZCHa + ?f]fs
=t "R N
OCH,CF3 OCH,CH; OCHg
OCeHs OCH,CF,CF, o— Q0
W= el .
N, =T ™=
OCeHs OCH,CF,CFs o100

Fig. 3.35. Polyphosphazenes containing alkoxy and aryloxy substituents

NHCH; NHEt NHCH,COOEt
N S
_| n _| n —| n

NHCH, NHEt NHCH,COOEt

NMe, NHCgHs KTU
RS A

NMe2 NHCSHs U
Fig. 3.36. Polyphosphazenes containing alky!l- and arylamino substituents

There are two remarkable aspects of the macromolecular substitution re-
action that need to be mentioned. This involves about 30,000 nucleophilic
substitution reactions per polymer molecule! This means that for every re-
acting polymer molecule 30,000 chlorine atoms are being replaced. The
obvious disadvantage of the parent polymer [NPCl,], is turned around as



128 3 Cyclo- and Polyphosphazenes

its major advantage. Thus, by this method a number of poly(organophos-
phazene)s containing P-N or P-O linked side-chains have been assembled.
The replacement of the chlorine atoms by the nucleophiles (amines, alco-
hols or phenols) not only confers stability to the polymers so formed, but it
also provides an effective way for tuning the polymer properties.

Another important aspect of the macromolecular substitution reactions
on [NPCl,], is the importance of model compounds [31]. As noted above
nucleophilic substitution reactions on [NPCl,], are going to be complex
because of the large number of such reactions that have to occur per mole-
cule of the polymer. Because of this, often, it is more valuable to carry out
a study of nucleophilic substitution reactions on the small molecules viz.,
the six- or eight-membered rings N;P;Cls and N4P,Clg before carrying
them out on the polymer. Various factors such as ideal solvent for the nu-
cleophilic substitution reaction, reaction temperature and the time required
for complete substitution of the chlorine atoms can be assessed more easily
at the small molecule level. These conditions can then be adapted and ap-
plied to the more complex polymeric system. Apart from synthetic proce-
dures structural factors can also be assessed by the study of small mole-
cules. Also, full and unambiguous structural characterization is more
readily accomplished for the small cyclophosphazenes than the more com-
plex polyphosphazenes. Thus, cyclophosphazenes can be used as model
systems for the linear polyphosphazenes. It should, however, be noted that
polymer behavior in solution is far more complex than those of simple
molecules. The conformation and polymer structure in solution is likely to
be continuously affected as replacement of chlorines progresses with nu-
cleophiles. Furthermore, unlike in N3P;Clg, in [NPCl,], all the chlorines
will not be equally exposed to the nucleophiles. It is remarkable that in
spite of these inherent and basic differences between the small molecules
and the large polymers, the model approach has worked quite well with re-
spect to the cyclophosphazene—polyphosphazene system.

3.3.6.1 Limitations of the Macromolecular Substitution
Approach

The macromolecular substitution reaction has been very successful as noted
above and several hundred polyphosphazenes have been prepared using this
approach. However, there are two important limitations as noted below.

One, complete replacement of chlorine atoms from poly(dichloro-
phosphazene) is not possible with all nucleophiles. Thus, with sterically
hindered nucleophiles such as diethylamine, only partial replacement of
chlorines occurs. The remaining chlorines have to be replaced with other
less hindered substituents (see Eq. 3.54) [21].
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Cl NR', NR',

] HNR', N RXH | (3.54)
B . L B

cl a XR

R'= sterically bulky group

X =0orNH

R = sterically less hindered group

A very good example of the above behavior occurs with adamantyl con-

taining nucleophiles (adamantyl amine, adamantyl alcohol and adamantyl
methanol) [32]. Only partial replacement of chlorine atoms occurs even
when the adamantly group is separated from the rest of the molecule by a
spacer group (Fig. 3.37).

a0
NZ N 250°C ¢
CI\}ID Ill_’/CI ‘[-N:P+
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o’ N7 \CI Molten state al

NH,R NaOCH,R

NaOR
-HC -NaC!
Il\lHR CIJR (l)CHzR
fett frec: frert
| In | Jn | In
Cl Cl Cl
NaOCH,CF3 NaOCH,CF5 NaOCH,CF5
-NaCl -NaCl! -NaCl

NHR R OCHR
N=p— N=p— N=p—
OCH,CF4 OCH,CF; OCH;CFs|
n n

Fig. 3.37. Reactions of [NPCl,], with sterically hindered adamantyl nucleophiles

The second limitation of the macromolecular substitution reaction is
that it cannot be applied for the preparation of polyphosphazenes contain-
ing P-C bonds.

Reactions of Grignard reagents or alkyllithium reagents with [NPCL,],
are not useful in generating [NPR,], because of chain-degradation reac-
tions. The lone pair of electrons at nitrogen interferes in the reactions with
RMgX or RLi, by involving in coordination to the metal ion (Fig. 3.38)
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[22]. 1t is speculated that such interactions weaken the chain, causing the
formation of oligomers. Thus, the reaction of [NPCl,], with Grignard re-
agents, RMgX, affords chain-degraded products (Fig. 3.39) [2]. The cyclic
rings N;P;Clg and N,P,Cls themselves undergo ring degradation in their
reactions with Grignard or alkyl(aryl)lithium reagents.

g o o
—N=P—N—=P—N=P—
..l
cl l o
M

Fig. 3.38. Interaction of the lone pair of electrons on the phosphazene backbone
with the metal ion of the Grignard or alkyllithium reagent

RMgX

% S
aoeds 7 e
Ci Cl

o7 0 Rex
ofhte e
cl R cl cl
Fig. 3.39. Chain degradation in the reaction of [NPCl,], with Grignard reagents

Poly(difluorophosphazene), [NPF,],, which contains the electron-with-
drawing fluorine atoms on the phosphorus center would be expected to re-
duce the electron density at the nitrogen centers. This would inhibit the
ability of nitrogen atoms in the polymer chain to engage in an interaction
with metal ions. Consequently, this feature should facilitate normal reac-
tions and (especially) prevent chain scission. Accordingly, in the reaction
between [NPF,], with phenyllithium normal replacement reactions occur
up to about 70-75% of fluorine replacement. It is only after this stage that
chain scission occurs (see Eq. 3.55) [21].

7 PhLi v,

N=P —{-(N:P)—(N:PH»
1 In | /T
F Ph F

(3.55)

It is to be noted that a similar reaction of phenyllithium with [NPCl,], leads
to chain scission almost as soon as the reaction commences (see Eq. 3.56).
% i 3.56
-LN:FL]» ﬂu—> Ring degraded products. ( )
&'
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However, (NPF,), is a particularly difficult polymer to be used for rou-
tine macromolecular substitution reactions. This is because of the tedious
nature of its preparation as well as the fact that it is soluble only in fluori-
nated solvents. Thus, the preparation of poly(alkylphosphazene)s and
poly(arylphosphazene)s requires a completely different approach. This is
accomplished by adopting the approaches outlined later.

3.3.6.2 Summary of Macromolecular Substitution Reactions

1. The linear polymer [NPCl,], is very reactive and undergoes
hydrolysis in moist air to afford ammonium chloride and
phosphoric acid.

2. The reactions of [NPCl,], with many nucleophiles such as
amines, alkoxides and aryloxides occurs with replacement of
chlorines to afford [NP(NHR),],, [NP(NR,),], and
[NP(OR),],. Most of these polymers are hydrolytically more
stable than the parent polymer. It is advantageous to perform
the nucleophilic reactions first on the cyclic model compound
N;P;Clg before implementing these on the polymeric system.

3. Reactions of [NPCl,], with sterically hindered nucleophiles
do not lead to complete replacement of chlorines. The par-
tially substituted polymers can be further reacted with an ap-
propriate nucleophile such as trifluoroethoxide to afford chlo-
rine-free polymers.

4. Reactions of [NPCl,], with Grignard reagents or with al-
kyl/aryllithium reagents leads to chain-scission products. On
the other hand, reactions of [NPF,], with phenyllithium leads
to about 75% substitution of fluorines without chain scission.

3.3.7 Preparation of Polyphosphazenes Containing P-C Bonds
by Thermal Treatment of Phosphoranimines

As mentioned in the previous section, poly(dichlorophosphazene) [NPCl,],
can not be used as a precursor for the preparation of poly(alkyl-) or
poly(arylphosphazene)s. This is due to the chain-scission reaction suffered
by [NPCL;], upon reaction with Grignard reagents or alkyl- and aryllith-
ium reagents. The methodology for preparing polyphosphazenes that con-
tain the P-C bonds is dependent on the condensation reactions of the N-
silylphosphoranimines, Me;SiN=PR,X, by the elimination of Me;SiX.
Thus, one of the first examples of the successful implementation of this
synthetic route consisted in the preparation of poly(dimethylphosphazene)
[14, 33]. The synthetic methodology consists of the following steps:
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1. Preparation of the silylaminophosphine  derivatives,
(Me;Si),NPR;. Note that these compounds already contain the
“R” groups that are eventually required in the polymer.

2. Oxidation of (MesSi),NPR, to the N-silyl-P-halogeno-
phosphoranimines (or simply the monophosphazenes),
Me;SiN=PR,Br. These derivatives themselves were initially
found to be unsuitable as monomers for the preparation of
polymers (as we will see slightly later such compounds contain-
ing P-Cl bonds such as Me;SiN=PR,Cl can be polymerized by
the use of PCl; as an initiator).

3. Conversion of Me;SiN=PR,Br to the corresponding tri-
fluorethoxy derivative, Me;SiN=PR,(OCH,CF;).

4. Thermal treatment of Me;SiN=PR,(OCH,CF;) results in the
elimination of Me;SiOCH,CF; and to the formation of the high
polymer [NPMe;],..

This sequence of reactions is shown in Fig. 3.40.

MesSi,  Cl  MeMgBr  MegSi,  Me B Messi,  Frer

ONR —————— R —— R
MesSi ct MesSi Me MesSi”  yoBr

-Me3SiBr
Me Me
l _ 190°Cdoh | ROH/Et3N o
N=P MesSIN=P—OR <«——————  Me;SIN=P—Br
n -
-Me,SIOR Yo EtsNH.Br e
R= CH20F3

Fig. 3.40. Preparation of poly(dimethylphosphazene)

Thus, the initial reaction of bis(trimethylsilyl)amine HN(SiMe;), with
nBuli followed by PCly affords the silylaminodichlorophosphine
CLP(N(SiMes),). Replacement of both the chlorines from this compound
by methyl groups (by means of the reaction with a Grignard reagent) af-
fords the dimethyl derivative Me,P(N(SiMe;),). Oxidation of the latter
with Br, affords the compound Me;SiN=PR,Br where the NSiMe; group is
formally connected to the phosphorus by a double bond. This compound is
converted to the trifluoroethoxy derivative Me;SiN=PR,(OCH,CEF;).
Elimination of Me;SiOCH,CF; from Me;SiN=PR,(OCH,CF;) occurs by a
thermal treatment of this monomer at 190 °C to afford the linear polymer
[NPMe;],. In these polymers there is a direct P-C bond. Interestingly, heat
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treatment of the N-silyl-P-fluorophosphoranimines Me;SiN=PR,F results
in the elimination of Me;SiF, but leads to the formation of cyclic deriva-
tives. Polymers could not be obtained in this reaction (Fig. 3.41). A similar
result has also been found with the chloro and bromo derivatives.

e l\llle
Me\ /Me Me—P=N—P—Me

e A Zh NN

+
Me;Si—N—P—F ————F——> Me_| Il __Me |

| -Me;SiF Px P Me—P—N=P—M
Me Me” \N/ \Me ° | | °

Me Me

Fig. 3.41. Formation of N;P;Mes and N,P;Meg upon thermolysis of
Me;SiNP(Me),F

In general the aminophosphines, N(SiMe;),PR, can be prepared by the
reaction of the Grignard reagent with the corresponding dichloro deriva-
tive, N(SiMe,),PCl, (see Eq. 3.57).

Me;Si, Gl 2RMgBr Me;Si, R (3.57)
N—F. _ N—P.

AN AN
MesSi” cl MesSi” R
R = Me, Et, n-Pr, n-Bu, n-hex

Mixed alkyl derivatives containing one alkyl group and one methyl
group can be prepared by first reacting N(SiMes),PCl, with RMgBr fol-
lowed by reaction with MeMgBr (see Eq. 3.58).

Me;Si e RMgCl Me;Si R MeMgBr Me3Si R (3 5 8)
—P, _ N—P. _ N—F
./ N\ or / N\ / N
Me3Si @3] RLi Me3Si Ct Me,Si Me

R = Me, Et, n-Pr, n-Bu, n-hex

In a similar manner the mixed phenyl/methyl derivative can also be pre-
pared (sce Eq. 3.59).
MesSi__,  PhPCL  MegSi,  Ph  MeMgBr  MegSi Ph (3.59)

NG — o N— - . N—F

P
. N
Me;Si Messi” i Me,Si” Me

Recently, the need to use bromine has been avoided [33]. Chlorination
of the silylaminophosphines with C,Cls converts them to the phos-
phoranimines with P-Cl end groups. These can be converted to the corre-
sponding phenoxy or trifluoroethoxy derivatives which can be polymerized
by thermal treatment. With the former, sodium phenoxide is required as an



134 3 Cyclo- and Polyphosphazenes

initiator for the polymerization. It should be noted that the thermolysis of
other phosphoranimine alkoxides such as Me;SiNPR,OMe does not lead to
the formation of linear polymers (Fig. 3.42).

MesSi, R CyCl R LIOPh R
N—R( | T MegSiN=P—Cl —— MeasiN:Fl’—OR"
Me;Si R -C,Cl & or R
CF3CH,OH/ELN
R
Me;SiN==P—OR" —LN-—PAJ-
e -R"OSiMe,

R" = Ph; CH,CF5

R =R'= Me, Et, nPr, nBu, nhex
R =Me, R'=Ph

R =Me; R' = Et, nPr, nBr, nhex

Fig. 3.42. Preparation of [NPRR ],
On the other hand, the chlorophosphoranimine Me;SiN=PR,ClI can be

polymerized directly by using PCl; as an initiator. This is similar to the po-
lymerization of Me;SiNPCl, that we had seen earlier (see Eq. 3.60).

R R 3.60
MegsiN:I:D—Cl 2 *[*N:I:D‘]: (3.60)
R R

The phosphoranimine approach can also be used to prepare poly-
(fluoro/aryl)phosphazenes (see Eq. 3.61) [34].

i PClg fn NaOCH,CFy (3.61)
F—P=N—SiMe, ‘{—IT:N _ P—N+
F F OCH,CFy

Another unique feature of this polymerization is that using this method-
ology genuine copolymers can also be prepared. Thus, taking advantage of
the nearly identical rates of polymerization of various alkyl/aryl phos-
phoranimines, if one takes a 1:1 mixture of two different phos-
phoranimines and heats them together one obtains a copolymer (see Eq.
3.62) [33].

R M
| Me _ heat e (3.62)
mMe;Si—N—=P—OR’ + nMe;Si—N—=P—OR" +N—— ‘}—{—N— ‘}—
| | MessIOR
R Me
R" = Ph, CH,CF;

R,R' = alkyl, aryl
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The poly(alkyl/arylphosphazene)s prepared by the above method have
molecular weights between 50,000 to 200,000 with a polydispersity index
of 2.0. The solubility of these polymers seems to depend on the type of
substituents present on the phosphorus. Thus, [NPMe;], is soluble in di-
chloromethane, chloroform, ethanol as well as a 1:1 mixture of THF and
water. In contrast, [NPEt,], is virtually insoluble in any organic solvent.
However, upon protonation with weak acids [NPEt,], becomes soluble. It
has been speculated that protonation destroys the crystallinity of this poly-
mer and enables its solubility. Poly(methylphenylphosphazene),
[NP(Me)(Ph)], is also soluble in a large number of organic solvents such
as chlorinated hydrocarbons as well as THF [33].

Attempts to unravel the mechanism of the thermolysis polymerization of
the phosphoranimines have suggested that it does not proceed by a step-
growth polymerization. Thus, quenching the reaction at the stage of about
20-50% completion of the reaction and analyzing the products reveals the
presence of medium-molecular-weight polymers. It may be recalled that in
typical step-growth polymerization processes the molecular weights of the
products do not increase dramatically till about 90-99% completion of the
reaction. In view of this, a chain-growth mechanism is presumed probably
initiated by the heterolytic cleavage of the P-X bond. In this respect the
mechanism of polymerization probably is similar to that discussed for the
ambient temperature polymerization of Me;SiNPCl;. The possibility of cy-
clic intermediates such as N;P;Meg or NyP,Meg is ruled out. It may be re-
called that if N;P;Meg is independently thermolyzed, polymerization is not
achieved; ring expansion to higher membered rings, however, occurs.

Another type of polymerization of the N-silylphosphoranimines occurs
by anionic polymerization. Thus, monomers such as Me;SiNP(OR"),(OR?)
can be polymerized by the use of initiators such as BuyNF to afford poly-
mers [NP(OR'),], (see Eq. 3.63) [23]. Polymers with molecular weights
(M,) in excess of 100,000 are achieved.

oR" Bu,NF OR1 (3.63)
[ 2 10°C
MesSi—N=P—OR N——
1 -Mey S|0R2
OR OR1

OR' = OCH,CH,OCH; or OCH,CH,0CH,CH,0CH,4
OR? = OCH,CF3
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3.3.7.1 Summary of the Thermal Polymerization of N-
Silyiphosphoranimines

1. A variety of N-silylphosphoranimines Me;SiNPRR X can be read-
ily prepared and used as monomers for preparing poly-
phosphazenes.

2. If the leaving group X = OCH,CF; or OPh, polymerization can be
achieved by heating the monomers between 190-220 °C. The ther-
molysis reaction leads to the elimination of the silyl ether Me;SiX.
If X =F, Cl or Br, thermolysis reaction does not lead to polymeri-
zation. However, if X = Cl, by the use of PCl; as the initiator, am-
bient temperature cationic polymerization can be achieved.

3. The poly(alkyl/arylphosphazene)s prepared by the thermolysis of
Me;SiNPRR'X have high molecular weights between 50,000-
200,000, a PDI of 2.0 and in general have good solubility in com-
mon organic solvents.

4. The mechanism of the polymerization is believed to proceed by a
chain-growth mechanism which is initiated by the heterolysis of
the P-X bond.

5. Copolymers of the type[ {(NP(R")(R® )}X{NP(R3)(R4)}Y]n can be
prepared by thermolyzing a 1:1 mixture of Me;SiNP(R')R*X and
Me;SiNP(R*)(R*)X.

6. Monomers of the type Me;SiNP(OR'),(OR?) can be polymerized
by using anionic initiators such as BusNF.

3.3.8 Modification of Poly(organophosphazene)s

Many poly(organophosphazene)s can be modified without chain scission.
Thus, it is possible to carry out conventional organic reactions on the side
groups (substituents) of the polyphosphazene backbone. This is an impor-
tant feature that allows claboration of polyphosphazenes into many new
types of polymers. A few examples are given below to illustrate this prin-
ciple.

3.3.8.1 Polyphosphazenes Containing Phosphino Ligands

Polyphosphazenes containing phosphino ligands can be prepared as shown
in Fig. 3.43.

Reaction of [NPCl,], with the sodium salt of p-bromophenoxide affords
[NP(OC¢Hy-p-Br),],.. Lithiation of this polymer followed by reaction with
PPh,Cl affords the phosphine-containing polyphosphazene [NP(OC¢Hy-p-
PPh,),], which can be considered as a polymeric ligand. A modification of



3.3 Polyphosphazenes 137

this approach involves the substitution of chlorines on [NPCl,], by sodium
phenoxide followed by reaction with the sodium salt of p-bromophenoxide
to afford the mixed polymer [NP(OPh)(OC¢H4-p-Br)],.. This can be treated
as above with r-butyllithium. Only the bromo substituents are affected.
Both the polyphosphazene phosphino ligands as well as metal-containing
polyphosphazenes can be made by this route. The ratio of phenoxide/p-
bromophenoxide can be modulated to afford the desired loading of
phosphino ligands. The phosphine ligands can be used to link transition
metals to generate coordination/organometallic complexes. Such deriva-
tives can be used in catalysis.

¢ NaO—O—Br —O—pr e Q—u
N=PT = —P-P — = PJr
el —@—Br o—@—u
NaO—O)—B8
? ' Ph,PC
2. NaO—O
0—O—sr nBuLi 0—O—PPh,
bl +~-P+ frett
0—O)—PPh,
CIAUPPhy PPh,CI
O—@—AuPPh3 O—@—Pth

fr=it fnett
o) )

Fig. 3.43. Polyphosphazenes containing phosphino ligands

3.3.8.2 Polyphosphazenes Containing Carboxy Terminal
Groups

Polyphosphazenes can be modified to incorporate new functional groups.
Thus, for example polyphosphazenes containing carboxy groups can be
obtained by the methodology shown in Fig. 3.44.

The reaction of polydichlorophosphazene, [NPCl,],, with NaO-C¢Ha-p-
COOEt affords [NP(O-C¢Hs-p-COOEL),],. Hydrolysis of this polymer with
BuOK does not cause chain scission but affords stable polymers contain-
ing COOH end groups, [NP(O-C¢Hy-p-COOH),],.. Interestingly, such a
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polymer upon treatment with metal salts can lead to a crosslinked hy-
drogel.

‘[- _?"L NaO—O)— COOEt I ;@—COOEt
N=P N=P
o—@—cooa

_[_N:’L _}_ {BUOK
n

coor o—@—COOH
12 JF —
Ca T Neco,
€00 ) Ca?? o—C}—COOH
JrN:TJrn

Crosslinked hydroge!

Fig. 3.44. Polyphosphazenes containing carboxyl end-groups

3.3.8.3 Polyphosphazenes Containing Amino or Formyl End
Groups

OPh OPh

4[_N_'_L NaOPh [ —(N—S)T{sz)—]n4> HN—?}FT(N (::>—_1@—CHO

NaO~<O-NO, RNH,
OPh O—@—CH—NR
‘HN—PHN———PH ‘KN—PHN PH
Y n x Y n
OPh
H,/PIO,
oPh o—@— oo _ oPh o—C}—N—CHR
I
OPh  OPh OB O

Fig. 3.45. Preparation of polyphosphazenes with Schiff base linkages
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Another example of the derivative chemistry of polyphosphazenes is illus-
trated by the preparation of polyphosphazenes containing reactive func-
tional end groups such as the amino or the formyl functional groups (Fig.
3.45). It can be readily appreciated that such functional groups can be fur-
ther elaborated. Thus, polyphosphazenes containing Schiff base linkages
can be prepared. The protocol consists of reacting poly(dichlorophos-
phazene), [NPCl,],, with sodium phenoxide followed by sodium salt of p-
nitrophenoxide to afford a polyphosphazene containing some nitro end
groups. The nitro groups can be reduced to amino end groups by standard
organic reaction procedures. The amino groups thus generated are now
available for reaction with aldehydes to afford polymers with Schiff base
linkages. This procedure can also be carried out by first putting the formyl
groups on the polymer backbone followed by utilizing these functional
groups for condensation with amines to afford polymers with Schiff base
linkages (Fig. 3.45).

3.3.8.4 Polyphosphazenes Containing Glucosyl Side Groups

Na H 0
H 0 0 o H
<|:| %0 o H
N:;ln H ’ [0}
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& -NaCl ﬁ/
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Ho v 90% CF,COOH O o H
OH OH H o
H OH H o \ _
L NHCH; I, L NHCH; s

Fig. 3.46. Polyphosphazenes with glucosyl side-groups

Complex polyphosphazenes containing glucosyl side-groups have been
prepared (Figs. 3.46-3.47) [35]. The multifunctional nature of the glucose
reagents implies that some of these reactive groups have to be protected
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before a reaction is attempted. Thus, the sodium salt of diacetone glucose
is allowed to react with poly(dichlorophosphazene) to replace the chlorine
atoms partially. The partially substituted polymer is fully relieved of its
remaining chlorines by reaction with methylamine (or even with an arylox-
ide such as phenoxide). The resulting polymer can be treated with 90%
CF;COOH to afford the deprotected glucosyl units as side-chains (Fig.
3.46). Crosslinking of the glucosyl groups either by radiation or by reac-
tion with hexamethylisocyanate affords a crosslinked hydrogel (Fig. 3.47).
It is important to once again note the robust nature of the polyphosphazene
backbone that survives so many reactions carried out on the side chains.

Polymer
HO ' HO
H H
H A H
Ho H * Ho H
OH OH OH OH
H OH H OH
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OCN{CH,)gNCO

(e}
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HO—~H 97T N
H—C H o} H oy

Polymer———|-0O Polymer

HO—KH O HO
HO H

Fig. 3.47. Chemical crosslinking of polyphosphazenes with glucosyl side-groups

3.3.9 Modification of Poly(alkyl/arylphosphazene)s

Many types of modifications can be done on poly(alky/arylphosphazene)s
[14, 23, 33]. The most common modification involves deprotonation of the
methyl side-groups. This can be accomplished by deprotonation by n-
butyllithium to afford a polymer containing a carbanion in its side-chain.
Such a carbanion can be quenched with any suitable electrophile to afford
modified polymers. This could include reactions with reagents containing
chloro end-groups such as RMe,SiCl, aldehydes or esters. These reactions
are shown in Fig. 3.48.
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Fig. 3.48. Modification of [NP(Ph)(Me)],

The polymer containing the carbanion can also be used to polymerize
the six-membered hexamethylsiloxane by ROP. The result is the genera-
tion of a graft copolymer where the siloxane polymer chain is present as a
graft on the main polyphosphazene side-chain (Fig. 3.49).

Me_ . /Me
_Sisy
1. Me ] D me

Siv.__Si{
||:'h Th Me/ Me Th ||3h
J-n=pHN=P +-N=pHN=P+
Yy _ Y
CH;  CHali 2. MeySiCl CH; CH

|
[Me,Si— OtSiMeg

Fig. 3.49. Grafting of polysiloxane on the side-chain of a polyphosphazene by the
reaction of a carbanion with [Me,SiO],

1, CHZ-C(Ph)H

bl bbbl
CH3 CH die CH3 (|)H2

[CH,- c—]—H
Ph

Fig. 3.50. Grafting of polystyrene on polyphosphazenes
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The polymer carbanion can also be used as an anionic initiator for po-
lymerizing a conventional organic monomer to generate a poly-
phosphazene-co-organic polymer (Fig. 3.50). The polystyrene graft co-
polymer prepared as shown above is actually separated into the individual
polystyrene and polyphosphazene phases. This is found by the detection of
two separate T, s at +100 °C and +37 °C.

A more homogeneous methyl methacrylate graft copolymer can be pre-
pared by a similar methodology (Fig. 3.51).

Ph

+N— HN—P + CH,=CPh, +N_’:: N_':D +

CH3 CHZ Ll H3 CHchchhz Ll

1. CH,=C(Me)COOMe
2. 0t

T N
CH3 CHZCHZCPh;{-CHz c+H
CooMe

Fig. 3.51. Grafting methyl methacrylate on polyphosphazene

3.3.10 Structure and Properties of Polyphosphazenes

3.3.10.1 X-ray Diffraction Studies

X-ray data for a few representative polyphosphazenes are summarized in
Table 3.6 [1-2].

Table 3.6. X-ray data for a few selected polyphosphazenes

Polymer Polymer Bond distance (A)  Bond angles (°)
conformation P=N P-X NPN PNP
[NPCL;], cis-trans-planar 1.52 1.96 118 141.5
[NPCL], cis-trans-planar 1.44, 1.97, 115 131
1.67 2.04
[NPF,], cis-trans-planar 1.52 1.47 119 136
[NP(CH),), cis-trans-planar 1.59, 1.80 112.5 135.9
1.56

[NP(#nP1),], cis-trans-planar 1.59 1.80 114.2 132.6
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The number of polyphosphazenes that have been studied by X-ray dif-
fraction are not very large. However, these studies have been quite infor-
mative. Two different measurements on [NPCl,], revealed difference in
metric parameters, although the main structural features are similar. Most
polyphosphazenes seem to adopt the cis-trans-planar conformation over
the trans-trans-planar conformation. Steric repulsion between the sub-
stituents present on phosphorus is minimized in the cis-trans planar con-
formation. Thus, if one considers a P2-N3 bond (bond labeled A, Fig.
3.52) as a reference, the disposition of the immediate back-bone substitu-
ents atoms N1 and P4 are cis with respect to each other. On the other hand,
with respect to the adjacent N3-P4 bond (bond labeled B, Fig. 3.52), the
disposition of the backbone substituents P2 and N5 are frans with respect
to each other. Thus, the stereochemical orientation of the polymer chain al-
ternately varies from cis to trans.

R R
3 R,
R R R R R R RGLA g b=
Mo Fe ¥ BN YN
N2 PN AN N 7Y 5
N N N N 1 R é
Trans-trans-planar Cis-trans-planar

Fig. 3.52. Trans-trans-planar and cis-trans-planar conformations of polyphos-
phazene chains

In polymers such as [NP(Me)(Ph)], where the possibility of stereoregu-
lar polymers exists (recall polypropylene) atactic structure has been found.
Most poly(alkyl/phenylphoshazenes) are amorphous which is consistent
with their atactic structures.

The P-N bond distances seem to be constant along the polymer chain al-
though in the case of [NPCl,], both constant and alternate P-N bond dis-
tances have been found in different studies. All the polymers are character-
ized by wide bond angles at nitrogen.

3.3.10.2°%'P NMR

The phosphorus NMR chemical shifts of a few selected polyphosphazenes
are given in Table 3.7. Usually slightly broad signals are seen in the NMR
spectrum of the polymers because of the increase in viscosity when poly-
mers are dissolved in solution. The >'P-NMR chemical shifts of polyphos-
phazenes indicate that these are about 20-30 ppm upfield shifted with re-
spect to the cyclic trimers. The cyclic tetramers have intermediate
chemical shifts (entries 1, 2, 5, 8, 11 in Table 3.7). In polyphosphazenes
containing mixed substituents the >’P-NMR chemical shifts are diagnostic
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of the type of groups present. For example, in polymers
[(NPCL,),(NP(C1)Me)] the S6PCl, resonates at -19.8 ppm while another
resonance at +10.2 ppm is seen which is assigned to the phosphorus that
contains one methyl and one chlorine substituent (3P(Cl1)(Me)), respec-
tively.

Table 3.7. *'P-NMR chemical shifts for some selected polyphosphazenes

S.No Compound ppm
1 [NPClL], -20.0
N,P,Clq 6.5
N;P;Cl, +19.3
2 [NP(OCH»);], -6.0
NP,(OCH,)g +2.8
NP3 (OCH,)g +21.7
3 [NP(Me)(Ph)], +1.8
4 [NPMe,], +8.3
5 [NP(OCH,CF5),], -10.0
N,P,(OCH,CF,)s 2.0
N3P3(OCH,CF)s +16.7
6 [NP(OCH,CH, OCH),], 8.0
7 [NP(OCH,CH,OCH,CH,0CH;),], 7.7
8 [NP(OPh), ], -19.7
N,P,(OPh)g -12.6
N3P5(OPh)s +8.3
9 [NP(OC6H4-p-BI')2]n -19.7
10 [NP(O-C¢H,- p-COOH),], 194
11 [NP(NHMe),], +3.9
N4P4(NHMe)g +12.2
N3P3(NHM€)6 +23.0

12 [(NPCL)(NP(C)Me)], 21.0(3PCL)

+10.2[8P(C1)(Me)]
13 [(NPCL),(NP(CDED)], -19.8(3PCly)
+17.4[8P(CI)(Et)]
14 [NP(OCH,CF3), (NP(OCH,CF;3)(Ph)], -8.2[P(OR),]

+5.6[P(R)(OR)]

3.3.10.3 Molecular Weights

As mentioned in previous sections, the molecular weights determined for
[NPCl,], obtained by ROP of N3P;Clg are in the range of 10° with a PDI
greater than 2. The PDI’s become better for [NPCl, |, obtained from ambi-
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ent temperature cationic polymerization of Me;SiN=PCl; and achieve a
value of mnearly 1.01 [21]. It has been observed that
poly(organophosphazene)s obtained by macromolecular substitution retain
more or less the same chain lengths as the parent polymer. This indicates
that the polymer does not suffer chain degradation during the process of
macromolecular substitution. This, of course, is not true in the reactions of
[NPCL,], with Grignard reagents or alkyl/aryllithium reagents.
Poly(alkyl/arylphosphazene)s have molecular weights in the range of 50-
200,000 with a molecular-weight distribution of 2.0.

3.3.10.4 Solubility Properties

The solubility properties of polyphosphazenes depend on the type of sub-
stituents present on the phosphorus centers. Poly(dichlorophosphazene),
[NPClL,}, is soluble in a variety of organic solvents including THF, ben-
zene, toluene etc. On the other hand, poly(difluorophosphazene), [NPF,],
is soluble only in fluorinated solvents such as perfluorodecalin or per-
fluoro-2-butyl-THF. While polymers such as [NP(OCH,CF;),], are ex-
tremely hydrophobic and are only soluble in organic solvents, polymers
with etheroxy side-groups such as [NP(OCH,CH,OCH,CH,0CHj;),], are
soluble in organic solvents as well as water. Thus, placing hydrophobic or
hydrophilic groups on the side-chain of the polyphosphazene transfers
these properties to the polymer.

Among poly(aminophosphazene)s, [NP(NHCHs;),], is soluble in organic
solvents as well as water. Among poly(alkyl/arylphosphazene)s, while
[NPEt,], is totally insoluble and can be solubilized only by the use of ini-
tial protonation, other polymers such as [NPMe,], and [NP(Me)(Ph)], are
soluble in organic solvents. Poly(dimethylphosphazene) [NPMe;], is also
soluble in a 1:1 mixture of THF and water. It is however, insoluble in wa-
ter [21, 33].

3.3.10.5 Hydrophobic and Hydrophilic Properties

Since the parent polymer poly(dichlorophosphazene) is hydrolytically un-
stable, it is difficult to assess its properties in terms of hydrophobicity or
hydrophilicity. The presence of nitrogen atoms (with lone pair of elec-
trons) in the backbone of polyphosphazenes suggests that intrinscally
polyphosphazenes would be inclined to be hydrophilic polymers. The lone
pair on the nitrogen atoms assists polymer solvation by polar solvents par-
ticularly by those that can participate in hydrogen bonding (solvents such
as water or alcohols). However, the actual situation would depend on the
substituents on phosphorus also. If the substituents can augment the intrin-
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sic nature of polyphosphazenes the polymers would be hydrophilic. On the
other hand, if the substituents have opposite eftects the results could be
different. Thus, polyphosphazenes containing various side-groups have
varying degrees of affinity towards water (Fig. 3.53).

l‘\lHMe ?CHzCHzOCHzCHzOCHs I"\IHCHZCOOEt I\|Ae
— :P+ — =
f=ed Prer =t =t
NHMe OCHzCH,OCH,CH,OCH; NHCH,COOEt Me
Hydrophilic Hydrophilic Hydrophilic Soluble in
(degrades in water) 50:50
water/THF
QCH,CFs QOCH,CFs oPh Ph
bt b el e
OCH,CF4 OCH,(CF;)3H OPh Me
Hydrophobic Hydrophobic Hydrophobic Hydrophobic

Fig. 3.53. Hydrophilic and hydrophobic polyphosphazenes

Polymers such as [NP(NHMe),],, and [NP(OCH,CH,OCH,CH,-
OCHs;),], are water-soluble and their hydrophilic properties clearly stem
from the presence of side-groups that can hydrogen bond in aqueous solu-
tions. The intrinsic hydrophilicity of the NH moieties in
poly(aminophosphazenes) [NP(NHR),], is overcome by the hydrophobic-
ity of the R groups, particularly when R becomes a large hydrocarbon en-
tity.

The hydrophobicity of polyphosphazenes can be assessed by contact an-
gle measurement experiments. Thus, this experiment measures the contact
angle made by a drop of water on a polymer film. In a hydrophilic polymer
film the water drop would very quickly smear out. For a typical hydropho-
bic polymer such as Teflon [CF,CF,],, a polymer formulation used in non-
stick kitchenware, the contact angle is 108°. In polyethylene this value is
94°. On the other hand, the contact angle for [NP(OCH,CF;),], is 108°.
This means that [NP(OCH,CFs),], is as hydrophobic as Teflon! The con-
tact angles measured for [NP(Me)(Ph)], is 73° indicating that the alkyl or
aryl groups do not shield the backbone nitrogens sufficiently well and al-
low their interaction with water.

3.3.10.6 Thermal Properties

Polyphosphazenes have diverse thermal properties, and as one would an-
ticipate these would also depend upon the nature of side-groups. Many
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poly(organophosphazene)s containing P-O and P-N linkages are known to
decompose or depolymerize at high temperatures around 300 °C. On the
other hand, poly(alky/arylphosphazene)s which contain P-C bonds are
more stable towards thermal treatment.

3.3.10.7 Glass Transitions and Skeletal Flexibility of
Polyphosphazenes

Polyphosphazenes are among the most flexible polymers known. This is
reflected in low glass transition temperatures (7,). Only below the glass
transition temperatures all conformational mobility is frozen and polymer
becomes a glass. The skeletal flexibility of polyphosphazenes seems to
arise from many factors.

1. The P-N bond distance in polyphosphazenes (av. 1.59 A) is
longer than C-C bond distances (1.54 A) found in organic
polymers. The longer bond distance would allow a greater
torsional freedom around it which would make the polymers
flexible.

2. Secondly, in polyphosphazenes only the alternate backbone
atoms (phosphorus) have substituents unlike in organic poly-
mers where every atom in the backbone has substituents.
More intermolecular space (free volume) is therefore avail-
able for the polyphosphazene chains.

3. The bond angles at nitrogen in the polymer chain are quite
wide.

4. The P=N double bond in the polymer chain is not similar to a
C=C double bond and it has been pointed out that even if the
postulate of prn-dm bonding is valid, the torsion of the P-N
bonds would allow several suitable d orbitals on phosphorus
to participate in T-bonding.

The glass transition temperatures for a few representative poly-
phosphazenes are given in Table 3.8.

The parent polyphosphazenes [NPF,], and [NPCl,],, have extremely low
glass transition temperatures of -95 °C and -66 °C respectively. This data
suggests that these polymers have a lot of torsional freedom or skeletal
flexibility. Only below the glass transition temperatures all the torsional
motion of the polymers is arrested.

Substituting the chlorines in [NPCl,], by alkoxy groups lowers the 7}’s:
[NP(OCH;),], ( -74 °C). This trend continues up to the n-butoxy derivative
[NP(OnBu),], (-105 °C). The presence of trifluoroethoxy groups or ether-
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oxy groups also helps to keep the T, lower: [NP(OCH,CFs),], (-66 °C);
[NP(OCH,CH,OCH,CH,OCHj),], (-84 °C).

Table 3.8. Glass-transition temperatures of various types of polyphosphazenes

S.No Compound T, (CO)
1 [NPCly]a -66
2 [NPF,], -95
3 [NP(NCS),], -57
4 [NP(OCHs)2]a -74
5 [NP(OCH,CHs)s]n -84
6 [NP(OCH,CH,CH;),], -100
7 [NP(OCH,CH,CH,CH;),], -105
8 [NP(OCH,Ph),], -31
9 [NP(OCH,CH,Ph),], -33
10 [NP(OCH,CH,CH,Ph),], -47
11 [NP(OCH,CH, OCH;),], -75
12 [NP(OCH,CH,0CH,CH,0CHj),], -84
13 [NP(OCH,CH,-0-CeHy-p-CeHap-I)]n +111
14 [NP(OCH,CF;3)}n -66
15 [NP(OCH,CF;CF3),]n -25
16 [NP(OCH,CH,0-C¢Hs-n*-Cr(CO)s), 1, +43
17 [NP(OCeHs)z1n -8
18 [NP(O-CeH4-p-CeHs), ), +93
19 [NP(O-C4H,-SiMes-p)a]n +27
20 [NP(O-C¢H,-Br-p), ], +44
21 [NP(NHCH;), ], +14
22 [NP(NHEt),], +30
23 [NP(NHCH,COOEH),], -23
24 [NP(NH(CH,);SiMe,0SiMe;), ], -67
25 [NP(NHCgHs)]n +91
26 [NP(NHA),(OCH,CF3), 1 +180

x=1.06; y=0.94
27 [NP(NHAd),(OCH,CF;),], +40
x=042;y=158
28 [NP(OAd)(OCH,CF5)], 46
x=08;y=1.2
29 [(NPCL,),NP(N=PCLy),], -37
30 [(NPCL,),NP(CI)(N=PCL,)], -4
31 [(NPFy); (NP(F)(Ph))]a -69
32 [NP(CHs):]n -46
33 [NP(Ph)(Me)], +37
34 [{NP(Me),} {NP(Me)(Ph)} ], -3

The 7,s of poly(aminophosphazenes) are higher than [NPCL,],. Thus,
[NP(NHCHj;),], has a T, of +14 °C. In the aniline derivative [NP(NHPh),],
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the glass transition temperature increases to +91 °C. While full replace-
ment of chlorines from [NPCL], by the sterically hindered adamantyl
amine does not occur, even the partially substituted polymer
[NP(NHAA),(OCH,CF3)y]s ( x = 1.06; y = 0.94) has a glass transition tem-
perature of +180 °C! This is one of the highest 7,’s known for a poly-
phosphazene.

The polyphosphazene [NP(Me),], has a T, of -46 °C. Replacing the
methyl groups gradually by phenyl groups increases the Tg:
[{NP(Me),} {NP(Me)(Ph)}], (-3 °C); [NP(Me)(Ph)], (+37 °C).

The T, s of a few selected polymers in their increasing order are given in
Fig. 3.54.

O(CH2 4CHs OCHzCFs <|3H3 OC6H5
I S SRR s
O(CH2)30H3 OCHZCFg CHs OCSH5
-105 °C -6 °C -46 °C -8°C
II\IHMe Th l|\lHPh II\IHAd
=Pt an o U S S e
NHMe Me NHPh OCH,CF;
+14°C +37°C +91°C +180°C

Fig. 3.54 Selected poly(organophosphazene)s in the order of their increasing 7T,

What is the relationship of the glass transition temperatures with the
structures of polyphosphazenes? Small-sized substituents on phosphorus
(such as chlorine or fluorine) aid in low T,’s. Thus,
poly(fluorophosphazene)s which contain small-sized fluorine substituents
(and because fluorines have very poor van der Waals interactions) have
very low T}’s.

Replacing the small-sized groups with larger sized ones always invaria-
bly leads to increase in 7,’s. Side-chains that themselves are flexible and
which create free-volume (meaning inefficient packing as a result of a ten-
dency not to crystallize well) also lead to low T,’s.

Groups that can bring about intermolecular alignment will tend to bring
more order and result in greater 7,’s. Thus, poly(aminophosphazene)s that
contain -NHR groups can have large intermolecular hydrogen bonding in-
teractions. This will result in decreased flexibility and increased T,. Thus,
the adamantylamine-containing polymer is the one with the highest 7,
measured for any polyphosphazene.
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3.3.11 Potential Applications of Polyphosphazenes

Polyphosphazenes are being viewed with interest with regard to various
kinds of applications [21]. Their special features such as backbone flexibil-
ity and the presence of inorganic elements in the backbone can give new
applications. Thus, the fluoroethoxy polymer [NP(OCH,CF),], has a T, of
-66 °C and is flexible up to this temperature. The copolymer
[NP(OCH,CF;)(OCH,(CF,);CF,H)], s flexible up to ~ -70 °C. These poly-
mers can be used in unconventional elastomeric applications where flexi-
bility at low temperatures is critical. The second advantage that polymers
such as [NP(OCH,CF;)(OCH,(CF,);CF,H)], possess is that unlike normal
organic polymers these are completely resistant to hydrocarbon fluids.
Several applications that can utilize these special properties are being ex-
plored.

As noted carlier the contact angle of [NP(OCH,CF;),], is comparable to
that of Teflon. Thus, many applications that require hydrophobicity can be
met by this class of polymers. In addition, polymers of this type have been
noted for their biocompatibilty. In view of this, [NP(OCH,CF3),], along
with [NP(OPh),], are being looked upon as candidates for body parts such
as cardiovascular parts or as coatings for pacemakers.

Another type of application can arise from the hydrolytic instability of
certain poly(aminophosphazene)s such as those that contain amino acid es-
ter side-groups (Fig. 3.55).

NHCH,COOEt NHCH(R)COOE
F=p =p

n n

NHCH,COOEt NHCH(R)COOEt

Fig. 3.55. Polyphosphazenes containing amino acid ester side-groups

Polymers [NP(NHCH,COOEt),], and [NP(NHCH(R)COOEt),], de-
grade slowly in biological media to afford innocuous by-products such as
ammonia, phosphate, amino acid and ethanol. These polymers are looked
upon for utility in drug-delivery or for soluble sutures. Polyphosphazenes
are also being investigated as fire-retarding additives to conventional
polymers such as polyurethanes. Many other types of applications can be
envisaged for this family of polymers. These can be achieved by appropri-
ate design of the polymeric system. Some of these have already been men-
tioned in the section on modifications of polyphosphazenes [21]. The im-
portant point to note is that unlike other polymeric systems it is easier with
polyphosphazenes to visualize an application and tailor the polymer ac-
cordingly. Two examples of this approach are shown below.



3.3 Polyphosphazenes 151

3.3.11.1 Polyphosphazene Solid Electrolytes

Transport of ions is facilitated through a medium which is known as an
electrolyte. This process leads to ionic conduction. Conventionally, the
electrolyte is a liquid which mediates ion-transport [36, 37]. However, in
recent years there is considerable interest in designing solids in general and
polymers in particular that can function as electrolytes. The main idea is
that if solids can be used as electrolytes, the weight and volume occupied
by the liquid electrolyte can be avoided. Several solids such as B-alumina
have been used as solid electrolytes.

It is more advantageous to use a polymer for such a purpose. The poly-
mer has the advantageous features of the solid (reduction in weight and
volume) while retaining the benefits of the liquid. Thus, the most impor-
tant advantage of the liquid electrolyte is that the electrodes (which are al-
most always solids) are always in contact with the electrolyte. If the elec-
trolyte is also a solid, this is a problem and perfect contact is an issue
particularly since charge-discharge cycles lead to change in electrode di-
mensions. This is to say that the shape of the electrodes is modified while
the device is being used and this can cause a problem. This is not a prob-
lem if the electrolyte is a liquid; irrespective of the change of shape, the
electrodes will be always in contact. But if the electrolyte is also a solid,
then retention of contact can be a major probiem.

Polymers can be cast into thin films and can be sandwiched between
electrodes. This will allow retention of contact since polymers are flexible
and can adapt to the dimensional changes that occur at the electrode.

Obviously all polymers cannot be used as electrolytes. They need to be
amorphous, have a large free-volume as indicated by low T,’s and should
possess donor atoms (such as oxygens) that can bind and transport the
metal ions. Poly(ethylencoxide), (CH,CH,0),, has been the most investi-
gated polymer for the purpose of electrolytes. Through its oxygen atoms in
the polymer backbone it can bind to various alkali and alkaline earth metal
1ons and the complexes formed have been shown to be semiconducting.
However, the room temperature conductivity of PEO-metal salt complexes
is quite low because PEO has a large crystalline phase.

Polyphosphazenes have an intrinsic skeletal flexibility and therefore can
be designed as polymer electrolytes. Reaction of
poly(dichlorophosphazene), [NPCl,],, with the sodium salt of methoxyeth-
oxyethanol affords the etheroxy-side-chain containing polymer (see Eq.
3.64).
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(3.64)

% RONa R
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R = —CH,CH,—0—CH,CH;0CH,

The polymer [NP(OCH,CH,OCH,CH,OCH;),}, is a completely amor-
phous polymer with a T, of -84 °C. This polymer as well as other related
polymers of the above type can be complexed with lithium salts such as
LiCF3SOs, LiBF,, LiClO, etc., to afford polymer-salt complexes. Essen-
tially the etheroxy side-chain-containing polymers act as solvents and the
metal salt dissolves in the polymer to afford a solid solution. The ionic
conductivities of such polymers are quite promising (10°-10* Sem™) [21,
38]. Such polymer-salt complexes have been shown to be semi-
conducting.

3.3.11.2 Polyphosphazenes with Second-Order Nonlinear
Optical Properties

Materials with unusual optical properties such as nonlinear optical proper-
ties (NLO) are of great interest from the point of view of developing new
optoelectronic materials. The nonlinear optical property is manifested in
the material by the conversion of light of frequency @ into light of fre-
quency 2®. In simple organic molecules this property has been shown to
arise from the presence of a donor and an acceptor group that are separated
from each other by a conjugated spacer group. Usually such molecules are
noncentrosymmetric. The advantages of these polymers such as their film-
forming capability and flexibility can be useful in incorporating NLO
properties. Thus, one possible approach that can be used for preparing
polyphosphazenes that contain NLO properties is outlined in Fig. 3.56.
This approach can be summarized as follows:

1. A suitable NLO-exhibiting organic molecule with a terminal
functional group such as NH, or OH needs to be prepared.

2. Reaction of such functional organic NLO groups with [NPCl,],
affords partially or fully substituted derivatives.

3. Such polymer molecules can be aligned by heating them up to
their T, temperatures. This is required so that the polymer mole-
cules are allowed full skeletal mobility, at which point of time
application of electrical field is applied so as to preferentially
orient the polymer molecules.

4. Examine if such polymers have special NLO properties.
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Fig. 3.56. Synthesis of polyphosphazenes containing NLO-imparting organic side-
groups

The acceptor part of the NLO motif is generally the NO, group, while
the donor is the amino or the etheroxy unit. These are separated by either a
CeH,CH=CHC4¢H,, C¢H,4 or C¢H;N=N-C¢H, spacer group. Polymers pre-
pared in this way have been shown to be amorphous and form optical qual-
ity films. Although these polymers showed second-order harmonic genera-
tion, this behavior decays after the removal of the electric field [39].

References

[V

Gleria M, De Jaeger R (eds) (2004) Phosphazenes - a world-wide insight.

Nova Science, New York

Chandrasekhar V, Krishnan V (2002) Adv Inorg Chem 53:159

Chandrasekhar V, Thomas KRJ (1993) Structure Bonding 81:41

Allcock HR (1972) Chem Rev 72:315

Allen CW (1994) Coord Chem Rev 120:137

Shaw RA, Fitzsimmons BW, Smith BC (1962) Chem Rev 62:248

Krishnamurthy SS, Sau AC, Woods M (1978) Adv Inorg Rad Chem 21:41

Elias AJ, Shreeve JM (2001) Adv Inorg Chem 52:335

Allcock HR (1972) Phosphorus-nitrogen compounds. Academic Press, New

York.

10. Heal HG (1980) The inorganic heterocyclic chemistry of sulfur, nitrogen and
phosphorus. Academic Press, New York

11. Allcock HR, Nelson JM, Reeves SD, Honeyman CH, Manners I (1997) Mac-
romolecules 30:50

12. Allen CW (1991) Chem Rev 91:119

13. Allcock HR, Desorcie JL, Riding GH (1987) Polyhedron 6:119

14. Neilson RH, Wisian-Neilson P (1988) Chem Rev 88:541

00N oL A W



154

3 Cyclo- and Polyphosphazenes

15.
16.

17.
18.
19.

20.
21.

22.

23.
24,

25.

26.

27.

28.
29.
30.
31.
32.
33.

34.
35.
36.
37.
38.

39.

Chandrasekhar V, Muralidhara MG, Selvaraj I (1990) Heterocycles 31:2231
Allcock HR (2004) General introduction to phosphazenes In: Gleria M, De-
Jaeger R (eds) Phosphazenes — a world-wide insight. Nova Science, New
York, pp 1-22

Chandrasekhar V, Nagendran S (2001) Chem Soc Rev 30:193

Chandrasekhar V, Thomas KRJ (1993) Appl Organomet Chem 7:1
Chandrasekhar V, Krishnan V (2004) Coordination chemistry of cyclophos-
phazenes In: Gleria M, De Jaeger R (eds) Phosphazenes — a world-wide in-
sight. Nova Science, New York, pp 827-852

Krishnamurthy SS, Woods M (1987) Ann Rep NMR Spectr 19:175

Allcock HR (2003) Chemistry and applications of polyphosphazenes. Wiley,
Hobolen, New Jersey

Mark JE, West R, Allcock HR (1992) Inorganic polymers. Prentice-Hall,
Englewood Cliffs

De Jaeger R, Gleria M (1998) Prog Polym Sci 23:179

De Jaeger R, Potin P (2004) Poly(dichlorophosphazene) from P-trichloro-N-
dichlorophosphoryl monophosphazene, CLPNP(O)Cl, In: Gleria M, De Jae-
ger R (eds) Phosphazenes — a world-wide insight. Nova Science, New York,
pp 25-48

Halluin GD, De Jaeger R, Chambrette JP, Potin P (1992) Macromolecules
25:1254

Allcock HR (2004) Ambient temperature cationic condensation synthesis of
polyphosphazenes In: Gleria M, De Jaeger R (eds) Phosphazenes — a world-
wide insight. Nova Science, New York, pp 49-68

Allcock HR, Crane CA, Morrissey CT, Nelson JM, Reeves SD, Honeyman
CH, Manners 1 (1996) Macromolecules 29:7740

Allcock HR, Ritchie RJ, Harris PJ (1980) Macromolecules 13:1332

Allcock HR, McDonnell GS, Desorcie JL (1990) Macromolecules 23:3873
Cho Y, Baek H, Soh YS (1999) Macromolecules 32:2167

Allcock HR (1979) Acc Chem Res 12:351

Allcock HR, Krause WE (1997) Macromolecules 30:5683

Wisian-Neilson P (2004) Poly(alkyl/arylphosphazenes) and their derivatives
In: Gleria M, De Jaeger R (eds) Phosphazenes — a world-wide insight. Nova
Science, New York, pp 109-124

Nelson JM, Allcock HR, Manners 1 (1997) Macromolecules 30:3191

Allcock HR, Pucher SR (1991) Macromolecules 24:23

Ratner MA, Shriver DF (1988) Chem Rev 88:109

Chandrasekhar V (1998) Adv Polym Sci 135:139

Allcock HR, Sunderland NJ, Ravikiran R, Nelson JM (1998) Macromolecules
31:8026

Allcock HR, Dembek AA, Kim C, Devine RLS, Shi Y, Steier WH, Spangler
CW (1991) Macromolecules 24:1000



4 Cyclophosphazene-Containing Polymers

4.1 Introduction

In the previous chapter we have seen inorganic polymers that contained a
[P=N] backbone. These polymers can be prepared by two principal meth-
ods.

1. Ring-opening polymerization of monomers such as N;PyClg or
N;P;CLIsR to the corresponding linear polymers followed by replace-
ment of chlorines on the macromolecules by a variety of nucleophiles
to afford polymers that contain P-O or P-N linked side-chains.

2. Catalytic or uncatalyzed polymerization of various kinds of N-
silylphosphoranimines  such as Me;SiNPCl;, Me;SiNPRRX
(X=OCH,CF3, OPh, Cl). This method is the most important route for
the preparation of poly(alkyl/arylphosphazene)s.

K /G R\ /R R\ /R
PIAN N/’P\N N//P\
RO IR G\F|> llla/G\I In,G

N X~ ~
AN KON RN
1 2

3

Fig. 4.1. Different kinds of cyclophosphazene-containing polymers



156 4 Cyclophosphazene-Containing Polymers

In this chapter we will examine polymers that contain intact cyclophos-
phazene units [1-4]. Examples of these kinds of polymers are shown in
Fig. 4.1.

Polymer 1 (Fig. 4.1) is essentially an organic polymer containing a car-
bon backbone. We have seen in Chap. 2 that several types of organic poly-
mers could be prepared by polymerizing vinyl monomers of the type
CH,=CHG by various types of initiators (see Eq. 4.1). The polymer prop-
erties could be varied significantly by change of the group G. Thus, for ex-
ample, polystyrene prepared by polymerizing styrene (G = Ph) has com-
pletely different properties than poly(vinylchloride) prepared by
polymerizing vinylchloride (G = Cl). In polymer 1, the G group is an intact
cyclophosphazene unit. These polymers are potentially very promising be-
cause the type of cyclophosphazene group that can be appended to the or-
ganic backbone can be varied considerably and hence the properties of the
resulting polymers can also be accordingly varied.

Free-radical (4' 1 )

or
CH,——CH CH,~—CH
z C|5 lonic initiators —{ (13 _}:

Polymer 2 (Fig. 4.1) is an example of a condensation polymer where a
difunctional cyclophosphazene can react with an organic or an inorganic
difunctional reagent to afford a linear polymer. These polymers contain the
cyclophosphazene ring as a repeat motif in the polymer backbone. These
polymers have also been termed cyclolinear polymers. In this type of poly-
mers also, the scope for variation is considerable, although in practice this
has not been realized. Polymers of the type 3 (Fig. 4.1) are examples of in-
termolecularly crosslinked cyclophosphazenes. These are reminiscent of
thermoset polymers such as phenol-formaldehyde or melamine-
formaldehyde resins. The presence of the cyclophosphazene units in the
crosslinked matrix is expected to impart special properties. However, this
family of polymers also has not yet fulfilled the promise that they seem to
hold.

4.2 Polymers Containing Cyclophosphazenes as Pendant
Groups

Most of the polymers that contain cyclophosphazenes as pendant groups
are prepared by polymerizing cyclophosphazene containing vinyl mono-
mers. The vinyl group is attached to the cyclophosphazene ring either di-
rectly or through a spacer group. Recently, alternative procedures are also
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becoming available for the assembly of these types of polymers. These will
be considered at the end.

Since cyclophosphazene-containing vinyl monomers are really a special
case of CH,=CHG type of monomers where G is a cyclophosphazene
group, in principle all the polymerization methods for polymerizing con-
ventional vinyl monomers should also be equally effective for this system.
In practice, however, only the free-radical methods have so far been found
to be successful. Recently, ring-opening metathesis polymerization has
also been successfully implemented in this system. The apparent limita-
tions of the other methods of polymerization with respect to the cyclo-
phosphazene-containing vinyl monomers arise from the following factors:

1. If halogenocyclophosphazenes are the pendant groups, clearly anionic
initiators (such as n-butyllithium) or reactive organometallic initiators
(such as Ziegler-Natta catalysts) cannot be used because they would
first react with the more reactive P-X bonds before they can initiate
polymerization.

2. Similarly, cationic initiators such as protic or Lewis acids are also not
very effective as polymerization catalysts for these systems. The ba-
sicity of the skeletal nitrogen atoms of the cyclophosphazene rings
overwhelms the reactivity of the cationic initiators towards olefin po-
lymerization. Thus, the cyclophosphazene rings are readily protonated
or metalated and thus prevent both protic and Lewis acids from initia-
tion of polymerization.

In view of the above, the most effective method for polymerizing cyclo-
phosphazene-containing vinyl monomers is by using free-radical initiators.
Before this aspect is considered let us first examine the strategies for the
preparation of such monomers. Clearly the entry to such molecules lies in
the application of the nucleophilic substitution of halogenocyclophos-
phazenes as the synthetic strategy to generate structural units such as
cyclophosphazene-R-CH=CH,. This can be achieved by the following
means:

1. The vinyl group can be directly attached to the cyclophos-
phazene group through a P-C bond by attack of a suitable car-
banion on a halogenocyclophosphazene. Another way this can
be done is by having the vinyl group separated from the reac-
tive carbanion part by means of a spacer group.

2. Alternatively, the means of attaching the vinyl group to the
cyclophosphazene molecule could be through a P-O or a P-N
bond. The simplest example would be to generate a P-O-
CH=CH, linkage. Again, in this case a spacer group could be
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used to separate the vinyl moiety from the cyclophosphazene
to generate the P-O-R-CH=CH, unit.

Examples where the vinyl moiety is linked to the cyclophosphazene
through an amino group are limited. In the following section we will look
at the actual methods of synthesizing cyclophosphazene-containing vinyl
monomers. We will first examine monomers where the vinyl group is
linked to the cyclophosphazene molecule through a P-C bond. This will be
followed by looking at examples where the linkage is through the P-O
bond.

4.2.1 Synthesis of Cyclophosphazene Monomers Containing
Vinyl Groups

Allen and coworkers have looked at the reactions of N3P3:F¢ with organo-
lithium reagents as a means to achieve the synthesis of cyclophosphazene
monomers [5-7]. The choice of N3P;F; is deliberate. It may be recalled that
fluorocylophosphazenes are much better substrates than chlorocyclophos-
phazenes towards organolithium reagents. The success would lie in isolat-
ing the monosubstituted derivative in preference to other compounds.
More than one vinyl group on the cyclophosphazene moiety would not be
desirable because polymerization of such monomers would afford
crosslinked products. The reaction of N3P3F¢ with 2-propenyllithium in an
appropriate stoichiometric ratio affords N;P;Fs[C(CH;3)=CH,] (4) as a dis-
tillable liquid [5]. Using a similar strategy monomers 5 and 6 were also
synthesized [6, 7] (Fig. 4.2).

CH3
[
F\P JF F\P C=CH,
e NP N ¢ LiC(CH3)=CH, ENZ N ¢
N T NI
. /P\\N,P\F -LiF P
4
s
C=CH,

Fig. 4.2. Fluorocyclophosphazene-containing vinyl monomers
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In the monomers 4 and 5 the vinyl group is directly attached to the
cyclophosphazene unit and these monomers are 1,1-disubstituted ethylenes
of the type RR'C=CH,. Monomer 6 also belongs to this type although the
cyclophosphazene is separated from the vinyl unit by means of the phenyl
group which functions as a spacer.

In view of the fact that this synthetic method cannot be applied to
chlorocyclophosphazenes, alternative procedures have to be used in this
case to prepare monomers where the vinyl group is attached to the cyclo-
phosphazene unit by means of a P-C bond. It may be recalled that the reac-
tion of chlorocyclophosphazenes with Grignard reagents in presence of or-
ganocopper reagents affords a phosphazene-magnesio-cuprate intermediate
which can lead to the formation of hydridocyclophosphazene by quenching
the reaction with isopropanol [8, 9] (Fig. 4.3).

u
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Fig. 4.3. Synthesis of hydridocyclophosphazenes

Reaction of the hydridocyclophosphazene with an excess of acetylchlo-
ride in the presence of the base triethylamine results in the formation of the
monomer 7 (see Eq. 4.2).

0
I 4.2)
0—C—CH;,
iPr\P/H iPr\P _C=CH,
P~ X'ss CH5COC! PN
all” N st aly” N
Py, R 2Et:N Px P
o’ N g -2ELNHC! o’ N g

The formation of 7 occurs through a complicated reaction mechanism. It
is believed that initial reaction between gem-N;P;Cly(iPr)(H) and acetyl
chloride leads to the formation of the expected product viz,
N;P;ClL(iPr)(C(O)CHj3). Abstraction of a proton from this molecule by the
base leads to the carbanion [N3;P;Cly(iPr)(C(O)CH,)]. Rearrangement of
the carbanion occurs so that the enolate anion [N;P3ClLy(iPr)(C(O)CH,)] is
generated. Reaction of the enolate anion with another molecule of acetyl-
chloride leads to the formation of 7 [10]. The by-product in this reaction is
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triethylammoniumhydrochloride. Compund 7 also is a 1,1-disubstituted
ethylene similar to monomers 4-6. However, unlike the monomers 4, 5 and
6, 7 is a tetrachlorocyclophosphazene where an organic group (iPr) is lo-
cated geminally on the same phosphorus that contains the vinyl group. An-
other method of synthesis involves the reaction of the N;P;Clg with isopro-
pylmagnesium chloride in the presence of the Cu(l) reagent. The resulting
phosphazane-magnesio-cuprate intermediate is allowed to react with OHC-
CsHy-p-CH=CH, to afford 8 (Fig. 4.4). Notice that in this reaction the
phosphazene-magnesio-cuprate behaves as a nucleophile and attacks the
carbonyl carbon of the aromatic aldehyde. This results in the formation of
aP-Cbond [11].
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Ve \\N/ N\

Cl Cl

8
Fig. 4.4. Synthesis of gem-N;P;Cl4(iPr)| CH(OH)-C¢H,-p-CH=CH,)

In a variation of the above procedure the phosphazane-magnesio-cuprate
is reacted with acetaldehyde to generate 9. Compound 9 contains a reactive
hydroxyl group. Consequently, the reaction of 9 with methacryloyl chlo-
ride affords 10 (see Eq. 4.3) [11].

{1
CH,=C(Me)CCl

e g o
iPr\ /CHOC—CZCHZ
PAIN

N °N
C'\A_, i,
/ \\N/ N

(4.3)

Cl Cl

10
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Compound 9 can be dehydrated by an appropriate dehydrating agent to
afford a carbon-carbon double bond. However, direct dehydration was not
highly successful. A modification of this procedure involving the reaction
of 9 with MeSO,Cl to afford N;P;Cly[(iPr)(OSO,Me)]. Elimination of the
sulfonium group from this compound is assisted by the base DBU to afford
the cyclophosphazene-substituted propene, N;P;ClL[(FPr)}(C(Me)=CH;]
(11) (Fig. 4.5) [12].

Me Me ?Ha

; | i ' "
iPR__CHOH :Pr\P CHOSOMe ,pr\P R=Ch,
NZ N MeSO,CI NE SN DBU S
e f,c — CI\F!’ |FL/CI - > CI) el
Cl/ N \CI Cl/ N \Cl Cl/ N \CI

1"

Fig. 4.5. Synthesis of gem-N;P;Cly(iPr)[C(CH;3)=CH,]

In all of the above monomers the vinyl group is attached to the cyclo-
phosphazene ring by means of a P-C bond. A simpler way of preparing the
cyclophosphazene containing vinyl monomers is to use oxygen nucleo-
philes.

The simplest vinyl-containing monomer viz., N3P;CL;OCH=CH, (12) is
prepared by the reaction of LIOCH=CH, with N;P;Cl¢ (see Eq. 4.4) [13,
14].

CI\P Je Cl\P _O—CH=CH, (4.4)
N N CH,=CHOLI NP N

C|\| |||3/0| C|\| ||/C|
\\ rd \\ rd

o NN o N g

12

The anion LiOCH=CH, is formed in the reaction of tetrahydrofuran
with n-butyllithium (see Eq. 4.5).

C4H30 + nC4H9Li

LIOCH=CH, + CoHy + C4H¢g (45)

The reaction of LIOCH=CH, with N,P,Cl; leads to the formation of the
monosubstituted derivative N4P,Cl,(OCH=CH,) (13) [15]. This represents

a rare example of a cyclotetraphosphazene that contains a vinyl group (see
Eq. 4.6).

N, AN (4.6)
CI—IID:N—IID'—CI CH,=CHONa C|-—I'3:N—I|3'—OCH:CH2
N N N
1] ! Il |
CI—IID—N:T—CI CI—I|3—N:!|3——CI
Cl Cl Cl Cl

13
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Inoue and coworkers have used 4'-vinyl-4-biphenylol, OH-C¢H,-p-
Ce¢Hy-p-CH=CH, to prepare cyclophosphazenes that contain a long biphe-
nyl spacer group to separate the vinyl group from the cyclophosphazene
ring. Thus, the reaction of N;P;Clg with OH-C¢Hy-p-CsHs-p-CH=CH, in
the presence of triethylamine as the hydrogen chloride acceptor, affords
the monosubstituted cyclophosphazene N;P;Cls[O-CsHy-p-CsHy-p-
CH=CH,] (14) (Fig. 4.6). The fluoro-analogue 15 can be prepared by the
reaction of N3P3Fg with the sodium salt of 4’-vinyl-4-biphenylol. The
monomers 12, 13, 14 and 15 are monomers of the type CH,=CHG i.e.,
mono substituted ethylenes [16].

N N L0—~O)y—<0O)—cH=cH,
- - —p— —CH= s
ol Wa HOCaHamp~CeHCH=CH, ¢ N N
Y P\\N/ R Et;N /P\\N/ P\
Ci @3] -Et;N.HCI Cl Cl

N//P\N NaO‘C5H4_p_CsH4_CH:CH2
NI IF -NaF

15
Fig. 4.6. Preparation of N3P;Xs[O-C¢Hy-p-CeHy-p-CH=CH,] (X = CL F)

Another example of the synthesis of a cyclophosphazene monomer con-
taining the vinyl group relies on an entirely different synthetic strategy.
Thus, partial hydrolysis of hexakis-trifluorethoxycyclotriphosphazene af-
fords [N3P3;(OCH,CF5)5(0)]. This is reacted with methacryloylchloride to
afford [N;P3(OCH,CF5)s(OC(O)C(CH;)=CH,) (16) (see Eq. 4.7) [17].

0 CH
nore (4.7)
oHy C—C=CH,
CFiCH0_ 0~ oH=c—al CFCH,0_ O
AT PN
cracH0 " |\ ocH.cF; & cricH0 ) T Y ocH,cF,
N LN ¢
CFaCH,O N7 “OCH,CF, CFycH,0” N7 NOCH,CF,

16

A more elaborate synthesis involving the preparation of a methacryloyl
containing cyclophosphazene is shown in Fig. 4.7. Thus, the reaction of
N;P;Clg with the sodium salt of p-hydroxybenzaldehyde affords
N;P;Cls(0O-CgHy-p-CHO). Replacement of all the chlorine atoms from this



4.2 Polymers Containing Cyclophosphazenes as Pendant Groups 163

compound by trifluoroethoxy substituents leads to the formation of
N;P3(OCH,CF5)s(0-C¢Hy-p-CHO). At this stage the aldehyde functional
group is reduced with the aid of the reducing agent NaBH,. This yields the
compound N;P3;(OCH,CF;)5(0-CsHy-p-CH,OH). The hydroxyl group af-
fords the opportunity of linking the methacryloyl group. Accordingly, re-
acting N;P;(OCH,CF;)s(0-CsHy-p-CH,OH) with methacryloyl chloride af-
fords the monomer N;P;(OCH,CF;)s(O-CsH,-p-CH,OC(O)C(Me)=CH,)
(17) (Fig. 4.7) [17].
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Fig. 4.7. Synthesis of N3P;(OCH,CF;)s[0-CeH,-p-CH,-OC(0)C(Me)=CH,]
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Fig. 4.8. Synthesis of norbornenyl cyclophosphazenes
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Recently, norbornenyl cyclophosphazenes, [N;P;(OR)s(OCH;Nor)] (18)
(Nor = norbornenyl) have been synthesized by the reaction of N3P;{OR)sCl
with Nor-CH,ONa (Fig. 4.8). Monomers of the type 18 have been con-
verted by ring-opening metathesis polymerization (ROMP) into organic
polymers containing cyclophosphazene pendant groups as shown later in
this chapter [18].

The *'P-NMR data along with the melting point/boiling point data for a
few selected cyclophosphazene monomers are given in Table 4.1.

Table 4.1. >'P-NMR data and the melting point/boiling point data for a few se-
lected cyclophosphazene monomers

S.No Compound 3 PX, 3 PX)(R)

1 N3P;Fs[C(OMe)=CH,] 9.45 25.18
Mp (Bp) °C: (25-30, 0.02 mm)

2 N;P3F;5[C(OEt)=CH,] 9.05 25.49
Mp (Bp) °C: (25, 0.02 mm)

3 N;P3Fs[CeHy-p-C(CH5)=CH;] 9.25 35.44
Mp (Bp) °C: (50-52, 0.04 mm)
Mp (Bp) °C: 50-52

5 N3P3C15(OC6H4-p-C6H4-p- 21.46 11.25
CH=CH2)
Mp (Bp) °C: 113

6  gem-N3P;CL(iPr)[C(Me)=CH,] 18.20 40.20

oc. (8P(iPr)(C(Me)

Mp (Bp) °C: 48.5-50.5 —CH,)

7 gem- 19.40 30.5
N;P3CL(iPr)[C(OCOMe)=CH,}] (8P(iPr)}(C(OCO
Mp (Bp) °C: 34.0-36.0 Me)=CH,)

8 N;P3(OR)s(OCH,Nor) 14.8-16.7 ppm (a broad
R = CH,CH,-OCH; peak is seen centered
Nor = Norbornyl above the two halves)

Mp (Bp) °C: (O1il)

The fluorocyclophosphazene derivatives  N;P;Fs[C(OMe)=CH,],
N3P3F5[C(0Et):CH2] and N3P3F5[C6H4-p-C(CH3)=CH2] as well as the
pentachlorovinyloxycyclotriphosphazene, N;P;Cls(OCH=CH,) are distil-
lable  liquids. In  contrast the  norbornenyl  compounds
N;P3(OR)s(OCH,Nor) are oils. The geminal cyclophosphazenes gem-



4.2 Polymers Containing Cyclophosphazenes as Pendant Groups 165

N3 P;CLy(iPr)[C(OCOMe)=CH,] and gem-N;P;Cly(iPr)[C(Me)=CH;] are
low-melting solids while the biphenyloxy derivative N3;P3Cls(OC¢H4-p-
CeHy-p-CH=CH,) is a solid which melts at 113 °C. Except of the no-
rbornenyl derivatives the rest of these show an AB, or AX, type of *'P-
NMR spectra.

4.2.2 Polymerization of Cyclophosphazene Monomers

4.2.2.1 Polymerization of Fluorocyclophosphazene Monomers

Attempts to polymerize the propenylfluorophosphazene monomer
N;P3F5[C(Me)=CH;] by free-radical methods have not been successful (see
Eq. 4.8) [19].

CH
[ (4.8)
R, C=CH;
NZ N AIBN
F\, ) /F >< » No Homopolymerization
F/P\\N/P\

This was attributed to two features: (1) The N;P;Fs group exerts a o-
electron withdrawing effect on the vinyl group. (2) The vinyl monomer is
sterically hindered as it has two substituents on the same carbon. One of
these is the N3P;Fs group which is sterically encumbered.

The monomers, N;P;Fs[C(OMe)=CH,] and N;P;Fs[C(OEt)=CH,] have
been designed with a view to alleviate the electronic factors by having the
electron-releasing -OR groups directly placed on the vinyl group. The
monomer N;P;Fs[C¢Hy-p-C(CH;)=CH,] contains a phenyl group that sepa-
rates the vinyl moiety from the cyclophosphazene ring. This structural fea-
ture is aimed at reducing the steric effects at the vinyl group. In spite of
modifying the original monomer design by these innovations it was ob-
served that none of these monomers could be homopolymerized by firee-
radical initiators [20, 21].

However, copolymerization of the monomers 4-6 with organic mono-
mers such as styrene or methyl methacrylate was successful (Fig. 4.9) [19-
21].
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Fig. 4.9. Copolymerization of fluorocyclophosphazene-containing vinyl mono-

mers with organic monomers

The following is the summary of the copolymerization behavior of the
fluorocyclophosphazene monomers.

1. The copolymers obtained are true copolymers and not a mixture of
two homopolymers. This is indicated by the presence of a single
glass transition temperature. For example, glass transition tem-
peratures of polystyrene and poly(methylmethacrylate) are 100
and 114 °C. Single glass transition temperatures at 112 °C for
polymer 19 (about 43% of cyclophosphazene) and 151 °C for
polymer 20 (about 40% of cyclophosphazene) were detected.
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2. The cyclophosphazene group does not undergo degradation during
the process of polymerization. The *'P-NMR chemical shifts of the
co-polymers are similar to those observed for the monomers.

3. The molecular weights of the co-polymers vary considerably. For
example, polymer 19 has M,,’s up to 90-100,000 with a PDI of 1.1
to 1.7. The general trend observed is that the molecular weights of
the polymers decrease with an increase in the cyclophosphazene
content.

4. The maximum incorporation of cyclophosphazene in the co-
polymer occurs in the case of the least sterically hindered mono-
mer 6 (in the copolymer 20). The maximum amount of cyclophos-
phazene incorporation in 20 has been estimated to be about 67%.
In contrast, the incorporation of the sterically hindered monomer
N;P;Fs[C(CH;)=CH,] 4 in its polystyrene copolymers 19 is con-
siderably less. Up to a maximum of 38% incorporation has been
observed.

5. All the copolymers are self-extinguishing polymers. Incorporation
of the cyclophosphazene units imparts the organic polymer with
excellent flame-retardant properties. Other thermal properties for
these copolymers are not drastically altered in comparison to the
homopolymers.

4.2.2.2 Polymerization of Chlorocyclophosphazene Monomers

The 1,1’-disubstituted olefins such as gem-N;P;Cly(iPr){C(OC(O)CHs;)
=CH,)] (7) and gem-N;P;Cl4(iPr)[C(CH;)=CH,)] (11), also do not undergo
homopolymerization. This is similar to what was observed with the fluoro-
cyclophosphazene monomers 4-6 [17]. Copolymerization of 7 and 11 with
monomers such as styrene and methyl methacrylate does, however, occur.
Other chlorocyclophosphazene monomers that have a spacer unit that
separates the vinyl group from the cyclophosphazene ring have been suc-
cessfully homopolymerized [17, 22]. The spacer can just be an oxygen
atom as it is for the monomers N;P;Cls(OCH=CH,;) (12) or
N,P,Cl,(OCH=CH,) (13). Examples of homopolymers prepared from
chlorocyclophosphazene monomers are shown in Fig. 4.10.
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Fig. 4.10. Homopolymers containing cyclophosphazene pendant groups
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The homopolymerization of N;P;Cl(OCH=CH,) (12) and
N4P,Cl;(OCH=CH,) (13) can be accomplished successfully in the bulk to
afford high-molecular-weight polymers (Fig. 4.11) [22]. The polymeriza-
tion of the vinyloxy cyclophosphazenes N;P;Cls(OCH=CH,) (12) and
N4P,Cl,(OCH=CH,) (13) occurs in the bulk and is catalyzed by AIBN at
65 °C. This process affords the homopolymers 22 and 23. However, the at-
tempted polymerization reactions of WN;P;Xs(OCH=CH,;) [(X =
F,OCH;3,0CH,CF3,N(CHj3),] have not been successful. The M,, of the poly-
mer 22 was found to be around 500,000 with a PDI of 1.29. The M,, of 23
was determined as 210,000, while the M, was found to be 8,000. Determi-
nation of the molecular weight by membrane osmometry revealed it to be
136,000. The molecular weights of both 22 and 23 are sufficiently high to
allow them to form films. Both 22 and 23 are soluble in a large variety of
organic solvents and are film-forming polymers. The glass transition tem-
peratures of 22 and 23 are 72 and 76 °C. These polymers decompose by a
two-step decomposition process, the first one occurring at 110 °C accom-
panied by the removal of two molecules of HCI. The second decomposi-
tion occurs at 400 °C. The char yield of these polymers at 700 °C is around
30%. These homopolymers are inflammable which is surprising in view of
the self-extinguishing nature of the copolymers of styrene containing
fluorocyclophosphazenes such as 19.
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Fig. 4.11. Homopolymerization of N;P;Cls(OCH=CH,) and N4P,Cl,(OCH=CH,)

The monomers N;P;Cls(OCH=CH,) (12) and N,P,Cl,(OCH=CH,) (13)
are reminiscent of vinylacetate in their reluctance to copolymerize with
other organic monomers such as styrene. On the other hand, the monomers
12 and 13 could be copolymerized with each other to afford the interesting
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copolymer 31 which contains an almost equal proportion of the two
monomers (Fig. 4.12). This copolymer has a M,, of about 1,054,000 and a
M, of 14,700.
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Fig. 4.12. Co-polymerization of N3P;Cls(OCH=CH,) and N,P,Cl,(OCH=CH,)

Inoue and coworkers have used the biphenyloxy substituent as the
spacer group to separate the cyclophosphazene ring from the vinyl group.
This is very effective and homopolymerization as well as co-
polymerization of N;3;P;Cls(O-C¢Hy-p-CsHs-p-CH=CH,) (14) and other
monomers of this type occurs very readily [16, 23, 24]. The homopoly-
merization of N3P3C15(O-C6H4-p-C6H4-p-CH=CH2) (14) and N3P3F5(O-
CeHy-p-CsHy-p-CH=CH,) (15) or N;P3(OCH,CF;)s5(0-CsHy-p-CsHa-p-
CH=CH,) occurs in a solvent such as 1,2-dichloroethane. The polymeri-
zation is initiated by the free-radical initiator AIBN (Fig. 4.13). Maximum
molecular weights of 7,30,000 (M,,) and 98,000 (M,) were found for the
polymer which contains the chlorocyclophosphazenes group as the pen-
dant. These polymers are soluble in a large number of organic solvents and
can be cast into films. Bulk polymerization of N3P;Cls(O-CsHy-p-CsHy-p-
CH=CH,) (14) occurs between 170-250 °C to afford high-molecular-
weight polymers. Interestingly, heating at 250 °C does not lead to the ring-
opening of the cyclophosphazene ring.

The thermal behavior of the polymer 26 (X = Cl) is quite remarkable. It
is a self-extinguishing polymer as shown by simple flame-tests. Secondly,
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the polymers are thermally stable up to 300-400 °C. The char yield of the
polymer 26 (X = Cl) at 800 °C is greater than 60% even under air.
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Fig. 4.13. Homopolymerization of N;P;Xs(0-C¢H,s-p-CsHy-p-CH=CH,) (X = Cl,
F)
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Fig. 4.14. Copolymerization of N;P;Cls(0-C¢H,-p-CsHy-p-CH=CH,) with styrene
and acrylate monomers

N;P3ClLs(0O-C¢Hy-p-C¢Hy-p-CH=CH,) (14) can be copolymerized with a
variety of monomers such as styrene or acrylates such as methyl methacry-
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late, methyl acrylate or ethyl acrylate (Fig. 4.14) [25]. The T, g’s of 26 (R=
CH and its copolymer with styrene (32) are around 76-88 °C. This may be
compared with the value found for polystyrene (100 °C). Copolymers such
as 32 are flame-resistant and have good thermal stability. A 64% char yield
for the polystyrene copolymer is achieved with about 50% cyclophos-
phazene incorporation in the copolymer.

4.2.3 Other Ways of Making Polymers Containing
Cyclophosphazene Pendant Groups

One of the recent methods that has been applied for preparing polymers
containing cyclophosphazene rings as pendant groups is by ring-opening
metathesis polymerization (ROMP). The principles involved in the appli-
cation of this strategy to cyclophosphazene monomers are as follows.

Monomers that are amenable for this type of polymerization are cyclic
compounds that contain a double bond. Normal methods of polymerization
will not be successful for such monomers. But by using metal carbene
catalysts such as the Grubb’s catalyst, [ {P(Cyc);},(C),Ru(=CHPh)] [Cyc
= cyclohexyl], these monomers can be polymerized. Thus, the design of
the cyclophosphazene monomer should be carried out keeping the nature
of this catalyst in mind. Since the organometallic Grubb’s catalyst is sensi-
tive to halogens, it is important that the cyclophosphazene monomer does
not contain any of these substituents. Accordingly, the monomer 18 con-
taining oligoetheroxy substituents was synthesized. All the monomers of
the structure 18 could be polymerized into medium-molecular-weight
polymers 34 with the help of Grubbs catalyst (Fig. 4.15) [18].
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34

Fig. 4.15. ROMP of norbornenyl cyclophosphazenes

The polymers 34 have very low glass transition temperatures. Thus, the
T;’s of the polymers 34 vary as a function of x in the oligoetheroxy side-
chains from -50 (x = 1) to -66.5 °C (x = 3). The presence of the double
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bonds in the backbone allows further reactions to be carried out. Thus, ep-
oxidation of the polymer 34 (x = 3) was carried out which converts the
gum-like polymer in to a solid albeit still with a lower T,(-51.1 °C)

An interesting way of anchoring a cyclophosphazene to an organic
polymer consists of choosing a preformed organic polymer on which the
cyclophosphazene can be attached. This method differs from the previous
methods seen so far. Thus, this can be construed as a polymer modification
reaction involving an organic polymer. For example, a polymer obtained
from a modified styrene viz., PhyP-p-C¢cH4-CH=CH, contains phosphine
units as side-groups. Reaction of such a polymer can occur with azides by
the formation of P=N bonds. This reaction known as the Staudinger reac-
tion converts phosphorus in the oxidation state of +I1I to +V. Utilization of
this strategy on a copolymer of styrene and Ph,P-p-C¢H,-CH=CH, is
shown in Fig. 4.16 [26].
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Fig. 4.16. Staudinger reaction of a phosphine-linked styrene co-polymer with a
cyclophosphazene azide.

4.2.4 Applications of Polymers Containing Cyclophosphazene
Pendant Groups

One of the important applications of cyclophosphazene pendant polymers
appears to be in the field of thermally stable and flame-retardant materials.
Thus, polymers such as 19, 20 and 26 have been shown to be self-
extinguishing [19-21]. Polymer 26 has shown exceptional thermal stabili-
ties and has char yields as high as 60-65% even at high temperatures such
as 800 °C [23, 24]. Also it has been shown that incorporation of
N;P3CL(0-CeHy-p-C¢Hy-p-CH=CH,) in styrene and acrylate polymers
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(polymers 32 and 33) accords them with favorable flame-retardant and
high-temperature stability properties {25].

Many other applications of these polymers depend upon their design.
Analogous to the polyphosphazene family discussed in Chap. 3 these
polymers also can be modified considerably by careful design of the
monomers. Two types of applications that emanate from such designs are
illustrated below.

4.2.4.1 Polymer-Solid Electrolytes

We have seen in Chap. 3 that polyphosphazenes containing oligoethylene-
oxy side-groups, such as [NP(OCH,CH,OCH,CH,0CH;),], were very
good solvents for lithium salts such as LiClO,, LiCF;SO; etc. The poly-
mer-salt complexes, thus formed, showed good ionic conductivity of the
order of 10° Scm™. Similar applications have also been found for suitable
cyclophosphazene pendant polymers. This has been demonstrated in the
following way.

Inoue and coworkers have polymerized N3;P;(OR)s(O-CsHy-p-CeHy-p-
CH=CHy,) to afford medium-molecular-weight polymers 36 and 37 (Fig.
4.17) [27, 28]. Note that these polymers do not contain a flexible back-
bone. These are essentially substituted poly(styrene)s. However, these
polymers have low glass transition temperatures of -62 and -65 °C. These
low values are attributed to the flexibility of the oligooxoethylene substitu-
ents on the cyclophosphazene side-groups. Polymers 36 and 37 are amor-
phous and form complexes with lithium salts. These are semiconductors at
room temperature. Although the ionic conductivities are not high enough
for any practical applications to be realized, there is sufficient promise that
improved design can lead to better properties.

Similar to polymers 36 and 37, polynorbomenes containing cyclophos-
phazene pendant groups (x = 2, 3) (34) also form complexes with lithium
salts. These show ionic conductivities of the order of 10° Scm™. The
polymer-Li salt complex formed with polymer 34 (x = 1) with a shorter
oligoetheroxy substituent does not show appreciable ambient temperature
ionic conductivity.

The ionic conductivity studies carried out on the lithium salt complexes
of 34, 36 and 37 reveals that the backbone flexibility is not the only crite-
rion for mediating ion transport. Facile pathways for allowing ion-transport
can exist in stiff backbone polymers also provided the side-chains are suf-
ficiently flexible.
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Fig. 4.17. Polymers containing oligoethyleneoxycyclophosphazenes as pendant
groups

4.2.4.2 Polymeric Ligands

We have seen in Chap. 3 that cyclophosphazenes can be utilized to build
multi-site coordination ligands. Thus, for example, the reaction of N3P;Clg
with 3,5-dimethylpyrazole affords the multi-site coordination ligand,
N3P3(3,5-Me,;Pz)s (see Eq. 4.9) [29, 30].

Yo or (4.9)

CI\P pe ()N—N\P/N—N()
N“ N 3, 5-Me,PzH/Et;N Ul N N
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~ueN ~.~ ™\

o’ N g N—=N" N “n—N

N3P3(3.5-M62PZ)5

The compound N3P;(3,5-Me,Pz)s has been shown to be an excellent
ligand towards transition metal ions. For example, this ligand interacts
with CuCl, to afford transition metal complexes N3P3(3,5-Me,Pz)s-CuCl,



176 4 Cyclophosphazene-Containing Polymers

where the cyclophosphazene ligand coordinates to the copper atom
through two pyrazolyl nitrogen atoms and one cyclophosphazene ring ni-
trogen atom. This complex in fact can also be used further to form a ho-
mobimetallic complex or a heterobimetallic complex (Fig. 4.18) [29-36].
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Fig. 4.18. Coordination behavior of N3P5(3,5-Me,Pz),

While the coordination chemistry of N1P3(3,5-Me,Pz); is interesting, the
more important question that needs to be addressed in the context of the
subject matter being discussed in this chapter, is whether (and how) this
chemistry can be translated to the polymeric system.
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Fig. 4.19. Preparation of polymeric ligands containing pyrazolyl cyclophos-
phazenes as pendant groups
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The monomer N;P;Cls(0O-C¢Hs-p-C¢Hy-p-CH=CH,) (14) has five reac-
tive P-Cl groups. In principle it is possible to substitute the chlorines with a
variety of nucleophiles. We have seen a few examples involving oxygen-
based nucleophiles previously. It is also possible to perform the reactions
of 14 with amines to generate coordination ligands with nitrogen donor
sites. Thus, the reaction of N;P;Cls(O-C¢Hy-p-C¢Hy-p-CH=CH,) (14) with
3,5-dimethylpyrazole affords the compound N;P;(3,5-Me,Pz)s(O-CsHy-p-
C¢Hs-p-CH=CH,) [37]. This can be polymerized in the presence of divi-
nylbenzene to afford a crosslinked polymer 38 that contains the multi-site
coordination ligand. Reaction of this crosslinked polymer with CuCl, gen-
erates a copper-containing cross-linked polymeric system 39 (Fig. 4.19)
[38]. The crosslinked metalated polymer has been used as a heterogeneous
catalyst for the hydrolysis of phosphate esters [38, 39]. This catalyst is ro-
bust and can be recycled several times.
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AIBN

\

Fig. 4.20. Preparation of polymeric phosphine-containing ligands
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Another design of a heterogeneous polymeric ligand based on the
cyclophosphazene ligand is given in Fig. 4.20. The reaction of N;P;Cls(O-
CeH4-p-CsHy-p-CH=CH,) with OH-C¢H,-p-PPh, affords a multi-phosphine
derivative which has been converted to the crosslinked polymeric ligand
40. This has been used to bind palladium and the metalated polymer has
been found to be useful as a catalyst for the Heck arylation reactions [40].

4.3 Cyclolinear and Cyclomatrix Polymers

Cyclolinear polymers contain cyclophosphazenes as a repeat unit of a
polymer chain. Cyclomatrix polymers contain crosslinked cyclophos-
phazene units. These polymers have not been studied as well as the other
members of the phosphazene polymer family. Some of the strategies that
have been employed for the preparation of these types of polymers are dis-
cussed in this section. The preparation of cyclolinear polymers depends on
the design of cyclophosphazene monomers that retain two reactive sites. A
few strategies for achieving the synthesis of such monomers are shown in
Fig. 4.21 [17].
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Fig. 4.21. Synthesis of cyclophosphazenes that contain two reactive sites

The task of preparing appropriate cyclophosphazene monomers for
cyclolinear polymers consists of the following. N;P;Clg consists of six re-
active P-Cl units. Clearly this compound as such would not be a suitable
monomer for preparing soluble cyclolinear polymers. Recall that conden-
sation polymers involving organic monomers relied on difunctional
monomers such as diols, diacids, diamines etc. Replacing four chlorine at-
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oms on N3P;Clg by other substituents would lead to compounds of the type
N;3P;CLR,. The substituents (R) themselves should not be reactive towards
reagents that would lead to polymerization. The remaining two chlorines in
N;3P;CLR, could be in a geminal or nongeminal orientation. Thus, the reac-
tion of N;P;Clg with 2,2'-dihydroxybiphenyl or N-methylethanolamine
leads to compounds 41 and 43, respectively, where the two remaining
chlorines are geminal to each other. On the other hand, reaction of N3P;Clg
with sodium phenoxide or dimethylamine leads to the nongeminal com-
pounds 42 and 44, respectively [8]. Further replacement of the remaining
chlorine atoms can be accomplished in a variety of ways to afford a variety
of difunctional cyclophosphazenes which can be used for further polym-
erization reactions. Thus, compounds containing two terminal amino (45,
48), hydroxyl (47), or vinyl groups (46) groups can be assembled (Fig.
4.22).
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Fig. 4.22. Difunctional cyclophosphazenes

Using the above monomers several polymers have been prepared. Thus,
monomer 46 has been polymerized by the acyclic diene metathesis polym-
erization method (ADMET) by using Grubb’s catalyst to afford medium-
molecular-weight polymers [41]. On the other hand, the reaction of the di-
chloro derivative 42 with NaO- C¢Hy-p-SO,-CsHy-p-ONa yields the poly-
mer 49 (Fig. 4.23). Similarly the monomer 47 has been used in condensa-
tion polymerization with hexamethylenediisocyanate to afford the
polyurethane 50. Polyimides such as 51 have been prepared by using
monomer 48.

Cyclomatrix polymers containing cyclophosphazenes have received
some interest. Although N;P;Cl; itself would be an ideal monomer for this
purpose as it contains six reactive groups, this has not had much success.
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Fig. 4.24. Cyclomatrix polymers containing cyclophosphazenes
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Monomers such as N3P3(NHCH,CH=CH,)s or N;P;(OCH,CH=CH,)¢
have been used as multifunctional monomers for preparing crosslinked
polymers. A crosslinked polyimide polymer containing cyclophosphazenes
has been prepared by using the trifunctional derivative nongem-
N3P3(OPh)3(O-C6H4-p-NH2)3 ( Flg 424)

The utility and practical applications of the cyclolinear and the cycloma-
trix polymers have not yet been established and perhaps this would depend
on improved design of the cyclophosphazene monomers.
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5 Other Inorganic Polymers that Contain
Phosphorus, Boron and Sulfur

There are many other inorganic polymers that contain main group ele-
ments in their backbone [1-3]. While some of these polymers were discov-
ered long ago, some others are quite recent. Representative examples of
these polymers that contain P-N-C, P-N-S, P-N-M, P-B, P-C, S-N and B-N
linkages are shown in Fig. 5.1

pebocbot HH 40

Mes Ph

M = C(Cl); S(Cl); S(O)C!
+S:N‘]' {— N—]~ {'S—-N—P—N+

N—B

Jr@%

Fig. 5.1. Representative examples of polymers containing P-N-C, P-N-S, P-B, P-
C, S-N and B-N linkages

We will first examine polymers that contain P-N-C, P-N-S and P-N-M

linkages. These are also called poly(heterophosphazene)s since they are
prepared from the corresponding heterocyclophosphazenes.

5.1 Poly(heterophosphazene)s

Poly(heterophosphazene)s are a recently emerging polymer family that
contain a heteroatom such as carbon or sulfur or a transition metal as part
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of the polymer backbone. Examples of these types of polymers are shown
in Fig. 5.2.

a o o a
J[N:T‘} j[ﬁ’:N_FI’:N_‘T:N]L J[?:N—T:N—'T:N‘}
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o Jh R R,
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o o i & by pn

Fig. 5.2. Examples of poly(heterophosphazene)s. Poly(dichlorophosphazene) is
also shown for comparison

Polymers [(NPCL),(NCCI)],, [(NPCL),(NSCD)],, [(NPCL),(NS(O)CD)],,
[(NPCl,),(NWCl,)], contain one extra heteroatom viz., C, S or W in the
six-atom repeat unit of backbone of the polymer which otherwise contains
phosphorus and nitrogen atoms. Thus, each of these hetero atoms replaces
every third phosphorus atom in the polyphosphazene backbone. Polymers
[(SNY(NPCl,),], and [(NPR,)(NS(O)R)], can be considered as alternating
copolymers. The repeat unit of these polymers consist of alternate P=N
and S=N (or S(O)=N) units.

How are these polymers assembled and what are their properties? How
are they different from polyphosphazenes? These aspects will be addressed
in the following sections.

5.2 Poly(carbophosphazene)s

The  six-membered  heterocyclic  ring, cyclocarbophosphazene,
[(NPCl,),CCl] serves as the precursor for poly(carbophosphazene)s. The
pentachlorocyclocarbophosphazene N;P,CCls can be considered as a hy-
brid of cyanuric chloride, N3C;Cl; and hexachlorocyclotriphosphazene,
N;3P;Clg. Thus, while cyanuric chloride has three carbons and the hexa-
chlorocyclotriphosphazene has three phosphorus atoms, the cyclocarbo-
phosphazene has one carbon and two phosphorus atoms (Fig. 5.3) [4, 5].
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Fig. 5.3. Relationship between [(NPC12)2CC1], N3C3C13 and N3P3C16

The X-ray crystal structure of [(NPCI,),CCl] has been determined. The
inorganic ring is nearly planar in spite of the mismatch of sizes between
phosphorus and carbon. The C-N distance in [(NPCL,),CCl] is 1.33 A,
compared to 1.33 A found in N3C;Cl,. The other bond-parameters are also
not very different. Thus, the P-N distances A (av. 1.58 A) and B (av.1.61
A) in [(NPC1,),CCl] (Fig. 5.3) are comparable to the P-N distance of 1.58
A found in N;3P;Cls. The N-P-N (117.4°) and P-N-P (115.8°) angles in
[(NPC,),CCl] are normal while the N-C-N angle is quite wide (134°).

The preparation of [(NPCl,),CCl] is achieved by the condensation reac-
tion of [Cl;P=N=PCL;]'[CI]" with cyanamide, NC-NH,, in methylene chlo-
ride. Cyanamide serves as the source of carbon and nitrogen. Although, in-
termediate products have not been isolated, the formation of [(NPCl,),CCl]
is believed to proceed through a condensation reaction to afford the inter-
mediate CI;PNPCLLNCN. The latter adds hydrogen chloride across the C-N
triple bond leading to the possible precursor CI;PNPCLNC(CI)NH. Loss of
hydrogen chloride followed by ring closure leads to the carbophos-
phazenes, [(NPCL,),CCl] (Fig. 5. 4) [4, 5].

+ 2HC cLP” N\\pc|
N=C—NH, + [CI3P—N:PCI3] o —== |77 N 3
N. 2

"
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S/ B —
F’\\ /P N\\ /NH
c” N g c”
cl

Fig. 5.4. The mechanism of formation of [(NPCl,),CCl]

The carbophosphazene [(NPCl,),CCl] undergoes nucleophilic substitu-
tion reactions analogous to that found for N;P;Cls. Even though the chem-
istry of [(NPCl,),CClI] has not been studied to the same extent as that of
N;P5Clg the reactions shown in Fig. 5.5 indicate that many nucleophiles
such as primary and secondary amines, aniline, alkoxides, trifluoroethox-
ide as well as phenoxide react to afford fully substituted products

[NP(NHR),C(NHR)],  [NP(NRy),C(NRy)],  [NP(NHPh),C(NHPh)],
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[NP(OCH;),C(OCH3)], [NP(OCH,CF3),C(OCH,CF3)] and
[NP(OPh),C(OPh)]. This reactivity behavior suggests that similar nucleo-
philic substitution reactions should be possible for the linear polymer
[(NPCL,),CCl], also [6, 7].
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Fig. 5.5. Reactions of [(NPCl,),CCl] with various nucleophiles such as amines,
alkoxides and aryloxides to afford fully substituted products

The pentachlorocyclocarbophosphazene, [(NPCI,),CCl], has been found
to undergo ROP at 120 °C to afford poly(chlorocarbophosphazene),
[(NPC1,),CCl], (see Eq. 5.1) [4, 5].
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Note the considerable lowering of the polymerization temperature of
ROP for [(NPCl,),CCl] in comparison to that observed for N;P;Clg (250
°C). Heating [(NPCl,),CCl] at higher temperatures (150-190 °C) affords a
crosslinked polymer. The lower temperature of ROP has been attributed to
an increase in the ring strain suffered by [(NPCL,),CCl] as a result of re-
placing the larger skeletal phosphorus of N;P;Clg by the smaller carbon
atom.

The polymer [(NPCl,),CCl], is hydrolytically sensitive and rapidly re-
acts with moisture with concomitant chain degradation. Its *'P-NMR spec-
trum consists of a single resonance observed -3.7 ppm. This is upfield
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shifted in comparison to the cyclic precursor (+36.5 ppm). A similar shift
is observed for [NPCL], (6 = -18.4 ppm) in comparison to N3P;Cls (6 =
+19.3 ppm). The observation of a single resonance in the >'P-NMR spec-
trum suggests a head-tail arrangement in the polymer backbone (Fig. 5.6).
Alternative arrangements such as head-head would have resulted in more
number of *'P resonances.

C|)| Clll (l:l (lJI
B A S A
Cl Ct Ci C Cl Cl

Head-Tail arrangement of the polymer

Li)l Clil ('II C|)I
B A L A
C C o] Cl Cl Cl

Head-Head arrangement of the polymer

Fig. 5.6. Head-tail and head-head arrangements of [(NPCl,),CCl],

The glass transition temperature of [(NPCl,),CCl], is -21 °C. This is
considerably higher than that observed for [NPCL], (T, = -63 °C).This
suggests that skeletal rigidity increases upon replacing phosphorus by car-
bon. One possible reason for this is the more efficient n-bonding formed
between C and N in comparison to P and N.

The chlorine substituents of poly(chlorocarbophosphazene) can be re-
placed with other nucleophiles to afford poly(organocarbophosphazene)s
which are hydrolytically more stable in comparison to the parent polymer
(Fig. 5.7). There are no examples of poly(alkyl/arylcarbophosphazene)s.
The molecular weights of poly(organocarbophosphazene)s are moderately
high (M,, = 50,000—150,000).

cl C';I
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(|3_N"‘-I|9—N—FI’”‘N

OPh  OPh NHPh NHPh
C=N— P N—P— c= N—P-—N——P—-
OPh OPh NHPh NHPh NHPh

Fig. 5.7. Formation of poly(organocarbophosphazene)s
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The *'P-NMR data and glass transition temperatures of some
poly(organocarbophosphazene)s are given in Table 5.1. Notice the near in-
variance of the >'P NMR chemical shifts for a given class of polymer.
Thus, for example, the *'P-NMR chemical shifts for most aryloxy poly-
mers are seen at about -10 ppm.

The trends in the glass transition temperatures are similar to what have
been observed in polyphosphazenes. Thus, replacing the chlorines with
aryloxy substituents increases the 7,. One of the highest T,’s is observed
for the anilino derivative, [ {NP(NHPh),} {CNHPh}], (+112 °C).

Table 5.1. *'P-NMR data and glass transition temperatures of selected
poly(organocarbophosphazene)s

S.No Polymer °'p T, (°C)
1 ¢ -3.7 -21
C—N—P—N tla—N

|
Ct

2 A OAr -10.4 +18
*P(]:—-N—P—N—P—N+
OAr OAr OAr

Ar = Ph

3 Ar OAr -10.8 +31
{~C|:"N P—N—P——N

OAr OAr OAr

Ar = -CgHy~p-CF3

4 NHPh NHPh 9.1 +112
{—C—N-P_N—P_ ‘}
NHPh NHPh NHPh-"

5 NHR  NHR 6.7 +74
%]C_N—P“‘N——P—N%
NHR NHR NHR
R = nPr
6 0.5 +28
*['(IZ—-N—P—N—P— —}

NR, NR,
R = CHy
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5.3 Poly(thiophosphazene)s

Poly(thiophosphazene)s contain S(IV) along with phosphorus and nitrogen
atoms in their backbone [8, 9]. Similar to poly(dichlorophosphazene) and
poly(chlorocarbophosphazene), poly(chlorothiophosphazene) is also pre-
pared by the ring-opening polymerization method. The monomer for the
preparation of this polymer is the pentachlorocyclothiophosphazene,
N3P,SCls. The latter can be considered as a hybrid of the two heterocyclic
rings N3P;Clg and N;S;Cl;. The compound N;P,SCls contains a tri-
coordinate sulfur(IV) and two tetracoordinate phosphorus atoms (Fig. 5.8).

NS ¢! ¢
o ke ol I

SN AN / NS
o’ N g o’ N g a” N a

Fig. 5.8. The heterocyclic ring N3P,SCls and its relationship to N;P;Clg and
N;3S;Cly

Pentachlorocyclothiophosphazene, N3P,SCls, can be synthesized in two
closely related ways. The key precursor is the bis-
trimethylsilylsulfurdimide, S[N(SiMe;)],, which is itself prepared by the
reaction of the lithium salt of hexamethyldisilazane with thionyl chloride.
The synthon S[N(SiMes)], provides the NSN fragment for the heterocyclic
ring. The reaction of S[N(SiMes)], with either PCls or [Cl;P=N-PCl;]"CI°
affords N3;P,SCls in moderate yields as a colorless distillable liquid which
shows a single *'P NMR resonance at & = +24.5 ppm.

Me;Si, SiMe; e o swre,
3O — l

| 2. 30012

H
[CI3PNPCI3] cr PCls
CH,Cl, 0 CCl4 0°

/S\

N N
Cl | ICl

NP
o’ NN\

Fig. 5.9. Synthesis of N3P,SCl;

An important reaction that revealed that the S-C1 bond in N;3P,SCl; can
be heterolytically cleaved has been carried out by Roesky [10]. Thus, the
reaction of N3P,SCl; with SbCls affords [N;P,SCL][SbCls]" (see Eq. 5.2).
The crystal structure of [N3P,SCl,] [SbClg] revealed that it has a planar
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ring where the sulfur is dicoordinate as a result of the heterolytic cleavage
of the S-Cl bond. It may be recalled that in the ROP of N3P;Cl a phospho-
nium cation intermediate has been proposed; however, such an intermedi-
ate has not actually been isolated in that instance.

cl :
! . + (5.2)
20 ShC =
al” Vo 2= L la)” Lol lssce
of N Ng a’ N o

The conversion of N;P,SCl;s to its cation implied that ROP can be util-
ized for its conversion to a linear polymer. This promise was realized
much later by the work of Allcock and coworkers [8, 9]. Accordingly, it
was found that N3;P,SCl; undergoes a ROP at 90 °C to afford
poly(thiophosphazene), [(NPCl,),(NSCD], (see Eq. 5.3).

i (53)
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As in other instances, crosslinked products are formed if the polymeri-
zation is not carried out carefully. In fact it has been found that heating is
not required for polymerization. Aged N;P,SCl;s (not freshly distilled) un-
dergoes ROP at ambient temperature merely by mechanical shaking. Heat-
ing is required for polymerizing a freshly distilled sample of N;P,SCls.
The polymer [(NPCL,),(NSCI1}], is extremely sensitive to hydrolysis. It has
a glass transition temperature of -40 °C.

o o o
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o o o o o o

Head-tail
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TN TN TN ENTEEN TN
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Head-head

Fig. 5.10. Head-tail and head-head arrangements in [S(C)=NPC1,=NPCL,],

The *'P-NMR spectrum of the polythiophosphazene, [(NPCl,),(NSCD)],,
shows a single resonance at & = -4.6. The chemical shift of the polymer is
about 30 ppm upfield shifted in comparison to the six-membered ring.
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Also the presence of a single resonance indicates a predominantly head-tail
arrangement as in the case of the poly(carbophosphazene) (Fig. 5.10).

The chlorine atoms in the polymer [(NPCl,),(NSCI)], can be readily re-
placed by nucleophiles such as phenoxide or p-phenyl phenoxide. How-
ever, unlike [NP(OPh);],, [{NP(OPh),},S(OPh)}], is not hydrolytically as
stable. This has been attributed to the inherent reactivity of S(IV) centers.
Further, reaction of [(NPCl,),(NSCI)], with substituted phenols such as 2-
phenylphenol or 3-phenylphenol do not afford fully substituted polymers.
However, these polymers  [N3P,S(OC¢Hy-m-CgHs)s4(Cl)es] and
[N3P,S(OCsH,4-0-C6Hs)s 25(C) 75], which contain P-Cl bonds, are hydro-
Iytically stable.

Although the molecular weight of the parent polymer [(NPCl,),(NSCD],
could not be determined, measurements on [N3P,S(OC¢Hj-p-
CeHs)4.7(Cl)o 3] found the latter to have high molecular weight (M,, = 3.1 x
10° and M, = 1.0 x 10°).

An interesting aspect of the chemistry of [(NPCL),(NSCI)], is the dif-
ference of reactivity of the S-Cl and P-Cl bonds. Thus, substitution of S-Cl
bonds occurs much faster than the P-CI bonds. Consequently, mixed sub-
stituent polymers can be readily prepared.
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Fig. 5.11. Regioselective nucleophilic  substitution  reactions  of
[S(CDH=NPC1,=NPCl,],

*'P-NMR data and 7, data for some selected poly(thiophosphazenc)s are
summarized in Table 5.2. The polymer [(NPCl,),(NSCl)], has a T, of -40
°C. Thus, in comparison with [NPCl,], the glass transition temperature of
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[(NPCL,)»(NSCI)], is higher. This is similar to what has been observed for
the poly(carbophosphazene) [(NPCl,),(NCCl)],. However, the reasons for
this increase in T, of [(NPCl,),(NSCI)], are not entirely clear. While in the
case of [(NPCl,),(NCCl)], it could be reasoned that the improved =-
bonding in the C-N segment leads to a decrease in the skeletal flexibility
such reasoning is not applicable for the sulfur-containing polymer. Substi-
tution of the S-Cl and P-Cl bonds in [(NPCL),(NSCl)}, by aryloxy sub-
stituents increases the T, of the polymers (Table 5.2). This trend is similar
to what has been found in the polyphosphazene family. However, the
number of poly(thiophosphazene)s are very limited and therefore a proper
structure-property relationship cannot be drawn for this class of polymers.

The *'P-NMR data of poly(thiophosphazene)s indicate that the trends
observed are similar to those found in polyphosphazenes. Thus, while
[(NPCL,)»(NSCD)], shows a resonance at -4.6 ppm, replacing the chlorines
by biphenyloxy substituents shifts the *'P resonance upfield (Table 5.2).

Table 5.2. °'P-NMR data and 7, ¢ data for poly(thiophosphazene)s

S.No Polymer 'p 7,(°C)
1 o 4.6 -40
Jr *T’:”‘T:N"T:NTL
Cl Ci Ci "

2 OAr OAr -11.0 69
JDS:N_FI’:N“T:N‘}

OAr  OAr OAr
Ar = -C6H4-4-C5H5

(Idealized structure for
[N3P28(OC6H4-]7-
CeHs)a7(Cos]

3 C|>Af ?Af -12.1 32
Fomntanet=t

OAr OAr CI

(Idealized structure for
[N3PQS(OC6H4-WZ-
CsHs)4.4(Clo ]
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5.4 Poly(thionylphosphazene)s

The wunfavorable properties of poly(chlorothiophosphazene)s and
poly(organothiophosphazene)s can be traced to the presence of the reactive
S(IV) in the backbone of the polymer. Replacement of S(IV) by the oxida-
tively and hydrolytically more stable S(VI) would overcome this difficulty.
This involves incorporation of a S(O)Cl moiety in place of the S(Cl)unit.
Cyclic rings containing the S(O)CI group are known. Thus, analogous to
the P-N heterocyclic ring, N;P;Clg, the corresponding S-N ring (NSOCl),
is also known (Fig. 5.12). The hybrid P-N-S ring [ {NPCL},{NS(O)Cl}] is
also known and can serve as the precursor for the preparation of the linear
polymer [11, 12].
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Fig. 5.12. The inorganic heterocyclic ring [{NPCl,},{NS(0)Cl}] and its relation
with the other related rings N3P;3Clg and [NS(O)Cl],

The monomer [ {NPCl,},{NS(O)C1}] was originally prepared by a vac-
uum thermolysis of the linear derivative CL,PNPCIL,INSO,C1 along with
CI,PNPSO,CI (see Eq. 5.4).

Q. o
et o o0 . sl (5-4)
I | [l 155 - 160 °C N N
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P P
¢ ¢ o o NN

The inorganic heterocyclic ring [ {NPCl,},{NS(O)Cl1}] can also be pre-
pared by the Suzuki process as outlined in Fig. 5.13 [13].
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Fig. 5.13. Preparation of [ {NPCl,},{NS(O)Cl}] by the Suzuki process
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The Suzuki process involves the reaction of SO,(NH,), with PCl;s to af-
ford (C13PN),SO,. The latter reacts with hexamethyldisilazane to afford the
cyclic ring which already contains the N;P,S framework. This can further
react with PCls to afford [ {NPCl,},{NS(O)CIl}] over 70% yield. The latter
has a >'P-NMR resonance at & = 26.5. Many nucleophilic substitution reac-
tions of [{NPCl,},{NS(O)Cl}] are known. The important observation is
that in the aminolysis reactions of [ {NPCl,},{NS(O)Cl}], the P-Cl bond is
more reactive than the S(O)-Cl bond. In contrast, reaction of
[{NPCL,},{NS(O)Cl}] with AgF, affords the mono-fluoro product
[{NPCL},{NS(O)F}] (see Eq. 5.5). Notice that fluorination occurs exclu-
sively at the sulfur center. The fluoro compound [ {NPCl,},{NS(O)F}] has
a >'P-NMR resonance at +26.1 ppm.

N Oy F (5.5)
N 2N
N AgF, N N
Cl\é’ g/Cl T’ C|\| I[/Cf
"N NS
c” SN g AgBF, a” SN g

5.4.1 Polymerization of [{NPCI,;}>,{NS(O)CI}] and
[{NPCI2}:{NS(O)F}]

Thermal treatment of [ {NPCl,},{NS(O)Cl1}] and [{NPCl,},{NS(O)F}] af-
fords the  corresponding linear  polymers. Thus, heating
[{NPCI,},{NS(O)CI}] at 165 °C for 4 h in vacuum affords the
poly(chlorothionylphosphazene), [ {NPCl,},{NS(O)CI}], (see Eq. 5.6). An
80% conversion to the high polymer was noticed. Heating for more than
4 h or at higher temperatures leads to crosslinking [14, 15].

Q. 56
% .
2L . o o o« (5.6)
a N N g 165 °C 17 1
S e e
NS
o’ SN g vacuum ¢ o n

The cyclic ring [{NPCl,},{NS(O)Cl}] has a *'P-NMR resonance at
+26.1 ppm. In comparison the polymer [{NPCI,},{NS(O)Cl}], resonates
at -10.0 ppm. Poly(chlorothionylphosphazene), [ {NPCl,},{NS(O)Cl}], is a
hydrolytically sensitive polymer analogous to its other congeners [NPCL,},,
[{NPCl,},{NCCl}], and [{NPCL},{NSCl}],. It also has a flexible back-
bone analogous to other polymers of the polyphosphazene family. Thus,
the T, of this polymer is -46 °C.

The fluoro derivative [{NPCL},{NS(O)F}] also undergoes a ROP, al-
beit at a higher temperature, to afford the linear polymer
[{NPCl,},{NS(O)F} 1, (see Eq. 5.7). The T, of the latter is -56 °C.
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An interesting aspect of the thermal treatment of [ {NPCl,},{NS(O)Cl}]
is the formation of the cyclic rings [ {NPClL,},{NS(O)Cl}], (n = 2, 4) (Fig.
5.14). However, these cyclic rings are formed in small quantities.
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Fig. 5.14. Cyclic 12- and 24-membered rings made up of N-P-S framework

Both cis- and tramns-isomers of the 12-membered rings
[{NPCl,},{NS(O)C1}], have been isolated. A 24-membered macrocyclic
ring [{NPCl,},{NS(O)Cl}], has also been isolated in the thermolysis ex-
periment. All of these macrocyclic rings are nonplanar [1, 2].
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Fig. 5.15. Mechanism of polymerization of [ {NPCl,},{NS(O)Cl}]
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An ambient temperature ROP of [{NPCl,},{NS(O)Cl}] is mediated by
Lewis acids such as GaCl;, SbCl; and AICL; [16].This process is dependant
on the concentration of the Lewis acid. High concentrations of GaCl; are
needed to effect the polymerization. The initiation of polymerization of
[{NPCl,},{NS(O)C1}] by Lewis acids supports the mechanism of polym-
erization as occurring through a S-Cl heterolytic cleavage. This is analo-
gous to that proposed for the polymerization of N3P;Clg and is outlined in
Fig. 5.15.

The polymer [{NPCl,},{NS(O)CIl}], is not hydrolytically stable. How-
ever, replacement of chlorines by other nucleophiles such as aryloxides or
amines affords stable polymers. Interestingly, reactions with alkoxides
seem to cause polymer degradation. On the other hand, reaction of the
polymer with aryloxides occurs in a regioselective manner. Thus, its reac-
tion with NaOPh leads to the substitution of chlorines at the phosphorus
centers while leaving the sulfur center untouched (see Eq. 5.8)

o ¢ < O  OPh OPh (5.8)
I | | NaOPh 1 I [ :
S=N—P=N—P=N-+ ——-—> S=N—P=N—P=N
| | | n l I | R

Cl Cl Cl Cl OPh  OPh

The reaction of the heterocyclic ring [ {NPCl,},{NS(O)Cl}] with NaOPh
also does not effect the S(O)CI bond (see Eq. 5.9). Thus, in this instance
also the reactivity of the cyclic ring system can be a good model for the
corresponding polymer reactivity.

o, ¢ o C (5.9)
AN AN

R I ci NaOPh PhO\E {;f  oPh
N NN

o SN g pha” N7 Noph

Poly(thionylphosphazenes) are amorphous, high-molecular-weight
polymers [3, 11, 12]. The phenoxy polymer [{NP(OPh),},{NS(O)Cl}],
has a M,, of 30,500 and a M, of 16,030. It has a T, of -21.5 °C. Interest-
ingly in spite of the presence of the S-Cl bond this polymer is stable not
only in atmosphere but also in a mixture of dioxane containing 10% water.

In general, the molecular weights of poly(thionylphosphazene)s are
quite  high. Thus, the  absolute molecular  weight of
[{NP(OAT),},{NS(O)Cl}], (Ar = C¢Hy-p-CsHs) has been determined by
light-scattering experiments to be 64,000.

In contrast to the resistance of the S-Cl bond towards reactivity with
aryloxides, reaction of [{NP(OPh),},{NS(O)Cl}], with a number of
amines proceeds with total replacement of all the chlorine atoms. Thus, the
reactions of [{NP(OPh),},{NS(O)Cl}], with primary amines such as n-
butylamine leads to [{NP(NH#nBu),},{NS(O)NH#nBu}], [17]. Similarly,
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reactions of [{NP(OPh),},{NS(O)Cl}], with secondary amines such as
piperidine or pyrrolidine also leads to the fully substituted polymers (Fig.

5.16) [18].
3 g ¢
{‘?ZN‘T:“_T:“TL
Cl cc "
Piperid/ nBu\NNrolidine
PI (Tj (Tj NHnBu NHnB PI ? [T—>
{—:N P=N— P-—N+ + P—N P N‘]‘ %S:N—P:N—PIN%
l l .l NHnBu NHnBu NHnBu ,L l l n
G O O O O O

Fig. 5.16. Aminolysis reactions of [{NPCl,},{NS(O)Cl}],

As mentioned ecarlier the glass transition temperatures of
poly(thionylphosphazene)s indicate that these are polymers with a flexible
backbone. These polymers have five side-groups per repeat unit which is
similar to poly(carbophosphazene)s and poly(thiophosphazene)s. On the
other hand, a comparable polyphosphazene unit has six side-chains. This
has interesting consequences on the glass transition temperatures of
poly(thionylphosphazene)s (Table 5.3).

Table 5.3. >'P NMR and T, ¢ data of poly(thionylphosphazene)s

S.No Polymer °p T, (°C)
1 ﬁ ICl Cf' -10.0 -46
IL?:N"T :N_T:NTL
Ct Cl Cl "

3 0 OPh  OPh + -21.5 +10

4 (9 oA om ‘} -20.9 +55
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Table 5.3. (contd.)

5 Q" oA OAr 21.0 25
JF?:N"?:N“‘?:NJf

Ct OAr OAr

Ar =

6 0 oA oar -20.3 -15
g
F n
7 QoA oar -19.5 +48
+S:N~P:N—P:N<}
T | | N
F

] ﬁ II\IHR l|\lHR - +22
Jr ?:N".’:N‘T:’WL
NHR NHR NHR - "

R = Me

9 ﬁ l]\lHR Il\lHR - +4
IL ?:N"?:N"?:le
NHR NHR NHR "

R = Et

10 9 NHR NHR . -18
JF‘?:N—'? :N_?:Njf

NHR NHR NHR

R = nhex

11 CIJ TI‘IHR fl\lHR - 82
P
NHR NHR NHR "

R = CsHs

Poly(chlorothionylphosphazene)[ {NPCl,},{NS(O)Cl}], has a higher
T,(-46 °C) in comparison to [NPCL], (-63 °C). This indicates a slight
stiffening of the backbone as a result of the presence of the sulfonyl group
in the backbone. Replacing the chlorines with aryloxy substituents in-
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creases the T, (entries 3 and 4, Table 5.3). Among the amino derivatives,
polymers containing small primary amino substituents
[{NP(NHMe),},{NS(O)NHMe}], have a higher T, (+22 °C) while those
that contain  long-chain  alkylamino  substituents such  as
[{NP(NHrHex),},{S(O)(NHnHex)}], have a lower glass transition tem-
perature (-18 °C). The absence of poly(alkyl/arylthionylphosphazene)s
does not allow a full structure-property relationship to be drawn. However,
in general the thionyl group in the backbone of the
poly(thionylphosphazene)s seems to prevent the polymer chains from hav-
ing sufficient intermolecular interactions so that no genuine melting transi-
tion is seen for any poly(thionylphosphazene) (3, 11, 12].

Although no major applications of poly(heterophosphazene)s have yet
been indicated, many of these polymers seem to have good gas-transport
properties. The n-butylamino polymer [ {NP(NHnBu),},{S(O)(NHnBu)}],
has shown interesting applications as matrices for oxygen-sensors. The
principle of this application emerges from the following considerations.
The excited electronic (phosphorescent) states of transition-metal deriva-
tives such as ruthenium-phenanthroline complexes [Ru(phenPh,);]*" are
quenched by oxygen. Such complexes are dispersed in polymer films and
exposed to various oxygen pressures. The intensity of phosphorescence
emission is directly related to the concentration (pressure) of oxygen that
the polymer film experiences. It is believed that these applications will be
particularly useful in aircraft design [3, 11, 12].

5.5 Other P-N-S Polymers

In an interesting experiment Turner and coworkers have shown that heat-
ing a 1:1 mixture of the N-silylphosphoranimine,
Me;SiNPMe,(OCH,CF), and the N-silylsulfonimide,
Me;SiNS(0O)Me(OCH,CF5), affords a regio-selective coupling to afford
Me;SiNSMe(O)NPMe,(OCH,CF;), which contains the trifluoroethoxy
group on the phosphorus and the NSiMe; group on sulfur. Heating
Me;SiNSMe(O)NPMe,(OCH,CF;) affords a true alternating
poly(thionylphosphazene) copolymer [MeS(O)NPMe,N], where the
MeS(O)=N and Me,P=N units alternate with each other [19]. Interestingly,
treating Me;SiNSMe(O)NPMe,(OCH,CF;) with alcohol converts it into
HNSMe(O)NPMe,(OCH,CF5) which contains a S=NH end-group. Heating
this at 100 °C also leads to the formation of the polymer [RS(O)NPR;N],
by the expulsion of trifluoroethanol. The polymer [RS(O)NPR,N], is also
probably the first example of a poly(thionylphosphazene) that contains al-
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kyl groups attached to sulfur and phosphorus (Fig. 5.17). The molecular
weight of this polymer has been found to be moderate (M, = 8,000). Fur-
ther examples of these interesting polymers will cast more light on the
structure-property relationship of poly(thionylphosphazene)s.

i Ye
Messi—N:?—OCHzCF3 + MeSSi—N:I'?—-OCHZCF3
Me Me
-CF3CH,08iMes
I f\llle
MeSSi—N:IS—N:FI’—OCHZCFs
Me Me
-CF3CH,0SiMe;
140 °C ROH
(o] e (0] Me
I 100 °c I |
S=N-—P=N H—N=S—N—P—O0CH,CF;
I CF3CH20H | !
Me Me

Fig. 5.17. Synthesis of poly(thionylphosphazene)s containing alkyl side-groups

Chivers and coworkers have reported that the reaction of sulfur
monochloride, S,Cl, with Cl,P(NSiMe;)(NSiMes), affords a material with
a composition that is consistent with the polymer [SNPCL,N], (see Eq.
5.10) [3]. However, the discouraging solubility properties of this polymer
did not allow its full characterization.

’ ¢l 5.10
NSiMes MeCN T ( )
S,Cl,  + ChR — S=N—P=N
N(SiMe3), 20°C o ,

5.6 Metallacyclophosphazenes

Metallacyclophosphazenes are a new class of heterocyclophosphazenes
that contain a metal atom in the phosphazene ring [20-23]. Apart from
their novelty there have been preliminary experiments which seem to sug-
gest that a few representative metallacyclophosphazenes can function as
monomers for ROP to the corresponding poly(metallaphosphazene)s [24].
The Bezman’s salt [ {Ph,P(NH,)},N]'[CI] has served as a good synthon
for the preparation of metallacyclophosphazenes providing, a five-atom,
NPNPN, fragment. Ring-closure can occur if an appropriate reagent is al-
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lowed to react with this synthon. Thus, the reaction of Bezman’s salt with
WCl; in refluxing chloroform afforded the first metallacyclophosphazene,
[{NPPh,},{WCIl;}] as a crystalline solid. The latter can be fluorinated by
AgF or NaF to afford [ {NPPh,},{WF;}]. The fluoro derivative can also be
obtained by the reaction of Bezman’s salt with WF¢ (Fig. 5.18). The mo-
lybdenum derivative [{NPPh,},{MoCl;}] can be prepared by the reaction
of Bezman’s salt with molybdenum pentachloride or molybdenum trichlo-

ride nitride (Fig. 5.18).
PhoP? S PPh i
o er

HN' 'NH,

\WFG

MoClg
WClg or
N==MoCl,
N N N
PhoP” “PPhy  AgF orNaF PP PPhy Prp”pPh,
Ne, N Ne N N
c el FIoF c el
Cl F Cl
M = Mo

Fig. 5.18. Synthesis of metallacyclophosphazenes

The metallacyclophosphazenes [ {NPPh,},{VCL}], [ {NPPhy}, {WBr3}],
or [{NPPh;},{ReCls}] can be prepared by the reaction of Bezman’s salt
with the corresponding metal salt in the presence of Br; or Cl, (Fig. 5.19).

The characterization of these metallacyclophosphazenes has been car-
ried out by NMR as well as single-crystal X-ray structural studies. Thus,
the compound [ {NPPh,}, {WCl;}] has a *'P-NMR signal at 39.2 ppm. This
may be compared with the >'P-NMR signal of gem-N;P;Cl,Ph, (8 PPh, =
17.2) and N;P;Phy (8 = 14.3). The molybdenum analogue
[{NPPh,},{MoCl;}] has a similar chemical shift (6 = 42.4 ). The crystal
structures of [{NPPh,},{WCls}] and the [{NPPh,},{MoCl;}] show that
the six-membered rings in these metallacyclophosphazenes are nearly pla-
nar. The metal atoms deviate from the plane of the rest of the ring. Thus, in
the molybdenum derivative, the molybdenum is about 0.13 A away from
the mean-plane of the ring. The P-N distances in the molybdenum deriva-
tive are of two types. Short distances (av.1.583 A) are associated with the
nitrogen that is farther away from the metal. The P-N distances involving
the nitrogens that are adjacent to the metal are longer (1.650 A). Similarly,
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the bond angles involving the nitrogens in the Mo-N-P bonds are larger
(av. 134. 5°) than the nitrogen in the P-N-P segment (127.9 °).

+

Ph,P7 SPPh
2o fer
H:N °NH,

VCl/Cl WBr/Br, IReCI5/CI2
N\ N N\
thFl’// PPh, PhZ&ID// \]F|>Ph2 thilb// PPh,
\\V/N Now” N\\M,N
o e Br” | “Br CI/(\\CI
Br Cl ¢l

M=Re

Fig. 5.19. Synthesis of metallacyclophosphazenes in the presence of metal halides
and Br, or Cl,

Examples of eight-membered metallacyclophosphazene rings also exist.
(see Eq. 5.11). There is no example of a metallacyclophosphazene of the
type [{NPCl,},{MCl,}]. This is probably because of the lack of appropri-
ate synthons. However, the recent utility of the chlorophosphoranimine
Me;SiNPCI; suggests that this compound could be a useful synthon for the
synthesis of chlorometallacyclophosphazenes.

cl Ph
o (5.11)
Ph Cl—Y=N—P—Ph
CI—P=N—SiMe; + 2CLV=NSiMe; ———— N |
Ph Ph—P—N=y—C|
Ph Cl
N
Ph,P”  “PPh, A B B (5.12)
L {7N—MCI3—N—P(Ph2)N:P(PhZ)—}
Ny, N Xylol n
4
N
M = Mo, W

It has been briefly reported that the metallacyclophosphazenes
[{NPPh,},{WCl;}] and [ {NPPh,},{MoCl;}] can be polymerized in boiling
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xylene to afford the corresponding poly(metallaphosphazene)s (see Eq.
5.12) [24]. However, no further studies on these polymers have appeared.

5.7 Other Phosphorus-Containing Polymers

5.7.1 Polyphosphinoboranes

Polyphosphinoboranes, [RPH-BH,],, are a recent class of polymers that
contain a P-B repeat unit in the polymer backbone [25, 26]. These poly-
mers are prepared by a rhodium-catalyzed dehydropolymerization proce-
dure. The monomers that have been used for these polymers are the
phosphine-borane adducts, RPH,.BH;. Dehydropolymerization of these
adducts occurs by the use of rhodium complexes such as [{Rh(p-ClI)(1,5-
cod)},] or even by simple rhodium salts such as RhCl; or RhCl;.xH,0. The
polymerization is carried out in neat conditions (no solvent) (see Eq.5.13).

0 5.13
RePH, BH, _100-120°C {_P_ + (5.13)

Rh catalyst

R =Ph, iBu, p-nBuCBH4, p-C12H25-CsH4

The molecular weights of these polymers have been determined by vari-
ous methods. For example, the molecular weights (M,,) of [PhPHBH,], and
[(BuPHBH,], as determined by static light scattering methods are 20,000
and 13,100, respectively. The phosphorus chemical shifts of the
phosphine-borane adducts and the linear polymers are nearly similar. Thus,
while the *'P-NMR signal of PhPH,.BH; is at -47 ppm, the linear polymer
resonates at -48.9 ppm.

Polyphosphinoboranes are reasonably flexible at room temperature. This
is reflected in the T, g’s of these polymers: [{BuPHBH,], (5 °C); [p-
nBuC6H4)PHBH2]n (8 OC); [(p-C12H25-C6H4)PHBH2]n (-1 OC). The few ex-
amples of polyphosphinoboranes that are known are all thermally quite
stable. Interestingly, [PhPHBH,], shows a ceramic yield of 75-80 % at
1000 °C indicating a possible utility for these polymers as polymer precur-
sors for boron phosphide-based solid-state materials [26].
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5.7.2 Polymers Containing P=C bonds

Recently, an addition polymerization of the phosphaalkene, (Mes),P=CPh,
(Mes = 2,4,6-Me;-C¢H,) has been reported (27]. Thus, after the vacuum
distillation of the crude monomer (150 °C; 0.1 mmHg) a residue was left
behind. Analysis of this revealed it to be a high polymer. It was suspected
that radical impurities might have caused the polymerization. Subsequently
it was shown that the phosphaalkene can be polymerized by free-radical or
anionic initiators to afford a low molecular weight (M, = 5,000-10,000)
polymer (see Eq. 5.14) [27]. The *'P-NMR chemical shift of the polymer (-
10 ppm) is considerably upfield shifted vis-a-vis the monomer (+233

ppm).

Ph
p—cl Ph radical initiator p— (I: (5 14)
Mes” —  “Ph or L T,
MelLi Mes Ph

A

The polymer [MesP-CPh,], is reasonably stable towards moisture and
air. However, the trivalent phosphorus center in this polymer can be oxi-
dized by treatment with H,O, to afford [MesP(O)-CPh,],. Similarly, treat-
ing [MesP-CPh,], with sulfur converts it into [MesP(S)-CPh,],..

An interesting condensation reaction to afford a polymer with P=C
bonds has been recently reported [28]. The reaction involves a [1,3]-
silatropic rearrangement (Fig. 5.20).

Me;Si. _SiMeg Q 0
Vil AN * L N
MesSi SiMes cl c
-2Me,SiCl | 85 °c

Me, Me

O—SiMes
H = o=r,
n

Me;Si—O

Me Me

Poly(p-phenylenephosphaalkene)

Fig. 5.20. Preparation of poly(p-phenylenephosphalakene)

The reaction of the difunctional reagent C1C(O)-Ar-C(O)CI [Ar = 2, 3,
5, 6-Me,Cg] with (SiMes),P-C¢Hy-p-P(SiMes), leads not only to the elimi-
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nation of Me;SiCl, but also of the migration of the remaining SiMe; group
on phosphorus to the carbonyl oxygen. This overall reaction generates
poly(p-phenylenephosphaalkene). This polymer is isolated as a mixture of
various regioisomers. Poly(p-phenylenephosphaalkene) is a heavier con-
gener of the well-studied organic luminescent polymer poly(p-phenylene
vinylene) (Fig. 5. 21).

Fig. 5.21. Poly(p-phenylenevinylene)

These new phosphorus containing, polymers reveal the potential utility
of incorporating the main-group linkages in polymer chains.

5.8 Poly(alkyl/aryloxothiazenes)

The polymers [S], and [SN], have been mentioned in Chapter 1. Other sul-
fur-containing polymers that have already been dealt with so far include
those that have P-N-S and P-N-S(O) units as well as those that contain al-
ternate S(O)N and PN units in the polymer backbone. In this section we
will briefly look at polymers containing alternate sulfur and nitrogen atoms
in the polymer backbone. In these polymers sulfur is hexavalent. An oxy-
gen atom and an alky or an aryl group is present as the side-chain substitu-
ents on sulfur.

o) O
L - +N“g~}>
| SR =
MegSIN=5—0R Me;SiOR" D la
R R
R' = Me, Et, Ph, 4-F-CgH,
R" = OCH,CF3, OPh
MeOH
0 0
I A [l
HN=S—OR" ———— N=S
] R'OH T I
R R

R'=Me R"= OPh, OCH,CF3
R'=Ph R"=O0Ph

Fig. 5.22. Synthesis of poly(alkyl/aryloxothiazene)s
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Poly(alkyl/aryloxothiazenes), [N=S(O)R],, have been prepared by the
thermolysis of N-silylsulfonimidates, [Me;SiN=S(O)R'(OR")]. The ther-
mal condensation is catalyzed by Lewis acids such as BF;.Et,O, AICl; or
by bases such as F~ and the phenoxide ion (Fig. 5.22) [29]. These polymers
can also be prepared by using an alternative pathway. Thus, the N-
silylsulfonimidates can be desilylated to the corresponding free sulfonimi-
dates [HN=S(O)R’(OR")]. The latter can be converted to the polymers,
also by a thermolysis reaction (Fig. 5.22).

Poly(alkyl/aryloxothiazenes) are high-molecular-weight polymers and
have good solubility properties. Their glass transition temperatures are
quite high. For example, while [N=S(O)Me], has a T, of 55-65 °C,
[N=S(O)Ph], has a T, of 85 °C. Although experimental structural studies
have been limited, based on theoretical calculations, a cis-trans helical
conformation has been proposed for poly(methyloxothiazene),
[N=S(O)Me], [29].

5.9 Borazine-based Polymers

Borazine is an important and well-studied inorganic heterocyclic ring. It is
isoelectronic with benzene and has been known as inorganic benzene
(5.23).

||-¥ H
H” B\\I?I/ T H H
H H
Borazine Benzene

Fig. 5.23. Borazine and benzene

Interest in borazine-based polymers arises out of their possible utility as
precursors for the preparation of boron nitride, a high value ceramic mate-
rial. It was discovered that borazine readily undergoes a dehydropolymeri-
zation at 70-110 °C to afford a soluble polymer, polyborazylene, in about
80-90% yield (see Eq. 5.15) [30, 31].

H H
\ /

- s (5.15)
7N A MR
H—B N—H B N
/ \ / n
N=H
/
H H

\ —
/N—B\
H H
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Based on extensive spectroscopic studies it has been suggested that the
six-membered B-N rings are retained in the polymer. The structure of the
polymer is not entirely linear but also contains branched-chain and fused-
cyclic segments [31]. Polyborazylene is soluble in solvents such as THF.
Measurements by low-angle laser light scattering techniques reveal that the
molecular weights vary from 3,000-8,000. Most interestingly, it has been
shown that polyborazylenes are excellent polymer precursors for BN ce-
ramics. High ceramic yields (84-93 %) have been obtained.

Recently, modified polyborazylenes have been prepared by reactions
with secondary amines containing alkyl chains such as diethylamine,
dipentylamine as well as silyl amines such as hexamethyldisilazane (see
Eq. 5.16) [32].

Hoo M H B/H H\N_B,H (5.16)
/5\]_ B\\ (CsHq1)2NH /;\] NN
B N —_—— B N—B N
N/ N Ny
N=B " N=B N=B {n
VAN AT TR
H H H H H Il\l—CsHﬁ
CsH14

Modified-polyborazylenes

Modified polyborazylenes have better solubility properties than the par-
ent polyborazylene. Also, these new versions of polyborazylenes are melt-
spinnable and have been shown to afford boron nitride ceramic fibers on
thermal treatment [33].
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6 Polysiloxanes

6.1 Introduction

Polysiloxanes are inorganic polymers that contain alternate silicon and
oxygen atoms in their backbone [1-6]. While the silicon atom has two side-
groups the oxygen atom carries none. In this regard they are similar to
polyphosphazenes that we have seen in Chap. 3. The most widely studied
polymer of this family is poly(dimethylsiloxane) (PDMS) which contains
methyl groups as the substituents on silicon. PDMS is isoelectronic with
poly(isobutylene) as well as poly(dimethylphosphazene) although its prop-
erties are dramatically different (Fig. 6.1).

o g ot
{»su—o«} ¢=¢ N=F
ey H. Cha, CHyJ
Fig. 6.1. PDMS, poly(iscbutylene) and poly(dimethylphosphazene)

PDMS has several unusual properties [1, 5]. These are listed as follows.

Extremely low T, (-123 °C)

Very high hydrophobicity

High thermal stability

Low surface tension

Low variation of viscosity with temperature
High gas permeability

Non-toxicity

NNk L=

These properties have made PDMS and related polymers the most im-
portant inorganic polymers from a commercial point of view. In fact, they
are the only inorganic polymers that have achieved a remarkably high level
of utility and consequently are produced in large quantities throughout the
world. Thus, it is estimated that nearly 800,000 metric tons of this family
of polymers is manufactured every year with a commercial value of over 4
billion U.S. dollars [7]. The applications of these polymers are in ex-
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tremely diverse areas. These include areas such as high-temperature insu-
lators, antifoam applications, biotransplants, contact lenses, drug-delivery
systems, flexible elastomers, personal care products and many more [1-7].
The greatest advantage that these polymers seem to possess is the ease
with which subtle modifications can be brought about in the polymer struc-
ture which has a profound influence on their properties and hence on the
applications. Thus, although PDMS as written above is depicted with a lin-
ear backbone all the applications mentioned above are not achieved by
such a linear polymer alone but by its many modifications. Thus, for many
elastomeric applications PDMS is used in a crosslinked form after being
reinforced with a material such as fumed silica [5]. The idealized structures
of such crosslinked polymers are depicted in Fig. 6.2. Crosslinks are
formed between different polysiloxane chains as a result of intermolecular
Si-O-Si linkages or Si-CH,CH,-Si links. Thus, the cross-linking principle
is similar to that of organic rubbers except that the method of achieving
such crosslinks is different.

CHy CHy  CHs cl> CH; CHy  CHy CHs
—O_Sli‘—O“‘éi—‘O—S!“‘O—éi—'O_‘ —O0—S8i—0—S8i—0—Si—0—§—

éHg, } |CH3 C':H3 CHy CH,  CHy CHy

o [ ph g
_O_Sli—O_SIi—O—SII—O— _O_Si_o_si_o_sli_o_

([) CHj3 CHs CHj; CHs; CHj

Fig. 6.2. Crosslinked PDMS

Many other members of the polysiloxane family are known. These have
not yet achieved the level of commercial success of the original systems.
These include polymers with double-strand type structures (Fig. 6.3), hy-
brid polymers containing alternate siloxane-organic backbones, or exam-
ples with siloxane-phosphazene hybrids etc. Some of these polymers will
also be described in this chapter.

Ph Ph Ph Ph
——Sli—O—éi——O—-Sli—O—Sli—

5 o o o
—S|i—O—ISi—O——S|i—O—S!-—

P Ph o Bn o n

Fig. 6.3. Double-strand polysiloxanes
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Even before we consider polysiloxanes we should be aware that there
are other silicon-oxygen compounds and polymers that are all around us.
In fact, compounds containing silicon-oxygen bonds are ubiquitous [8].
Oxygen (49.5 %) and silicon (27.3%) are the two most abundant elements
in the earth’s crust. Thus, almost inevitably most of the earth’s crust - its
rocks, clays, soils and sands - are made up of entirely silica (SiO,) or sili-
cates. In fact, silicon does not exist in the free form in the earth’s crust.
Silicon-oxygen compounds found in the earth’s crust (silica or mineral
silicates) have an enormous diversity of structures. Thus, silica itself is
present in over 22 crystalline phases with different types of structures. For
example, the structure of B-cristobalite is analogous to the structure of dia-
mond. Thus, analogous to diamond structure in B-cristobalite also the
structure is built from interconnected tetrahedral units and it belongs to the
tetragonal system. In contrast, although the structure of the most common
form of silica quartz although built from corner shared [SiO4] tetrahedral
units has a helical architecture. Quartz itself exists in two different forms;
thus, while the thermodynamically more stable a-quartz has a trigonal
symmetry, the other crystalline modification B-quartz possesses an hex-
agonal symmetry. The Si-O bond distances in a-quartz are 1.597 and 1.617
A, while the Si-O-Si bond angle is 144° [8].

In contrast to silica which is neutral and has a chemical composition of
S10,, the mineral silicates are composed of the basic tetrahedral structural
unit [Si04]*. The variation in structural types arises from a sharing of oxy-
gens between silicon centers. This essentially gives rise to structures where
the tetrahedral [SiO,] units are joined together. The corners of the tetrahe-
dra are shared between such fused structures. Because of the various ways
in which [Si0,] tetrahedra can be linked with each other, the silicate struc-
tures are quite diverse. For a detailed description of these silicate structures
the reader is advised to see well-known textbooks on Inorganic Chemistry
[8-9]. A brief summary of the structural information of silicates is as fol-
lows. Interestingly, some of the mineral silicate structures are mimicked by
the corresponding organosilicon compounds.

1. Orthosilicates (nesosilicates) such as Mg,SiO, or ZrSiO,. These
are also called nesosilicates. These silicate minerals contain dis-
crete [SiO4]4" units. Silicon is surrounded by a tetrahedral coor-
dination of oxygen atoms. The oxygen centers are arranged in a
close-packed or nearly close-packed manner. The interstices of
this close-packed layer are occupied by the cations present in
the mineral silicate. The other examples of this mineral class in-
clude Be,Si04, Mn,Si0O; or Fe,Si0,. Garnets such as
M"M"(Si0,);] M" = Ca, Mg, Fe; M= Al, Cr, Fe) also be-
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long to the orthosilicate family. The simplest organosilicon ana-
logue of this family is tetramethylsilane Si(CHs),. Notice that
[Si04]* and Si(CH,), are isoelectronic (Fig. 6.4).

4

0 o
S S,
Y o} 4\ CH3

o] (e} H3C CH3

Fig. 6.4. The simplest structural unit of orthosilicates, [SiO4]* and its organosili-
con analogue Si(CHy)4

2. Disilicates (sorosilicates) contain [Si,0;]% units. In this type of
silicates two silicons share one oxygen atom. This results in two
[SiQ,] tetrahedra sharing one common corner having a Si-O-Si
bond. The bond angle at this junction oxygen is quite variable
and ranges from 130 to 180°. The examples of these mineral
silicates are, SCzsi207, LU2Si207, Nszi207, [ZH4(OH)281207]
The organosilicon analogue of this type of disilicates is the disi-
loxane, Me;Si-O-SiMe; (Fig. 6.5)

6
o} ] ,/O H3C, ) _/CH3
O-Si—0—S8i-0 HgC~Si—0—SiCHs
o) ¢) H,C CHj;

Fig. 6.5. [S,0,]% and its organosilicon analogue Me;Si-O-SiMe;

3. Cyclic silicates (cyclosilicates). This type of silicates, as the
name suggests has a cyclic structure with alternate silicon and
oxygen atoms in the cyclic ring. There is no example of a four-
membered ring because at least three tetrahedral [SiO4] units
have to join together to form a cyclic ring. Common ring motifs
are the six-membered [Si309]6‘ and the twelve-membered
[SigO;s]'* structures. The examples of minerals that possess
these structures are [Ba,Ti{Si;Os}] and [Be;Al,{SisO5}]. In
these types of silicates two oxygen atoms per each [SiO4] are
shared. Thus, the empirical formula of these structural types is
[SiO3]n2“'. Several organocyclosiloxanes are known that are
structurally analogous to the cyclosilicates. For example, hexa-
methylcyclotrisiloxane, [Me,SiO]; is a structural analogue of
the minerals possessing [Si;0]" structural units (Fig. 6.6).
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Fig. 6.6. The cyclic structural unit [Si;04]® and the organosiloxane analogue

[MeZSiO]6

4.

Fig. 6.7. Linear single-chain silicates [SiOs],
[Me,Si0],

5.

Polymeric linear single-chain silicates (single-chain inosili-
cates). Chain silicates with successive repeat units of [SiO;]*
are among the most common type of silicate minerals. In this
type of minerals the fused [SiO,] tetrahedra is organized linearly
instead of in a cyclic manner (as was the case with the cyclosili-
cates). In this structural type also every repeat unit has two
common oxygen centers that are shared. Several variations of
this structural type are found in nature. Many minerals that be-
long to the pyroxene minerals are of this type. Examples of this
family include [Mg,Si,O¢l, [Na,Al{Si,O0¢}]. The organosilicon
example that is the structural analogue of these linear polymeric
silicates is polydimethylsiloxane [Me;SiO], (Fig. 6.7). The
structural relationship between the cyclic and polymeric sili-
cates is similar to that between cyclo-[Me,SiO], and poly-

[Me,SiOl,.
~ /SI\ LSl\ ]/SI\ /SI/\

[SIOTa™

RQ R RQ R RQ R
AN Sl Sl Sl SI\
O/ \O/ \O/ \o/
R =Me
[Me,SiO],

2n-

and their organosilicon analogues

Polymeric linear double chains (double-chain inosilicates). If
two linear silicates are linked with each other it results in double
chains. We have seen that in order to generate cyclic or linear
silicate structures every silicon has to share two oxygens with
its neighbors. When such linear chains are linked to each other
obviously additional sharing of oxygen atoms between silicon
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centers is required. This gives rise to silicon:oxygen ratios of

2: 5, 4:11, 6:17 etc. Double-chain structures having structural
building blocks such as [Si,05> ], [Sis011% ], are quite common
(Fig. 6.8). Many amphiboles or asbestos minerals such as
[Mg;(Si,05)(OH)4], [Ca;Mgs(Si4041)2(OH),] belong to this class

of silicates.
0 O\Si<0 0 O\sﬁo o ‘|3 ? (13 (|3
NTLo07 To T 1o ~oo T 0 ~_1 0 o o. o)
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Fig. 6.8. Examples of linear double-chain silicate structures

6. A further extension of the silicate mineral structures is possible
by forming sheet-type layered structures (phyllosilicates). In
this class of silicate structures cyclic rings of [SiO,] tetrahedra
are linked by shared oxygens to other cyclic rings to generate
two-dimensional sheet-like structures. One oxygen is exclu-
sively bonded to every silicon. The remaining oxygens are
shared between two silicons (Fig. 6.9). Thus, every silicon in
the phyllosilicate structure has 2.5 oxygens. Such two-
dimensional sheets are connected with each other by layers of
cations. The cations also have a coordination sphere of water
molecules. It is clear that many neutral molecules also can be
trapped in between the sheets. Because of these structural pecu-
liarities many soft minerals such as talc and many types of clays
such as kaolinite or montmorillonite belong to this class of min-
erals. The general formula of the Kkaolinite clays is
[A1,S1,05(OH),]. In these the Si,05 sheets are bound to the alu-
minum hydroxide [Al,(OH),] layers. Montmorillonite clays
have a general formula of
[(Ca,Na,H)(Al,Mg,Fe,Zn),(SiA1),0,6(OH),].xH,O. In these
structures aluminum hydroxide is sandwiched between two sili-
cate layers. The interlayer space is filled with the cations and
variable amounts of water.
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Fig. 6.9. Layered silicate structure

7. The most complex elaboration of silicates leads to the genera-
tion of three-dimensional structures (tectosilicates). These
classes of minerals are also called framework silicates because
their structures are composed of interconnected tetrahedral net-
works forming intricate frameworks similar to those found in
houses. In these framework silicates all the oxygens are shared
giving rise to a silicon to oxygen ratio of 1:2. The framework
silicates can have a bewildering array of compositions because
many cations such as the aluminum ion can substitute for the
silicon ion up to 50%. Replacing each silicon by one aluminum
increases the negative charge by one unit. To compensate this
and maintain the charge balance additional cations are needed.
Minerals such as feldspars and zeolites belong to the framework
silicate family.

6.2 Historical Aspects of Poly(dimethysiloxane)

Although many of the silicates discussed above are polymers they do not
possess the properties that we associate with organic polymers. Thus, these
minerals are neither thermoplastic nor elastomeric. This is primarily due to
their three-dimensional structures and/or their ionic nature. Thus, neutral
substances such as silica are three-dimensional structures analogous to
highly crosslinked organic thermoset materials. The thermal stability of
silica and related substances is, of course, much higher. On the other hand,
even two-dimensional silicates are not tractable and cannot be processed
by methods that are commonly employed for organic polymers. This is
probably due to the fact that the countercations present in mineral silicates
function as effective crosslinking agents.

The search for organosilicon polymers in general and
poly(dimethylsiloxane) in particular has its origins in attempts to bridge
the gap between mineral silicates, on the one hand, and organic polymers
on the other. The need for flexible substances that can serve as high-
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temperature insulation materials served as the impetus for this search [5].
These aspects are discussed in the following.

The discovery of poly(dimethylsiloxane) and the foundation of the sili-
cones industry has been the subject of many reviews and for the full details
of this interesting historical account the reader is directed to these appro-
priate sources [5, 7]. A brief summary of this is presented here.

The development of the silicones industry depended very critically on
the ability to make compounds containing Si-C bonds. From the point of
view of commercial viability it was also important that organosilicon com-
pounds should be prepared by efficient synthetic methodologies which
would contain a minimum number of synthetic steps and which avoid ex-
pensive reagents. The achievement of these goals culminated in the current
silicone technology.

The first efforts of making organosilicon compounds are due to Friedel
and Crafts in the nineteenth century. They alkylated silicon tetrachloride
with the help of zinc alkyls or mercury alkyls. Silicon tetrachloride is pre-
pared by the chlorination of silicon and the latter itself is produced by the
Moissan method of high temperature reduction of SiO, with carbon which
involves reduction in an electric furnace by the use of graphite electrodes.
The whole process can be summarized as follows (see Eq. 6.1) [5, 7].

Si + 2Ch SiCly (6.1)

Si0, + 2 — Si + 2CO

2Zn(C,Hg), + SICl ———  Si(CoHg)y + 22ZnCly

2Hg(CeHs), + SiCly Si(CeHs)s + 2HgCly

From these preparative procedures tetraalkyl and tetraarysilanes could
be synthesized. It was observed that compounds such as tetraphenylsilane,
SiPhy, have a remarkable thermal stability (boiling point 530 °C). Seyferth,
in a recent review on dimethyldichlorosilane, points out that Friedel and
Crafts by oxidation of tetraethylsilane, SiEt,, were able to isolate
[Et,Si0],- probably the first example of a polysiloxane [7]. Ladenburg in
Germany was able to extend the methodology of Friedel and Crafts to the
alkylation of tetracthoxysilane to prepare EtSi(OEt);, Et,Si(OEt),,
Et;Si(OEt) and MeSi(OEt);. He also isolated products of the type
[Et,Si0],, [EtSiO; 5] as well as [MeSiO; 5], [7].

The next leap in the development of organosilicon compounds was due
to the efforts of F. S. Kipping in England and A. Stock in Germany. Kip-
ping applied the then newly discovered Grignard reagents for alkylating
and arylating silicon (see Eq. 6.2).



6.2 Historical Aspects of Poly{dimethysiloxane) 217

CHsMgBr + SiCl; ————>  (C,Hs)SiCly (6.2)
2C,HsMgBr + SiCl; ————= (C,Hs),SiCl,

Thus, the sequential reaction of the alkylaryl Grignard reagents with
silicon tetrachloride allowed Kipping to isolate products such as R;SiCl,
R;SiCl, or RSiCl;. Kipping further found out that the organochlorosilanes
hydrolyze to afford the corresponding hydroxy derivatives which further
condense to give other products (see Eq. 6.3). Thus, Kipping found out
that hydrolysis of diorganodichlorosilanes results in final products with the
composition [R,Si0],. These products were called silicones in analogy
with ketones [5, 7]. However, these compounds do not contain a silicon-
oxygen double bond (Si=0). Indeed, there has been no authentic or-
ganosilicon compound to date that has been shown to contain a Si=0O dou-
ble bond.

R3SICl + H0 ———— R3SIOH + HC! (6.3)
RsSIOH + RgSIOH ———= RsSI-O-SiR; + Hp0
R,SiCl, + 2H,0 —— RySi(OH), + 2HCI
2R,S(OH); —— =  2[R,SiO], + Ho0

But it must be said to the credit of Kipping, that he realized that the sili-
cones that he isolated were complex structures which were probably built
from the monomeric R,SiO unit. The hydrolysis of organochlorosilanes by
Kipping invariably led to the isolation of a lot of oils and gums. In some
instances, he was able to isolate cyclic rings such as [Ph,SiO]; or
[Ph,Si0],. Kipping was quite disappointed with the nature of organosilicon
compounds and was quite pessimistic about the future of organosilicon
chemistry [5, 7]. However, there is no doubt that his initial and pioneering
work laid strong foundations for the future development of this branch of
chemistry.

The other pioneer of organosilicon chemistry, Alfred Stock, excelled in
the development of the synthesis of the volatile and inflammable silicon
(and boron) hydrides. He developed new types of glassware and vacuum
techniques to isolate and characterize these highly reactive compounds.
Stock was also able to prepare dichlorosilane, H,SiCl,, which served as
starting materials for dimethylsilane, (CH;),SiH,. Stock was also able to
find out that dimethysilane hydrolyzes to give small quantities of an oily
material. This oil was [Me,SiO],. Thus, Stock was probably the first per-
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son to have prepared poly(dimethylsiloxane) [5,7] (see Eq. 6.4). He did
not, however, proceed to characterize this compound any further or inves-
tigate its properties.

AlC
SHy + 2HO a8, SiHCl, + 2H, (6.4)

SH,Cl, + (CHg)pZn  ———=  (CHy)SiH, + ZnCl,

(CH3),SiH, + 2H,0 —_— (CH3),Si(OH), + H,
N(CHy)SI(OH), ~ ———  [(CHg)SiOl, + nH,0

Interest in organosilicon polymeric resins was at first aroused in indus-
try because of the need to develop insulation materials that would be in-
definitely stable at high temperatures [5]. It was envisaged that organosili-
con polymers could provide a matrix for glass fibers and the entire matrix
could be cured to afford the required insulation materials. Using Kipping’s
methodology, several organochlorosilanes such as PhEtSiCl, were synthe-
sized by the organic chemist Hyde at the Corning Glass works company.
These diorganochlorosilanes could be hydrolyzed to afford the polymeric
derivatives [PhEtSiO],. It was also found that this polymer could be cured
(crosslinked) by heating it at 200 °C. This crosslinked polysiloxane mate-
rial could be used continuously at 160 °C without significant degradation
[5].

The above important result in polysiloxanes was followed by the work
of Rochow at General Electric Corp. towards development of polymers of
the type [Me,SiO}],. Rochow was motivated in avoiding C-C bonds in his
polymers (because of their thermal instability at high temperatures) and
this led him to investigate methylorganosilanes. Initially, he also used the
Kipping route and was able to synthesize methylchlorosilanes such as
MeSiCl;y and Me;SiCl,. Hydrolysis of this mixture gave a polymer which
could be cured by thermal treatment. Some such crosslinked polymers
(with Si/CHj ratio around 1.3-1.5) were very stable and underwent oxida-
tion very slowly even at 300 °C. However, in spite of the attractive nature
of the methylsilicone polymer there was a major difficulty in commercial-
izing this material. The difficulty was in extending the Grignard route to
the commercial scale. Among other factors the cost of magnesium metal
was an important impediment. The breakthrough came in the way of a di-
rect process of preparing the methylchlorosilanes without the need to go
through the Grignard reagent. Rochow realized that the reaction of HCl
with silicon affords chlorosilanes such as HSiCl; or H,SiCl, as demon-
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strated by Alfred Stock. Rochow applied this procedure to react CH;Cl
with silicon. In one classic experiment he found that this reaction pro-
ceeded to afford methylchlorosilanes in the presence of copper as the cata-
lyst. A mixture of chlorosilanes with close boiling points were obtained:
MeSiCl;, 57.3 °C; Me,SiCl,, 70.0 °C; MesSiCl, 57.3 °C, SiCly, 57.6 °C
[5]- The process could later be optimized to obtain maximum yields of
Me,SiCl, (see Eg. 6.5).

Cu powder
2MeCl + Si  — oS Me,SiCh (6.5)
300°C

The direct process is also quite versatile and can be fine-tuned to pre-
pare other types of chlorosilanes also. Ethylchlorosilanes could also be
similarly prepared analogous to the synthesis of methylchlorosilanes.
Preparation of phenylchlorosilanes required a slight modification of the
catalyst. Addition of a mixture of HCI and MeCl to silicon affords mix-
tures of methylchlorosilanes along with MeSiHCl,. Simultaneously, along
with Rochow, but independently, Richard Mueller in Germany had also
come out with a direct process, initially for preparing HSiCls, and later for
methylchlorosilanes [7].

The discovery of the direct process of the synthesis of organochlorosi-
lanes took these compounds from the realm of laboratory curiosity to
commercially important materials. The chemistry of the polymerization
methods for the assembly of polysiloxanes is discussed in the subsequent
sections. Polysiloxanes are synthesized by two principal methods (a) ring-
opening polymerization of cyclosiloxanes and (b) condensation polymeri-
zation involving a hydrolysis/condensation reaction of diorganodichlorosi-
lanes or condensation reaction between two difunctional diorganosilanes.

6.3 Ring-Opening Polymerization of Cyclosiloxanes

Ring-opening polymerization of cyclosiloxanes is a very effective method
for obtaining linear polymers. Before we consider this aspect let us digress
slightly and have a look at the synthesis and structures of a few representa-
tive examples of cyclosiloxanes. This will help us in understanding the re-
lationship that these cyclic heterocyclic rings have with their linear coun-
terparts. In this regard this relationship is similar to what we have
encountered so far in the case of cyclophosphazenes, heterocyclophos-
phazenes and the linear polymers derived from them.
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6.3.1 Cyclosiloxanes

Cyclosiloxanes are inorganic heterocylic rings that contain alternate silicon
and oxygen atoms in their cyclic structures [10]. While silicon carries two
substituents and is therefore tetracoordinate, oxygen has none and is dico-
ordinate. In this regard the cyclosiloxanes are similar to cyclophos-
phazenes. However, unlike cyclophosphazenes, cyclosiloxanes do not con-
tain a valence unsaturated skeleton.

Several types of cyclosiloxanes are known in literature. The high tem-
perature reaction of SiCl, with oxygen results in the formation of both
open-chain compounds Si, 0, Cl,; and cyclic products [C1,Si0], (n = 3,4
etc.) [11]. These compounds are extremely moisture-sensitive and have not
found commercial applications as monomers for polymer synthesis. These
six- and eight-membered chlorocyclosiloxanes [C1,SiO]; and [CL,Si0], are
isoelectronic analogues of the corresponding chlorocyclophosphazenes,
N3P3Cl6 and N4P4C18 (Flg 6. ].O)

CI:Si<C| CI>P<\CI
CI\S? s? gl all Ve
CI/ I\O’ !\CI CI/P\N//P\CI
CIII Clll ?I CI)I
CI—SIi—O—S}——CI CI—ITZN—ﬁ—CI
0 ¢ i
CI—SIi—O—S|i—C| C|—|?—N:|I:—C|
Ct cl (o]} ct

Fig. 6.10. The chlorocyclosiloxanes [CL,SiO]; and [CL,SiO]; along with their
isoelectronic chlorocyclophosphazenes [N3P3Clg] and [N4P,Clg], respectively

Cyclosiloxanes with other substituents on silicon are also known. Vari-
ous types of cyclosiloxanes containing different types of alkyl and aryl
substituents on the silicon are known. The four-membered [R'RSiO], cy-
clic rings are quite rare. Thus, disiloxanes of this type have been prepared
by the oxygenation of the corresponding disilenes, R'RSi=SiRR’ (for ex-
ample: R = R'=2,4,6-Me;-C¢H,-; R = 2,4,6-Mes-CgH,, R'= tBu) [12] (Fig.
6.11). The six- and eight-membered ring compounds, on the other hand,
are generally more common. Three-dimensional silsesquioxanes [RSiO; s]g
are obtained in the hydrolysis reaction of the trichlorosilane, RSiCl; [13].
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Fig. 6.11. Different kinds of organosiloxanes in ring or cage structures. The cage
siloxanes are referred to as silsesquioxanes

The ring size in cyclosiloxanes varies a lot. The smallest sized ring is of
course the four-membered ring mentioned above, while larger rings are
also known. In a study of the hydrolysis of H,SiCl, carried out with
stoichiometric or a slight excess amount of water, Seyferth and coworkers
have found the formation of [H,SiO], cyclosiloxanes. Cyclic oligomers
with n = 4-23 were detected by gas chromatography [14]. However, the
most common cyclic products in the hydrolysis of diorganodichlorosilanes,
RR'SiCl,, are the six- and the eight-membered cyclosiloxanes [R'RSiO];
and [R'RSiO1[5, 7].

Although the hydrolysis of RR’SiCl, leads to the formation of several
products including many linear products (both oligomers and polymers) it
is also possible to control the reaction (for example, by proper dilution) to
ensure that cyclic products predominate. For example, hydrolysis of
Me,SiCl, (in a scale of about 200 g) using a very large excess of water
(600 mL) can lead to predominantly the eight-membered ring, [Me,SiO],
[15] (see Eq. 6.6).

M M
i (6.6)
Me-Si—O0—Si—Me
Me,SiCl, _€Xcess of water |O (I)

25°C | [
Me—Sll—O—S;—Me

Me Me
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Some cyclosiloxanes can also be prepared by condensation reactions.
For example, the compound [{SiPh,} {SiMe,},0s] can be prepared by the
condensation of Me,SiCl, with tetraphenyldisiloxane-1,3-diol [10, 13] (see
Eq. 6.7).

Ph, o Ph Phe _o._ PN 6.7)
Si” \Sii v MeoSi _Si Si
P ™~Ph ,SiCl, ———————— Ph lO | "Ph
SC
Me  Me

Similarly, the cyclotrisiloxane [{Si(CH=CH,),{SiMe,}0s] can be pre-
pared by the condensation of divinyldichlorosilane with tetramethyldisi-
loxane-1,3-diol [16] (see Eg. 6.8).

Me, o Me 7 —'— \Si\/ - (68)
s sil ol Et,0,Et;N Mo O 0
Me” | | “Me + SiC —_— . N [ Me
OH OH ( cl -EtyN.HCI Si__si{
\ Me~ ©
[ Me

The X-ray crystal structures of a number of cyclosiloxanes have been
determined [13]. The structural data for a few selected cyclotrisiloxanes
and cyclotetrasiloxanes are summarized in Table 6.1. The structural fea-
tures of cyclotrisiloxanes can be summarized as follows.

1. Most of the six-membered rings are planar while the eight-
membered rings are nonplanar. The Si-O bond distances depend
on the substituents on silicon. The shortest distances are found
for chlorocyclosiloxanes (see Table 6.1, entries 1 and 8).

2. The bond angles at silicon are very close to ideal tetrahedral an-
gles. The bond angles at oxygen show considerable variation.
Invariably the angles are all quite wide and range from 132 —
170°. The lowest bond angles are seen for the six-membered
rings. This may be related to some amount of ring strain that
these rings have in comparison to the eight-membered rings.

3. Tt is notable that in [C],Si10], two types of Si-O-Si bond angles
are seen (148.5 and 170.7°). It is interesting to compare the Si-
0-Si bond angles of cyclotrisiloxanes with acyclic derivatives.
For example, in Cl3Si-O-SiCl; the bond angle is 146°. This
variation of bond angles in siloxanes is a reflection of the ease
with which bond-angle adjustments can be made at oxygen to
suit the structural requirements of a molecule. This property has
important implications in the properties of polysiloxanes.
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Table 6.1. Metric parameters of some cyclosiloxanes

SNo. Cyclosiloxane ~ Bond Bond angle  Bond angle
length (A) ©) ©)
(Si-0) (Si-0O-Si) (0-Si-0)
1 [CLSiOLs 1.617(2) 132.3(2) 109.6(1)
2 [Me,SiO]s 1.61(4) 136 104
3 [/Bu,SiO]s 1.654(1) 134.9(1) 105.1(1)
4 cis-[MePhSiO], 1.65(1) 132(1) 107(1)
5 trans- 1.65(1) 132(1) 107(1)
[MePhSiO];
6 [Ph,Si0]; 1.640(6) 132-133 107.0(3)
7 (H,Si0), 1.628(4) 148.6(12) 112.0(9)
8 [CL,Si0], 1.592(2) 148.5(1) 109.8(1)
170.7(1)
9 [Me,Si0]4 1.65 142.5 109
10 [MePhSiO]4 1.622(2) 150.2(2) 109.6(2)
11 [Ph,Si0]4 1.613(7) 167.4(5), 109.1(4)
153.2(4)

4. Finally it is interesting to note that the bond angles at oxygen in
cyclotrisiloxanes are much wider in comparison to the angles
found at nitrogen in the corresponding cyclophosphazenes.
Thus, for example, the Si-O-Si bond angle in the six-membered
ring [CL,Si0]5 is 132.3°. In comparison, the P-N-P bond angle
found in the isoelectronic cyclotriphosphazene, N;P;Clg, is
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121.4°. Also in the latter the P-N-P and the N-P-N bond angles
are nearly equal in contrast to the large difference between Si-
0O-Si and O-Si-O bond angles found in cyclotrisiloxanes.

6.3.2. Ring-opening Polymerization of Cyclosiloxanes by lonic
Initiators

Cyclosiloxanes, [R,Si0},, (n = 3,4) can be polymerized by ROP methods
to the corresponding linear polymer [R,Si0], (R = alkyl, aryl). Two differ-
ent types of initiators are used for this reaction [17-19]. (1) Cationic initia-
tors and (2) anionic initiators. Before we look at the individual methods of
ROP let us look at the main features of the ROP of cyclosiloxanes.

1. There is virtually no ring-strain in the eight-membered cyclosi-
loxanes, while the ring strain in the six-membered derivatives
has been estimated to be about 38 kJ mol”. Since Si-O bonds
are being broken and re-formed during the process of ROP and
since no ring strain is involved (at least in the case of eight-
membered rings), this polymerization is not enthalpy driven.

2. However, there is an increase in the entropy because the skeletal
mobility in the polysiloxane chains is far greater than that ob-
served in the cyclic compounds. Therefore, the ROP of cylclosi-
loxanes is entropy driven.

3. The ring-opening polymerization of cyclosiloxanes is a complex
equilibrium polymerization and detailed studies have shown
that a series of competing reactions exist that allow formation of
cyclic as well as polymeric products. The overall polymeriza-
tion is a chain-growth polymerization.

4. The linear polymers can be reconverted to the cyclic com-
pounds particularly if initiator concentration is too high and if
the initiator is not removed or neutralized at the end of the reac-
tion. However, it is the triumph of polymer chemists that in
spite of these challenges polysiloxanes with molecular weights
in the range of 2-5 million can be prepared quite routinely. The
PDI’s are not very narrow and no method seems to be yet avail-
able that allows synthesis of polysiloxanes with narrow molecu-
lar-weight distributions.

There is a special nomenclature that is used in polysiloxane literature
which is not encountered elsewhere. Although we will not use this nomen-
clature in this book it is useful to know about it [5]. The monomeric struc-
tural unit of a poly(dimethylsiloxane) viz., Me,SiO is termed D because
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this center is difunctional and can form two bonds with its neighbors. The
Me;SiO group is called M because it 1s monofunctional and can only bond
to one neighbor. Similarly, the MeSiO; group could be termed T because it
is trifunctional. Let us see how this nomenclature works. For example,
Me;SiOSiMe; will simply be called MM. Me;SiOMe,Si0SiMe; will be
called MDM; [Me,SiO]; will be called Ds;; [Me,Si0], will be called D,
and so on. If the substituents on silicon are not methyl groups the nomen-
clature can become cumbersome. For example, [Ph,Si0O]; will be referred
to D;™" with the superscript serving as the identifier for the substituent pre-
sent on silicon.

With the above background let us first look at the cation initiated ROP
of cyclosiloxanes.

6.3.2.1 Cationic Polymerization

Several cationic initiators such as Lewis acids or protic acids can be em-
ployed to effect the polymerization of cyclosiloxanes [17-19]. Among
protic acids, H,SO,4, HC1O,, CF;SO;H etc. have been widely used. Many
Lewis acids have been used including AlCl; and SnCly. The mechanism of
polymerization initiated by CF;SO;H is given below. Two broad types of
mechanisms are envisaged 1) acidolysis/condensation and 2) generation of
an active propagating center.

In the acidolysis/condensation mechanism the initiation of the polymeri-
zation is believed to generate the linear chain which contains a hydroxyl
terminal group as well as a CF;S0, end-group (see Eq. 6.9).

Me  Me 6.9
sl Me Me Me (6.9)
Me O O CF3SOsH |
o M ———— HO—SI—0—8—0—S5—0—50,CF;
1 1
ME O e Me Me  Me

The propagation reaction proceeds in two ways. The first of these in-
volves condensation of two molecules involving their hydroxyl end-
groups. This leaves terminal triflate groups (see Eq. 6.10).

l\llle Me Me h[/le Me Me (6 1 0)
CF38(O)ZOSIi— o— S'i— o— Sli— OH + HO— Sli_ o— Sli_ o— Sli_ 0S(0),CF5
Me Me Me Me Me Me
-H,0

Me Me Me
CF3S(0),0 Sli*éo Si}>0 SI' 0O—S8(0),CF
— _ — §i—O0—
3 2 ' (A | 3
Me Me Me
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The second route of propagation involves condensation of a molecule
containing one hydroxyl end-group with another molecule containing a
CF3S0; end-group (see Eq. 6.11). Further reactions lead to the formation
of the high polymer.

Me Me Me Me Me Me (6 11)
CF3S(0),0 Sl'—eo S!'>—O Si' OH CF35(0),0 sl'{o SI‘>—O S!' OH ’
— — — Qi + — — —Gi—
S(ORO=S {087 0 SO0 {08,075
Me Me Me Me Me Me
-CF3S03H

l\'Ae I\IAe l\iﬁe I\I/Ie l\llle l\|/|e
CF3S$(0),0—8i{ 0— Sit—0—Si—O0—Sj~t O—SiH-0—Sj—OH
sSo0-srtosijo—s-o—s-fo-s o=y
Me Me Me Me Me Me

This type of polymerization reaction can also be used to generate short-
chain linear siloxanes. Thus, carrying out the acid-catalyzed ROP of
[Me,SiO], in the presence of the disiloxane Me;Si-O-SiMe; allows the
formation of (predominantly) Me;SiO(SiMe,0)sMe;Si. The Me;Si group
functions as a chain blocker or a terminator group. This method of chain
termination is also valid for the high polymers. In the case of the short
chain generation, the reactions involved are summarized in Egs. 6.12-6.14.
Thus, the initiation is envisaged as the ring-opening of the eight-membered
ring (see Eq. 6.12). This generates the difunctional linear siloxane (con-
taining Si-OH and Si-OSO,CF; end-groups).

Yo o Ne (6.12)
Me—SIi—O—Sli—Me CF,SO03H I\]/Ie Me Me Me

(') C‘) _— HO—Sli—-O—S;—O—SII—O—S}—OS(O)ZC&
Me—8i—O—Si—Me Me Me Me Me

Me e

Simultaneously, the disiloxane Me;SiOSiMes is also opened up by the
protic acid (see Eq. 6.13).

CF3SOzH
MesSiOSiMe; ——————»  MesSiOH + MesSiOS(0),CF, (6.13)

Subsequent combination of either Me;SiOH or Me;SiOSO,CF; with the
linear siloxane affords Me;SiO(SiMe,0),;Me;Si (see Eq. 6.14). The reac-
tions shown in Eqgs. 6.12-6.14 represent the ideal situation; in practice both
shorter and longer chain siloxanes are formed. This is because the reaction
of triflic acid (or any other protic acid) with siloxanes essentially breaks up
the Si-O-Si bonds to generate compounds containing Si-OH and/or Si-
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OSO,CF; end-groups. Thus, there is an opportunity for several types of
products which eventually equilibrate to the most probable products. The
important point to note is that the average molecular weight of such short-
chain polysiloxanes Me;Si(OSiMe,),OSiMe; can be regulated by the ini-
tial ratio of Me;SiOSiMes; and {Me,SiO],. In the reactions shown in Egs.
6.12-6.14 the ratio of Me;SiOSiMe; and [Me,SiO], is 1:1. This can lead to
the main product being Me;Si(OSiMe,),0SiMe;.

e e Yoo (6.14)
2MegSIOS(0)CFy  +  HO—SI—0—§i—0—§/—0—SI—O0S(O)CFs

|
Me Me Me Me

-2 CF3SO4H

Me Me Me I\|/|e
Me3SiO—S‘i—O—Sli—O—Sli—O—Sli—OSiMeg
Me Me Me Me

Linear short-chain polysiloxanes Me;Si(OSiMe,),0SiMe; are used as
silicone oils. Such oils are characterized by their high thermal stability and
low viscosity temperature coefficient (VIC). A low VTC implies a small
change in viscosity vis-3-vis temperature. Thus, many modem silicone oils
retain their fluid-like characteristics even at temperatures as low as -80 °C.

The second mechanism of cationic polymerization involves the genera-
tion of an active propagation center. This could be an oxonium ion (oxy-
gen centered cation) or a siliconium ion (silicon-centered cation). This type
of ion has been detected in small molecule experiments. Thus, the reaction
of Me;SiH and Me;SiOSiMe; with [PhsC] [B(C4Fs)s] leads to the forma-
tion of [(Me;Si);0]" which has been detected by NMR spectroscopic
methods (see Eq. 6.15) [20].

[Phgc]+[B(CeF5)4]_ + MeSH + MeySi—O—SiMe; (6.15)
-PhsCH
. )
I{SiMe3)3O] B(cstu]

Another example of an oxonium ion generation involves the reaction of
Me;SiH with [Me,SiO]; with [PhsC] [B(CeFs)s] to generate the cyclotrisi-
loxane-centered oxonium ion (Fig. 6.12) [21].
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In the oxonium ion-mediated polymerization it is envisaged that the at-
tack of the protic acid on a cyclosiloxane such as [Me,SiO], leads to pro-
tonation of an oxygen and the formation of an oxonium ion. This is fol-
lowed by ring-cleavage and generation of a propagating oxonium ion (Fig
6.13). The polymerization is terminated by any reagent that can quench the
propagating species.

Me_ ) Me
oo
. _
[PhoC| [B(CeFsl] + MesSiH + Me\s o  Me
i SI
Me/ o Me
-Ph;CH
+ —
Me_ /Me
,Si\O,SiMe3
Me, T [ Me B(CgFs)s
/SI\ Si
Me o Me
Fig. 6.12. Generation of a cyclotrisiloxane-based oxonium ion
g oy g
H3C—Sli—~O—S|i—CH3 o H3C—Sli—9—sli—CH3
¢ 9 T 9 9
H3C-SE—O—S|i—CH3 H3C-S|i—O—Sii—CH3
CH;  CHs CH;  CH,

Me S o—s:i—CH3
HO-(SI'I{-‘O—(ID+ 0
Me  Si—O—Si—CHs
HsC CH; CH,

HsQ CHs CHj

Fig. 6.13. Oxonium ion-mediated polymerization mechanism of [Me,Si0],

An alternative proposal for the active propagating center involves the
formation of the silicon-centered cation, the silylenium ion. In this pro-
posal the initiation is similar to what has been proposed in the oxonium ion
mechanism except that the positive charge is centered on the silicon to
generate a silylenium ion (see Eq. 6.16).
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Yo il e (6.16)
Me— Sli— 9— SIi—Me I\llie l\‘/le

? (l) _— HO*{ Sli_ O‘L—‘SIQ
Me— Sll_ o— Sli— Me e Me

Me Me

Propagation of the polymerization occurs by the nucleophilic attack of
the oxygen center of another cyclosiloxane molecule on the silylenium ion.
Evidence for stable silylenium (also called silylium) ions has been recently
presented by Lambert and Reed [22]. They were able to synthesize and
characterize the free silylenium ion [Mes;Si]" (See Eq. 6.17). The proof for
the existence of the silylenium ion was obtained from its *Si NMR
(chemical shift of 6 = +220) as well as by single crystal X-ray analysis.

Mes3Si——/§ + [Mesgs‘nﬂx*] * \\—SiEta (6.17)

EtySiX

Mes = 2,4,6,-Me;CgH,
X = [H-CB11MesBre)

6.3.2.2 Anionic Polymerization

Anionic polymerization is more effective than the cationic polymerization
in generating high-molecular-weight polysiloxanes. Generally, the molecu-
lar weights obtained in this method are in the order of 2-5 x 10°. The initia-
tors could be metal hydroxides such as KOH or even lithium salts of si-
lanediols such as Ph,SiO,Li, [3, 21].

The anionic polymerization is initiated by the reaction of the base with a
cyclosiloxane such as [Me,SiO]s to generate the open-chain compound
with a Si-O'K" end-group (See Eq. 6.18).

Me e (6.18)
Me— Sli_ o— Sli_ Me KOH I\'/Ie l\‘Ae

|O ? _— HO%Sli——Otsli—OK
Me— Sli— o— Sli— Me Me Me

Me Me

The propagation reaction is similar to that encountered in many conven-
tional anionic polymerizations using organic monomers. Thus, the incom-
ing monomer can insert between the ion-pair. This leads to chain propaga-
tion (Fig. 6.14).
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/\ Ye o fe
Me  Me Me-S1—0—S/—Me

f | | |
HOJrSi—O+Si—OK o 0 - HO‘{Si*O%Si—OK
| 3 | t | | 7 |
Me Me Me— Sli— O——Sli—- Me
Me Me

Fig. 6.14. Propagation reaction in the anionic polymerization of [Me,SiO],

The termination of the reaction can be accomplished by the use of
Me;Si end-capping reactions (Fig. 6.15).
Me CHs
s.— s|—0K

Vo510 V wol EtN

[ I
Me3S|—OA{S[|——O+S'|—OSIMe3
n

Me Me

Fig. 6.15. Termination reactions of the anionic polymerization

6.3.3 Preparation of Copolymers by Ring-Opening
Polymerization

Copolymers of the type [(SiR,0),(SiR’,0),] can be prepared by the po-
lymerization of mixtures of cyclosiloxanes. Thus, for example, heating a
mixture of [Me,SiO]4 and [Ph,SiO], in the presence of KOH as the catalyst
affords the random copolymer [{Me,SiO},{Ph,SiO},] [4, 23] (Fig. 6.16).
The molecular weights of the copolymers are quite high and range from
100,000-200,000. The **Si NMR of these types of copolymers are charac-
terized by signals due to 8SiPh; at around -47 and the 6SiMe, at -20.

Me r\[Ae Ph Ph
Me-S—O0—Si—Me Ph—Sj—O0—Si—Ph 'r‘e Th
T A S "R
+ - . — i—
I i ] 9 165 °C '
Me~$i—0—Si—Me Ph-Si—0—Si—Ph e h
Me  Me Ph  Ph " m

Fig. 6.16. Copolymerization of a mixture of [Me,SiOl, and [Ph,SiO],
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Similarly, copolymerizing a mixture of [Me;SiO]; and
[Si(Me)(CH=CH,)O], affords poly(dimethylsiloxane-co-
methylvinylsiloxane). This polymer has a random distribution of the
[Me,Si0] and {Me(CH,=CH)SiO] units [24].

Copolymers containing a regular sequence of structural units can be
prepared by polymerizing heterogeneously substituted siloxanes such as
[{Si(CH=CH)(CH3)(SiMe,),}O;] and [{Si(CH=CH,),-(SiMe,),}0s] by
anionic initiators [25, 16] (Fig 6.17). This method generates polysiloxanes
with a regular sequence as revealed by their **Si NMR. Thus, for example,
the polymer [{Si(CH=CH;),(SiMe,),}O], shows signals at -49.17 (
3Si(CH=CH,), of a pentad unit) and at -20.20 (5Si(CH;), of a pentad unit)
[16]. Interestingly, polymerization of [{Si(CH=CH,), (SiMe,),}Os] by
CF3;SOsH affords a random copolymer {16].

=\ _CH
- i Me3SiCH,Lilcryptand \ e (s
€501 I/Cl an
HC T 1CHs ST ~{o—si—o—s—o—si}—
S SI | | |/n
He O NcH, CH; CHs CHs
: pr—
% 1. PhySiO;Liy Ph N CHy  CH
HC.7  T,CHs 2. Me;SICIEN -—o—sifo—si—o—Si——o——sﬁ»OSiMe3
Siv, SIC | | i/n
H3C O CH3 Ph / CH3 CH,

Fig. 6.17. Anionic polymerization of [{Si(CH=CH,){CH;)(SiMe,),}O;]
[{Si(CH=CH,), (SiMe,),}0Os] to afford regular copolymers

6.3.4 Summary of the Ring-Opening Polymerization of
Cyclosiloxanes

1. Ring-opening polymerization of cyclosiloxanes can be carried
out by either cationic or anionic initiators.

2. Polymerization by cationic initiators occurs either by protic or
Lewis acids. Different types of mechanisms of polymerization
have been proposed such as acidolysis/condensation, oxonium
ion-mediated polymerization or silylium ion-mediated polym-
erization. :

3. Anionic polymerization can be carried out by metal hydroxides
or even by lithium salts of silanols. This method of polymeriza-
tion affords high-molecular-weight polymers.
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4. The polymers have to be terminated by Me;Si groups to afford
stable products.

5. Copolymers can be prepared either by polymerization of a mix-
ture of cyclosiloxanes or by the polymerization of heterogene-
ously substituted cyclosiloxanes.

6.4 Condensation Polymerization

The hydrolysis of RR'SiCl, leads to the formation of a diorganosilanediol
which undergoes self-condensation to afford a variety of cyclic and linear
products (see Eq. 6.19) [1, 3, 5]. This is the original route to silicones and
still continues to be a process that is important.

-2 HCl
Me,SICl, + 2H,0 —== »  Me,Si(OH), (6.19)

. -nH,0
nMe,Si(OH), — [Me;SiQ],

This process is very sensitive to the nature of the reaction conditions.
We have already alluded to the preferential synthesis of [Me,SiO]; by
choosing the correct reaction conditions. Using less dilution leads to linear
polymeric products. Use of basic catalysts tends to favor high-molecular-
weight linear products. On the other hand, it has been noted that use of
acidic catalysts tends to tilt the balance in favor of low-molecular-weight
polymers or cyclic products.

Apart from the hydrolysis route to polysiloxanes there have been efforts
to prepare appropriate difunctional silicon derivatives that can be used for
step-growth polymerization. For example, diaminosilanes are good syn-
thons for condensation with diorganosilanediols. This method is quite ef-
fective because of the lability of the Si-N bond. Thus, the reaction of
Me,Si(NMe,), with diphenylsilanediol affords a random copolymer [26]
(see Eq. 6.20). The randomization occurs because of the catalytic action of
the liberated amine to cleave Si-O bonds.

Me,SiCl, + LiNMe, i Me,Si(NMe,), (6.20)

Me Ph
-2nMe,;NH | |
nMe,Si{NMey), + nPh,Si(OH), S—0—8—0
n

|
Me Ph
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The reaction of Ph,Si(OH), with NMe,-[Si(Me,)O];-NMe, also affords

a copolymer; however, this process also leads to random copolymers [26]
(see Eq. 6.21).

Ph

'\Il|e r\llle -2nMe;NH I (6 21)
Me,N sli—o)z—sli—o NMe, + PhoSi(OH)y —————» Sl— ‘|
Me Me n Me Ph

Alternating copolymers can, however, be prepared by choosing a bis-
ureidosilane and allowing it to condense with diphenylsilanediol [26] (Fig.
6.18). The monomer bis-ureidosilane is prepared by a step-wise reaction
involving first a reaction of Me,SiCl, with pyrrolidine. The pyrrolidino de-
rivative upon reaction with PhNCO affords the bis-ureidosilane. The
choice of this precursor allows the formation of a nonreactive by-product.
Thus, the condensation reaction of the bis-ureidosilane with diphenylsi-
lanediol affords urea as the by-product which precipitates out of the reac-
tion mixture and therefore does not participate in further reactions. Be-
cause of this a nearly alternating copolymer containing [Me,Si-O-
SiPh,01, is obtained (Fig. 6.18).

- amine ] Me
MeSic, + 4 Q hydrochloride [:N—S:i— N:j
Me

. 5,0
CN—-SIi—N:]
Me
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nE:N\H/N—SIi——N\C/N:j +  NHO—S—OH
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|
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o
e g

N
Sll—O——Sll——O + 2nC/N NH
Me Ph n

Fig. 6.18. Synthesis of poly(dimethylsiloxane-co-diphenylsiloxane)



234 6 Polysiloxanes

6.5 Crosslinking of Polysiloxanes

Crosslinking or curing of polysiloxanes is the most important procedure
that allows these polymers to be used as advanced elastomers. Although
the science of this process is fairly simple its technology is quite compli-
cated. In keeping with the nature of this book we will avoid discussing the
details of the technology. The main aspects of the curing process of polysi-
loxanes are as follows.

High-molecular-weight polysiloxanes, along with reinforcing fillers
such as fumed high-surface-area silica (as opposed to silica obtained from
hydrolysis) are heated together with organic peroxides (along with some
amount of cyclosiloxanes and some coloring pigments) to afford
crosslinked products via —CH,CH,- links [3-5] (see Eq. 6.22). This
crosslinking is different from that applicable in organic rubber materials
where sulfur cross-links are quite effective.

CH
S{ 30 (6.22)
G — O
fHs . fHs CH
WPS;‘O peroxide WWS'i—OW P2
CH
CHs GH, stli_zow
|
CH;,

The siloxane polymers can be tailored to contain a few percent of vinyl
groups and these can be crosslinked with polymers that contain Si-H units.
We will look at these types of functional polymers in the following sec-
tion.

6.5.1 Other Ways of Achieving Crosslinking

Apart from the peroxide curing method as discussed above, there are
several other ways to crosslink siloxane polymers. These rely on coupling
reactions between reactive functional groups that have been deliberately
introduced either as end-groups or in the side-chain of the polymer. Repre-
sentative examples of such functional-group- containing polysiloxanes are
shown in Fig. 6.19.
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Fig. 6.19. Polysiloxanes with functional groups placed in the side chain or at the
termini

Some of the important condensation reactions that have been very suc-
cessful in bringing about crosslinking reactions are shown in Fig. 6.20. In
each one of these reactions the main emphasis is on the fact that if any
side-product emerges from the reaction it should not disturb the main-
chain in terms of skeletal fragmentation or any other undesired reactions
[1-2].

=SiH + H,C=CHSi= —Pt—> ==Si—CH;,-CH,-Si=

catalyst

catalyst
=SiH + HO—Si= —F——> =§i—0—Si= + Ho
=Si—O0OH + AO—S= ———> =S§i-0—Si= + AcOH
=Si—O0OH + MeO—Si= —— > =Si—0—Si= + MeOH
=Si—OH + NMe,—Si= ———— =8i0—Si= + MeyNH
=Si—OH +  H,C=C(Me)—OSE—= ———> =Si~0—Si= + (CH3;),CO

Fig. 6.20. Several ways of preparing crosslinked polysiloxanes

The most important reaction is the coupling between a Si-H functional
group and a Si-CH=CH, group to generate a Si-CH,-CH,-Si crosslink.
This reaction is known as the hydrosilylation reaction and is catalyzed by
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variety of transition metal ions. The most common catalysts are the
Speier’s catalyst which is H,PtClg in isopropanol or the Karstedt’s catalyst
(a Pt(0)-1,1,3,3-tetramethyldisiloxane complex). More recently, other
metal complexes notably those of Ru or Rh have also found application in
this reaction [1-2]. How to prepare polysiloxanes containing Si-H and Si-
CH=CH, groups? Some of the methods of synthesis of such functional
polysiloxanes are illustrated below.

Copolymerization of a mixture of [Me,SiO]; and [MeHSiO], affords a
polysiloxane containing Si-H side chains [27] (see Eq. 6.23).

Ve M (6.23)
—(o—sli)x—(o—sli);—
Me H

x(Me,Si0); + y(MeSiHO)4

A similar approach can also be used for preparing vinyl side-group-
containing polysiloxanes. These can then be condensed together in the
presence of a catalyst to atford crosslinking (Fig. 6.21).
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Fig. 6.21. Crosslinking siloxanes by the coupling of Si-H and Si-CH=CH, groups

The second method of coupling involves the reaction of a Si-H unit with
a Si-OH group. This would generate a Si-O-Si crosslink. This reaction also
is catalyzed by a variety of metal catalysts such as ferric, tin or zinc chlo-
rides [1, 2]. The other methods of effecting crosslinks include condensa-
tion of a Si-OH functional group with Si-OAc, Si[C(Me)=CH,], Si-NMe,,
or Si-OR groups. All of these generate Si-O-Si cross-links. A notable fea-
ture of these crosslinking reactions is that some of these reactions (particu-
larly those involving Si-OAc and Si[C(Me)=CH,] groups) occur at room
temperature and this process is known as room-temperature-vulcanization
(RTV). There are several other variations of these strategies and can be se-
lectively utilized depending on the type of end-use application [1-2, 4-5].
The chemistry of the RTV process is shown in Fig. 6.22. The difunctional
polymer, a-w-dihydroxypolysiloxane can be reacted with MeSi(OAc); to
generate an acetoxy terminated polysiloxane. Exposure of this material to
moisture hydrolyzes the acetoxy-groups with the formation of the Si-(OH),
end groups. These units self-condense rapidly to afford crosslinked sys-
tems. Such systems are known as single-component RTVs (Fig. 6.22).
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Fig. 6.22. Condensation of an a-w-dihydroxypolysiloxane with MeSi(OAc); to af-

ford crosslinked products

A similar approach as above is also applicable for ethoxy-terminated si-

loxanes (Fig. 6.23).
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Fig. 6.23. Utilization of ethoxy end-groups for crosslinking reactions

Other type of end-groups such as amino-terminated and epoxy-

terminated ones can also be prepared (Fig. 6.24).



238 6 Polysiloxanes
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Fig. 6.24. Modification of a-w-dihydroxypolysiloxane to a-w-didiamino- and a-®-
bis-epoxypolysiloxanes

The examples shown above illustrate the fact that polysiloxanes can be
easily modified to incorporate various reactive functional groups which in
subsequent reactions can be effectively utilized for generating cross-linked
matrices.

Many other types of applications are also recently being exploited keep-
ing these reactions in mind. Thus, hydrosilylation reactions have been used
to prepare liquid-crystalline side-chain polymers. The idea is to utilize a
mesogen that imparts liquid-crystalline properties as a side-chain of the
polysiloxane. This is most effectively accomplished by the hydrosilylation
reaction [28] (Fig. 6.25).
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Fig. 6.25. Preparation of liquid-crystalline polysiloxanes by placing mesogens in
the side-chains
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6.6 Hybrid Polymers

Polymers containing polysiloxane segments and other types of backbones
are of interest in generating new hybrid polymers. These polymers are ex-
pected to possess new properties which could be an increase in glass tran-
sition temperatures, increase in the thermal stability etc. There have been
efforts to prepare such polymers by incorporation of rigid structural seg-
ments adjacent to the flexible siloxane units. A successful approach in this
regard is the assembly of exactly alternating silarylene-siloxane copoly-
mers [29-31]. These polymers are synthesized by using a step-growth con-
densation polymerization method. The silarylene unit is introduced by the
monomer OH-Si(Me,)-C¢Hs-p-Si(Me,)-OH (Fig. 6.26) while the siloxane
is introduced by the diueridosilane, Me,Si(Ureido),. Condensation of these
reagents in a solvent such as chlorobenzene leads to the elimination of urea
as an insoluble by-product leaving the exactly alternating copolymer in so-
lution (Fig. 6.27). High molecular weights (M,,’s 100,000-300,000) and
good polydispersity indices (1.70 - 1.90) are a feature of this reaction.
Other types of silarylene monomers such as OH-Si(Me,)-CsH;-p-O-CeH,-
p-Si(Me,)-OH have also been used [32].

Me Me
Mg | |
Br—@—sr —_— H—Si—@—Si—H
2Me,SiHC! e e
I\]Ae I\IAe hydrolysis
Ho—s|1—©~sli—0H

Me Me

Fig. 6.26. Preparation of the monomer OHSiMe,-C¢H4-p-SiMe,OH



240 6 Polysiloxanes

I\llle l\'/le
HO—SE@S;—OH
Me Me

™5
§ |
CH;

Chlorobenzene

CH; R

0
I |
Si—o—sii—o}— + CN—'(';—NHCGH5
n

CH; R

R=R'=CH,
R = Me,R' = CH=CH,

Fig. 6.27. Condensation of OHSiMe,-C¢H4-p-SiMe,OH with RR'Si(ureido), to af-
ford exactly alternating hybrid copolymers

There have been other types of approaches also for the synthesis of hy-
brid polymers. Block copolymers containing polysiloxane segments and
polyphosphazene segments have been synthesized by the reaction of hy-
dride-terminated polysiloxane H-[{Si(Me,)-O],-SiMe,H with the telechelic
polyphosphazene containing an amino end-group (Fig. 6.28) [33].
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Fig. 6.28. Poly(phosphazene-siloxane) block copolymers
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6.7 Properties of Polysiloxanes

6.7.1 Glass-Transition Temperatures and Conformational
Flexibility

Polysiloxanes are among the most flexible polymers known and this is re-
flected by the very low glass-transition temperatures of this polymer fam-
ily. Data for some representative examples of polysiloxanes along with
some related polymers are given in Table 6.2.

Table 6.2. Glass-transition temperatures of polysiloxanes and some related poly-
mers

S.No. Polymer T, (°C) S.No. Polymer T, (°C)
1 [Me,SiO], -123 7 [Me,SiOSiMe,-Ar- -61 to -65
SiMe;],
2 [MePhSiO], -33 8 [(Me;Si0)(Ph,S10)], -30
3 [MeHSiO],  -138 9 [NPCY,], -66
4 [Et,Si0], -139 10 [NP(CH3),], -46
5 [nBu,SiO], -116 11 [C(CH;),CH,], -70
6 [Ph,Si0O], +49 12 Natural rubber =72

The most well-studied polysiloxane viz., [Me,SiO], has a T, of -123 °C
[1]. This is one of the lowest values for any polymer. As mentioned earlier
in Chapter 2 the glass-transition temperature of a polymer corresponds to a
description of its amorphous state. The 7, of a polymer can be taken as a
measure of the torsional freedom of polymer chain segments. Above its T,
a polymer has reorientational freedom of motion of its chain segments,
while below its T, this is frozen. Usually elastomeric materials have low
glass-transition temperatures. For example, natural rubber has a glass-
transition temperature of -72 °C. Similarly, polyisobutylene has a glass-
transition temperature of -70 °C. Thus, poly(dimethylsiloxane) has consid-
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erably lower T, than either of these well-known elastomers. It is also in-
formative to compare the T, of poly(dimethylsiloxane) with the isoelec-
tronic polyphosphazene, [NP(CHs),],. The latter has a T, of -46 °C.

The effect of replacing the methyl substituents in PDMS by other rigid
substituents has the expected effect. For example, poly(diphenylsiloxane)
has a T, of +49 °C. Replacement of only one methyl group per silicon in
PDMS in the polymer [MePhSiO], also increases the glass-transition tem-
perature (entry 2, Table 6.2). This effect is also seen in random copolymers
(entry 8, Table 6.2) as well as exactly alternating copolymers (entry 7, Ta-
ble 6.2). Interestingly, replacing the methyl group in PDMS by the smaller
substituent ‘H’ as in the polymer [MeHSiO], lowers the T, even further (-
139°C, entry 3, Table 6.2) [34]. What are the main reasons for the unusual
skeletal flexibility of PDMS? If we examine the structural characteristics
of this polymer this would become clear.

The Si-O bond distance in PDMS is about 1.64 A and the Si-C distance
is about 1.87-1.90 A. These bond distances are much longer than what are
normally encountered in organic polymers (average C-C distance, 1.54 A).
This means that the substituents on silicon are farther away from the main
chain in comparison to the situation present in organic polymers. Sec-
ondly, unlike in the latter in polysiloxanes only alternate atoms in the
backbone (viz., silicon) have the substituents. This feature also allows con-
siderable mobility and torsional freedom for the backbone. We might re-
call that polyphosphazenes also have a similar structural feature. Addition-
ally, in polysiloxanes the Si-O-Si bond angle is quite adjustable and can be
varied over a wide range. This feature is also found in silicate minerals. In
linear polysiloxanes the observed Si-O-Si values are between 140-150°.
This may be contrasted with the nearly rigid tetrahedral values found at
silicon. Further, studies carried out on determining the shape and size of
polysiloxane coils reveal that these macromolecules have a virtually unre-
stricted rotation about the main-chain bonds and can be approximated to
ideal freely rotating chains [35]. Lastly, intermolecular interactions in
PDMS are very low. This has been accounted in terms of the molecular
structure of PDMS. The latter is believed to have an all-trans conforma-
tion (Fig. 6.29) although some recent studies also favor consideration of a
trans-syn structure [36].

HeG, CHa ™G

ch /z,S' S':i/CHii /CH3
\ ~o— iL—cH
H3C—. Si\o/ 0 \O/s.\ 3
4 O—
/

Fig. 6.29. The all-trans conformation of polydimethylsiloxane
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Irrespective of the subtle difference in the all-trans or trans-syn struc-
tures that PDMS possesses at a local level, its overall structure is believed
to have a regular coiled helical conformation where the backbone Si-O
bonds are effectively shielded from outside influence by the umbrella-type
protection afforded by the lipophilic sheath of methyl groups [35]. Since
the methyl groups are nonpolar, intermolecular interactions are minimum
and this also accounts for the low melting temperature seen for
poly(dimethylsiloxane) (-40 °C).

The unusual conformational behavior of polysiloxanes and its implica-
tion on the polymer properties can be summarized as follows.

1) Many polysiloxanes have very low 7, values.

2) The Si-O and Si-C bond lengths are considerably longer than those
(C-0O or C-C) found in organic polymers.

3) Although the O-Si-O bond angles are rigid and are close to ideal tet-
rahedral values, the Si-O-Si angles are very wide. Further, the capa-
bility of the siloxane oxygen to adapt itself to various geometric
situations is documented by the wide variation in Si-O-Si bond an-
gles. Thus, Si-O-Si bond angles can be considered as soft and allow
facile torsional freedom.

4) Only alternate atoms in the backbone of the siloxane polymer have
side-groups. Thus, while silicon atoms have two side-groups, oxy-
gen has none. This feature is not encountered in organic polymers
and probably accounts for less steric congestion which also contrib-
utes to the skeletal flexibility.

5) Conformational studies on poly(dimethylsiloxane) suggests that it
adopts an all-trans (or trans-syn) local structure and that it has an
overall regular helical coiled conformation. Within these coils the
inner Si-O backbone is effectively shielded by the outer lipophilic
methyl side-groups. Lack of intermolecular interaction between the
methyl groups also accounts for low crystallinity in these polymers.

These characteristics of polysiloxanes are also reflected in their many
other properties such as their high water repellency (hydrophobicity), low
surface tension etc. Among the other desirable properties of polysiloxanes
are their high gas permeability, thermal stability, oxidative stability and
low volatility. In addition, their fire points are quite high and so they do
not present a fire hazard [1, 5, 7]. Also, polysiloxanes have high biocom-
patibility and very low toxicity. These properties of polysiloxanes have
helped them to carve out a niche for themselves in the area of polymers
and have helped their ever expanding utility some of which are outlined in
the following section.
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6.8 Applications of Polysiloxanes

It is quite difficult to enumerate all the possible applications of polysilox-
anes. The reader is directed to other sources that are devoted to the tech-
nology and applications of polysiloxanes [1-2, 4-5]. The following serves
to acquaint the reader with the large range of applications that these poly-
mers possess.

Conventional utility of silicone oils has been commented upon already.
Thus, these possess a low VTC and this enables their utility as hydraulic
fluids for machinery that operate at very low temperatures. Silicone oils
are used routinely as heat-transfer fluids and dielectric insulating materials.

The low surface tension of silicone oils have allowed their use as anti-
foam agents in various applications such as textile dyeing, fermentation,
fruit juice processing, antacid tablets and so on.

Silicone clastomers have exceptional stability to both high as well as
low temperatures. Thus, silicone rubbers are quite flexible at temperatures
as low as -60 to -70 °C. They do not seem to suffer much degradation up to
300 °C. Silicone resins find electrical and non electrical applications. Thus,
these are used in the insulation of electrical equipment and for laminating
printed circuit boards.

The biocompatibility and low toxicity of polysiloxanes have allowed
their utility in artificial body organs, artificial skin, soft-contact lenses etc.

There are many emerging applications of silicone elastomers. Although
these are also numerous we will present two examples that will serve to il-
lustrate the versatility of polysiloxanes.

The utility of polysiloxanes that contain functional groups has already
been mentioned. These functional groups can be used in many ways. Re-
cently there have been efforts to use these as carriers for luminescent oxy-
gen sensors. These are useful in various types of applications such as
monitoring air pressures, visualizing flow particularly in aerospace appli-
cations or monitoring oxygen levels in vivo. The principle of the applica-
tion is as follows. A luminescent inorganic complex is attached either co-
valently to a polymer support or is blended physically with a polymer. The
important criterion is that the polymer should be permeable to oxygen. The
triplet state of the oxygen quenches the excited luminophore (the inorganic
complex or dye molecule) and reduction of intensity of the luminophore
can be correlated quantitatively with the amount of oxygen present. If re-
quired, this data can be further correlated to the air pressure. Many types of
luminophores are being tested for their applicability. These include phe-
nanthroline ruthenium complexes; we have mentioned these in Chap. 5 in
connection with the utility of poly(thionylphosphazene)s for a similar ap-
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plication. Recently, a cyclometalated iridium complex has been attached to
a polysiloxane backbone through the hydrosilylation reaction. The design
of the ligands around the metal complex has been carried out keeping in
view that one of the ligands should be able to participate in a hydrosilyla-
tion reaction. This means that a suitable ligand should be present around
the metal coordination sphere that would allow such a reaction. Use of vi-
nylpyridine enables the Ir(Ill) complex to be attached to polysiloxane
through the hydrosilylation reaction [37] (Fig. 6.30).
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Karstedt's catalyst = Pt(0)-tetramethyldisiloxane complex

Fig. 6.30. Anchoring a photoluminescent transition metal complex on the polysi-
loxane backbone

It was observed that the oxygen sensitivity of a thin film of the PDMS-Ir
complex was very high. Blends of this polymeric complex with polysty-
rene have also been found to be quite effective [37].

The utility of poly(methylhydrosiloxane) [MeHSiO], as a reducing
agent in organic reactions is attracting attention [38-39]. Recently, combi-
nation of [MeHSiO},, and irn situ generated metal hydrides (such as ZnH,
generated in situ by the reaction of zinc 2-ethylhexanoate with NaBH,)
have been found to be quite effective as hydrosilylation/reduction reagents
for a variety of organic compounds such as aldehydes, ketones, esters,
triglycerides and epoxides (Fig. 6.31) [38].

0
1 Zn(2-ethylhexanoate)

Ph” YOCH, NaBH,
PMHS

PhCH,OH + CH,OH

Fig. 6.31. Reduction of esters by the use poly(methylhydrosiloxane) [MeHSiO],
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In addition to mild reaction conditions, this procedure is also highly se-
lective. For example, the reaction of methylbenzoate with this reagent
combination affords benzyl alcohol exclusively (Fig. 6.31).

Utilization of a combination of BusSnCl, KF and PMHS has been found
to be effective to generate in situ the potent reducing agent Bu;SnH. Thus,
this combination of reagents can be used in a catalytic manner for the re-
duction of various organic substrates (Fig. 6.32). Although the role of KF
is not understood very well, it is believed that it might activate the silicon
center by forming an hypervalent silane intermediate [39].

o} Bu3SnCl o}

e L — K
OFEt [MeHSIOl, OFEt

Bu,;SnCt
—_—
QOMe IMeHSIOl,, KF QOMe
I H
A CHO BusSnC! Ph/\/CHO
Ph [MeHSIO],,, KF

Fig. 6.32. In situ generation of triorganotin hydrides and their application as re-
ducing agents

There have also been vigorous efforts to use poly(dimethylsiloxane) as a
material for fabricating microfluidic devices [40]. This application is based
on the following principle. RTV PMDS rubbers have excellent interfacial
properties such as low surface energy. This allows these materials to be
used as replicas for molds. Thus, molds containing various patterns can be
prepared (masters) and PMDS is allowed to cure in the mold surface. Peel-
ing off the PMDS from the mold is very facile. Conventionally, such a pro-
cedure has allowed the use PMDS rubbers for larger-scale replication of
molds containing intricate designs. More recently there have been efforts
to extend this principle on a smaller scale for generating rapid prototypes
for microchannels. The limiting factor in this application is the resolution
of the master itself. Resolutions of the order of 20 um have been achieved.
This methodology is believed to be useful for the generation of various
types of microfluidic devices such as valves, pumps etc.
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7 Polysilanes and Other Silicon-Containing
Polymers

7.1 Introduction

Polysilanes are polymers containing catenated silicon chains. These poly-
mers have been attracting considerable attention in recent years because of
their interesting electronic and photophysical properties [1-5]. Homopoly-
mers of polysilanes can be of the type [(n-C¢Hi3),Si],, where similar side
chains are present on silicon, or of the type [PhMeSi],, where dissimilar
side chains are present. Copolymers of polysilanes can be of the type
[(PhMeSi)«(Me,Si),] where there is a random arrangement of the two dif-
ferent types of organosilicon units or of the type [Me,Si-Si(nHex),], where
the two types of organosilicon units alternate with each other in the poly-
mer chain (Fig. 7.1). Polysilanes are a large family of inorganic polymers.
There is considerable diversity in their structure which is brought about by
a variation of the side chain.

n(‘)6H13 ICHS (|:H3
Fr; stk
nCgH43 CHs  CgHs n

; ?Hs "?sHm
+8i+ Si—Si
| In | |

CH3 CH3 HCGH13

n

Fig. 7.1. Representative examples of polysilanes

Polysilanes are quite different from the other inorganic polymers that we
have discussed in this book so far. Unlike polyphosphazenes, [R,P=N],, or
polysiloxanes, [R,Si-O], which contain two different elements that alter-
nate with each other in their polymeric chains, polysilanes contain only
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one element viz., silicon in the main chain of the polymer. In some re-
spects this is somewhat similar to what is found in many organic polymers
such as polyethylene. However, even in many organic polymers which
contain catenated carbon atoms, the adjacent atoms in the main chain usu-
ally have different side chains. Thus, for example, while polymers such as
polyethylene, polytetrafluoroethylene, and polyacetylene are built of repeat
units where every adjacent carbon atom has the same substituent or side
chain (this is at least the situation in perfectly linear chains) most of the
other organic polymers contain dissimilar side chains on adjacent carbon
atoms as, for example, in poly(isobutylene), polystyrene and
poly(vinylchloride) (Fig. 7.2).

Polymers where adjacent carbon atoms have dissimilar side-chains

T T i

6= 69 6=

H CHaj, H Ph j, H C ],
Polyisobutylene Polystyrene Poly(vinylchloride)

Polymers where adjacent carbon atoms have similar side-chains

T T

c—C c—C {—CH:CH‘]r
ol [ n
HH |, FF o,

Polyethylene Polytetrafluoroethylene Polyacetylene

Fig. 7.2. Examples of organic polymers containing similar and dissimilar side
chains on adjacent backbone atoms

A small note on the nomenclature of polysilanes: There seems to be a
general consensus among researchers working in this area to call these
catenated silicon chains polysilanes. However, alternative descriptions of
these polymers also exist and the term polysilylenes is also used. Since
most preparative procedures of polysilanes utilize organosilanes such as
dicyclohexyldichlorosilane [(#CgH;3),SiCly)], phenylmethyldichlorodisi-
lane (PhMeSiCly), phenylsilane (PhSiH;) etc., the term polysilanes is an
appropriate name and has as its basis the source of the polymer [6]. This is
similar to referring to [CH,CH,], as polyethylene because its source is eth-
ylene (and not polymethylene although it does have a methylene repeat
unit). The repeat unit-based nomenclature of [R,Si], viz., polysilylene
would base the name on the repeat unit R,Si which is a silylene (analogous
to a carbene, R,C). We will be using the term polysilane in this book to de-
scribe this family of polymers.
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In addition to polysilanes we will also briefly look at some other poly-
mer systems that contain silicon. These are known as polysilynes or net-
work polysilanes, polycarbosilanes, and polysiloles.

7.2 Historical

The foundation of polysilane chemistry was laid by F. S. Kipping and his
coworkers. Investigations by these researchers on the reactions of alkali
metals with diorganodichlorosilanes in general and diphenyldichlorosilane
in particular led them to isolate a number of cyclic rings. For example, the
cyclotetrasilane [Ph,Si], was a prominent product that was isolated by Kip-
ping and his coworkers (see Eq. 7.1) [1, 4].

Ph  Ph
o (7.1)
U Ph-S{— Si—Ph
PhySICl, — >
Ph-Si—Si—Ph
Ph Ph

Research work carried out much later also indicated that cyclic products
dominate the reactions between alkali metals (particularly lithium) and
dialkyl/diaryldichlorosilanes. Even the reactions of Na/K alloy with di-
methyldichlorosilane leads to the formation of the six-membered ring
[Me,Si]s. If this reaction is carried out under controlled conditions using
adequate dilution, a continuous range of cyclic products {Me,Si], (n = 5-
35) can be obtained (see Eq. 7.2) [7].

Me e (1.2)
‘ Me

L

Me—SI~I_ | _gj
Me,SiCh Nak ’ ST T~me +  Cyolo(MesSi),
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SIS =i n=5,7-35
/ Me
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M& Ve

The first example of a polymeric product involving catenated silicon at-
oms was described by Burkhard in 1949 [8]. He prepared
poly(dimethylsilane) [Me,Si], by the following procedure. He took about
450 g of sodium metal along with 700 g of Me,SiCl, and one liter of ben-
zene, sealed them in an autoclave, and heated them. High temperatures
(200 °C) and high pressures (1517 kPa) developed in this reaction. Most of
the product from this reaction was an intractable solid which was identified
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as [Me,Si],. It was not soluble in any common organic solvent and thus
precluded a study of its solution properties.

Although not much work was carried out on polysilanes since the origi-
nal research of Burkhard, interest in this area was revived by the disclosure
of Yazima and coworkers that [Me,Si], could be transformed into silicon
carbide fibers [9-11]. Thermal rearrangement of the insoluble [Me,Si], af-
fords a soluble polymer, viz., polycarbosilane, [MeHSiCH,],. The latter is
crosslinked (by heating in air) and heated at 1300°C to afford silicon car-
bide fibers containing strength reinforcing by -SiC crystallites (Fig. 7.3).

H

: 450 °C ! 280 °C .

Me,Si — Crosslinked polymer

[ 2 Iln Argon {Sf CHZ} Air poy
CHs; n

0,
Silicon carbide fibers 13’30 c

2

Fig. 7.3. Conversion of [Me,Si], into -SiC

Yajima’s trendsetting work has not only renewed interest in polysilanes
but also in other polymeric materials that can function as precursors for ce-
ramics such as silicon nitride, Si;N4 and boron nitride, BN [6].

Before we consider the synthesis of polysilanes in the next section, let
us consider if addition polymerization involving disilene monomers can be
used for the preparation of polysilanes. Robert West from the University of
Wisconsin prepared the first stable disilene in 1981. His synthetic route
consisted of photolyzing an acyclic trisilane. Loss of Me;Si-SiMe; leads to
a silylene intermediate that dimerizes to the stable disilene (Fig. 7.4) [12-

13].
A.nBuli é : / Me;SiCl ; z _/SiMeg
250, SiCly ; i Mg \ iS] i,
? iSl—Sl ‘

Fig. 7.4. Synthesis of a stable disilene by the photolysis of [Mes,Si(SiMe;),]
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Other alternative ways of preparing disilenes are now known. Thus, Ma-
samune and his coworkers found that the disilene [(2,6-Et,CsH;),S1], could
be isolated in the photolytic reaction involving the cyclotrisilane [(2,6-
Et,CsH3),S1); (Fig. 7.5) [12].

R\ /R
Si
R\S./ c LiNp o \S'/
i i i
\ — ~
R/ cl LiCl R
hv
® S S ® 'S'/R
—Si -  |3Si
R \R \R

Et Et
R=

Fig. 7.5. Synthesis of a stable disilene from a cyclotrisilane

Using these and other strategies many other disilenes have been pre-
pared. These include disilenes that contain two different substituents on
silicon. The resulting £ and Z isomers have also been isolated in some in-
stances (Fig. 7.6) [12-13].

Me,

Z/ 2(‘ ;< ; Me
Si—Si XSI—SI XSi:s?< Me
5):/ j \ ) : Me : ‘M Me: jI\Me
R= CH(SiMe3),

Fig. 7.6. Some examples of E and Z disilenes

Although many disilenes have now been prepared and characterized
they are not very good monomers for the preparation of polysilanes. The
very method of preparing these kinetically stabilized disilenes defeats their
use as olefin-like monomers for addition polymerization. However, as will
be shown in the next section trapped disilenes or masked disilenes that
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contain appropriate substituents on silicon can be polymerized to polysi-
lanes [5].

More recently, stable silylenes which are structurally the repeating unit
of a polysilane chain have been prepared and characterized [14-15]. Their
synthesis involves the reduction of silicon dichlorides. Two methods of
synthesis are shown in the Fig. 7.7. Both of these procedures involve the
preparation of cyclic compounds containing Si(Il). Although these com-
pounds are highly interesting from the point of view of their chemistry,
they have not been shown to serve as precursors for polymers.

t?u t?u
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W 2K N
| s | sis
1 l
tBu tBu
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?HZ CI:HZ CI:HZ
K, THE
NH N ' N
@ 1. 20BuLi ©: \/% _10-80% Neis
e . i —_— i
2. SiCl N, -KCt *
'f'H 4 ']\l/ cl 'fl/
?Hz ICH2 C|>Hz
tBu tBu tBu

Fig. 7.7. Synthesis of stable silylenes

7.3 Synthesis of Polysilanes

The completely inorganic polysilane (containing only silicon and chlo-
rine), perchloropolysilane [SiCl,],, is prepared by a sublimation of the cy-
clic silane SiyClg [16]. The polymerization was proposed to proceed
through a diradical species generated through homolytic cleavage of the
Si-Si bond and the consequent ring opening of the cyclic silane. Combina-
tion of the diradicals leads to the formation of the polymeric dichlorosilane
[SiCL], (Fig. 7.8).

The polymer [SiCl,], is not soluble in any organic solvent and is ex-
tremely moisture sensitive. However, it has been structurally characterized
by X-ray crystallography and solid-state *’Si NMR. Thus, the X-ray crystal
structure of this polymer shows an all-trans conformation. The *Si-NMR
spectrum of this compound in the solid state shows a resonance at 6 3.9.
The polymer [SiCl,], has two reactive chlorine atoms on silicon and there-
fore the possibility of replacing these by other substituents by a nucleo-
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philic substitution reaction is present. However, there have not been many
reports on this. This may be due to the experimental difficulty in imple-
menting the substitution reaction procedure.

o o
Cl—S——Si—Cl Cly &1 ©
— o S, Si-
~
Si,/ \Sic
Cr-Si——Ssi—Cl YA
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| |
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- Si/

o %o .

[SiCh]n

Fig. 7.8. Synthesis of [SiCl,],

Other polysilanes that contain organic side-groups can be prepared es-
sentially by the following procedures.

1. Waurtz-type coupling reaction involving an alkali metal (usually
sodium)-assisted dehalogenation of diorganodichlorosilanes,
RR'SiCl,. This is essentially the same procedure that Burkhard
had originally employed in the preparation of [Me,Si],[1-5, 17].

2. Anionic polymerization of masked disilenes and strained cyc-
losilanes [18]

3. Catalytic dehydrogenation of organosilanes such as PhSiH; [19-
21].

In addition to these general synthetic procedures, other methods of
polysilane synthesis include electrochemical reduction of diorganodichlo-
rosilanes [22], condensation reactions between appropriate acyclic difunc-
tional reagents such as Li(Ph,Si)sLi and Cl(Me,Si)sCl [4]. These latter
methods are not discussed here.

7.3.1 Synthesis of Polysilanes by Wurtz-type Coupling
Reactions

In spite of its many drawbacks (as will be evident during the course of this
discussion), the alkali metal-assisted Wurtz-type coupling reaction remains
by far the most widely used procedure for the preparation of polysilanes
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[1-5, 17]. This is mainly because of its general applicability to al-
kyl/aryldichlorosilanes. The reaction involved can be represented as fol-
lows (see Eq. 7.3).

R
RR'SICl, Na ‘Pslr (73)
Toluene | in
A R
-NaCt

A typical procedure of polysilane synthesis by this methodology is as
follows:

Usually a dispersion of finely divided sodium metal is required for the
reaction. This can be achieved by melting sodium metal in high-boiling
solvents such as toluene, xylene and decane under reflux conditions and by
the use of efficient stirring. The diorganodichlorosilane is added to the so-
dium dispersion at this stage. This reaction is highly exothermic and needs
to be performed carefully. The entire reaction mixture is heated further
(typically for 2-4 h), cooled and worked-up. One of the common ways of
work-up involves addition of methanol or i-propanol to the reaction mix-
ture to destroy the excess of sodium metal. This is followed by precipita-
tion of the polymer by the addition of an excess of methanol or i-propanol.
A large number of polysilanes such as [R,Si], and [RR'Si], have been pre-
pared by adopting this general procedure [1, 4, 17]. Representative exam-
ples of some of the polysilanes prepared by the Wurtz-type of coupling re-
action are shown in Figs. 7.9 and 7.10.

?Hz"(CHz)s_CHs ?Hz_(CHz)FCHa C|3H2‘(CH2)12'CH3
s+ s+, st

CH,—(CHy)3—CHjy CHy—(CHy)4~CHs CHy—(CHy)127CH;

CHy—(CH,),—CHj3 CHy—(CHy),—CHj, O—CH,y—(CH,),—CHj3

¢ 0 2

{-s- +s- ts

CH,—(CH3),—CHj CHy—(CHy)4—CH, O-—CHy—(CHy),—CHj

Fig. 7.9. Examples of polysilanes that contain similar substituents on silicon

Figs. 7.9 and 7.10 are self-explanatory. However, a few points are worth
mentioning. Although [Me,Si], is a highly crystalline and intractable solid,
other poly(dialkylsilane)s such as [(n-CsHj1),Si], [23], [(n-CsHi3),S1], [24]
and polymers such as [(n-C;oHx),Si], [25] which have long alkyl side-
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chains are soluble in many common organic solvents. Polymers containing
aryl substituents can also be prepared [26]. A number of polymers with
mixed substituents have also been synthesized (Fig. 7.10) [27]. Even
polymers  containing  trifluoromethyl  substituents  such  as
[(CF;CH,CH,),(Me)Si], (28] or those that contain pyrrolyl substituents
[Ph(C,H4N)Si],, [Me(CHsN)Si], and [#Bu(C,H4N)Si], have been pre-
pared [29].

CHZ CH,-CH; (|)H2—(CH2)2— CH3 CH2 CHZ‘@
fsrh fsh fsh
CH3 CHs CHa

Q

Q
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+?n bk bk

CHs;

CH;

()
T CHACHLF;
s+ s+ s+
CH3 CHg CHg
Fig. 7.10. Polysilanes of the type [RR'Si], that contain different substituents on

silicon

In addition to homopolymers, a number of copolymers can also be pre-
pared by the Wurtz-type coupling methodology [30-34]. This involves the
reaction of two diorganodichlorosilanes with sodium. Representative ex-
amples of some copolymers are shown in Fig. 7.11.

Me e nHex
%&HS«% %SIHSI %&H&%
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Fig. 7.11. Polysilane random copolymers
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Many of the copolymers shown in Figure 7.11 probably have a random
arrangement of the monomer segments. Some copolymers such as
poly(methylphenylsilane-co-dimethylsilane) [{PhMeSi},{Me,Si},] and
poly(methylphenylsilane-co-nhexylmethylsiiane),
[{PhMeSi},{(nHex),S1},], probably have a block type arrangement of the
monomer segments. Thus, for example rate studies on the co-
polymerization of methylphenyldichlorosilane and dimethyldichlorosilane
reveals that the initial rate of disappearance of the former was approxi-
mately four times that of the latter [1, 4]. Another interesting observation
of the copolymerization reactions is that monomers that cannot be other-
wise homopolymerized can be incorporated into copolymers. For example,
monomers such as ferrocenylmethyldichlorosilane [34] and sterically hin-
dered compounds such as t-butylmethyldichlorosilane cannot be ho-
mopolymerized [1]. However, these can be copolymerized along with
other monomers to afford co-polymers such as
[{(Me)(tB)Si} {(nCeHi3)(Me)Si}yJa and [{(Me)(Fe)Si}{(Me)(Ph)Si}],.
Additionally it has been found that the properties of the copolymers can be
tuned by the appropriate choice of the nature and ratio of the monomers.
Thus, the crystallinity of the homopolymer [Me,Si], can be considerably
reduced by the incorporation of {(Me)(Ph)Si}units in the copolymer
[(Me;,Si)«(MePhSi),] (x =y =1)[1, 30].

Most of the homopolymers and copolymers of polysilanes are usually
obtained as air stable solids and are soluble in a range of organic solvents
and are generally thermally stable [1]. However, they are sensitive to ra-
diation and undergo scission upon exposure to various kinds of radiation
including UV-visible light. This radiation-sensitivity is accentuated in so-
Iution. The molecular weights of the high-molecular weight fraction of the
polymers can be quite high, ranging from 100,000 to orders of millions [1].

7.3.1.1. General Features of the Wurtz-Coupling Process

The mechanism of the Wurtz-coupling reaction of diorganodichlorosi-
lanes is quite complex [1-4, 17, 35]. The growing polymerization requires
access to reactive sodium surface and the heterogeneous nature of the reac-
tion can only make this more difficult. It is for this reason that an efficient
stirring is quite necessary for isolation of reasonable polymer yields. In-
volvement of silyl radicals/silyl anions have been proposed in the reaction
mechanism of the polymerization [17]. Recently, spectroscopic evidence
for Si-H end-groups has been unambiguously demonstrated [36]. It was
further shown that end-groups such as Si-Cl or Si-OR are either absent or
their concentration is too small to be detected. These authors propose a se-
quential anion-radical mode of propagation. The formation of the Si-H end
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groups supports the presence of silyl radicals that can abstract a proton
from the solvent [36]. The possible involvement of silyl anions is sup-
ported by the experimental evidence that additives such as 15-crown-5
ether (specific complexing agent for Na") has a beneficial effect on the po-
lymerization [4]. A tentative proposal for the process of polymerization is
shown in Fig. 7.12. This indicates the formation of a silyl radical which
can form a silyl anion and propagation can occur by further reactions with
a chlorosilane [17].

i P T il
""'Sli_CI _L Wsli_Cl Na‘" _'L\IEQ» “""‘lsi
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SII Sll Cl NaCl |S| Na
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Fig. 7.12. Mechanism of polymerization of polysilanes by the Wurtz-type cou-
pling reaction

The Wurtz-type coupling reaction of diorganodichlorosilanes is charac-
terized by the appearance of an intense blue-purple color in the reaction
mixture. Although the initial suggestions for the origin of the blue color re-
lated to the possibility of F-centered defects in the sodium chloride that
was formed, careful experimentation by EPR and UV-Visible spectroscopy
indicated that colloidal sodium formed in the reaction is responsible for the
color [37].

The molecular weights of the as-obtained polysilanes (without any frac-
tionation) are generally bimodal, many times trimodal [35]. The lowest
molecular-weight compounds are usually cyclic compounds with molecu-
lar weights lower than 1500. The next higher fraction is composed of oli-
gomers and medium-molecular-weight polymers whose M,'s lie between
4,000-30,000. The highest molecular weight species which are the long
chain linear polysilanes have M,,'s in the range of 10°-10° with relatively
high PDI’s. In order to separate the cyclic compounds from the polymeric
species repeated re-precipitation procedures are required. Fractionation
techniques can separate the medium-and high-molecular-weight polymers.
Because of this cumbersome protocol the yields of polysilanes are often
quite low and generally range from 5-25%. Only in very few cases the
yields are actually greater than 50% [1-4, 17].
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7.3.1.2 Improvements to the Wurtz-Coupling Process

Several types of modifications have been tried in the basic Wurtz-coupling
process to improve the yields of the high-molecular-weight polymers and
also to reduce the polydispersity index. These include the use of additives
such as ethyl acetate [38], diglyme [39], 15-crown-5-ether [40], using ul-
trasound [41-42], use of alternative reducing reagents such as K/18-crown-
6-cther [43], graphite-potassium, CgK [44-46] and so on. While the action
of the additives seems to improve the polymer yields, this is at the expense
of the higher molecular weights. Ultrasonic reactions have been carried out
with a view to disperse the metal at lower temperatures. This seems to be
effective but its general applicability remains to be demonstrated.

Use of alternative reducing agents such as CgK allows the reaction to be
carried out at lower temperatures. Thus, phenylmethyldichlorosilane can
be polymerized by C4K at temperatures below 0 °C to afford polymers in
reasonable yields (up to 29%) with molecular weights ranging from 5,000-
100,000 [44, 45]. Side-groups that are otherwise sensitive to Wurtz-
coupling process by sodium can tolerate CgK. Thus, etheroxy side-chain-
containing diorganodichlorosilanes also can be readily polymerized by the
use of graphite-potassium to afford water-soluble poly(4,7,10,13-
tetraoxatetradecylmethylsilane (see Eq. 7.4) [46].

i n (7.4)
CeK _ :
cI—si—al —— —Psll-}n—
Me T<0°C
I\IAe
c—si—cl — 8K,
'l; THF, 0°C _[_ -]_

R= CHchchzo(CH20H20)3Me

Although several improvements have been effected in the basic Wurtz-
type reaction it must be mentioned that there is still not a single universal
synthetic protocol that allows a high yield, monomodal, high-molecular-
weight polysilane synthesis. For every new system that needs investiga-
tion, the optimum reaction conditions have to be experimentally deter-
mined.

7.3.2 Polymerization by Anionic Initiators

Cyclosilanes can be used as monomers in a ROP to afford linear chains.
Although, as mentioned earlier the three-membered cyclic compound
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[(2,6-Et,C¢H;),S1]; affords a stable disilene upon photolysis [12], other
strained rings that contain less sterically encumbered substituents have
been used for polysilane synthesis. Matyjasjewski and coworkers have tar-
geted strained cyclosilanes as potential candidates for ROP. However, it
was observed that the strained four-membered ring octaphenyltetrasilane
[Ph,Si], cannot be polymerized to the linear polymer. Attempts to polym-
erize this compound leads to a ring expansion and the formation of the
five-membered ring [Ph,Si]s. This led to a modification of the four-
membered ring [Ph,Si]y in the following manner. The reaction of oc-
taphenyltetrasilane with CF;SO;H leads to partial dearylation. This impor-
tant reaction in organosilicon chemistry can be controlled stoichiometri-
cally to effect the replacement of four nongeminal phenyl substituents
from the starting cyclic ring [Ph,Si], and to afford the functional and reac-
tive silyl triflate [Ph(OSO,CF;)Si]y. Further reaction of this compound
with methylmagnesiumbromide leads to 1,2,34-tetramethyl-1,2,3,4-
tetraphenylcyclotetrasilane [PhMeSi], which was shown to exist as four
stereoisomers. Fractional crystallization of this compound allowed the iso-
lation of the all-trans derivative which has been used for further ring-
opening polymerization (Fig. 7.13) [47].

Ph Fl’h R I?h }"h }‘Dh
Ph—Si——Si—Ph Ph=8j—8i—R Me~-Si——Si—Me
CF3S04H MeMgBr
—_—» —_—
Ph—S —Sli—Ph R-Sl'——SE—R Me—SIi—S}—Me
Ph Ph Ph Ph Ph Ph
R = OS0O5CF3 Mixture of isomers

Fig. 7.13. Preparation of the mixed substituent cyclotetrasilane [PhMeSi]; from
the homogeneously substituted derivative [Ph,Si],

Thus, the all-trans isomer of 1,2,3,4-tetramethyl-1,2,3,4-
tetraphenylcyclotetrasilane can be converted into the linear polymer in
nearly quantitative yields by the use of anionic organolithium reagents
such as r-butyllithium (see Eq. 7.5). Alternative types of initiators include
1,4-dipotassiooctaphenyltetrasilane, or [(PhMe,Si),Cu(CN)Li,]. It was ob-
served from molecular weight analysis by gel-permeation chromatography
(GPC) that high polymers were formed with average molecular weights of
100,000 and a M, /M, of about 2.0. Since two different substituents were
present on silicon the possibility of the formation of stereoregular poly-
mers by this methodology was investigated. It was found that the polymer
isolated is not fully stereoregular. However, some amount of regularity in
terms of syndiotactic and isotactic segments was detected by the use of
NMR techniques [47].
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Matyjasjewski’s procedure can be applied to other types of cyclosilane
rings. Thus, the ROP of the five-membered cyclosilane [(PhMeSi)
(Me;,Si),4] can be accomplished by silylanion initiators such as Me,PhSiK
(see Eq. 7.6) [48].
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We have seen in the beginning of this chapter that methods of polymer-
izing stable disilenes have not yet been found primarily because the very
process of stabilizing these compounds by the use of sterically hindered
substituents prevents their controlled polymerization to high polymers.

On the other hand, compounds that can be described as trapped or
masked disilenes can be viewed as potential monomers for polymer syn-
thesis. The trapped or masked disilene can be liberated from its adduct by
chemical or photochemical process. However, even if moderately bulky
substituents are present on silicon in such compounds, the liberated disi-
lene combines to afford the thermodynamically favorable cyclized prod-
ucts. Thus, the masked disilene containing isopropyl substituents on silicon
affords the cyclotetrasilane [iPr,Si], (see Eq. 7.7) [49].
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Sakurai and coworkers have found that disilenes such as 1-phenyl-7,8-
disilabicylo[2.2.2]octa-2,5-dienes can be polymerized by the use of anionic
initiators such as n-butyllithium [18, 50, 51]. High-molecular-weight
polymers with a narrow PDI (about 1.5-1.9) were obtained from this
method. As mentioned above, the choice of substituents on silicon is quite
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critical. If all the substituents are sterically encumbered the reaction does
not lead to polymeric products. The monomers required for this process
were prepared by the reaction of 1,2-dichlorosilanes with lithium naphtha-
lenide. Usually a mixture of isomeric products is obtained in this reaction
although in some cases the reaction appears to lead to the formation of a
single isomer (see Eq. 7.8) [18].
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A number of such masked disilenes (as shown in Eq. 7.8) can be reacted
with anionic initiators such as n-butyllithium to afford high-molecular-
weight polymers (Fig. 7.14).
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Fig. 7.14. Anionic polymerization of masked disilenes
The mechanism of polymerization of masked disilenes by anionic initia-

tors has been suggested as involving a propagating silylanion with con-
comitant expulsion of the trap viz., biphenyl. The synthesis of polysilanes
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using the masked disilene method is useful in the preparation of polymers
with a high amount of stereoregularity. Thus, polymers containing alter-
nate segments of (nC4Hi3),Si and Me,Si could be prepared [51]. In con-
trast, a polymer of a similar composition prepared by the Wurtz-type cou-
pling reaction involving a 1:1 mixture of (nC¢H;3),SiCl, and Me,SiCl, has
a random sequence of (nCgHj1),Si and Me,Si units. Sakurai and co-
workers have also found that the polymerization of masked disilenes can
be initiated by potassium alkoxides in the presence of the cryptand [2.2.2]
[52]. This leads to a living type of polymerization, particularly when po-
tassium(-)menthoxide is used as the initiator.

Masked disilenes containing amino substituents on silicon can also be
prepared (see Eq. 7.9) [18].

Me,
Ve e 19

Me NEt. e.

2 |iNaphthalenide “si- NEt
Cl—Si—Si—Cl ——— o

U P/

Me Me
PH

almost exclusively formed

These can then be polymerized by the catalytic action of nBulLi to afford
polysilanes that contain reactive amino side-chains (see Eq. 7.10) [18].
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Fig. 7.15. Block copolymers prepared by the anionic initiation of masked disilenes
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The anionic polymerization strategy of masked disilenes allows the syn-
thesis of block copolymers. Various kinds of organic blocks can be at-
tached to polysilane segments (Fig. 7.15) [53-55]. Thus, a silyl-terminated
organic monomer can be used for a block co-polymer formation. At the
end of the polymerization the trimethylsilyl group can be removed to af-
ford a functional polymer (Fig. 7.15) [53]. Another interesting example is
in the utilization of this technique to build polymers that can be induced to
have reversible helical conformations. Thus, for example, poly(l,1-
dimethyl-2,2-dihexylsilene)-p-poly(triphenylmethyl methacrylate) was
prepared by first carrying out the polymerization of the masked disilene
(Fig.7.15) [54]. After this, (-)sparteine, an amine that induces optical in-
duction was added. This was followed by the addition of the monomer
triphenyl methacrylate. A 1:1 block copolymer was obtained with a M, of
about 10,000 and a M, /M, of about 1.5. Interestingly it was observed that
in this polymer the helical sense of one of the blocks viz., the triphenyl
methacrylate can be fransferred to the polysilane block. This process is re-
versible and can be modulated with temperature. Strategies such as this al-
low new material synthesis with potential applications as chirooptical ma-
terials for switch/memory type of devices [54].

7.3.3 Polysilanes Obtained by Catalytic Dehydrogenation

Harrod and coworkers have found that metallocene catalysts such as
Cp,ZrMe, and Cp,TiMe, have been found to catalyze the conversion of
primary arylsilanes such as PhSiH; at room temperatures to afford short-
chain polysilanes H-(PhHSi),-H which contain Si-H terminal groups (Fig.
7.16) [56-57]. These Group 4 metallocenes have bent structures in contrast
to ferrocene where the iron is sandwiched between the two cyclopentadi-
enyl rings.

or
H %y CpeTiMe,

n=~10( M =Ti)
n=~20 (M= Zr)

=z

‘\Z .\\\Me
T

»
% Me

Fig. 7.16. Synthesis of short-chain poly(phenylsilane)s by the catalytic dehydro-
genation of PhSiH,
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Improvements in catalyst design have led to an increase in chain length
and polymers with a degree of polymerization of up to 80 have been real-
ized [19-21, 58-60]. Although, these polymers still do not possess very
high molecular weights, they are an interesting class of polysilanes which
contain the reactive Si-H groups in the side-chain. This allows the oppor-
tunity for elaborating these polymers into other types by means of many
reactions including hydrosilylation reactions.

The new generation dehydrogenative polymerization catalysts em-
ployed include [CpCp*Zr(H),]J(Cp* = pentamethylcyclopentadienyl),
CpCp*M(Si(SiMe;);R) (M = Zr, Hf; R = CH;, Cl) [19-21]. Combinations
of metallocene dichlorides and »-butyllithium such as Cp,MCl,/2nBuLi
(M = Ti, Zr Hf) have also been employed (Fig.7.17) [21].

- S|Me3 SlMes
Zre 3 iMe3

™ % S % o

Cp* = n’-CsMeg Cp* =1°-CsMes Cp* =n’-CsMes

Fig. 7.17. Some of the mixed-substituent zirconocene catalysts used for polymeri-
zation of RSiH; to H[HSiR},H

The mechanism of the catalytic dehydrogenation appears to involve the
cleavage of the Si-H bonds which is activated by the catalyst [19-20]. It
has been proposed by Tilley that the active catalytic species 1s a metal hy-
dride of the type L,M-H (where L is the other ligand or ligands such as
cyclopentadieny! or pentamethylcyclopentadienyl that are present on the
metal). The metal hydride interacts with a compound containing a Si-H
bond to generate a four-centered transition state (see Eq.7.11)

Ph (7.11)
Ho
oS- H
L,M—H + PhSiH, ———» :
LoM----H

Cleavage of Si-H and M-H bonds with the concomitant formation of Si-
M bonds and elimination of H, occurs (see Eq. 7.12).

i (7.12)
SreH H

' ' n
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The species L,M-Si(H),Ph interacts with another molecule of silane to
form another four-membered transition state (see Eq. 7.13)

Ph (7.13)
H LoM----8i
1 ¥ H
LnM—?i—Ph + Ph—SiHy —— ' '. H
He--=-8i
H IH

Cleavage of another Si-H bond along with formation of Si-Si and M-H
bonds leads to the formation of a disilane (see Eq. 7.14).

P 7.14
LnM““S%<H Ph Ph ( )
HH = LM—H + H-SI—si—H
H----- Si(H H H
Ph

Notice that the catalytic species L,M-H is regenecrated in this reaction
sequence. This process can go on to produce a polymeric species. Al-
though the precise reasons for not achieving high molecular weights
through the dehydrogenation reaction are not entirely clear, there seem to
be several factors that have a cumulative effect. 1) The catalyst L,M-H is
also active towards insertion of Si-Si bonds and hence can cleave them to
afford oligomeric or even cyclic products. 2) As the polymerization reac-
tion proceeds, the entire reaction mixture becomes viscous and access of
the catalyst active site to the growing polymer chain may become increas-
ingly difficult. However, diluting the reaction mixture does not seem to
dramatically improve the molecular weights.

cl F Br

HE?JGH HJS?J;H HE): o
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CF3

CFs
@Cr(CO);, @
H-{~Ei-l—nH H-[—Ei-];H H+|Si -H

H

Fig. 7.18. Representative examples of polysilanes prepared by the dehydrogena-
tion of the corresponding RSiH;

In spite of the limitations of the dehydrogenation procedure, this method
leads to the synthesis of functional polysilanes. Also interestingly, many
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reactive groups are quite tolerant to catalysis by the dehydrogenation reac-
tion as evident by the type of polymers prepared by this method (Fig.
7.18). Although the catalytic dehydrogenation occurs with diorganosilanes
RR’SiH, at elevated temperatures, this procedure seems to be best suited
for monoorganosilanes, RSiH;. Also, with the disilanes, RR'SiH,, oli-
gomeric and not polymeric products are formed in catalytic dehydrogena-
tion. Furthermore, among the RSiHj; the reactivity of arylsilanes appears to
be greater than the corresponding alkyl compounds. The only exception to
this is CH;SiH; which has a comparable reactivity to that of PhSiH; [21].

7.3.4 Summary of the Synthetic Procedures for Polysilanes

1.

Polysilanes can be prepared by (a) a Wurtz-coupling process in-
volving a diorganodichlorosilane and an alkali metal (b) the use of
anionic initiators and the use of strained cyclosilanes or masked
disilenes (c) catalytic dehydrogenation of primary silanes, RSiH;
and (d) miscellaneous methods including electrochemical reduc-
tion methods, condensation methods involving, for example, reac-
tions between a monomer containing two reactive Si-Cl end
groups and another that has silyllithium end groups.

The Wurtz-coupling is the most widely used synthetic method in-
spite of its obvious limitations such as harsh reaction conditions,
intolerance to many reactive functional groups on the silicon
monomers and so on. This process leads to polymers that usually
have a bimodal distribution of molecular weights. The yields of
polysilanes are low to moderate. Many poly(alky/arylsilane)s have
been prepared by the use of this method. Many modifications of
the Wurtz-coupling reaction have been tried including use of alter-
native reducing agents such as CgK. However, there is still no gen-
eral procedure that allows a high yield synthesis of polysilanes that
have monomodal, high molecular weights.

Strained cyclosilanes can be utilized as monomers in a ring-
opening polymerization. These reactions are catalyzed by anionic
initiators and can be carried out by employing milder reaction
conditions than the Wurtz-coupling reaction. However, this proc-
ess is not general and construction of appropriate strained cyclosi-
lane monomers is a prerequisite. Similarly, masked disilenes can
be polymerized by anionic initiators. Several interesting polymers
have been prepared by this method including stereoregular poly-
mers. Design of the masked disilenes has to be carefully carried
out and should avoid the use of sterically hindered groups.
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4. Catalytic dehydrogenation is quite effective with monomers such
as RSiH; (particularly when R = an aryl group). Various types of
catalysts can be employed to effect the deydrogenation. Most well-
used catalysts are metallocene catalysts containing Group 4 metals
such as titanium, zirconium or hafnium. Although high molecular
weights are not achieved in this process, the polysilanes obtained
have reactive Si-H functional groups that can be elaborated fur-
ther.

7.4 Modification of Polysilanes

Polysilanes can be elaborated, after their synthesis, by appropriate chemi-
cal methods [1-4, 61]. Representative methods of such possibilities are dis-
cussed in this section.

Polysilanes containing Si-H groups can be reacted further, in a variety
of ways. Waymouth and coworkers have shown that free-radical-assisted
addition of C=C or C=0 bonds can be effected (Fig. 7.19) [62].
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Fig. 7.19. Modification of polysilanes

Free-radical-assisted hydrosilylation can be carried out on
poly(phenylsilane), H(PhHSi),H. Various types of reactive substrates such
as l-hexene, cyclohexanone etc., have been utilized and about 70-90% of
substitution was observed without much chain degradation (Fig. 7.19).
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Similarly, the conversion of the Si-H unit in poly(phenylsilane) into the
more reactive Si-Cl and Si-Br functional group can be easily effected by
the reaction with carbon tetrachloride and carbon tetrabromide, respec-
tively (Fig. 7.19) [63]. The chlorination or bromination does not affect the
Si-Ph substituent but only involves the Si-H bonds. In these reactions
about 80% of the Si-H bonds can be converted into the corresponding Si-X
bonds. These halogenated polysilanes are reactive polymers that can react
with other types of nucleophiles such as alcohols to afford polysilanes con-
taining alkoxy groups [63].
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Fig. 7.20. Modification of polysilanes by activation of Si-Ph groups

Another type of activation of polysilanes involves dearylation reactions.
We have seen earlier that Si-Ph bonds are susceptible to attack by triflic
acid. West and coworkers have shown that it is possible to convert
poly(alkyl/phenylsilane)s to poly(alkyl/halogenosilane)s. The halogen is
introduced in the polymer side-chain by the reaction of the polysilane
[PhRSi], with acetylchloride or acetylbromide (Fig. 7.20) [64]. This reac-
tion is catalyzed by aluminum trichloride or aluminum tribromide. The re-
sulting poly(alkyl/halogenosilane)s are reactive towards a variety of re-
agents such as alcohols and thiols. Reduction of the
poly(alkyl/halogenosilane)s also can be carried out by the use of LiAlH, to
generate the corresponding polymers containing Si-H groups (Fig. 7.20)
[64].

The phenyl substituent in poly(phenylmethylsilane)s can also be acti-
vated by its chlorination in a Sn(IV)-catalyzed reaction (see Eq. 7.15) [65].
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Me 1. 80Cl,, M Me (715)
| CH3;0CH,0CH | |
I sl v o

The chlorination of [MePhSi], leads to a reactive group that is remote
with respect to the main silicon chain. It is possible to modify the resulting
functional polysilane in many ways. For example, recently Sakata and his
research group have utilized this approach to anchor tetraphenylporphyrin
units as pendant groups on the polysilane backbone (Fig. 7.21). It was ob-

served that in this polymer an intramolecular charge transfer occurs from
the silicon main-chain to the porphyrin side-chain [66].
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Fig. 7.21. Attachment of a tetraphenylporphyrin unit to a polysilane side-chain

Polysilanes with reactive silyl anions such as those prepared by the ani-
onic polymerization method (which are not quenched) can be utilized to
prepare blockcopolymers containing polysilane-organic polymer blocks.
Mention of this was made in the previous section [53, 54]. A variation of
this approach allows preparation of polysilanes with functional terminal
groups that can be utilized in many novel ways. For example, a tripodal
sulfur-containing coordinating ligand was anchored to the silyl end group
by adopting the procedure shown in Fig. 7.22 [67]. Thus, the reaction of a
polysilane containing a silyl anion terminal group (prepared by the anionic
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ROP of the masked disilene) with an alkyl bromide that contains the tripo-
dal sulfur ligand leads to an interesting polysilane which has three coordi-
nating sulfur units at its terminus. This polymer could be utilized for
chemisorption on gold surface (Fig. 7.22) [67].
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Fig. 7.22. Anchoring a tripodal sulfur ligand at the terminus of a polysilane

Thus, polysilanes can be elaborated (after their primary synthesis is ac-
complished) by many ways. These can be summarized as follows:

1. The phenyl substituents in poly(alkyl/arylsilane)s can be re-
placed by the action of CF;SO;H. Replacement of the phenyl
substituent by chlorine or bromine can be accomplished by an
aluminum halide-catalyzed reaction.

2. Introduction of reactive groups on the phenyl substituents of
poly(phenyl/alkylsilane)s can be accomplished. These can be
further utilized for anchoring other chemical entities of choice.

3. The Si-H group in polysilanes can be utilized as reactive centers
and several types of hydrosilylation reactions can be carried out.

4. Polysilanes prepared by anionic polymerization have reactive
silyl anion end-groups. Such polymers can be utilized for pre-
paring novel block copolymers. They also can be used for pre-
paring new polymers that contain novel end-groups.

7.5 Physical Properties of Polysilanes

Many of the physical properties of polysilanes depend on the actual sub-
stituents present on silicon. However, polysilanes have some distinct fea-
tures in comparison to other polymers which is a direct result of the unique
characteristics that a catenated chain of silicon atoms provide. These can
be summarized as follows:

1. Most polysilanes are soluble polymers and dissolve in common
organic solvents. The solubility decreases with increasing crystal-
linity of the polymer. The classic example of this feature is
Burkhard’s polymer [Me,Si],. Other examples include [Et,Si],,
[Ph,Si], etc., [1-4]. However, disrupting the crystallinity by means
of copolymerization such as that found in [(Me,Si),(PhMeSi),,] or
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in homopolymers that contain longer alkyl chains makes the poly-
mers soluble [1-4, 30].

2. Polysilanes have unique electronic properties and this results from
the electron delocalization in the o-bonded chain. Although the
Si-Si bond energy is comparable to that of C-C bond energy, sili-
con has a lower ionization potential and a greater electron affinity
[4, 68-69]. The combination of these factors leads to electron delo-
calization in the o-bonded chain of polysilanes. Thus, polysilanes
can be compared with organic polymers that have conjugated
skeleton such as polyacetylene. The important difference is that in
the latter the conjugation occurs as a result of delocalized m-
electrons. Because of the o-delocalization of the electrons, polysi-
lanes show strong absorption in the region between 300-400 nm
[1-4, 69]. Further, since the o-6~ transitions are allowed, the ex-
tinction coefficients of the optical absorption spectra are very high.

3. Polysilanes are radiation-sensitive polymers and degrade upon ex-
posure to UV light. This process is accentuated in solution [1-4].

4. The glass-transition temperatures of polysilanes range from very
low values of -75 °C to high values up to +120 °C[1]. Thus, poly-
mers such as [(Me)(n-Hex)Si], has the lowest T, of about -75 °C.
As the hexyl group is replaced by shorter chain alkyl substituents
as in [(Me)(CH,CH,CH3;)Si], (-28 °C) the T, increases. Interest-
ingly, the related polymer [(Me)(CH,CH,CF;)Si], (-3 °C) has a
higher T, [28]. In general, polysilanes that contain long alkyl
chains as substituents are elastomeric. Crystallinity is introduced
when the alkyl groups are smaller or when substituents such as
phenyl groups are present on the silicon. Polysilanes are thermally
quite stable. Most polymers are stable up to 200-300 °C without
decomposition. It has been already mentioned that
poly(dimethylsilane) undergoes a rearrangement without decom-
position at 450 °C to afford the polycarbosilane [(H)}(Me)SiCH,],
which is converted to the ceramic silicon carbide only above
1000 °C[9-11].

5. Many polysilanes possess helical main-chain structures although
the details of these helical structures vary from case to case [5].

7.5.1 NMR of Polysilanes

The Si-NMR spectra of polysilanes show that most of the chemical
shifts are in the negative region [4, 72]. Representative examples of poly-
mers and their *Si-NMR chemical shifts are given in Table 7.1.



274 7 Polysilanes and Other Silicon-Containing Polymers

Table 7.1. Solution *’Si-NMR chemical shifts of polysilanes

S.No Polymer )

1 [(n—Can)gSi]n -29.2

2 [(n-C6H13)2Si]n -23.0

3 [(Me)(Ph)Sil, 39.4,-40.1,-41.4

4 [(nPr)PhSi], -30.2,-32.4,-39.2

5 [(nCeH,3)PhSi], -32.0,-35.0, -38.9

6 [{OCH;(CHy)g}2Sila 24.0

7 [Si(CH3)2-Si(I’l-C6H13)2]n -26.0 (HCXZSi)
-36.0 (MeSi)

8 [(Me)(CH,CH,CHS)Si], 325

9 [(Me)(CF;CH,CH,)Sil, -32.1

10 H[(H)(Ph)Si],H -59 to -63

If the same substituents are present on silicon (in polymers of the type
[R,Si],) a single resonance is seen in the *Si-NMR spectrum (for example,
see entries 1 and 2, Table 1). On the other hand, if the substituents are dif-
ferent on the silicon, there is a possibility of fully ordered polysilanes.
Thus, if all the substituents are on the same side it would be an isotactic
polymer (Fig. 7.23). However, such an ordered isotactic polysilane has not
yet been prepared.
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Fig. 7.23. Arrangement of side-groups in an isotactic polysilane
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Fig. 7.24. Arrangement of substituents in a triad of successive silicon atoms in an
atactic polysilane

Even in atactic polymers where the organization of the side groups is
perfectly random, if one considers short segments, say a triad of three suc-
cessive silicon atoms there are three possibilities of a short-range order that
could be present. These are termed isotactic, syndiotactic and heterotactic
(Fig. 7.24). It should be emphasized that the terms isotactic, syndiotactic
and heterotactic as applied in this context represent the statistical possibil-
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ity of the organization of side-groups in a successive three-silicon segment
within an atactic polymer chain. These stereochemical arrangements will
resonate separately in the *Si NMR and three signals should be seen for
cach of these three triad sequences. Thus, for example, in atactic
[PhMeSi], three clear signals are seen for the isotactic, syndiotactic and
heterotactic segments of the polymer [4]. It is possible to observe more
signals in the **Si NMR for polymers of the type [RR Si], if stereochemical
sequences are expressed and detected beyond the triad to extend into tetrad
and pentad sequences.

Many copolymers of polysilanes show signals in the *’Si NMR that in-
dicates a random arrangement. However, if ordered copolymers can be
prepared this can be detected by **Si NMR. For example, West and co-
workers prepared an ordered copolymer by the Wurtz-coupling reaction
involving the monomer BrSiMe,Si(nHex),SiMe,Br (Fig. 7.25) [73]. Theo-
retically this reaction should Ilead to the formation of
[SiMe,Si(nHex;)SiMe,], where there is a clear ordering of the SiMe,
groups vis-a vis the Si(nHex,) groups. While in the high-molecular-weight
portion of the polymer some randomization was detected the lower-
molecular-weight portion was determined to be an ordered copolymer by
the observation of sharp signals at -36 ppm (SiMe,) and -26 ppm (Sin-
HCXz).

l\lAe R Me
2PhSi(CH3).Li + R,SICl, _— Ph—Si—S—-S}—Ph
Me R Me
HBr, AlBrs
Yo Yo et e
Sli—Sli—Sli <NaI—K Br—Sii—S —SIi—Br
Me R Me] Me R Me

R= H-C6H13

Fig. 7.25. Preparation of an ordered copolymer

Another way of preparing the ordered copolymer consists of using the
masked-disilene method. If the monomer (masked disilene) is designed in
such a manner that one of the silicon atoms has two methyl groups and the
other silicon has two n-hexyl substituents, it would be expected that the
polymer obtained from it should have a stereo regular arrangement. This
has been accomplished and in the *Si NMR of this polymer two distinct
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sharp signals were obtained indicating an ordered sequence of SiMe, and
Si(n-Hex), units (see Eq. 7.16) [51].

Me,
Cotrs Mo (7.16)
\ /*.Q"‘C H Me CgHyz
S ~6M13 1. nBuli Bu -(S]i-Sli?—H
7 2. EtOH { In
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Ph

7.5.2 Electronic Spectra of Polysilanes

Most polysilanes absorb in the region between 300-400 nm [1-4, 26, 74-
77]. The electronic absorption data of representative examples are summa-
rized in Table 7.2.

Table 7.2. Electronic spectroscopic data for representative examples of polysi-
lanes

S.No Polymer A max € Si-Si
1 [(nC6H13)2Si]n 317 9500
2 [(nC1oHz:)2Sil, 324 8940
3 [(nPr)(Me)Sil, 306 5600
4 [(nC1oH13)(S- 323 55,000

CH,CH(CH3)(C;Hs))Si],
5 [(Ph)(Me)Si], 341 9300
6 [(p-OMe-CH,)(Me)Sil, 346 8180
7 [(p-Bu-CeH,)(Me)Sil, 339 7400
8 [ {p-OMe-C¢H,~(CHy); HMe)Sil, 308 6735
9 H[(Ph)(H)Si].H 294 2026
10 H[(Ph)(nCeH5)Si], H 325 4321
11 H[(Ph)(OC¢H,3)Si],H 353 2349
12 [(p-nBu-CeH,)Sil, 395 26,600
13 [(p-C2Hs-CeH,),Si]n 390 10,000
14 [ {p-(CH3),CH-CH,-CeH, },Si], 390 16,200
15 [(p-tBu-CsH,),Sil, 376 3400
16 [(p-nC¢H3-CsHa),Sila 397 23,300
17 [(p-OBu-CsHy),Sil, 326 9000
18 [(m-OBu-C¢H,),Sil, 403 18,300

Studies on model compounds [70-71] reveal that the energy of absorp-
tion shifts to longer wavelengths upon increase of the number of silicon
atoms: Sleeg (190 nm), Sl}Meg (217 nm), Si4M610 (233 nm), Si5M312 (250
nm); SigMe14 (260 nm); SizMeq6 (269 nm); SigMe;z (276 nm); SigMe,, (278
nm); SijoMe1, (284 nm); SijsMesq (312 nm). A similar feature has also been
noticed for the corresponding oligomers containing the n-hexyl substitu-
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ents: Si;Hexg (217 nm); SizHex o (233 nm); SisHex;; (250 nm); SijoHexo,
(290 nm). Such a progressive shift of electronic absorption to the longer
wavelength is attributed to a o-delocalization. Thus, a delocalized band-
model is more appropriate to describe the polysilane electronic structure.
This arises primarily because of the low ionization potential of silicon
coupled with its greater electron affinity. This electronic picture is unlike
the carbon backbone polymers where electron delocalization occurs only
in polymers where there are alternate double bonds in the backbone. The
classic example of such a polymer is polyacetylene.

The main features of the electronic spectra of polysilanes can be sum-
marized as follows:

1. The electronic transitions in polysilanes are of the o-6* type. The
high values of the extinction coefficients of these absorptions is
consistent with the o-0* nature of these transitions. One of the
highest € values are observed for [(nBu-p-CsH4),Si], (e = 26,600)
[2,26] and [(nC,oH,3)(S-CH,CH(CH;)(C,H5)S1], (¢ = 55,000) [74]

2. The Ay and the € values depend on the chain length but seem to
reach an optimum value for a chain length equaling [RR Si],
(n=30). The Ay value also depends on the type of substituents
present on the silicon. Thus, the highest energy absorption is ob-
served for [(CF;CH,CH,)(CH3)Si], at 285 nm [28].

3. Poly(dialkylsilane)s have a Ay, between 305-315 nm. Introduction
of aryl groups causes a bathochromic shift. Thus, for
poly(alkyl/arylsilane)s the Ay, increases to 325-350 nm. The high-
est bathochromic shifts are observed for poly(diarylsilane)s
[26,75]. This progressive shift of absorption to lower energy upon
introduction of aryl groups has been attributed to o-n mixing.

4. Poly(dialkylsilane)s show fluorescence with a small Stokes shift.
In contrast, polymers such as [PhMeSi], show two emission bands:
(a) a weak emission band with a small Stokes shift and (b) an in-
tense emission with a substantial Stokes shift (for [PhMeSi], this
emission occurs at 460 nm). The latter has been attributed to the
presence of chain branching defects [75].

Most polysilanes also show thermochromic behavior in solution as well
as in the solid state [1-4, 75, 78-82]. The most well-studied example in this
regard is the poly(di-n-hexylsilane), [(n-Hex),Si], which shows an abrupt
thermochromic transition (generally observed over a range of about 10 °C
[4, 75]. Thus, at ambient temperature this polymer shows a A, at 315 nm.
On cooling this transition moves to lower energy. Thus, by about -56 °C a
new band at around 355 nm is fully developed at the expense of the high
energy band. These changes are reversible with changes in temperature.
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More recent studies on poly(di-n-hexylsilane) seem to indicate that this
polymer can exist in three different conformations in solution [82]. De-
tailed studies on various types of polysilanes reveal that the above type of
thermochromic behavior is typical of polysilanes where similar (or identi-
cal) alkyl groups are present on the silicon. In polymers with widely dif-
ferent types of alkyl groups such as [(Me)(n-Hex)Si],, although no abrupt
transition occurs, a gradual shift to a lower energy transition is observed.
An intermediate behavior is also seen for polymers such as
[(nPr)(nHex)Si], [75]. Bathochromic shifts (upon lowering temperature)
are not observed in polysilanes that contain sterically hindered substituents
or if both the substituents are aryl groups. The causes of thermochromic
behavior are quite complex and the most simplistic explanation seems to
suggest the dominance of an ordered conformation (such as a helical rod-
like conformation) at lower temperatures leading to better delocalization
and consequently to the 6-c~ transition moving to lower energy. For a de-
tailed discussion on the various models of this interesting phenomenon in
polysilanes the reader is directed to authoritative sources [1-4, 75, 79, 83].

Thermochromism is exhibited by many polysilanes in the solid state as
well but is different from that shown in solution. Polymers with short alkyl
side-chains such as [Et,Si],, do not show thermochromism. Even polymers
such as [nBu,Si],, [nPent,;Si], do not show any dramatic thermochromism.
However, polymers with longer alkyl side-chains starting from
[(nHex),Si], show thermochromism in the solid state. Thus, [(nHex),Si],
undergoes a phase transition at 43 °C. This is coincident with the shifting
of the electronic transition from 375 nm (below 43 °C) to 317 nm (above
43 °C) [75]. Recent studies on the thermochromic behavior in the solid
state reveal that in polymers such as [(nCioH»3),Si], multiple low-energy
bands are seen [25].

7.6 Optically Active Polysilanes

Although most polysilanes adopt main-chain helical structures, most of
them do not show a preferred screw sense. Thus, if a helical polymer
shows a preferred screw sense it can be either left-handed or right-handed
type. These possibilities can be detected by CD (circular dichroism) spec-
troscopy. Thus, in regular optical absorption spectroscopy the extinction
coefficient or molar absorptivity (¢) is related to the absorbance (A), con-
centration (c) and path length of the detecting cell (1) by the famous Beer-
Lambert’s expression (see Eq. 7.17).
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A=¢cl (7.17)

However, when plane-polarized light passes through a solution contain-
ing an optically active substance, the left and right circularly polarized
components are absorbed to different extents. This is reflected in CD spec-
troscopy by the positive or negative Cotton effects (Ag) [84]. The appro-
priate expression in CD spectroscopy is shown in Eq. 7.18.

Ae= EL‘ ER: (AL-AR)/CI (718)

The g, &, Arand Ag represent the respective extinction coefficients and
absorbances of the absorption of the left and right circularly polarized
light, respectively. Polysilanes that have equal segments of the opposite
screw sense that absorb in the same wavelength will not show Cotton ef-
fect. On the other hand, if the polymer has a preferred screw sense it will
show a Cotton effect.
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Fig. 7.26. Representative examples of optically active polysilanes

Recently, many helical polysilanes with a preferred screw sense have
been synthesized mainly by Fujiki and coworkers [74, 85-92]. These con-
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tain either one or two chiral side chains. Representative examples of such
polymers are shown in Fig. 7.26.

Optically active polysilanes are synthesized by the conventional Wurtz
synthesis starting from the appropriate dichloro derivatives. The polymer,
poly(n-decyl-(S)-2-methylbutylsilane) shows a rod-like helical chromo-
phore and shows a positive Cotton absorption at 323 nm [74]. Fujiki has
observed that the rigid-rod-like helical structure was maintained in the se-
ries of polymers [(R)(S-2-methylbutyl)Si}, as the R is varied from n-propyl
to n-dodecyl [74]. However, when R = Me a CD band with both positive
and negative Cotton effects are seen [85]. This is interpreted as being con-
sistent with the polymer possessing a diastereoisomeric block structure
with the opposite helical segments coexisting in the same main chain. Fu-
jiki and coworkers have also observed a dependence on the type of pre-
ferred screw sense adopted by the polymers. Thus, in the polymer poly(zn-
butyl-(S)-2-methylbutylsilane) which contains only one chiral unit per sili-
con a positive Cotton effect is seen. On the other hand, if two chiral sub-
stituents are present in the polysilane such as that found in [{C¢Hy-p-(S)-
CH,-CH(CH;)(C;H5)},Si],, a negative Cotton effect is seen [87]. Another
interesting observation is a temperature-dependent inversion of the helical
screw conversion. For dialkylpolysilanes such a reversal occurs over a
small temperature range. It has been suggested that such polymers are use-
ful in applications as chiro-optical switches [88].

7.7 Applications of Polysilanes

Polysilanes have many applications [1-5]. These are based on the ability of
some members of their family to serve as precursors to silicon carbide.
Other applications of polysilanes stem from their interesting electronic and
photophysical properties.

Apart from Yajima’s procedure of utilizing [Me,Si], as a precursor for
silicon carbide, many other polysilanes have also been found to be good
precursors for high-temperature processing into silicon carbide. These in-
clude the copolymer [(Me,Si),(PhMeSi),]. The latter is photo-crosslinked
and the fibers of the crosslinked polymer upon heating at 1100 °C in argon
atmosphere to afford SiC [30]. A  high-molecular-weight
poly(methylsilane) of composition [(CH;SiH).(CH;S1),(CH;SiH,),] was
prepared by the sonochemical/Wurtz-coupling condensation of
CH;SiHCl,. This polymer upon pyrolysis in argon affords silicon carbide.
Silicon carbide in the form of fibers, films as well as solid monoliths could
be obtained by this method [93].
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Other applications of polysilanes include their utility as photoinitiators
for vinyl polymerization. This application is based on the phenomenon of
generating silyl radicals upon photolysis. Although polysilanes are not ef-
ficient photoinitiators they have unique properties such as being not sus-
ceptible to oxygen. Many organic monomers such as acrylates, and styrene
have been polymerized by this method [4].

Polysilanes have been examined as materials for photoresist applications
involving microlithography which has applications in microchip fabrica-
tion [1-4, 94]. This application is based on the sensitivity of polysilanes
towards Si-Si bond scission upon photolysis.

Polysilanes are now being looked at from the point of view of elec-
troluminescent materials as these polymers have high-energy HOMO’s
[95]. Because of this it is easy to oxidize polysilanes. Consequently,
polysilanes have been predominantly shown to be hole fransport materials.
These features have enabled these materials to be considered as possible
electroluminescent materials particularly for emission in the near ultravio-
let (NUV) or ultraviolet (UV). These types of light sources are difficult to
obtain from conventional organic polymers such as
poly(phenylenevinylene) which have been vigorously examined as light-
emitting materials. A functional electroluminescent device would consist
of a thin film of polysilane sandwiched between a hole and an electron-
injecting electrode. Electroluminescence is exhibited by the recombination
of holes and electrons which are injected by electrodes. Typically the elec-
trodes that are used are indium-tin oxide (ITO) for hole injection and met-
als such as Ca, Al or alloys of magnesium and silver for electron injection.
Polymers such as [PhMeSi], have been found to show electroluminescence
which can be tuned over the range of colors from blue to red by the use of
dye materials. However, the electroluminescence of [PhMeSi], is exhibited
only at low temperatures and is seen from 230-110 K. In contrast, the di-
aryl polymer [(n-C4Hy-p-C¢H,),Si], shows electroluminescence peaking at
407 nm at room temperature. The successful implementation of these ma-
terials in EL devices would have to overcome the weakness of the polysi-
lane backbone under UV light irradiation [95].

Polysilanes are also attracting attention in application as photoreceptors
in copiers and printers because of their high carrier mobility [95].

7.8 Polysilynes

Reduction of organotrichlorosilanes RSiCl; can be utilized to prepare
polymers with network structures known as polysilynes [4]. The presence
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of three reactive chlorines means that every silicon can be connected to
three other silicon centers. If the substituent R is bulky and is sterically
hindered, discrete molecules in various structures such as cubes, trigonal
prisms or tetrahedra can be prepared [96]. The type of cluster isolated de-
pends on the nature of the substituent present on silicon and also on the na-
ture of reductant apart from the reaction conditions. Thus, a cubic silane
[RSi}g was isolated in the reduction of RSiCl; with Mg/MgBr, (R = 2,6-
Et,-C¢H,) (Fig. 7.27).

1. nBUuLVTHF LCl Mg/MgBr, Si—Si
Br SI\—CI —_——— [/S|—|Si\§3
2. SiCly/THF Cl THF Si—/=Si

Fig. 7.27. Synthesis of a cubic silane [RSilg

On the other hand, trigonal prismatic [RSi]s is obtained in the reduction
of RSiCl; or [RSiCl,], (R=2,6-i-Pr,-C¢H;) (Fig. 7.28).

?l ?' pu Mg/MgBr,
S-S or S0l ———————
Ct Cl cl THF

Fig. 7.28. Synthesis of the hexameric [RSi]¢ in the trigonal prism structure

The tetrahedral cluster [RSi], is prepared by the reduction of [RSiBr,],
(R = BusSi) (Fig. 7.29). This cluster synthesis is made possible by the use
of the sterically hindered tris-z-butylsilyl substituent on silicon. It is no-
ticed that in these reduction reactions the substituent on silicon has a cru-
cial and structure-directing role. Although it is not possible apriori to pre-
dict the type of product that may be formed in the reduction of a given
RSiCls, it has been experimentally found, as shown above, that the nu-
clearity of the cluster decreases with an increase of the steric bulk of the
substituent on silicon.
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Fig. 7.29. Synthesis of tetrahedral [RSi]; by the /Bu;SiNa-mediated reduction of
[tBu3SiSiBr2]2

In order to prepare polymeric derivatives from RSiCls, the steric bulk of
the substituent on silicon has to be reduced. Thus, reduction of RSiCl; (R=
an alkyl group such as n-propyl, n-butyl, n-hexyl, cyclohexyl etc., or
where the R = sterically unhindered aryl group such as phenyl, p-tolyl, p-
NMe,-C¢H;- etc.) afforded polysilynes. A typical synthesis exemplified by
the preparation of [#HexSi], consists of reacting n-HexSiCl; with so-
dium/potassium alloy under high-intensity ultrasound conditions at ambi-
ent temperature [97-98]. This polymer showed a *Si-NMR chemical shift
at -57 ppm which is about 30 ppm upfield shifted in comparison to
poly(di-n-hexylsilane), [n-Hex,Si], (-24.8 ppm). This chemical shift is in-
dicative of a tetrahedral silicon environment where each silicon is attached
to three other silicon centers. Based on this, these polymers have been
suggested to have an open sheet-like structure containing fused cyclosilane
rings. The poly(n-hexylsilyne) [nHexSi], has a M,, of 2.4 x 10* (monomo-
dal, PDI = 2.1). The electronic spectra of these polysilynes reveal a broad
absorption tailing into the visible region. Recently, some of these types of
polymers have been shown to have enhanced electrical conductivity upon
doping with I,. They also have been shown to form strong charge-transfer
complexes with electron acceptors such as 9,10-dicyanoanthracene, p-
chloranil and tetracyanoquinodimethane [99].
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7.9 Polycarbosilanes and Polysiloles

Polycarbosilanes and polysiloles are important silicon-containing polymers
that have been receiving increasing attention in recent years. These are
briefly dealt in the following sections.

7.9.1 Polycarbosilanes

Polycarbosilanes are a broad class of polymers which contain both silicon
and carbon in the backbone of the polymer [100]. There are several types
of polycarbosilanes. All of these types of polymers will not be dealt with
here. The reader is referred to a more detailed review article on this subject
[100]. The most important member of this family is of course the one pre-
pared by Yazima by the thermolysis of poly(dimethylsilane), [Me,Si], at
450 °C to afford [(H)(CH3)SiCH;], (see Eq. 7.19). The importance of this
polymer arises from the fact that it can be spun into fibers, crosslinked by
heating in air at around 300 °C and transformed by pyrolysis at high tem-
peratures to silicon carbide fibers impregnated with silicon carbide crystal-
lites [9-11]. This pioneering work has in fact inspired much of the research
on polysilanes in general as well as polycarbosilanes in particular.

H (7.19)
. 450 °C |
[MeZSl]n ~Agon {sf—cm}
CH3 n

Poly{carbosilane)

An elegant synthetic route has been recently developed for polymers
containing alternate R,Si and CH, umits by Interrante and coworkers.
These polymers are called poly(silylenemethylene)s or polysilacthylenes
[101-102]. The preparative route to these polymers consists of a platinum
(H,PtClg)-catalyzed ring-opening polymerization of four-membered 1,3-
disilacyclobutanes. These monomeric inorganic rings can be prepared in
many ways. Thus, the reduction of CI(OEt),SiCH,Cl with magnesium af-
fords an alkoxydisilacyclobutane. This can be converted into the corre-
sponding tetrachloro derivative by treatment with acetylchloride. The chlo-
rine atoms on the silicon can then be replaced by alkyl groups by the
corresponding Grignard reagent (Fig. 7.30). These disilacyclobutanes have
been found to be ideal substrates for ring-opening polymerization [100-
101].
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Fig. 7.30. Preparation of disilacyclobutanes

Tetrachlorodisilacyclobutane can be ring-opened to afford the polymeric
derivative [Cl,SiCH,],. This polymer can be reduced with LiAlH, to afford
[H,SiCH;], which has a M,, of about 80,000 (see Eq. 7.20). Notice that this
polymer is a monosilicon analogue of polyethylene where every alternate
CH, unit is replaced by the SiH, unit (Fig. 7.31) [102].

S N 7 LiAlH, H (7.20)
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H
\
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Fig. 7.31. Relationship between polyethylene and polysilaethylene

Poly(silaethylene) also has been shown to possess an all-trans structure
such as polyethylene [100-101].

The fluoro derivative [F,SiCH,],, has been prepared by a slightly differ-
ent method [103]. Unlike the dichloro compound which is prepared by a
direct ROP reaction, the difluoro derivative is obtained in a ROP of the di-
ethoxy derivative. The diethoxy polysilaethylene upon treatment with
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BF;.Et,O affords the hydrolytically sensitive difluoro derivative (see Eq.
7.21).

Hy (7.21)
Et C. OFEt OEt F .
9., NS HoPtClg ] BFyEt,0 |
/SI\ s\ ————— S—CH T ———> SI—CH,
EtO C/ OEt OEt In F n
Hy

Other dialkyl or alkyl/aryl polysilaethylene derivatives are prepared by
the ring-opening polymerization of the cis-trans mixtures of the corre-
sponding disilacyclobutanes.
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Fig. 7.32. Synthesis of mixed substituent disilacyclobutanes

Reduction of RSi(OR")CICH,Cl with magnesium affords a cis-trans
mixture of the dialkoxydisilacyclobutanes [R(OR")SiCH,],. These on reac-
tion with acetylchloride afford the corresponding mixtures of chloro/alkyl,
chloro/aryl derivatives, [RCISiCH,],. Such compounds are ideal precursors
for the preparation of mixed substituent derivatives. Thus, [RCISiCH,],
can be further alkylated to give mixed-substituent disilacyclobutanes
[RR'SiCH,];, (Fig. 7.32). Such mixed-substituent disilacyclobutanes can be
used as substrates for ROP in a chloroplatinic acid-catalyzed reaction (see
Egs. 7.22 and 7.23) [100-101].
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Thermal properties of poly(silaethylene)s follow predictable lines. Thus,
one of the lowest T, containing polymer is [H(n-Hex)SiCH,], (-91.4 °C).
Introduction of the aryl groups increases the T, [H(Ph)SiCH,], (-37.6 °C).
Presence of methyl and phenyl groups on the silicon increases the 7, fur-
ther , [MePhSiCH,], (+28.6 °C) [100-101].

The most important application of this family of polymers is as precur-
sors for silicon carbide. Poly(silacthylene), [H,SiCH,],, has been converted
into silicon carbide at 1000 °C [101]. This conversion has been studied in
some detail and has been found to proceed in a step-wise manner. Thus,
between 300-450 °C poly(silacthylene) starts to lose H, to afford a
crosslinked polymer. This is further converted into a fully crosslinked net-
work by about 800 °C. The conversion of this network material into silicon
carbide occurs above 1000 °C [101].

Polymers containing a R,Si-CH,CH, repeat unit can be prepared by the
hydrosilylation reaction of the difunctional monomer [CH=CH,SiH,Cl].
This leads to the formation of poly [(dichlorosilylene)ethylene]. Reduction
of this polymer with lithiumaluminumhydride affords
poly(silyleneethylene),[H,SiCH,CH,], (Fig. 7.33) [104].

cl H
1 _HPCl _LAH, |
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TsiC =B fs—cncnerit
Me | 8
Me

H )
7 nBuLi |
Si _ Si—CH,CH,CH
< s HMPATHF t | e o,
78°C R
R =H, Me, Ph

Fig. 7.33. Preparation of polymers with a Si-C-C repeat unit

Polymers containing higher alkylene units alternating with silylene units
can be prepared by a thermal ROP of the corresponding monosilacyclobu-
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tanes. Anionic polymerization of silacyclopropanes [105] or silacyclobu-
tanes leads to the formation of the corresponding linear polymers [106].

Other types of polycarbosilanes are also now known. Polycarbosilanes
containing aromatic groups in the backbone can be synthesized by the
Waurtz-type coupling of the appropriate dichloro/dibromo precursors (Fig.
7.34) [107-109].
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Ph Ph Ph Ph

Et Et
| 1. Mg |
s O—8 —M . 1 OO

L = PhPCH,CHZPPh;

Fig. 7.34. Synthesis of polycarbosilanes containing aromatic spacer groups

Rigid-rod polymers interrupted by silicon atoms are another group of
polymers that belong to the family of polycarbosilanes (Fig. 7.35) [110].
These type of polymers are of interest because the introduction of the sili-
con units in the rigid-rod structure allows the polymer to become more
soluble apart from modifying the electronic properties of the parent poly-
mers.

OR OR

?u i13u
EC-S]i—Sli— =C CEC@CEC
Bu Bu n

RO RO

Fig. 7.35. Example of a rigid-rod polymer containing disilane spacer groups

7.9.2 Polysiloles

Polysiloles are a relatively new class of silicon-containing polymers which
contain as their building blocks the silacyclobutadiene [111]. Interest in
these compounds is because of the relatively low energy gap between their
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HOMO and LUMO and the expected unusual electronic behavior due to -
T conjugation.

One of the basic starting materials for the preparation of polysiloles is
1,1-dichlorotetraphenylsilole. This compound is readily prepared by the
reaction of the dilithium salt of tetraphenylbutadiene with silicon tetrachlo-
ride (see Eq. 7.24) [112].

Ph Ph Ph Ph (7.24)
Ph—C=C—Ph ——— Ph-——(|:/ \(|3—Ph S PhﬂPh

o Si
Li Li CI/ \C|
Reduction of 1,1-dichlorotetraphenylsilole with lithium, sodium or po-
tassium in tetrahydrofuran affords the polysilole of a moderate molecular
weight, M, = 5500 with a M,/M, of 1.1 (see Eq. 7.25) [113]. The »Si
NMR shows a major resonance at 6 = -40.8 and has a red-shifted emission
at 520 nm. This polymer is also electroluminescent. It has been suggested
that the emission properties of the polysilole results from excimer forma-
tion in solution and/or the formation of a twisted intramolecular charge-
transfer state. Such a conformation brings the polymer into a trans state
which brings the silole rings into a face-to-face relationship with each

other [113].
Ph Ph Ph Ph (7.25)
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Fig. 7.36. Synthesis of poly(silole-silane)

Poly(silole-silane)s have been prepared by Sakurai and coworkers [114].
These copolymers contain a silole unit along with silane units that are con-
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nected to each other (Fig. 7.36). The reaction of 1,1-
dichlorotetraphenylsilole ~ with  lithium metal along with 14-
dichlorooctamethyltetrasilane leads to the formation of a spirocyclic com-
pound. This serves as a monomer for an anionic ROP to afford poly(silole-
silane). This polymer has a M, of 17,000 (M,/M,=1.3). The *Si NMR
shows three types of signals. The silole silicon resonates at & =-27.0, while
the other silicons in the backbone resonate at & = -32.5 and -33.0. The ab-
sorption spectrum of this polymer showed two bands at 320 and 360 nm.
Fluorescence studies revealed considerable energy transfer between the
polysilane chain and the silole ring.

Alternative ways of preparing polysiloles involves the use of diaminosi-
loles. These are prepared by ring-closure reaction of
bis(diethylamino)bis(phenylethynylsilane) (Fig. 7.37).

Ar\ /Ar
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EtoN NEt2 EtoN NE:2
Ar = -Ph, p-Et-CgH,

Fig. 7.37. Synthesis of aryl/alkyl-substituted siloles

The reaction sequence shown in Fig, 7.37 first leads to the formation of
1,1-diamino-2,5-dilithiosilanes. The reaction of this species with Me;SiCl
or dimethylsulfate affords siloles that contain both aryl and alkyl substitu-
ents [115]. The amino units on these siloles can be readily replaced by
chlorines by a reaction with dry hydrogen chloride (see Eq. 7.26).

Ar. Ar Avr. Ar (7 . 26)
(A dry HCI Z/ \S
Melsj" Me ——Etz—o——> Me - Me

>
EtLN  NEt

The dichlorosilole upon treatment with lithium metal in THF at -20 °C
affords mainly the linear polysilole (M, = 7200) along with small quanti-
ties of the cyclic hexamer (Fig. 7.38) [115]. The polysilole shown in Fig.



7.9 Polycarbosilanes and Polysiloles 291

7.38 has a broad absorption in the UV-visible spectrum with a shoulder at
320 nm. This value is red-shifted by about 30-40 nm in comparison to the
acyclic trimers and tetramers. The fluorescence spectrum of this polymer
shows an emission at 460 nm. Interestingly, this poly(1,1-silole)} decom-
poses upon treatment with lithium metal.

Ar. Ar 1.2Li Ar Ar Q
Me Me CSI\@,SD

Me’ Si Me 2. Et Mg Br Si
oY \CI 3. MeOH

Ar = p-CgHy-Et An Ar
Me Si Me

Fig. 7.38. Synthesis of poly(1,1-silole)s containing aryl and alky! substituents

In contrast to poly(l,1-siloles) that are interconnected to each other by
Si-Si bonds, poly(2,5-siloles) contain interconnected carbon chains. These
are prepared by a multi-step synthetic methodology (Fig. 7.39) [116].
Poly(2,5-silole) shows a Si NMR at § 23.24 (major peak) and 5 21.57 and
& 24.12. Notice the downfield shift of this polymer which does not have
Si-Si bonds in contrast to poly(1,1-siloles) where the polymer has Si-Si
bonds.

THF | PACIy(PPh3),

Poly(2,5-silole)

Fig. 7.39. Synthesis of poly(2,5-silole)

Poly(2,5-silole) has an optical absorption at 485 nm. This is considera-
bly red-shifted in comparison to a dimer, di(2,5-silole). The latter has ab-
sorption at 340 nm. This indicates that considerable n-conjugation is pre-
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sent in this polymer. Another interesting aspect is that upon lowering the
temperature to around 150 K the absorption is further red-shifted to 542
nm. It is speculated that this spectroscopic event is related to a change in
the effective conjugation length of the polymer by modification in the con-
formation of the main chain.
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8 Organometallic Polymers

8.1 Introduction

Organometallic compounds have come to occupy a position of prominence
in the last 50 years. Although the first organometallic compound is tradi-
tionally regarded as Zeise’s salt, K[PtCl;CH,=CH,], the major impetus to
this field is undoubtedly the discovery of ferrocene in the 1950’s. This was
followed by the landmark finding of Ziegler that organoaluminum com-
pounds can function as catalysts towards the polymerization of ethylene.
Later work showed that organoaluminum compounds in conjunction with
titanium halides can be used for the preparation of high density polyethyl-
ene and isotactic polypropylene. As we had seen in Chap. 2 various devel-
opments in Ziegler-Natta catalysis have occurred since the original discov-
ery. Historically the importance of Ziegler-Natta catalysts has been to
move organometallic compounds from being laboratory curiosities to be-
come industrially important compounds. Many other amazing develop-
ments have occurred in the field of organometallic chemistry and many
textbooks deal with this subject {1-2]. In this chapter we will have a brief
survey of polymers that incorporate organometallic fragments in their
back-bone. Major motivations for attempts to prepare polymers that con-
tain metals in the backbone are as follows:

1. The difficulty of assembling metal-containing polymers has been
and continues to be a synthetic challenge. The process of attempt-
ing to prepare these polymers has led to a number of novel prepa-
rative routes.

2. The expectation that some members of this polymer family may
have unusual electrical, magnetic or optical properties has also
been a major motivation for studying these polymer systems [3-6].

Although many types of polymers are now known, in keeping with the
objectives of this book, we will examine families of organometallic poly-
mers that are now reasonably well developed and which already show
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promising properties. We will not be looking at coordination polymers or
polymers where coordination metal complexes are linked to each other.
This subject is dealt in much more detail elsewhere [7, 8]. In this chapter
we will examine the following three types of polymers:

1. The first of these are polygermanes and polystannanes. Although
germanium is not a metal we have included polygermanes in this
discussion for the sake of continuity. In polygermanes and
polystannanes the polymers contain catenated germanium and tin
atoms, respectively [7]. Analogous to polysilanes that we have
seen in Chap. 7 polygermanes and polystannanes have unusual
electronic properties that result from a ¢-delocalized backbone.

2. The second class of polymers that we will consider in this chapter
is those that contain ferrocene in the backbone. Although ferro-
cene- containing polymers were among the first types of or-
ganometallic polymers that have been investigated, this area re-
ceived a major boost by the discovery of the ring-opening
polymerization of strained ferrocenophanes [3, 7].

3. The third class of polymers that we will investigate in this chapter
is polyynes which are prepared by the involvement of acetylene
functional groups in the polymerization reaction. These polymers
are also called rigid-rod organometallic polymers. In these types
of polymers various late transition metal ions alternate with a rigid
organic unit.

8.2 Polygermanes and Polystannanes

Polygermanes and polystannanes are heavier Group 14 congeners of
polysilanes (Fig. 8.1).

? 7 7
o
R R R
Fig. 8.1. Polysilanes, polygermanes and polystannanes

As discussed in the last chapter, polysilanes have several important
properties that emanate from o-delocalization. Consequently, these poly-
mers exhibit interesting behavior such as absorption in the UV-visible re-
gion, thermochromism, photoconductivity and semiconducting properties
(particularly on doping) [9, 10]. These results have prompted investiga-
tions on the heavier Group 14 congeners of polysilanes viz., polygermanes
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and polystannanes. Polygermanes have been prepared mainly by the
Wurtz- type coupling reaction of diorganogermaniumdichlorides, while
polystannanes have been prepared principally by the catalytic dehydroge-
nation of diorganotindihydrides.

8.2.1 Synthesis of Polygermanes

Polygermanes have been prepared by the Wurtz-type coupling reaction of
diorganogermaniumdichlorides, R,GeCl, {11-13]. The latter are most read-
ily synthesized by an equilibration between R4Ge and GeCl, [12] (see Eq.
8.1).

GeCl;, + RMgX —— RyGe (81)
AC

R,Ge + GeCl, ——A—‘a——> R,GeCl,
R = alkyl

The Wurtz-type coupling reaction of R,GeCl, with sodium in high-
boiling solvents such as toluene at reflux temperatures affords polyger-
manes (see Eq. 8.2).

Na 8.2
R,GeCl W [RzGe] N ( )

-NaCt

R = n-Hex, n-Pen, n-Oct

The crude polymers have polymodal molecular weight distribution and
the higher-molecular-weight species can be separated from the lower-
molecular-weight compounds by a reprecipitation process. In general, the
yields of the high molecular weight polymers are low and range from 5-
15%. The molecular weights (of the high-molecular-weight species) are
quite high and range from 300,000-1,000,000. Interestingly, these poly-
mers have a fairly narrow PDI with M,,/M, ranging between 1.5-2.5 [12].

. Na . 8.3
n-HexyGeCl, + n-Hex,SiCl, NaCl [(nHesze)x (nHex28|)y] ( )
- Na .
n-R,GeCl, + RR"SCl, —_— [(nBuZGe)x (RR s')y]
-NaCl
R =Ph, nBu

R' = nHex; R" = Me
R'=cHex; R"= Me
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High-molecular-weight germanium-silicon copolymers have been pre-
pared by the sodium assisted cocondensation of R,GeCl; and R,SiCl, [11]
(see Eq. 8.3).

Polygermanes can also be synthesized by a dealkylation (demethana-
tion) reaction [14-15]. Berry and coworkers have shown that
poly(dimethylgermane) and poly(arylmethylgermane)s can be synthesized
by an ambient-temperature polymerization process which is catalyzed by
an organometallic ruthenium complex. For example, the synthesis of
H[Me,Ge].H (M,,=2 x 10° -2 x 105) is carried out by the elimination of
methane from HGeMe;. This reaction is catalyzed by the ruthenium com-
plex Ru(PMe;),Me,. The polygermane prepared by this route is believed to
have a branched structure and possesses (GeMe,),GeMe; pendant groups
[14] (see Eq. 8.4).

M
Ru{PMejz)Me, | © (8-4)
HGeMes _— H1Ge—Me
-CH, [ )

In order to synthesize poly(arylmethylgermane)s the suitable starting
materials would be of the type ArGeMe,H. These compounds are prepared
by a dearylation reaction of Ar,GeMe, followed by reduction with lithium
aluminum hydride [15] (see Eq. 8.5).

2 ArMgBr
Me,GeClh, ——— 91| Me,GeAr, (8.5)
Et,0
JCF3803H
LiAH,
Me,GeArH Me,GeAr(SO3CF3)

Demethanation of ArGeMe,H also proceeds in a facile manner to afford
high molecular weight polymers H{MeArGe],H (M,, = 5 x 10° — 1 x 10%
M, /M, =1.3)[15] (see Eq. 8.6).

M
Ru(PMes)sMe, e (8.6)
Me,GeArtH ————————>»  HTGeTMe
“CHq n

Ar

Ar = CgHs, p-CH3-CgHy4, p-CF3-CgHy, p-OCH3-CgHy4 etc

Polygermanes are soluble in many organic solvents. These polymers are
extremely sensitive to light, particularly in solution and in the presence of
oxygen.

The reduction of RGeCl; with sodium/potassium alloy under ultrasonic
conditions affords network polygermynes [M,, = 3160 (n-butylgermynes);



300 8 Organometallic Polymers

M, = 7040 (phenyigermynes)] (see Eq. 8.7). Polygermynes have been sug-
gested to possess network structures analogous to that of polysilynes.

— NaK 8.7
RGeCly ultrasound [RGe ] n ( )

R = nBu, Ph

8.2.2 Synthesis of Polystannanes

Although the initial efforts of the synthesis of polystannanes by the Wurtz-
coupling methodology did not appear to be successful, Molloy and co-
workers have shown that a carefully controlled reaction involving
nBu,SnCl, with sodium dispersion in the presence of 15-crown-5-ether in
toluene at 60 °C affords the polymer [nBu,Sn], in optimum yields after 4 h
of reaction [17] (see Eq. 8.8).

Na 8.8
PR L — .
nBuSnCly 15-crown-ether {nBUZSn] n ( )

70 °C, -NaCl

If the reaction is carried out for an extended period of time, cyclic oli-
gomers such as [#Bu,Sn]s and [nBu,Sn]s are formed. The polymeric prod-
ucts are characterized by high molecular weights (~10°). '"°Sn NMR is a
useful diagnostic tool for distinguishing the polymers. Thus, while the
chemical shift of the polymer [#Bu,Sn], is -178.9 ppm, the cyclic oli-
gomers resonate further upfield (6 =-203.0 and -204.2) [17].

In spite of the above successful example, the Wurtz-coupling strategy
has not been successful for preparation of other types of polystannanes.
Catalytic dehydrogenation has been shown to be more successful [18-20].
The monomers suitable for catalytic dehydrogenation reaction are of the
type R,SnH,. These monomers are prepared by a two-step procedure.
Thus, comproportionation reaction between R;Sn and SnCly leads to the
formation of R,SnCl,. These are then reduced by LiAlH, to afford the cor-
responding dihydrides, R,SnH,, as air- and temperature-sensitive sub-
stances. A number of poly(dialkylstannane)s are readily prepared by the
catalytic action of organometallic zirconocene catalysts such as Cp,ZrMe,.
Typically the polymerization is initiated by the addition of neat monomer
to the catalyst. This leads to the evolution of hydrogen and the formation
of polymeric materials along with cyclic products. The main cyclic prod-
ucts are five-membered compounds [#R,Sn]s although small amounts of
six-membered [R,Sn]¢ are also formed. Molecular weights of the
poly(dialkylstannane)s are fairly high as, for example, in H{»Bu,Sn],H
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(M,/M, = 13,900/4600) or in H[nOct,Sn]H (M,/M, = 92,600/21,700) (see
Eq. 8.9) [18].

Metallocene catalyst
R,SnH, y HISnR;l,H  +  cyc[SnRy]m (8'9)

R = nBu; nHex; nOct m=5,6

Poly(diarylstannane)s are also synthesized in a similar manner as that of
poly(dialkylstannane)s. These monomers are prepared by a two-step pro-
cedure. Thus, comproportionation reaction between R;Sn and SnCl, leads
to the formation of R,SnCl,. These are then reduced by LiAlH, to afford
the corresponding dihydrides, R,SnH,, as air- and temperature-sensitive
substances (see Eq. 8.10).

4AMgBr + SnCl, ————»  AySn (8.10)

ArgSn  + SnCly _— 2Ar,SnCly

LiAIH,
——— -

Ar,SnCl, ArpSnH;

Ar = p-tBu-CgHj; p-nHex-CgH,
0-Et-CgHy4; p-nBuO-CgHy;
p-{{Me3Si}N}-CeHy

Dehydrogenation of Ar,SnH, can also be accomplished by the use of
metallocene catalysts (see Eq. 8.11). High-molecular-weight polymers
along with cyclic products (mainly hexameric products) are formed. Sepa-
ration of the polymeric products from cyclic rings is effected by fractiona-
tion.

Ar Ar (8.11)
/|\r ConziM ,I\r Ar\S ,.‘:‘m\S _Ar
rivie: —oN N~
Stmw ”J[ST‘}” tRSgh ke
A7 H A" A SnT Ar

Ar  Ar

The molecular weights of the poly(diarylstannanes) are quite high; for
example, H[(p-Bu-C¢H,),Sn] H has a M,/M, = 56,000/16,700.

The '"Sn-NMR chemical shifts of the poly(alkyl-) and
poly(arylstannanes), surprisingly, are quite similar; the cyclic products
have up field chemical shifts (Table 8.1). In contrast to the fairly linear
polystannanes prepared by the catalytic action of zirconocene catalysts,
branched polymers are obtained in the reaction of #Bu,SnH, with the rho-
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dium(I) catalyst HRh(CO)(PPhs);. This has been explained based on a de-
hydropolymerization-rearrangement process [21].

Table 8.1. ''*Sn-NMR chemical shifts of poly- and cyclostannanes

S.No Polymer §"n
1 H-[(p-Bu-C¢Hy),Sn] H -197.0
2 H-[(p-nHex-CgHy),Sn] ,H -196.0
3 H-[(p-nBuO-C6H4)2Sn]nH -183.5
4 H[#Bu,Sn]H -189.6
5 H[nHex,Sn},H -190.9
6 H[#Oct,Sn] ,H -190.7
7 Cyc-[nBu,Sn]s -200.9
8 Cyc-[nBu,Snlg -202.1
9 Cyc-[(p-Bu-C¢H,),Sn]s -221.0

Other methods of polystannane synthesis include electrochemical meth-
ods [22]. Thus, [#Bu,Sn], (M,,= 10,900; M, /M, = 2.6) and [nOct,Sn}, (M,,
= 5900; M,/M, = 1.7) were prepared by the electrochemical polymeriza-
tion of dibutyldichlorostannane and dioctyldichlorostannane, respectively,
by using a platinum cathode and a silver anode. Tetrabutylammonium per-
chlorate is used as the supporting electrolyte and dimethoxy ethane is used
as the solvent.

Polystannanes are extremely sensitive to light and moisture, particularly
in solution. However, it has been shown that polystannanes are fairly sta-
ble from a thermal point of view [18, 20]. Decomposition to tetragonal tin
is reported to occur on bulk pyrolysis of polystannanes in a flowing nitro-
gen atmosphere. On the other hand, heating polystannanes in an oxygen
atmosphere affords a high ceramic residue, identified as SnO, (cassiterite)
[18, 20].

8.2.3 Electronic Properties of Polygermanes and
Polystannanes

The electronic spectra of polygermanes and polystannanes show a o-
delocalization analogous to that found in polysilanes. The HOMO-LUMO
gap in these polymers is lower than in polysilanes. Thus, the absorptions in
polygermanes are about 20-30 nm red-shifted in comparison to the corre-
sponding polysilanes [11-12]. Analogous polystannanes show even further
bathochromic shifts, about 70 nm in comparison to the corresponding
polysilanes [18-20]. Thus, for example, in a series of dibutyl polymers a
continuous red shift is observed: [#Bu,Si], (314 nm); [nBu,Ge], (333 nm);
[nBu,Sn}, (384 nm). Similar to polysilanes the extinction coefficients in
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polygermanes and polystannanes are also quite high. Also, following the
similar trend as in polysilanes, poly(alkyl/arylstannane)s have further red-
shifted absorptions in comparison to poly(alkylstannane)s. Some of the op-
tical absorption data are summarized in Table §.2.

Table 8.2. Optical absorption data for polystannanes, polygermanes and some
polysilanes

S.No Polymer Anax
1 H-[(p-Bu-C¢H,),Sn],H 432
2 H-[(p-nHex-C¢H,),Sn] H 436
3 H-[(p-nBuO-C¢H,),Sn},H 448
4 H{(0-Et-p-nBuO-C¢H;),Sn],H 506
5 H[nBu,Sn],H 384
6 H[nHex,Sn],H 384
7 H[nOct,Sn] H 388

[Ph(rHex)Ge], 355
8 [nBu,Ge], 333
9 [nBu,Si], 314
10  [rHex,Ge], 340
11 [nPen,Ge], 339
12 [#Oct,Gel, 342
13 [PhMeGe], 332
14  [(p-MeO-C4H,)(Me)Gel, 338
13 [(nHex,Si)(nHex,Ge)y] 322
14 [(PhyGe), (n-Hex(Me)Si),] 354,305
15 [(n-Hex),Si], 306

Poly(dihexylgermane) and poly(dioctylgermane) are strongly thermo-
chromic. For example, a thin film of [#Hex,Ge], absorbs at -11 °C at 370
nm, while at 22 °C the absorption shifts to 337 nm [12]. These changes are
reversible as a function of temperature. On the other hand,
poly(diarylstannane)s do not seem to be thermochromic, although
poly(dialkylstannane)s are thermochromic [18-20].

8.3 Ferrocene-Containing Polymers

Ferrocene is both thermally and electrochemically very robust. These
properties have motivated attempts to incorporate the ferrocene unit as part
of a polymer framework. This section deals with various types of polymers
containing ferrocene.
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8.3.1 Synthetic Strategies

Ferrocene is an 18-valence electron compound. Consequently, intermo-
lecular linkages of the iron centers of ferrocene cannot be carried out. This
will increase the number of ligands around iron and hence the number of
valence electrons will exceed 18 (in contrast, bent-metallocenes such as
Cp,TiCl,, Cp,ZrCl, and Cp,HfCl, can be considered as difunctional
monomers and can be condensed with a variety of other difunctional re-
agents such as diols, dicarboxylic acids etc. to afford medium-molecular-
weight polymers). Thus, in order to prepare polymers containing ferro-
cenes, the cyclopentadienyl units have to be utilized as the motifs to be
linked. Alternatively, the ferrocene groups can be present as side-chains or
pendants of a main-chain polymer (Fig. 8.2).

@@@wg

s s e e

Ferrocene Ferrocenes linked Ferrocenes linked Ferrocene present
18-electron through iron. through Cp rings. as pendant group
molecule Unstable Stable

Fig. 8.2. Ferrocene and ways of incorporating it in a polymer

Using the above strategies many types of ferrocene polymers have been
successfully prepared. Thus, vinylferrocene can be polymerized by a vari-
ety of ways which include radical, cationic or anionic initiators to afford
poly(vinylferrocene) (see Eq. 8.12).

— ts (8.12)
HC=—CH C—CH .
2 2+n
Palymerization
—_—
Fe Fe
Vinylferrocene Poly(vinylferrocene)

Poly(vinylferrocene) is soluble in solvents such as THF and shows an
electronic absorption (Ap.x = 440 nm). This value is similar to that found
for ferrocene. The electrochemical studies on poly(vinylferrocene) reveal
that the pendant ferrocene units do not interact with each other as revealed
by the presence of a single oxidation potential [7-8]. While virgin
poly(vinylferrocene) is an insulator, its conductivity increases to about 10
~10° Sem™ (from 10™? Scm™) upon doping with dopants such as L.
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Other ferrocene pendant-containing polymers include polymers such as
poly(ferrocenyl methyl acrylate) and poly(ferrocenyl methyl methacrylate)
[23]. These polymers have been prepared from the free-radical polymeriza-
tion of the corresponding ferrocenyl acrylate monomers (Fig. 8.3) [23].

Poly(ferroceny! methyl methacrylate)

Fig. 8.3. Acrylate polymers containing ferrocene pendant groups

Condensation polymerization methods have been used for the incorpora-
tion of ferrocenes into polymeric backbones. The synthetic strategy in-
volved in this methodology is the preparation of suitable difunctional
ferrocenyl monomers. A large number of functional groups can be readily
introduced on the cyclopentadienyl unit without affecting the overall integ-
rity of the ferrocene molecule. Representative examples of the application
of this methodology are given in the following account.

One of the most successful early methodologies of preparing condensa-
tion polymers of ferrocene involves the condensation reaction of the di-
functional reagents 1,1’-dilithioferrocene with 1,1’-diiodoferrocene. This
reaction occurs with the elimination of lithium iodide (see Eq. 8.13) [24].
This synthetic protocol affords poly(1,1’-ferrocenylene)s with molecular
weights that approach about M,= 4000. The difficulty with this kind of a
synthetic method is the need to have extremely high-purity starting materi-
als for achieving high-molecular-weight polymers. This requirement is all
the more difficult to achieve for highly reactive and sensitive monomers
such as 1,1’-dilithioferrocene.

— (8.13)

Fe TMEDA + —t Fe

L e

Poly{ferrocenylene)

Other approaches to prepare poly(ferrocenylene)s have been to use
dehalogenation reactions of 1,1’-dibromoferrocene or 1,1'-diiodoferrocene
using magnesium. Virgin poly(ferrocenylene)s are also insulators [25-26].
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However, upon oxidation with TCNQ the electrical conductivity increases
to 10” Scm’™.

Other approaches of preparing condensation polymers of ferrocene in-
volve the use of conventional organic functional groups. The resulting
polymers are essentially organic polymers. In an example that typifies this
approach Rausch and coworkers have prepared a number of ferrocene-
based difunctional reagents (Fig. 8.4) [27].

o
I

(0]
I
N —ceny &&S—con
CH3COCI, AICI3 NaOCl

Fe —_— Fe ————— Fe

0]
1l I
N {2 —ceH, L —con
Dicarboxylic acid
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D—Lon > —Locn, L —cHpon

CH30H, H,S0, LiAlH,
Fe

Fe —_ Fe
0 0
@—EOH @—-Q:OCHa LD —cH,0H

Diol

Fig. 8.4. Preparation of difunctional reagents based on ferrocene

The spacer methylene units between the functional group and the ferro-
cene motif can be increased by utilizing the synthetic strategy as shown in
Fig. 8.5.

L —cH,0H L —cnoN L —CH,CHNH,

1. PCly LiAH,
Fe — = . Fe _— . Fe
2. KCN
L —choH L —chen L —CH,CHNH,
Diamine
NaOH
ETOH

L& —ch,coon @—CHZCHZOH
LiAIH,

Fe _ Fe
@—CHZCOOH @—CHZCHZOH

Dicarboxylic acid Diol

Fig. 8.5. Synthesis of spacer-separated difunctional reagents of ferrocene



8.3 Ferrocene-Containing Polymers 307

The difunctional reagents containing spacer groups have been found to
be more effective for the preparation of polymers. Utilizing these mono-
mers ferrocene-containing polyamides and polyureas have been prepared.
The molecular weights (M,) of these polymers have been estimated from
intrinsic viscosity measurements to be between 10,000 to 18,000. An ex-
ample of a polyamide prepared by an interfacial condensation reaction be-
tween 1,1'-bis(B-aminoethyl)ferrocene, Fc(CH,CH,NH,),, and diacidchlo-
ride is shown in Fig. 8.6.

Ron
@‘CH[ CH;-NH—C—R—C

Fe

HN—CH,~CH,

Ferrocenyl polyamides

Fig. 8.6. Polyamides containing ferrocene units

A different strategy from the above comnsists in the incorporation of
silylamino groups on ferrocene. Condensation of such difunctional re-
agents with disilanols leads to the formation of polymers where the ferro-
cene groups are separated by organosilicon spacers [28] (Fig. 8.7).
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Fig. 8.7. Polymers containing ferrocene and organosiloxane units
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Ferrocenes that are separated by other type of spacer units such as
CH=CH groups, [poly(ferrocenylenevinylene)s] (M,’s of 3,000-10,000;
M. /M, = 2.2-2.8) have been prepared by a Zn/TiCl,-catalyzed condensa-
tion reaction of 1,1'-ferrocenyl dialdehydes (Fig. 8.8) [3]. Analogous to
poly(vinylferrocene)s, these polymers are also insulators; however, they
can be converted to semiconductors upon doping [29].

rR—L—cH=CH

Fe
@ R

R = CoHs; CgHyg; Ca2Has
Fig. 8.8. Poly(ferrocenylenevinylene)s

A novel design of face-to-face ferrocene polymers has been reported by
Rosenblum and coworkers (Fig. 8.9) [30].
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Fig. 8.9. Face-to-face ferrocenyl polymers

The synthetic approach for the preparation of these face-to-face ferro-
cenyl polymers consists of a multistep strategy. The first step consists of
constructing a cyclopentadienyl ligand on a naphthalene support. Two such
ligands were used for the preparation of a ferrocene derivative. This is fol-
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lowed by construction of the second cyclopentadienyl ring on each of the
naphthalene units. Such a compound can be viewed as a rigid difunctional
monomer (the terminal cyclopentadiene units are the functional groups).
Reaction of this monomer with sodium hexamethylsilyl amide followed by
treatment with FeCl, affords a purple-colored polymer. Molecular weight
estimation by end-group analysis reveals the polymer to have a M, of
about 18,000. Such polymers are expected to have new magnetic and opti-
cal properties [30].

The other approach for the preparation of ferrocene containing polymers
is by the ring-opening polymerization of suitable strained ferrocene
monomers. This method provides a pathway for the preparation of the ma-
jority of ferrocene-containing polymers and will be discussed in the next
section. However, by a suitable design unstrained ferrocene monomers
also can be converted into polymers. Thus, Rauchfuss and coworkers have
found that [3] trithiaferrocenes undergo a desulfurization reaction with
P(nBu;) to afford high-molecular-weight poly(ferrocenylene persulfide)s
(see Eq. 8.14) [31-34].

. n Bu: 8.14
nBu S\ e ( )

PBus, 25 °C
Fe S — Fe

d -S=PBus

S

Trisulfide-bridged
[3]ferrocenophane

n

The presence of at least one alkyl group on the cyclopentadienyl motif is
required to induce solubility in these poly(ferrocenylene persulfide)s.
These polymers show two reversible oxidations. This type of electro-
chemical behavior is fairly common in ferrocene polymers where the
ferrocene units are separated by short spacers as will be pointed out in the
next section.

R
()
N
Fe Fe
>
R=Hor {Bu
Vinylene-bridged Diene-bridged
[2] ferrocenophane [4] ferrocenophane

Fig. 8.10. Bridged ferrocenophanes which can be polymerized by ring-opening
metathesis reaction
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Vinylene-bridged  [2]}ferrocenophanes [35] or  diene-bridged
[4]ferrocenophanes [36] have been utilized as monomers in a ring-opening
metathesis polymerization by the use of molybdenum catalysts (Fig. 8.10).

8.3.2 Strained Ferrocenophanes

Ferrocenophanes are a group of compounds where the two cyclopentadi-
enyl rings of the ferrocene molecule are linked to each other by means of a
bridging atom or a group. The number of bridging atoms is indicated as a
prefix (see Eq. 8.14 and Fig. 8.10). Several types of ferrocenophanes are
now known. These can be usually prepared by the reaction of 1,1'-
dilithioferrocene with a halide of a main-group element-containing com-
pound. For example, the reaction of 1,1'-dilithioferrocene with silicon tet-
rachloride or dimethyldichlorosilane affords the corresponding silicon-
bridged [1]ferrocenophanes (Fig. 8.11) [3, 7].
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Fig. 8.11. Preparation of silicon-bridged [1]ferrocenophanes
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Fig. 8.12. [1]Ferrocenophanes containing various types of bridging elements
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Using a similar methodology many other main-group element-
containing ferrocenophanes have been prepared [7]. Representative exam-
ples of such compounds are shown in Fig. 8.12. While the germanium [37-
38], tin [39], boron [40] or phosphorus-bridged ferrocenophanes are pre-
pared by the reaction of 1,1’-dilithioferrocene and the corresponding hal-
ides [41-42], the synthesis of the sulfur-and-selenium bridged ferroceno-
phanes are accomplished in a reaction involving 1,1°-dilithioferrocene with
S(O,SPh); or Se(S,CNEt,), [43].

A characteristic feature of all the single-atom bridged ferrocenophanes
is the ring-tilting of the cyclopentadienyl rings. Thus, in ferrocene the
planes of the two cyclopentadienyl rings are parallel with respect to each
other. However, in these bridged ferrocenophanes the cyclopentadienyl
rings are tilted towards each other. The extent of tilting can be estimated
by a tilt angle which gives an idea of the ring strain that is present in such
compounds. For example, in the silicon-bridged ferrocenophane
[Fe(n’CsH,),SiMe,] the tilt angle is 20.8(5)° and the ring-strain as experi-
mentally determined by a DSC (Differential Scanning Calorimetry) ex-
periment is 80 kJ mol™ [44-45]. This type of strain which is characteristic
of most single-atom bridged ferrocenophanes can be compared to that pre-
sent in organic rings: cyclobutane, 110 kJ mol’;  1,1,3,3-
tetramethyldisilacyclobutane, 84 kJ mol”; cyclopentane, 31 kJ mol™”. Thus,
single-atom bridged ferrocenophanes do not have as much strain as
cyclobutane rings but have more ring-strain than cyclopentane. In contrast
to the single-atom bridged ferrocenophanes, double-atom bridged deriva-
tives have less strain. Thus, the disilicon-bridged compound [Fe(n’-
C;sH,),(Me,SiSiMe;) has no ring strain and the planes of the cyclopentadi-
enyl rings of this ferrocenophane are parallel (Fig. 8.13).

" s,

Fe

Fe N
d Me —siMe;

Ring strain of 80 kJmol™ No Ring strain

Fig. 8.13. Estimate of ring strain present in single-atom and double-atom bridged
ferrocenophanes

As will be shown in the next section, strained ferrocenophanes can be
used as monomers for ring-opening polymerization to afford ferrocene-
containing polymers.
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8.3.3 Poly(ferrocenylsilane)s

The relief of ring-strain present in silicon-bridged ferrocenophanes can be
utilized as the driving force for its ring-opening polymerization (ROP).
Manners and coworkers have shown that it is possible to induce the ROP
of silicon-bridged ferrocenophanes by at least three different synthetic ap-
proaches [3, 7, 44-46]. These are: (a) thermal ROP (b) anionic ROP and (c)
transition-metal-complex catalyzed ROP.

8.3.3.1 Thermal Ring-opening Polymerization of Silicon-bridged
Ferrocenophanes

Many silicon-bridged [1]ferrocenophanes can be polymerized by simply
heating them. The temperatures of polymerization vary over a wide range
and depend on the substituents on silicon as well as on the cyclopentadi-
enyl rings. For example, [Fe(n’CsH,),SiMe;,] can be polymerized at 130 °C
to afford a high-molecular-weight (M,= 520,000; M,= 340,000) amber
colored polymer [47]. In contrast, the corresponding dipheny! derivative
[Fe(n’CsH,),SiPh,] can be polymerized only at 230 °C. The double-atom
bridged ferrocenophane [Fe(’CsH,),(Me,SiSiMe,)], on the other hand,
cannot be polymerized (Fig. 8.14) [47].
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Fig. 8.14. Polymerization of silicon-bridged [1]ferrocenophanes
Using the thermal ROP methodology a large number of

poly(ferrocenylsilane)s have been prepared. Representative examples are
shown in Fig. 8.15. The range of substituents on silicon that can be present
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in poly(ferrocenylsilane)s is quite large and include alkyl, aryl, chloro, hy-
drido, alkoxy as well as amino groups [3, 7, 44-46].
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Fig. 8.15. Various types of poly(ferrocenylsilane)s

Poly(ferrocenylsilane)s that contain reactive chlorine groups can be used
for further elaboration (Fig.8.16).

n n

R = OCH,CH,NMe;

RLi MeX

Xn—A

M
|

S -
R Fe

n n

@
R = Me, Ph X =1, CF3S03, R’ = OCH,CH,NMeg

Fig. 8.16. Substitution of Si-Cl bonds in poly(ferrocenylsilane)s
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Macromolecular  substitution reactions on  chlorine-containing
poly(ferrocenylsilane)s can generate new types of polymers (Fig. 8.16).
For example, the polymer containing the Si(Me)Cl group can be reacted
with aryl/alkyl lithiums to replace the Si-Cl groups in the polymer by Si-R
[48]. Similarly, chlorine substitution by alkoxy groups is possible. Thus,
replacement of chlorine in [Fe(115C5H4)ZSiMeCI]n by an amino alcohol af-
fords the polymer [Fe(’CsH,),SiMe(OCH,CH,NMe,],. Quaternization of
the amino group leads to the formation of the water-soluble ionic polymer
[Fe(’CsH,),SiMe(OCH,CH,NMe;]*, n[X] (X= CF3SO0s, I) [49].

Thermal ROP can also be used for copolymerizing the cycloferrocenyl-
silane with other strained rings such as cyclotetrasilanes. Thus, heating a
1:1 mixture of [Fe(n’CsH,),SiMe,] and [MePhSi], at 150 °C affords a ran-
dom copolymer (Fig. 8.17) [50].

l[’h l\l/\e I\]Ae I\]Ae
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Fig. 8.17. Copolymerization of silicon-bridged [1]ferrocenylsilane with cyclotet-
rasilane

The mechanism of thermal ring-opening polymerization has been inves-
tigated. It 1is a chain-growth process. Thermal ROP of
[Fe(n’CsH,)(°CsMe4)SiMe,] has shown that a heterolytic cleavage of the
Si-Cp (Cp = 1°CsH,) or Si-Cp'(Cp’ = (1°CsMe,) bonds are involved in the
initiation reaction [44]. This leads to a positive charge on silicon and a
negative charge on the cyclopentadienyl ring. Propagation of the polymeri-
zation is then continued by the possible attack of the silicon-centered
cation on another molecule. It is likely that such a mechanism of polymeri-
zation is applicable for other types of silicon-bridged ferrocenophanes as
well. The polymerization is readily quenched with many types of protic re-
agents including water. Consistent with this mechanism, in some instances
dimeric products have been isolated and characterized (Fig. 8.18) [51].
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Fig. 8.18. Dimeric products formed in the polymerization of [Fe(n’CsH,),SiCl,]
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The mechanism of the ring-opening polymerization of [Fe(n’CsH,),SiMe;]
is shown 1n Fig. 8.19.
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Fig. 8.19. Mechanism of the thermal ROP of [Fe(n5C5H4)ZSiMe2]

The use of spirocyclic ferrocenylsilanes allows the formation of cross-
linked polymers. The extent of crosslinking can be controlled by the
amount of the spirocyclic silanes that is used (Fig. 8.20) [52].
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Fig. 8.20. Spirocyclic ferrocenophanes that can be used for crosslinking
poly(ferrocenylsilane)s
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8.3.3.2 Anionic Ring-opening Polymerization

Many ferrocenylsilanes can be polymerized by anionic initiators such as n-
butyllithium, phenyllithium or ferrocenyllithium (Fig. 8.21). The reaction
occurs at ambient temperature and affords living polymers. The utility of
anionic polymerization is that the molecular weights can be controlled and
also that block copolymers can be prepared. The main disadvantage of the
anionic polymerization is that the monomer and the solvent should be rig-
orously purified and should be free of acidic impurities including water.
Even traces of impurities can be detrimental [53].

Fig. 8.21. Anionic polymerization of [Fe(n’CsH,),SiMe;,] and preparation of block
copolymers

The mechanism of the polymerization of anionic polymerization involves
the generation of a cyclopentadienyl centered negative ion. The reaction
can be terminated by the addition of Me;SiCl (Fig. 8.22).
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Fig. 8.22. Mechanism of anionic polymerization of [F e(n5 CsHy),SiMe,]
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8.3.3.3 Transition Metal Catalyzed Ring-opening Polymerization

A number of transition metal salts or transition metal complexes have been
very widely used for ambient temperature polymerization of a number of
ferrocenylsilanes [54]. The successful catalysts that have been employed
include Rh(I), Pd(II), Pt(1I), Pd(0), Pt{0) complexes. To some extent the
stringent requirements of the anionic polymerization are not required in the
polymerization effected by transition metal catalysts. Molecular weight
control is generally achieved by the addition of hydrosilane derivatives
such as Et;SiH. This polymerization methodology is quite general and has
been applied to a large number of ferrocenophanes containing diverse sub-
stituents on the silicon center. For example, [Fe(n’CsH,),SiMe,] can be
readily polymerized by a variety of Pt(II) or Pt(0) complexes to afford a
high-molecular-weight polymer (Fig. 8.23).
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Fig. 8.23. Metal-catalyzed polymerization of [Fe(n’CsHj),SiMe,]

Similarly, a variety of ferrocenophanes containing alkoxy or aryloxy
groups have been polymerized by the use of PtCl, (Fig. 8.24) [55].
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Fig. 8.24. PtCl,-catalyzed ROP of [Fe(n’CsHy),Si(OR),]

Transition metal complex catalyzed ring-opening polymerization is
fairly general and many other types of ferrocenylsilanes have also been po-
lymerized by this methodology. For example, ferrocenophanes containing
acetylide substituents as well as etheroxy substituents have been polymer-
ized by the | use of  Karstedt’s catalyst  (platinum-
divinyltetramethyldisiloxane complex) (Fig. 8.25) [56].
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Fig. 8.25. ROP of ferrocenylsilanes catalyzed by Karstedt’s catalyst

The mechanism of the ring-opening polymerization effected by transi-
tion metal catalysts has been investigated and an insertion of the transition
metal between the Cp-Si bond is believed to be the key initiation step. This
is followed by successive insertion reactions leading to the formation of
the polymer [7].

8.3.4 Other Ferrocenyl Polymers Prepared from Strained
Ferrocenophanes

Many other types of strained ferrocenophanes have been successfully po-
lymerized [37-43, 57-58]. These include polymers that contain boron, car-
bon, germanium, tin, phosphorus, sulfur as well as selenium. Some of the
representative examples of the polymers of this type are shown in Fig.
8.26.
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Fig. 8.26. Polyferrocenes containing alternate ferrocene and main-group elements

Interestingly, while the disilicon-bridged derivative [Fe(n’-
CsHy)2(Me,SiSiMe,)] has been shown to resist polymerization the corre-
sponding carbon compounds can be polymerized (Fig. 8.27) [57]. Since
carbon atoms are smaller in size than silicon atoms, the dicarbon-bridged
derivative is sterically more strained than the corresponding compound
having a disilicon bridge. However, ROP of the dicarbon-bridged ferro-
cenophane occurs at 300 °C.
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Fig. 8.27. Synthesis of ethylene-bridged ferrocenophane and its ROP
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Polymerization of ferrocenylphosphines such as [Fe(n’CsH,),PPh] is
brought about readily by anionic initiators [3,41-42]. However, the result-
ing polymer does not elute on the GPC column and has to be converted
into the corresponding sulfide by treatment with sulfur for determination of
molecular weights by GPC. Poly(ferrocenylphosphine)s can function as
ligands towards low-valent transition metal ions. A further interesting ap-
plication of the poly(ferrocenylphosphine)s is that they can be quaternized
readily to afford ionic polymers [58].

Although poly(ferrocenyl sulfide)s containing simple cyclopentadienyl
rings are insoluble the choice of methylcyclopentadienyl ligands over-
comes this problem [43].

8.3.5 Other Related Polymers

Hyperbranched poly(ferrocenylsilyne)s have been prepared by the reaction
of 1,1'-dilithioferrocene with alkyltrichlorosilanes or vinyltrichlorosilane
(Fig. 8.28) [59]. Although polymers with short side-chains were found to
be insoluble in common organic solvents, those with longer side-chains
were freely soluble.

LD s
RSiCl &
Fe  nTMEDA — = Fe

S

R =Me, CgHy7, C12Has5, CigH33, CigHay
R = CH=CH,

Fig. 8.28. Preparation of poly(ferrocenylsilyne)s

Although not a poly(ferrocenylsilane), recently a new class of or-
ganometallic polymer was obtained from the ring-opening polymerization
of a silametallacyclobutane [60]. Thus, thermolysis of [n’-
CpFe(CO),(SiR,CH,Cl)] at 80 °C causes a rearrangement reaction (Fe-Si
to Fe-C) and the corresponding isomer [1’-CpFe(CO),(CH,SiR,C)] is
formed. Both these isomers can be converted to the silametallacyclobutane
upon treatment with lithiumdiisopropylamide. Tetrahydrofuran solutions
of the silametallacyclobutane (R = R’ = Me; R = Me, R'= nBu) upon
evaporation lead to the formation of soluble, air-stable, film-forming, high-
molecular-weight polymers (M,, = 1.75 x 10°; M, = 7.2 x 10* for the di-
methyl polymer) (Fig. 8.29) [60]. The silametallacyclobutanes with
slightly sterically encumbered substituents (R = R’=nBu; R = Me, R’ = Ph)
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do not undergo such spontancous polymerization. However, these mono-
mers also should be viable compounds for metal-catalyzed polymerization
reaction.

aRR 80°C  CH.SRR
Fe—SIRRCH,Cl ~———=— Fe—CH,SIRR'Cl
co ©o co co
R
AVE R PN
25°C Fee | -25°C
/N
co co R=R'=Me; R=Me, R = nBu

gi/@ R=R'=Me
R=R'=nBu
F R =Me; R'=nBu
/ R =Me; R'=Ph
cO Cco

Fig. 8.29. Polymerization of ferrocenylsilacyclobutane

8.3.6 Properties and Applications of Poly(ferrocenylsilane)s
and Related Polymers

Poly(ferrocenylsilane)s are high-molecular-weight polymers. The molecu-
lar weights of polymers prepared by the thermal ROP range from 10° to
10° with polydispersity indices of 1.5-2.5 [3, 7, 44-46]. The molecular
weights of the polymers prepared by the anionic polymerization method
can be controlled by varying the amount of initiator. Further, polymers
with narrow PDI’s (less than 1.3) can be obtained by the anionic polymeri-
zation [3].

The ®Si-NMR  chemical shifts of various types of
poly(ferrocenylsilane)s are summarized in Table 8.3. The presence of oxy-
gen substituents moves the chemical shifts upfield in comparison to alkyl
substituents. But it can be seen that most chemical shifts span a fairly nar-
row range.

Table 8.3. 2Si NMR and 7, ¢ data for some selected poly(ferrocenylsilane)s

S.No Polymer 87Si  T(T,)°C
1 [Fe(n°CsH,),SiMe;], -6.4 33 (122)
2 [Fe(n’CsHy),Si(nHex), ], 2.3 26

3 [Fe(n’CsH,),SiPhy], -12.9 -
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Table 8.3. (contd.)

4 [Fe(n°CsHy),SiPhMe], -10.9 54
5 [Fe(n’CsH,),SiCly]a - 27
6 [Fe(’CsH,),SiMeCl], - 59
7 [Fe(’CsH,),SiOMe;], -17.2 19
8 [Fe(’CsH4),Si(OCH,CF;),]n -13.8 16
9 [Fe(n’CsH,),Si(OnBu), ], -20.9 43
10 [Fe(n’CsHy),Si(OnHex), ] 205 51
11 [Fe(n’CsH,),Si(OR),], 20.8 -53

R= CH2CH20CH2CH20 CH3

The study of the thermal properties of poly(ferrocenylsilane)s reveals
that these polymers are thermally quite stable up to temperatures as high as
400 °C. For example, the best studied polymer [Fe(n’CsH,),SiMe,], retains
as much as 35-40% char residue at 1000 °C [3]. This residue has been
identified as a ferromagnetic Fe-Si-C ceramic. Elegant experiments have
revealed that this polymer can be used as a pre-ceramic polymer for ob-
taining super paramagnetic nanostructures [3]. The glass-transition tem-
peratures of poly(ferrocenylsilane)s vary considerably. Thus, low T,'s can
be obtained by the use of long-chain alkyl group substituents (Table 8.3,
entry 2) or long-chain alkoxy substituents (Table 8.3, entries 9-11). On the
other hand, placing phenyl substituents increases the T, (Table 8.3, entry
4). Because of the variation of thermal properties vis-a-vis the substituents
that are present on silicon the polymer properties of
poly(ferrocenylsilane)s depend on the substituents. Thus, while
[Fe(n5C5H4)ZSiMe2],, is a thermoplastic, polymers such as
[Fe(n’CsH,),Si(OnHex),], are elastomers [3, 7].

Poly(ferrocenylsilane)s have been investigated extensively in terms of
their electrochemical behavior. The general observation of these investiga-
tions is that under cyclic voltammetric conditions these polymers show fwo
reversible oxidation (Fe(I)/Fe(IlT)) peaks separated by a AE,,, that varies
from about 0.16 to 0.29 V. The observation of two oxidation peaks has
been explained as two successive events where the first oxidation involves
a set of alternate ferrocene units followed by the second oxidation of the
other alternate set. The second oxidation occurs at a higher potential than
the first one [3, 7].

Unlike polysilanes, poly(ferrocenylsilane)s do not have electron delocal-
ization in their backbone. The electronic absorption of these polymers is
typical of those known for unstrained ferrocene derivatives. The monomer
ferrocenophanes, on the other hand, show bathochromic absorption (470-
480 nm) in comparison to bis-trimethylsilylferrocene (448 nm) [44-46].
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Virgin poly(ferrocenylsilane)s are insulators (10"°-10"* Scm™). How-
ever, upon doping the polymers with I, the conductivity increases to 107
Sem™, indicative of a hopping mechanism [3]. Some polymers such as
[Fe(1”|5—C5H4)ZSinBu2]n have been reported to show conductivity of the or-
der of 10 Sem™ [7].

The structure of crystalline poly(ferrocenylsilane)s have attracted atten-
tion. Studies on model compounds have also been carried out to augment
the understanding of the polymeric derivatives. These studies reveal that
polymers such as [Fe(n’-CsH;),SiMe;], have trans-planar structures [61].

The thermal properties of some of the ferrocenyl polymers containing
other heteroelements such as Ge, Sn, and P are summarized in Table 8.4.
Some of these polymers have very high 7,'s (Table 8.4, entries 3-7). It is
noted that in all these examples either bulky alkyl or aryl substituents such
as phenyl or mesityl are present on the main-group element.

Table 8.4. T, Data for some poly(ferrocenylgermane)s, poly(ferrocenylstannane)s
and poly(ferrocenylphosphine)s

S.No Polymer T.(T,) °C
1 [Fe(’CsH,),GeMe;], 28 (125)
2 [Fe(n’CsHa),Ge(nBu),s -1(74)
3 [Fe(n’CsH,),GePh;], 114
4 [Fe(’CsH,),Sn(fBu),], 124
5 [Fe(n’CsHs),SnMes; ], 208
6 [Fe(n’CsHs),PPh], 126
7 [Fe(n°CsH,),P(S)Ph], 206

Poly(ferrocenylsilane)s are being investigated as organometallic polye-
lectrolytes [63]. These can be prepared by stepwise synthetic procedures
(Figs. 8.30 and 8.31).

?HZCHZCHZBr ICHZCHZCHZN(su\Aezl-n2
St St
Me | LiN(SiMe,H) Me |
Fe Fe
THF, DMSO

+< +<

® 0
CHZCH,CHNH,Cl
s
L aq HC!I
Fe Me

+S

Fig. 8.30. Preparation of polyelectrolytes based on poly(ferrocenylsilane)s
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CHaCH,CH,| CHZCH,CH,CH,S0;Bu
@—S;—h LCH.SOLB @-Srh
F Me 1L aoU,/Bu Me
e Fe
THF
e e

ICH20H20H20H2$O3N3 ®0

Si
<

Fe Me

2. aq NaCl

+<S

Fig. 8.31. Poly(ferrocenylsilane) polyelectrolytes containing sulfonate anions

Polyferrocenes have a wide range of refractive indices which can be
tuned by changing the main-group element/and or the substituent on the
main-group element. Such a tunability is important for applications in
photonic devices. The refractive indices of some selected polyferrocenes
are summarized in Table 8.5. [64].

Table 8.5. Refractive indices of various polyferrocenes at A = 589 nm

S.No Polymer n
1 [Fe(n"CsHy),Si(CH:)(C,HsCF)l,  1.60
2 [Fe(n’CsHa),Si(CH;)(CoHs)], 1.66
3 [Fe(n’CsHa),Si(CH; )1, 1.68
4 [Fe(n’CsH,),Si(CH;)(CeHs)] 1.68
5 [Fe(n’CsH,),Ge(CHy),l, 1.69
6 [Fe(’CsHa),Sn(Bu)y) ] 1.64
7 [Fe(n’CsH4),Sn(2,4,6-Mey-CeHy),ln  1.66
8 [Fe(n’CsHy),P(CeHs)1, 1.74
9 [Fe(n’CsH,),P(S)(CsHs)la 1.72

8.4 Polyyne Rigid-rod Organometallic Polymers

Hagihara and coworkers in the 1970's and early 1980°s have reported a
successful condensation polymerization strategy to incorporate late sec-
ond- and third-row transition metal ions (mainly Pt(II) and Pd(II)) as part
of a polymeric linear chain [65-67]. Since these metal ions prefer square-
planar geometric structures, they designed compounds that contained two
reactive chlorine groups in a trans orientation. Condensation of such di-
functional monomers with frans-diacetylides afforded linear polymers
which are called polyynes (Fig. 8.32).
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PBus"
CI*P:t—CI + HCEC—@"CEC"H
PBuy"
RN, Cul
Rg\HCI
PBus"
P'}—CEC-@*CEC
PBuy"

n

Fig. 8.32. Polyynes prepared from the reaction of trans-Pt(nBu;P),Cl, with aro-
matic diynes

The condensation reaction between the metal salt and the diyne is cata-
lyzed by Cu(l) salts and is usually carried out using amines such as di-
ethylamine as solvents under reflux conditions. As in all condensation re-
actions the important criterion that allows high-molecular-weight
formation is the purity of the monomers. Soluble polymers with high-
molecular-weights (~10°) were isolated using this protocol.

A variation of the above procedure consists of preparing the transition
metal acetylides and using them for condensation. Thus, first the trans-
bis(tri-n-butylphosphine)bis(1,4-butadiynyl)platinum can be prepared by
the reaction of trans-Pt(PnBu;),Cl, with 1,4-butadiyne (Fig. 8.33).

nBusP
C-Pt—Cl + HC=C—C=CH
nBuzP

-Et,NH.HCI| Cul, HNEt,

nBug
HC=C—C=C—Pt—C=C—C=CH
nBuzP

Difunctionat Metal Complex
Containing Terminal Acetylides

Fig. 8.33. Synthesis of a difunctional Pt(II) complex containing two -C=C-C=C-H
units arranged in a frans orientation

The terminal -C=C-C=C-H containing platinum monomer can be con-
densed with trans-Pt(PnBu;)Cl, to afford the linear rod-like polymer where
the platinum metal alternates with the butadiyne unit. The presence of the
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tri-n-butylphosphine ligands allows some amount of lipophilicity to these
polymers and accounts for their solubility properties (Fig. 8.34).

PBu"s PBu";
HCEC—CEC—P}— =C—C=CH + Cl—Pt—Cl
PBU", PBu";
Cul, Et,NH,
reflux
IlpBu”g
—[—P}—CEC——CEC
n
PBUn3

Fig. 8.34. Condensation of [trans-Pt{nBu;P),(C=C-C=C-H),] with trans-
Pt(nBU3P)2C12

Solution studies of these polymers suggest that these retain their rod-like
structures in solution. For example, the intrinsic viscosities of randomly
coiled polymers depend on the type of solvent used. On the other hand, the
intrinsic viscosities of stiff rigid-rod polymers remain nearly invariant
upon change of solvents. Based on such criteria and others it was possible
to establish the rigid-rod nature of these polymers in solution. However,
more recent studies suggest that these polymers are worm-like indicating a
less stiff character [68].

Several variations of the above approach have been tried. For example,
condensation of a butadiyne-linked diplatinum derivative with aryl diace-
tylenes leads to the formation of polymers containing the transition metal
and two types of acetylide motifs in the chain structure (Fig. 8.35) [67].

IPBU"3 TBUng
CHPI—C=C—C=C—P—Cl  + HCEC@CEC—H
PBU", PBu";
Cul, EtoNH,
reflux
lTBu"3 I‘:’Bu"3
+P|t— EC—CEC—Plt—czc—<(:)>—czc]L
PBu" PBu"; 4

Fig. 8.35. Condensation of [CIPt(nBu;P),PtC=C-C=-CPt(nBu,;P),Cl] with an aro-
matic diyne

Alternative variations of the procedure shown in Fig. 8.35 include the
preparation of Pt(II) monomers where the terminal C=CH units are sepa-
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rated from the metal by means of an aromatic spacer group. Condensation
of such monomers with other square planar Pt(IT} complexes containing

trans chloride ligands also leads to the formation of polymers (Fig. 8.36)
[67].

|I:Et3 I|9nBU3
He=c~O)—c=c- PI— c=c—(O)-c=cH + crPt—Ci
PEt3 PnBug
Cul, iProNH
Ii“'nBua IIDEta
P]t—CEc—<C:)>—CE c-pi—c= c—~O)-c=c
PnBus PEt;

n

Fig. 8.36. Rigid-rod polymers containing aromatic spacer groups

Use of similar synthetic methodologies as above leads to the generation
of rigid-rod polyynes containing extended spacer units (Fig 8.37) [67].

PBu"; PBu"; PBu";
| | |

+Plt— =C—C=C—PI—C=C—C=C~PI— EC—@7050+
PBU" PBU", PBU" "
TBu"a II:’Bu"3
Pt-—CEC—@—CEC—Pt—CEC—.—.—CEC

1 | ©—Orc=c.
PBU“3 PBUn3

Fig. 8.37. Rigid-rod platinum (II) polyynes containing long spacer units

More recently, platinum complexes containing pyridyl type of ligands
have been used to afford polyynes (Fig 8.38) [69].

loYd
I

—)
__;-lg_z@_
|
i
s+

®
f=d
J\O
T—O=z
w
c
>

Fig. 8 38. Platinum(Il) polyynes containing p-alkyl-pyridyl ligands
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Several other types of polyynes containing pyridyl groups have also
been synthesized (Fig 8.39) [70-71]. All of these polymers have fairly high
molecular weights (above M, = 60,000; PDI's of 1.3 to 1.8).

PEt;
PI—C=C—L—C=C
PEts .

o @
696w«g@x

WU W Vel
/Q_(@- ’ Cs> D .
Fig. 8.39. Platinum(II) polyynes containing intervening pyridyl and thienyl groups

Hagihara’s synthetic methodology can also be applied to six-coordinate
transition metal complexes. The design of the monomer has to be carried
out to ensure the presence of the two chloride ligands in a trans geometry.
Thus, polymers containing Fe(II), Ru(Il) and Os(II) have been prepared by
choosing monomers that contain either monofunctional or chelating
phosphine ligands [3]. Another variation that was warranted in this synthe-
sis is to convert the terminal C=CH unit of the diacetylide ligands to
C=CSnMe;. This allowed the removal of the Me;SnCl as the by-product of
the condensation reaction (Figs. 8.40 and 8.41).

CI—;M—CI *  Me3zSnC=C—Ar—-C=CSnMe;

Pp
Cul
'ID»P +
M—C=C—Ar-C=C
{? | n
P

P=PMe; R= _@7;;9(;13;

M = Fe, Ru

Fig. 8.40. Polyynes containing six-coordinate Fe(IT) and Ru(Il) centers
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B
P

|8
Cl-0s—Cl *  MegSnC=C—Ar-C=CSnMe;

r

.Cul
R
[E/j?: C=C—Ar-C= C+n
CHy
HaC

M
P P=PhyPCH,PPh,

Fig. 8.41. Polyynes containing six-coordinate Os(II)
The above preparative technique has been extended to polymers containing
rhodium also (Fig. 8.42) [3].
T
Cl—LBtELd + Me35n—CEC@CEc—SnMe3

Cul
-Me3SnCl

L

Tob
RH—CEC@ =
R c=cC

L

Fig. 8.42. Rh(III) containing polyynes

n

Interestingly, the condensation methodology allows the preparation of
polymers containing two different types of metal centers. Thus, polymers
containing rhodium and palladium have been prepared by the synthetic
methodology shown in Fig. 8.43 [3].

Q_ P,
Ng
HCEC-@CEC—N‘—CEC—@CEC—CH +  oFPg—Cl
tr PBU"
Cul,
EtpNH
() PBU";
fe= —@—C—c eri“\Lc—C@c—c P(li—}~
e=e el IR
O PBU",

Fig. 8.43. Mixed-metal containing polyynes



330 8 Organometallic Polymers

Ferrocene-containing polyynes can also be prepared by adopting the
original condensation methodology of Hagihara and coworkers. Thus, the
condensation of the 1,1'-diiodoferrocene with aryl diacetylenes affords
polyynes containing ferrocenes (Fig.8.44) [3].

N

Fe + HC=C—Ar—C=CH
N —
Catalyst
iProNH

LS —c=c—ar—c=c

Fe

Fig. 8.44. Polyynes containing ferrocene units

Nickel-containing rigid-rod polymers could not be prepared by the use
of chloride-containing monomers. An alternative strategy was successfully
employed for the preparation of these polymers. This consists of an oxida-
tive coupling reaction or a ligand exchange reaction [3]. Thus, oxidation of
trans-Ni(PnBu;),(C=C-C=CH), leads to a dehydrogenative coupling reac-
tion to afford linear polymers containing nickel (Fig. 8.45) {3]. This reac-
tion is catalyzed by a Cu(l) halide and is carried out in the presence of
tetramethylethylene diamine (TMEDA).

PBUn3
HCEC—-CEC—NIi——' =C—C=CH
PBUng

TMEDA | CuClVO,

I?BUng
‘[’N'I—CE C—CEC%';
PBUn3

Fig. 8.45. Oxidative coupling reaction to afford Ni(Il)-containing polyynes

Another approach for the preparation of Ni(Il)-containing rigid-rod
polymers involves a ligand exchange reaction. Thus, the reaction of the
trans-Ni(PnBu;),(C=CH), with an aryl diacetylene leads to the elimination
of acetylene and formation of a linear polymer (Fig. 8.46) [3]. Other types
of polyynes include Au(I)-containing rigid-rod polymers [4].



8.4 Polyyne Rigid-rod Organometallic Polymers 331

I?Bu“3
HC=C—N—C=CH  + HCEC-ZQ—CECH
PBu"; \

BUn3T
JFNI_CECQQCE%
PBu";

Fig. 8.46. Ligand exchange reaction to afford Ni(Il)-containing polyynes

More recently, a new class of polymers has been synthesized involving
cyclization reactions. This method of polymerization called metallacycliza-
tion has led to the formation of polymers containing metal units linked to
aromatic units. Thus, the reaction of [{n5C5H4(C6H13)}- Ru(COD)Br] with
4 4'-diethynylbiphenyl leads to an air-sensitive, thermally unstable poly-
meric product by a metallacyclization reaction (Fig. 8.47) [72]. This ruthe-
nium polymer undergoes a reversible reduction. It has also been shown
that such reduced ruthenium centers interact with each other in a ferro-

magnetic manner.
@ + H—-CECCEC—H
CH,Cly

R
QU\Br
0°c

Q = 1,5 cyclooctadiene
TCsH13

_Br

Ru
O

CeH13

n

Fig. 8.47. Metallacyclization polymerization

Bunz and coworkers have developed synthetic routes for the preparation
of polymers containing the [(n°CsHs)(n*C4H,)Co] moiety. Thus, Heck-
coupling of 1,3-diethynyl-cyclobutadiene(cyclopentadienyl)cobalt with
diiodobenzene derivatives affords polymers with moderate molecular
weights (Fig. 8.48). Such polymers can also be prepared by an alternative
route involving the acyclic diyne metathesis reaction. These organometal-
lic polymers have been shown to possess novel aggregation behavior in the
solution as well as solid state [73].
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CizHas
HCEC*&CECH + f !
Co CizHps
Pd, Cul

Fig. 8.48. Polymers containing [(n°CsHs) (n°C4H,)Co] unit

8.4.1 Properties and Applications of Rigid-Rod Polyynes

Although rigid-rod polyynes are still being investigated some of their
properties in general and those of the platinum polyynes in particular are
beginning to be unraveled. These can be summarized as follows:

1. Many of these polymers are air-stable solids.

2. The molecular weights of these polymers can be fairly high with
M,'s in order of 10°.

3. Many of these polymers are soluble in common organic solvents
particularly when long-chain alkyl substituents are present as
side-chains.

4. The electronic spectra of the rigid-rod polymers are quite inter-
esting. Strong MLCT (metal-ligand charge transfer) transitions
are seen in their optical spectra.

5. As a function of chain-length the A, undergoes a bathochromic
shift. Evidence of n-conjugation across the backbone chain is
found in the bathochromic shifts seen in polyynes containing
aromatic spacer groups. Thus, for example, polymers containing
thienyl-pyiridine linker groups, have A, values at 430-450 nm
[71]. In the most well-studied of the platinum-containing poly-
ynes the absorption seems to reach an optimum value by the
time a pentameric oligomer is formed [7].
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6. Many platinum-containing polyynes are also photoluminescent
and some of them show strong triplet emission [7].

7. Many metal polyynes have third-order nonlinear optical proper-
ties and these polymers are of interest from the point of view of
new types of optical devices. Other types of potential applica-
tions of these polymers include light-emitting diodes, lasers,
photocells, field-effect transistors, low-dimensional conductors
etc. [70].
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anionic initiators, 316
anionic polymerization, 37, 265
applications of polysiloxanes, 244
arylcyclophosphazenes, 94
aryloxycyclophosphazenes, 92
atom transfer radical
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benzoyl peroxide, 32

bonding in cyclophosphazenes, 108
Borazine, 206

boron nitride, 11
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Bromocyclophosphazenes, 89
butadiyne-linked diplatinum, 326

cationic polymerization, 40
chain transfer, 35
chlorocyclophosphazene monomers,
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condensation polymerization, 63
condensation reactions, 4
crosslinked cyclophosphazene, 178
curing of polysiloxane, 234
cyclocarbophosphazene, 184
Cyclomatrix polymers, 179

cyclophosphazene, 82

cyclophosphazene monomer, 162

cyclophosphazene pendant groups,
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cyclophosphazenes as ligands, 105

cyclosiloxanes, 220

dehydrogenative polymerization,
266

difunctional reagents, 96

direct process, 219

disilene monomers, 252

elastomer, 78
Electroluminescence, 281
electron delocalization, 273

face-to-face ferrocene polymers, 308

ferrocene, 304

ferrocene polymers, 304

ferrocenophanes, 310

fibers, 79

flame-retardant, 174

flexible polymers, 147

fluorocyclophosphazene monomers,
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fluorocyclophosphazenes, 89

Free-radical polymerization, 30

glass transition temperature, 76, 147
glass transition temperatures, 172
Group-transfer polymerization, 62

helical polysilanes, 279

helical structures, 273

heterogeneous polymeric ligand,
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high-temperature stability, 174
hydridophosphazenes, 90
hydrosilylation, 269
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metal carbenes, 57
metal-containing polymers, 296
metal-olefin complex, 46
metal-olefin complexes, 46
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molecular weights, 144

natural polymers, 28

nonlinear optical properties, 152

non-metallocene catalysts, 54

nucleophilic substitution, 100

number average molecular weight,
75

olefin metathesis, 56

olefin metathesis polymerization, 57
organic polymers, 2, 29
organometallic polymers, 296
organosilicon polymers, 215
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poly(dimethylphosphazene}), 131
poly(dimethylsilane), 251
poly(dimethylsiloxane), 8, 241, 246
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polymeric sulfur, 17
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polymers containing
cyclophosphazene rings, 172
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cyclophosphazenes, 156
polyphosphazenes, 82, 112
Polyphosphazenes, 12
polyphosphazenes containing
carboxy groups, 137
polyphosphinoboranes, 203
Polyphosphinoboranes, 11
polysilane electronic structure, 277
polysilane-organic polymer blocks,
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polysilanes, 9, 249
polysiloles, 289
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polystannane, 10

polystannanes, 300

polythiazyl, 17

preparation of polysilanes, 255

pseudohalogenocyclophosphazenes,
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rigid-rod polymers, 16

rigid-rod polyynes, 327, 332

rigid-rod structure, 288

ring-opening polymerization, 4, 60,
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rod-like structures, 326

self-extinguishing polymer, 170

self-extinguishing polymers, 167

silarylene-siloxane copolymers, 239

silica, 211

silicon-bridged [1]ferrocenophanes,
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silicon-containing polymers, 288

silicones, 216

siloxane polymers, 234

Si-Si bond energy, 273

solid electrolytes, 151
solubility properties of
polyphosphazenes, 145
step-growth polymerization, 63
supported catalysts, S0

thermal properties, 146
thermochromic behavior, 277
thermochromism, 278
thermoset resins, 72

Vinyl monomers, 2

weight average molecular weight,
76

Wurtz-coupling, 300

Wurtz-coupling reaction, 258

X-ray crystal structures, 107
X-ray data, 142

Zeise’s salt, 296
Ziegler-Natta polymerization, 43

c-bonded chain, 273
G- transitions, 273





